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ABSTRACT

This thesis deals with the experimental investigation of an acoustic
field generated by subsonic jets at low Reynolds numbers. This work is
_motivated by the need to increase the fundamental understanding of the
jet noise generatiom mechanism. which is essential to the development of
further advanced techniques of noise suppression.

The scope of this study consists of two major investigations. One
is a'study of large scale coherent structure in the jet turbulence, and
the other is a study of the Reynolds- number dependence of jet noise.

With this in mind, extensive flow and acoustic measurements in low Reynolds
number turbulent jets (8.93x103 f.Reff_Z.EOxIOS) were undertaken using
miniature nozzles of the same configuration but different diameters at
various exit Mach numbers (0.2 < M < 0.9).

All the experimental works reported herein were conducted in an
anechoic-chamber  with a 300 Hz cut-off frequency located at the NASA
LEWIS RESEARCH CENTER, Cleveland, Ohio.

The validity of the Michalke's spectrél theory was verified for the
first time in this study uvtilizing only experimental data. The procedure
involved the use of Chan's prediction method for the intensity of a
single-azimuthal component of the jet noise. This method was found to be
adequate for the prediction of the detail of the acoustic field.

The results of circumferential cross-correlation measurements in the
far field show that only the axisymmetric and the first helical modes
have any practical importance in jet noise for Strouhal numbers between
0.1 and 1.0, Tt also has been established each azimuthal‘mode has a

corresponding dominant emission angle. Coherency of jet noise is observed
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" over a rather broad range of frequency at emission angle close to the jet
aﬁis. One may reasonably conclude from measured directivity patterns
tha£ stronger coherency can bé observed. in the downstream. direection
rather than the lateral directi;n.

A careful study of the narrow-band. spectrum of the radiated sound
has revealed. the existence of a cr;tical Reynolds number associated with
the péak frequency of jet noise. That is to say, the spectral
characteristics of the jet‘noise were a function of Reynolds number at
values below about iOS.' This-suggests that proper simulation of the
proptotype acoustic field can ‘bhe achieved only with model jets operating

at Reynolds numbers in excess of 105.
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Chapter T

INTRODUCTION

1.1 General Statement of the Problem

The introduction of the turbofan jet engines into commercial aircraft
service some fifteen years ago resulted in a significant reduction of jet
nolse. This engine differs from the- conventional turbojet engine inm that
some-of the air entering the inlet bypasses the engine combustion system
and merges with the burned gases at the exhaust outlet pipe. Thrust power
from the engine is directly related to the exhaust velocity as pU3D2 in
contrast to the acoustic power which varies 1like pU8D2. The turbofan
engine achieves its thrust with high mass .flow at low velocity (large
diameter D' and small velocity U) compared to the turbojet. engine which
has high exhaust velocities (small D and large U). Thué, at”a specified
thrust, the turbofan engine is inherently quieter, as far as jet noise
is concerned. The new generation of commercial aircrafté—represented by
the Lockheed L1011l and Douglas DC-10 provides tangible evidence of the
‘progress in noise reduction achieved with the -development of the high~
bypass~ratio turbofan engines. .However, further noise reduction of jets
at lower jet velocities is not foreseen at this point since current noiss
suppressor technology is ineffective at such low velocities. This fact
may indicate that an even more basic understanding of the jet noise
generation mechanism will be required for further effective noise
suppression.. Over the past two decades, the search for a better
vnderstanding of the nature of the acoustic sources generated by turbulent
shear lavyers has focused on the determination of the dominant noise

producing structure in jets.



1,2 Previous Related Studies

There have been two major hypotheses concerning the structure of jet
turbulence as a dominant source of jet noise. They are the eddy-model
of jet turbulence and the large scale coherent structure model. Ribner
(1962) remarked, "A turbulent jet may be regarded as an assemblage of
'eddies' (correlation volumes) which radiate sound. independently or
incoherently: the total pressure fluctuations éan be represented by
suming mean square fluctuations due to each eddy." However, this
assumption of a spatially random: jet. turbulence is not self-evident, as
pointed out by Michalke (1972a). Many 'experimental studies. which have
been undertaken up to this point imply that the components with high
space correlation may exist in jet turbulence. Mollo-Christensen (1967)
suggested, "Turbulence may be more regular than we think it is." His
experimental results. of the. pressure fluctuations measured outside-of a
turbulent jet revealed that the jet turbulence appears to be composed of
well defined, more or less identical, wave packeté containing components
of all frequencies. Furthermore, different frequency components praserve
E%éiéiphase-relationship over a few jet diaﬁeters. The possibility of

+

‘.a wave-like coherent structure in jet turbulence is particularly appealing

T

ﬁiswthose responsible for advances in noise suppression technology. This
wa;e—like coherent structure in the jet is more probably "a manifestation
of free shear flow instabilities! (Liu, 1974) and could probably be the
most significant noise source in the jet flow.
Combining visual and hot-wire techniques Crow and Champagne (1971)
conducted. turbulence measurements with the aim of demonstrating the
existence of orderly structure in a turbulent jet by artificially

introducing disturbances of specified frequency. These disturbances were



observed to interact stromngly with the jet, The fundamental wave generafed
by acoustic excitation grows in amplitude downstream until nonlinear
effects result in a harmonic wave which retards the growth of the
fundamental wave. Both the fundamental and the harmonic attain saturation
at an intensity which is independent of forcing amplitude, The final
growth rate was found to be a maximum at a Strouhal number £D/U of-0.3.

From the measurements made -in the non-turhulent regions (namely, the
potential core and the entrainment region), Lau, Fisher and Fuchs (1972}
concluded that their observations are consistent with their postulated
model, namely a series of equally spaced toroidal vortices buried in the
jet mixing region and convected at a 0.6U, where U is the jet exit
velocity.

A wave-like structure:in jet turbulence was also found by Fuchs
(1972). He poilnted out, after having megéured the space—-correlation of
axisymmetric spectral components of the fluctuating pressure in jet
turbulence, that for certain frequencies a wave-like coherency can he
observed. up to eight diameters downstream of the jet orifice and that a
strong spatial correlation exists in the lateral directiom also,

As pointed out by Michalke (1970a2), an infinite train of propagating
waves with amplitude which is time dependent but uniform in the direction
of propagation does not produce sound because of cancellation. However,
if this wave train were cut off, then it would give rige to soﬁnd,
Hydrodynamic instability waves. of finite length are postulated to be
representative of the coherent structures in turbulenée. On this point,
Mollo-Christensen (1967) described that these instability waves in real
growing shear flow could grow in amplitude but subsequently decay. Thus,

the concept of a radiated sound field due to the spatial growth and decay



of hydrodynamic instabilitjes.is plausible from a physical point of view.
The concept of instability waves in a laminar f{ree shear flow where the
unstable waves decay due to mean flow spreading and viscous dissipation
is generally accepted. However, it has been observed by many researchers
that such instability wave or' coherent. structure is found even in the

turbulent wakes and in the mixing region of jet. turbulence. To put it

in another way, such instability waves.fossibly exist in turbulent free
shear flows as well.

Michalke (1970b), using linedr stability theory, predicted the most
amplified frequency for periodic forcing. He found that this frequency
depended upon the ratio of mixi#g—layer momentum thickness to the
effective jet diameter.

Ffowcs~Williams. (1974) and Chan (1974b) also conjectured that there

-

is. a close  relationship- between coherent structure and the instability
mechanism in the turbulent shear flow. Recent advances have been made
in stability theory, and. it.is now possible to take into account the

steadily growing. shear layer width- and the wall effect at: the flow originm.
It :should also be noted that Meecham (1969) made the following

L =S

rema¥ks, ". .. . thus we can expect that the large-scale characteristics

e
(energy range) of the turbulence depend upon details of the jet generation

s

process. Because most of the acoustic radiaticn comes from the large-

scale: eddies, we can say at the outset that the total acoustic power

produced. by 2 given turbulent motion will depend. upon the mamnner in which
the turbulence is generated.”

Michalke's success (1974) in introducing the shape of the mean
velocity profile of the' jet into the stability calculations. is somewhat

£

encouraging to those. who work on the jet noise problem. His. theory



reveals the large-scale coherent structure buried in jet turbulence withA
aid of instability analysis. Keeping in mind previous experimental results
which seem to confirm the existence of the wave-like structure in jet
turbulence, Michalke (1972a) proposed a spectral theory based on an
expansion scheme for the noise from round jets. This would pefwit the
direct correlation of the radiated sound field of jet with thé?iighthill
stress tensor, expressed in terms of the "properly described" coherent
eddies-waves (Liu, 1975). Th;ee years before the appearance of Michalke's
theory, Pao and Lowson (1969) disclosed.their concept about the spectral
theory of jet noise based upon an eddy-model of -jet turbulence.
Unfortunately, the predicted directivities basaed on their spectral theory
were not consistent with observations particularly for high frequency
sound. Michalke commented upon this inconsistency“b?suggesting that some

»®,
assumptions made by using the eddy-model are doubtful or, at least, very

limited.

Taking into account the geometrical configuratiomn of a circular jet,
Michalke (1972a) adopted the cylindrical coordinate system to describe
the source term im the integral solution-of.the Lightﬁill’equation. He
then expanded the source term in terms of a Fourder series with respect
to the aziﬁuthal angle. Furthermore, he made a Fourier transform of the
expanded source function to produce the cross spectrai density of the
source term components. Then he introduced the wave-like model of jet
turbulence into his formulatiﬁn. After several manipulations he finally
obtained an expression for the intensity of radiated sound due to a
single azimuth—frequency component of the noise source, This result
shows that the sound emitters distributed in the turbulent flow of a

circular jet can be classified according to the azimuthal wave number and



.frequehcy. The expression for the intensity of the sound includes two
important functions, i.e., the Bessel function of the first kind and the
mth order and an exponential function. These terms-are- decreasing
functions of increasing argument. From & physical point of view, this
indiéates the effect of cancellation and interference between wvarious
sound sources.. As a result, jet. turbulence may be regarded as a.
noticeably  ineffective sound emitter..

In the spectral theory of Michalke, two-parameters play a decisive
‘role in the determination of the directivity of jet noise. The jet
thickness parameter defined by kR siné appears as an argument of the
Beséel function in Michalke's formula, where k and R are. the wave number
of the radiated sound and lateral extent of source)distribu?ion in jet,
respectively. As.will be discussed in Chapter III, kR, often referred to
as ‘the Helmholtz number, is. a ratio of’iateral source extent to sound
wavelength, Since for sméll argument,'the Bessel function of the:m = 0
order is. dominant, we can say that. the sound whose wavelength is .
5%e§g%§yof axisymmetric emitters-(m = 0) in-the jet turbulence.‘ Another

,important .parameter’ is the- convection parameter aL(l — M. cos8) which.is

¥

%ﬁggponsible for the intensified sound radiation in the directiom of the

jet axis (8 = 0°) for 0 E_Mg < 1,.where M. is the convection Mach number
?inned\as an: axial phase veloéity divided by local .sound speed, Cph/ao-
Since the azimuthal .wave. number m determines the order of the Bessel
function, we mnote that the axisymmetric emitters (m*= 0) and the non—

}

axisymmetric.emitters {(m # 0) have entirely different directivity

patterns.



One of the most surprising features of Michalke's spectral theory
may be the fact that without specifying the source term of the Lighthill
equation, omne can draw some useful conclusions about the noise generation
mechanism.

The Pao and Lowson's theory, however, is based on the eddy-model
characterized by the assumption that the turbulent eddies‘cangpg described
by overall-correlation functions of the convected Géussian form. Michalke
(1972a) pointed out that this leads to a very limited type of turbulence.
Therefore, some results derived under these assumptions may be used only
with caution. It should be pointed out here that Michalke's spectral
theory includes the Pao and Lowson's theory as a special case (see
Michalke (1972a)).

Fuchs (1974&) c;nducted circumferential, cross-correlation measurements
in round jets employing static pressure probes, and obtained power spectra
of the lower—order azimuthal components of the fluctuating pressurs field
as a result of a Fourier decomposition of narrow band cross spectral
density. He found that only the lower azimuthal components of the
turbulent pressure have any practical importance in generating sound for
moderate Strouhal frequenciés. Furthermore, he observed, by an
experimental analysis of the structure of jet turbulence at low Mach
numbers, the presence of lower azimuthal bressure éomponents which play
a dominant role in.sound generation. In summarizing he described, "It
would be feasible that all the coherent phenomena together with their
acting as efficient sound emitters took place in an entirely irrelevant
range of fregquencies. In this context, it is worth mentioning that the

orderly structures occur at Strouhal number between 0.1 and 1.0 where



jets at high Mach numbers are known to radiate most of the acoustic
power" (Fuchs, 1974).

It was Chan (1974) at the Wational Aeromautical Establishment,
Canada who first proposed an evaluation method of the axisymmetric
component of the intemsity of the radiated sound based upon Michalke's
spectral theory using the experimental results of his direct-measurements
of the pressure waves in an acoustically excited jet shear flow.

He expressed the source term in Michalke's prediction formula in
terms of the pressure fluctuations according to Ribner's dilation theory
{(1962). After taking a Fourier transform of the source function, he
obtained the longitudinal and lateral amplitude distributions of the
pressure waves in a jet, assuming that the pressure source functiom which

(0

is nothing more than a Fourier transform of pseudo-sound p can be
expressed as. a product of two mutuvally independent functions of x and r.
These two amplitude distributions were determined by the measurements of
the spatial development of a pressure disturbance in a turbulent free jet
for the first three azimuthal modes {(Chan, 1974b, 1976). He cbserved in
hié measurements that the wave number of the disturbances for any of the
thres modes was 2 monoteonically increasing function of Strouhal frequency
and that the wave front waslslightly inclined to the jet axis,
Furthermore, he noted that the pressure disturbance grew first to a
maximum, progresséd dovmstream and then decayed away. He showed that

the pressure amplitude distributions in the shear layer could be scaled
by a normalized distance (Sh-x}/D. He concluded his analysis of the

pressure wave measurements by saying that the pressure disturbances of

all modes are well modelled by a wave theory in which the local properties



of the wave propagation is described by a linear instability theory of
an inviscid shear flow. ‘ ]

It is well-known that the aerodynamic properties of a jet can be a
function of Reynolds. number, UD/v. However, the acoustic field of a jet
is primarily a function of Mach number, U/aD and variations iﬁxReynolds
number are normally disregarded. 1In general, the sound power 5% jet noise

satisfies the following relationship

W/G%pU3D2) = f(M,Re) .

Thus, at high Reynolds number, the acoustic power satisfies the approximate
relationship

W/ Gou’n?) = re’

where K is a constant.
411 experiments which have been conducted up to this point at moderate

to high Reynolds. numbers confirm this: However, there is some evidence

that even at Reyﬁoids numbers of the order of 105, the spectral

characte;istics of jet noise are dependent on‘Réynolds number,, although

such evidence has been 1arge1y.ignored. Mollo-Christensen et al. (l9§4}

studied the Reynoldé number dependence of the far field noise, partly

quantitatively but mos£ly qualitatively and found that the rms value of

the far field souné pressure is propertional to (Re)™ where m has values

of 1 f_m_j_B; Furthermore, they obserwved that the non-dimensionzlized

narrow band spectra of the noise also varied with Reynolds number. This

was confirmed by using two jets of different diszmeters and variocus exit

Mach numbers, corresponding to Reynolds numbers. of approximately 3Mx105

and GMles, respectively, where M represents the Mach number. Mollo-

Christensen (1967) conjectured that the wall boundary layer of a jet
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nozzle must be fully turbulent at Re = UL/v ='106 or larger, where ¢
represents the boundary layer length. This corresponds to the Reynolds
number of 2x105 based on jet diameter. Above this value of Reymolds
number all the spectra have similar profiles because Reynolds number
ceases to be an important parameter. Other evidence confirming this fact
can be found in the experimental data provided by Ahuja and Bushall (1973).
Although they did not give any discussion on it,‘they noted that at

lower Reynolds numbers there ig less variation of peak frequency with
observation angle. This may have the same physical basis with the
observations by McLaughlin et al. (1976) in which the low Reynolds

number spectrum was dominated by a few discrete modes.

1.3 Specific Statement of the Problem

There is considerable evidence that a wavelike coherent structure

A

exists. in a jet, and that it can play an important role in noise generation.
- *qjowever, as has been reviewed, we still lack a definite one-to-omne
correlation between the coherent structure and the radiated sound.
Although some information about the dependence of jet noise on
- Reynolds number has been reported, a more systematic and quantitative
“investigation is necessary for a complete understanding of the role of
Reynolds number in.jet noise production. An Important reason for the
inteéest-in low Reynolds number flows is the fact that much of our
knowledge about coherent structure in jets has been obtained through
flow visualization studies carried out with jets operating at low Reynolds
numbers. Therefore, it seems logical to consider the acoustic radiation

at the same low Reynolds numbers in order to obtain a 1:1 <correlation

between coherent structure and the properties of jet noise,
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The aim of this study was to determine, in a more quantitative way,

the role of coherent structure in the noise radiation mechanism. It was
expected that coherent structure would be more domimant in the jet flow
at low Reynolds number;.

The scope of this study consists of two major parts. One is a study
of large scale coherent structure in the jet turbulence, and fhe other is
a study of the Reynolds number dependence of jet noise:

The research work was basically experimental, and it was carried out
in five steps as shown below: ‘ |

"1, First, the flow characteristics of jets emanating from five
different nozzles were studied using a hot-wire probe.

2.. Acoustical measurements in the radiated field were conducted’
using a B&K 6.35 mm microphones.

3. The cross correlation between hot-wire signals in the flow and
microphohe signals in the far field were determined.

4. Phase velocity of instability waves in the jet flow was measured
in an acouétically excited jet.

5. Finally, the coherence function of the circumferentially cross
correlated signals of jet noise were measured,

Throughout the entire experimental work, emphasis was placed om the
measurement of narrow band spectra of the fluctuating velocity in the
flow, as well as, of the radiated sound.

In the second chapter a detailed description of the experimental
apparatus and procedure is given. The third chapter introduces Michalke's
gpectral theory followed by Chan's prediction method of jet noise. The
fourth chapter is concerned with the description and discussion of the

experimental results, and it also includes a comparison of the
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observations with theory. Finally, in Chapter V a summary and conclusions
are presented. Error estimates of the measured power spectral density
and coherence function are given in Appendix A. Appendix B deals. with

the detail of phase velocity measurements.



Chapter TI

EXPERTMENTAL APPARATUS AND PROCEDURE

In this chapter, the experimental apparatus and procedure will be
discussed in some detail. The jet facility and measuring apparatus are.
first described. Then, various aspects of the electronic instrumentation
used in the present study will be discussed with emphasis on the signal
processing utilizing a Fast Fourier-Transform (FFT) digital signal

processor. Finally, the experimental procedure will be explained.

2.1 Test facility

The experiments were conducted in an anechoic chamber at the NASA
Lewls Research Center, Cleveland, Ohio, with dimensions 20mx16mx5m
measured from the tip of the wedges with a lower cutoff frequency of
about 300 Hz. The general floor plan and elevation Bf the anechoic
chamber are shown in Figures 1 and 2, respectively. The entire inside
surface of the room is limed with fiberglass weage blocks which were
designed for a low-frequency cutoff'of 150 Hz. Figure 3 is an isometric

view of one of the acoustic wedges.

2.1.1 Air supply, settling chamber and jet nozzles

Air is supplied to the jet by 2 continucosuly running compressor.
Three pressure reducing valves, 20, 10 and 3.8 cm, in the supply lines
control the settling chamber pressure which is monitored by a total
pressure transducer and a D.C. millivoltmeter. The schematic diagram of
the flow control system is shown in Figure 4. Adr is fed to the settling

chamber through an acoustic muffler. Figure > illustrates the settling
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chamber and jet nozzle. Honeycomb steel wool pads and a set of screens
to ensure anuniform velocity distribution at the nozzle entry were placed
upstream of the nozzle. The nozzles were designed such that a uniform
velocity distribution would resﬁlt at the nozzle exit plane (Smith and
Wang, 1944). The nozzles were made of steel and were carefully finished
to obtain a_smooth.insiée surface: . Figure 6 displays- the cross—-section
of the nozzle.

in the present investigation, five nozzles of different sizes. but of
similar configuration. were employed. The nozzle gizes utilized are listed
in Table 1. The contraction ratic of the nozzle is 36:1. The jets used
;n-the present study were practically cold subsonic jets and no attempt

= 5
shéar the jets was undertaken.

to

"72.1.2. Hot-wire traversing mechanism and microphone rotating mechanism
In Figure 7, ; remoter control xyz-traversing mechanism is displayed
pictorially. Tt was located underneath the settling pipe and was used
" for .precision incremenbal'posi;ioning,of the hot-wire probe. It had a
positioning accuracy of + 0.0254mm over its emtire.span of 914 mm in each
of the three dimensions. An actuator control.(Model PSI-AP-SM, L. C..
Smith Co.) and a digital indicator (L. C. Smith Co.) were setup in the
control room for: remote positioning of the hot-wire.
A rotating mechanism'wa&employaito rotate a microphone horizontally
in the range 0° to 180° relative to the downstream jet axis.. The

microphone boom position was indicated by a digicial imdicator (L. C..

Smith Co.).
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2.2 Instrumentation

An overall view of theelectronic instrumentation used in this study

is illustrated in Figures 8, 9 and 10.

2.2.1 Tlow measurement system

The hot—wire anemometer used in this study was a constant temperature
anemometer (DISA 55M). 'A DISA-.55D10 linearizer was employed to obtain
constant resolution across tﬁe entire velocity range encountered. The
linearizer's D.C. output was determined with a B&K intégrating digital
voltmeter. The same voltmeter was uée& for the determination of the rms
levels .of components pf turbulence. In each case the output from the
meter was recorded by a preci;ely-calibrated X¥-plotter. Both DISA 55F11
miniature hot-wire probe agd Thermo Systems A718 hot—film probes.were
used f;r velocity measurements. The,probes were careéully éalibraged
before and éfter_each running with a TSI Model 1125 calibrator. Raw
veloclty data were recorded om a thirteen channel SABRE I11 FM taperecorder.
. The power spectral density,‘thé probability density function and the
cross spectral density of the fluctuating velocity signals were determined
with a Spectral Dynamics SD-360 FFT Spectrum\Analyzér. The flow -
température and total pressure were monitored with a thermocouple aﬁd a

pitot tube probe, respectively, which were inserted in the settling pipe;

2.2.2 Acoustical measurement system

Eight Briel and Kjazer 6.35 mm microphones were used as the field
microphones. These were Iocated more than 50 jet diameters f£rom the
center of the jet exit plame. The acoustical signals from the pressure

sensor were preamplified by B&K Type 2618 preamplifer, further amplified
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with the B&K Type élOS amplifier, filtered by the active f£ilter Model AF-
120 and finally fed into the FM taperecorder, the FFT spectrum analyzer
and the 1/3 octave analyzer (General Radio Type 1921 Real-Time 1/3 Octave
Analyzer) simultaneously. A Tektronix typé RM502A dual-beam oscilloscope,
a MDS 1200 printer and aﬁ Easterline Co.. X¥Y¥'-plotter (Model XXY'540)
were{used for data display. -Photographs of noise spectra. were taken with
the Tektromix C-53 oscilloscope camera together with a C-30 pack film
back. B&K 6.35mm microphones were- regularly calib?ated by a B&K

pistonephone, type 4220,

2.3 Experimental Procedure

~sFA¥ementioned in the introductién, the Reynolds number dependence of

PopTau m -
30

jet noise was. one of the major areas. of this study. Throughout this

E%égsi?gation,,Reynolds.number has been treated as one of the important
e
parameters for both the flow and acoustical characteristics: of jets.
Reynolds number is defiped by Re = UjD/v, where Uj, D and v are. jet
exit veldcity, effective jet diameter and kinematic viscosity, respectively.
Practically speaking, we may change either:jet exit velocity or jet
diameter to obtain a broad range of Reynalds number. An alternative
procedpre-was used by MdecLaughlin et al. (1976) whereby low Reynolds
'numfers were obtained by operating at reduced exhaust pressures. Since
the intensity of jet noise is. strongly dependent on Mach number, it is
necessary to utilize jet diameter as a variable in order to achieve
similicude of béth Mach number  and Reynolds number. KFor‘this reason five

nozzles of the same configuration but of different sizes were designed

and extensively used during the present study giving a Reynolds: number
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range shown in Table 1. At the same time, a rather broad range of jet
exit Mach numbér was used in present investigation.

It has been well established that the compressibility effect can be
neglected in hot-wire measurements at Mach numbers less thap about M =

" ToAn -
0.3. However, in the present study, practical considerations made it

-t

. ’ S ’
necessary to collect velocity data at higher Mach numbers. It was found
‘+that the same calibration ‘procedure proposed by Worman (1967) could be
used. The deviation from King's law at M = 0.58, for example, was found

to be less than 5%.

2.3.1 Mean velocity and turbulence intensity measurements

As previously stated, both TSI hot-film probe (A718) and DISA hot-
wire probe (SéPll) were extensiveiy used. The former is made of nickel
film deposited on TOqﬂwdiém;ter qua;tz fiber‘with-ééeréll'lenétﬁ 3 mm.
The sensitive film length is 1.25mm, and the sensor is copper and gold
plated at éach end. The film is protected b§ a éuartz coaéingapproximately
21m{1£ tﬁickn;ss., The -sensor mater£a1 of thé DISA 55P11 hot-wire probe
is platinum plated tuﬁgsten. The sensor has a diameter of 5 ym and a
lengih of 1.25mm,. The probe units were placed in a mounting tube which
was held in a guide tube by a chuck. The guide tube system ﬁas uéed in
conjunction with a three-dimensional traversing mecha?ism.

This custom built traversing mechanism can travel up t; 0.9min any
of the three dire;tions-and is operéted by electrical pulses. The
minimum travelling speed. of the traversing mechanism is 0.0254 mm/sec.

Throughout the present study the traversing speed was selected to be 0.254

mm/sec for flow measurements. It was confirmed that the selected
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traversing speed of 0.254 mm/sec could achieve.the desired resolution in
velocity measurements.

This system permits automatic and comtinuous plotting of velocity
profilescn1the_xy;recorder. The traversing mechanism is driven from a
stepper motor which in turn is remotely controlled from aAsweep drive
unit. The outputzlgvel correspon&ing~to any given probe position is -
displayed witch high accuracy om a. five-digit electronic counter on the:
sweep drive unit (L.. C. Smith Co.). This siénal also controls the X-
}defleqtion of the recorder. The anemometer signal is fed to the ¥Y-axis

«

OF.the recorder. In this way, the movement of the.anemometry probes can

be accurately supervised and controlled. Flow data were collected with
three of the jet nozzles; 12.7 mm, 6.35 mm and 3.18 mm in diaméter. The
experimental setup for the mean velocity meésurements and the schematic.
,&iagra@'of the instrumentation are shown in Figure 11.

Before actual floﬁ-measuremeuts-could be taken, the true jet axis
ﬁad,to-be determined. The true jet axis is defined by the locus of points
of minimum turbulence Iintensity at various axial positions within: the jet.
These-points.were determine& by: an extensive series. of intensity
measurements carried out over the entire plane normal to the geometrical
jet axis at each of ten axial positions.. In this manner the true jet
axis is. not artificizlly limited to lying-in a plane. bisecting the: jet
and containing the géometrical jet axis. Thus, if the true jet axis is
helical in shape this. characteristic will be detected by this procedﬁre.

Mean velocity measurements were made ;cross the entire jet in the
radial direction in order to establish the symmetry of the flow about its

center plane (Figure 12), The D.C. output voltage of the linearlizer was

calibrated in terms of Mach number rather than velocity.
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The traversing speed of the probe was selected to be 0.254 mm/éec
and the'averaging time of the éutoranging digital voltmeter was set to
thrée seconds. At equally spaced stations ¥anging from one diameter to
ten diameters downstream, the probe was traversed in the 1étéral direction
up to +5 diameters about the true jet axis. A mean velocity pf;file was
directly depicted on a XY-recorder. In order to obtain the Yaﬁ&atioﬁ of
the peak mean velocity aldng the true jet axis, the probe waslcontinuously
moved along the true jet axis between X =D and X = iODJ ‘

The u-component of .the fluctuating velocities were also measured
with the same single hot-wire or hot-film-probe for three different
nozzles and varying jet exit velocities., The fluctuating velocities were
détermined at the same time that the mean velocity profile was being
plotted on the XY-recorder. As shown in Figure 11, the AC output voltage
of the DISA 55D10 linearlizer)was fed to a B&K 2427 autoraﬁéiﬁghdigital
voltmeter where the signals wer; averaged oéér tﬁfeeqseconds; Fluctuating

velocity data can be continuously plotted as a function of Z/D for a

fixed value of X/D.

2.3.2 Power spectral density measurements in flow field

Presumably, the most important single descripéion characteristic of
stationary random data is the power spectral demsity fﬁnction.- For
constarnt parameter linear physical systems, the ocutput power spectrum
can be expressed as the input power spectrum multiplied by the square‘of
the gain factor of the system. Therefore, power spectrum.measuremeﬁts
can yield information concerning the dynamic characteristics of the gystem.
In the present 'survey a substantial amount of power spectral density data

was collected in order to analyze the flow and acoustical properties of
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the jets in the frequency domain. In addition, throughout the entire
period of the experimental works the power spectral density of either
. fluctuating velocity signals or acoustical signals was always displayed
and monitéred or: the wide screen of the Spectral Dynamics 13116~2A XY~
Display Oscilloscope to chgck any anomalous signals involved.

Instead. of the counventional time~consuming. analog. spectrum analyzer,.
. the Spectral Dynamics SD-360 Digital Signal Processor was. used. -This is.
"; hardwired Fast Fourier Transform (FFT) analyzer that combines the
capability of .two real time analyzers, a transfer function analyzer, two
analog signal conditioners and a computer in one package.. This devicé
provides. a complete signal analysis capability from 0.0l Hz to 130,000 Hz.
The mutli-directional cursor comntrol on the front panel of this instrument
acés as.a direct interface between operator and processor during data
entry, display and recording. It provides maximum operational flexibility
and complete editing capabilities.on input waveforms. in addition to
_continuous control of the various modes. of processed data readout. This
FFT analyzer has several unsurpassed features not found in othér‘wave
analyzers. -It performs a dézen.different":datg functions, providing 57
frequency analysis ranges up to 150 KHz;- This unit can provide .
precomputation delay of up to 7 1/2 memory periods for cross correlation
and cross spectrum analysis and zomplete editing capabilities on-both input
channels using a cursor stick and selectable weighting functions (Xaiser-
Bessel or rectangular time domain weighting). It has-an£i-alia§ing
filte;s built-in for all 57 frequency ranges which were automatically

set for proper. range or independently located at any 57 cut-off

frequencies. It also has simultaneous high-speed oscilloscope display
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and low—speed'XX—recording, six-digit readout of analysis parameters and
analysis results, and a coherent’ ocutput power disgplay.
If the Fourier spectrum of an input signal is defined as Sx(jw) =

a + jbn, ther the power spectrum Gxx(w) at that frequency is given by

G (w)

x 5 (Ju)sk(jw) = Ca + 1b )(a - jbn) ;

£
i
Y

= a:2 + b2
T n

" An estimaté of the true power spectral density is given by.averaging

the results of several ensembles because the signal is random in nature.

The basic method of implementing the.power spectral ‘density formula
Gxx(m) = Sx(jm)Si(jm) digitally is as follows: 1) Take N samples of data,
2) Do a.F;urier transform of the signals, 3) Multiply the Fourier
transform of the signal by its complex conjugate (*), 4) Add this power
-spectrumt(ai + bi) to the previous sum of power spectra stored in a
memory location, 5) Repeat desired number of pimes'(N),.ﬁ) Divide sum of
- power spectra by the total number (Ni and display results by selecting
MAGz'display control (Spectral Dynémics.eorporation; 1975).

With this device»thersignai processing for the power spectrum
analysis of the hot-wire fluctuating signals is performed‘as follows..
AC signals either directly from the DISA 55M anemometer or from the DISA
55D10 Linearlizer are entered and conditioned on Channel A& through buffer
ampliﬁiers-io phase-matched anti-aliasing lowpass filters. The'sigqals
are then sampled at 2.048 times the upper frequency of the range selected,
uging two:synchronous analog-to-digital converters and then stored in two
input buffer memories._ The contents of these memories are- transfered tg
‘the processor memory at intervals determined by the analysis rate. selected..

The data are then given Kalser-Bessel weighting and processed according
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to the Function 2(Forward Transform A(Ll024)). The results of the signal
processing for the power spéctrum analysis are stored in the output memory
and then simultaneously displayed on the high speed oscilloscope and the
low-speed XY-recorder through the output conditioner and control.

In any spectrum analysis. where noise-like and narrow-band signals are
present there is always a tradeoff between resolution and stabilityl
Reseolution is obviously desirable for an accurate meaéurement of line
frequencies. This dictates small values-of filter spacing and large values
of sampling point which results in accurate frequency measurement of
gpectral lines but relatively inaccurate measurement of broadband spectral

levels because the measurement variance of each frequency sample is large.
On the other hamd, stability is desirable for accurately measuring
broadband spectral shapes. This dictates larger values. of filter spacing,
smaller.sampling and more averaging over time or frequency for each
frequency sample, Most spectrum analysis problems involve trading off

" between these two considerations to try to obtain the most information
from a given set of data samples (Ackerman, 1974).

As mentioned previously, the squarelof_the-magnitude-0£ a sampled
signal is used as a basic power spectrum estimate. Since this spectrazl
estimate has a large wvariance, some smoothing should be done. The
Spectral Dynamics SDr-360 FFT Digital Signal Processor has two built-in
time domain window. functions, i.e., multiplication of the time function
by either a Kaiser—Bessel or z rectangular weighting function before
taking the FFT. Throughout the present study the Kaiser-Bessel was
exclusively employed. In Figure 13, two weightings are illustrated., It
can be noted in Figure 13a that the rectangular window has a narrow main

lob. The side lobes, however, are very large and roll off slowly. The
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top of the main lob is quite rounded and can introduce large measurement
errors. This window is only useful when an integer number of periods of
the time waveform are included in the window. Otherwise, leakage is very
severe, Figure 13b shows the Kaiser-Bessel window. This window uses a
modified Bessel function of the zaroth order of the first kimd. -The
Kaiser-Bessel window, while optimizing wmain~lob energy and redﬂcing the
energy in the side lobes, produces no side lobe greater than -72 dB f?om
full scale.

There are five important parameters associated with data procesgsing
with the 3D-360. They are sampling rate (£)), memory period (T), filter
gpacing (Af), a?ti—aliasing filter cutoff frequency (fc) and averaging.
This device samples at a rate of fs = 2.048 ¥ samples/sec, where ¥ denotes
the analysis frequency range of the processor expressed as a convenient
decimal value. The sampling rate and the analysis range are specified
independen?ly from the anti-aliasing filter cutoff frequency fc' The
memory period is the time it will take to £ill the input buffer memory
sampling at a rate equal to fs' For a single length transform (1024 .
points) the mémory period is given by T = 500/F sec. For spectrum
analysis, the filter spacing is equal to the frequency range covered
divided by the number of equally spaced frequency resolution points. For
;ingle length analysis (1024 points), the resoclution is given by Af =
F/500 Hz. Anti-aliasing low pass filter which are dual and phase matched
can either be automatically set to 807 of the selected frequency range or
manually preset to 80% of any of the available 57 built-in frequency
ranges. For a single-channel transform, these anti-aliasing filters can
be castaded to double the rolloff in dB/octave. The cutoff frequency is

given by fc = 0.80 F. For many applications, the processing results are
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averaged to obtain signal-to-noise enhancement or to improve the
statistical confidence in the results. The S5D-360 performs a frequency
analysis on any given sample of data with two degrees of freedom, n =

2BT = 2(F/500) (500/F) = 2. By averaging the spectral ensembles, the
statistical degrees of freedom figure is increased by the number of
independent samples averaged. The SD-360 allows the averaging of non-
redundant data to be performed {(one ensemble per memory period).
Redundant data can also be averaged (2, 4 or maximum transform per memory
period) .to assure that all daté is analyzed in the center portion of
weighting function.

Throughout the present investigation, two modes of averaging were
extensively used. One is the linear ensemble averaging. In this mode,
up to 4096 (212) ens;mbles of frequency (time) data are.linearly summed
and displayed as the average of the sum. The display is always within
6 dB of the final, ﬁroperly normalized value. The other mode of averaging
is expoﬁential. This is a form of digital filtering that produces a time-
running average of the data. The effective time constant of the filter
is given by NT, where N is the number of emnsembles selected and T is the
time between tﬁe start of two successive ensembles. As is known, the
distribution of the power spectral density estimate about the true value
follows a Chi-square distribution with the statiséical confidence of the
data estimate increasing as the number of ensembles increases. However,
the improvement in the power spectral density estimate is a converging
function of the'number of ensembles included. A value of N between 27
{128) and 29 (312) is adequate (ec.f., Instruction Manual of SD-360,
Spectral Dynamics Corporation, 1975). The statistical errors asscciated

with the spectrum analysis will be discussed in detail im Appendix A.
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The XY-plotter calibratiom for spectrum analysis was mgde as follows.
The plotter's Y-axis zero control was adjusted for a -80 dB point which
corresponds to the calibration level of four on the p-switch setting
provided on the front panel of the SD-360. For turbulence measurements
0.14 voltz/Hz corresponds to O dB with 25 dB attenuation. The;efore,

with the same attenuation 0.014 voltlez corresponds to =20 dB.&

2.3.3 QOverall sound pressure level and spectrum measurements in far field

The experimental setup and the schematic diagram of instrumentation
for overall sound pressure level (0ASPL) and l/3'octave-band spectruﬁ
measurements are ill;strated in Figure 14. Most of the acoustical data
were obtained using & horizontal array of eight microphones 1;cated on a
gemi-circle of radius 100 D, where D denotes the effective jet diameter.

Measurements of the 1/3 octave SPi spectrum in the frequency range
0.5 to 80 KHz were conducted at all.angles to the jet axis equally spaced
between 15° and 120°.

For each angular position jet velocity was varied in five steps from
136 to 309 m/sec. These measurements were undertaken for five nozzles of
12.7, 6.35, 3.18, 1.59 and 0.79 mm in diameter. The stagﬁation temperature: -
in the settling chamber was assumed to be equal to the room temperature
for these measurements. ‘Throughout the entire acoustical measurements of
the present survey the B&K 6.35 mm microphone (Type 4135) was exclusively
used without a protecting grid because of its interference with high
frequency sound generated by the smaller nozzlgs.' During the preliminary
testing, the B&K 3.18 mm microphone (Type 4138) was used to measure 1/3
octave spectra. However, its poor stability of response for long running

periods precluded its further use in the present study. Before and after



26

each run, the eight microphones and amplifiers were carefully calibrated
using a B&K pistonphone (Type 4220).

. Because of significant background noise below 300 Hz, the incoming
signals. to the- General Radio Multifilter (Type 1925) were attenuated, up
to 12 dB in the frequency range less than 500 Hz.

During the preliminary testing, contamination of the incoming signal.
by reflection was carefully investigéted and: elminated by removing part
o§<the supporting~st;ucture and covering the non-removable part of
structure with acoustic foam., Due to the nonlinear frequency response
of the 6.35.mm microphone (Type 4135) at frequencies above about 10 KHz,
a4 proper correction must be made on the data. This correction can he
easily made by selectiné-the appropriate vaiue of attenunation for each
frequency -band on the General Radio-Multifilter (Type 1925). An atmospheric
absorption correction was also applied to the raw data. A 'Type 1921 Real-
Time Analyzef'(General Radio) was-usgd to determine sound pressure level
(SPL) spectra referenced to 2x10_5(N7m2l The resulting SPL spectra were
then corrected for.the~a£m05pheric attenuation and background noise in
addition to the microphone correctiom. Thése ;orrected SPi spectra were
then .used to.compute the overall sound pressure level..

- The saﬁe analysis. system was used for both turbulence and acoustic
measurements and also for measurement of the correlatiom between .
turbulent velocity fluctuations and acoustic pressure. Figure 15 is a
block diagram of ﬁhe instrumentation and analysis setup for this
measurement. Appropriate portions of the system were used for independent

analysis of.either the acoustic pressure field.or the flow field.
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2.3.4 Coherent output power measurements

Coherent oﬁtput power (COP) is defined by

2
el

CoP =
Gx{f)Gy(f)

. Gy(f)

il

2
Y Gy(f) "
Coherent cutput power is nothing more than the portion of the cutput
power produced by a given input. In the definition of COP, Gx(f)
represents the power spectral density of the input signal, Gy(f) denotes
.the power spectral density of the output signal and ny(f) corresponds to
the cross spéctral density of the input and output signals. The coherence
fuqction bétween the input and output 1s represented byvyz. Here we are
concerned with what portion of the sound energy observed at a specified
microphone location in the far field is cqntributed by the pressure {(or
velocity) fluctuations at a specified hot-wire location. In these
correlation measurements, a B&K 6.35 mm microphone was located at R =
317.5 mm, 8 = 30° as shown in Figure 12. One may argue that the
microphone is not pogitioned in the ccmﬁlete far-field because of its
rather close location to the jet axis. Therefore, the results «of these
correlation measurements should be interpreted with caution. It also
ghould be pointed out here that the hot-wire probe should be inclined to
the jét axis so that the microphone and the hot-wire sensor a¥e aligned.
Seiner (1974), however, showed that in the mixing layer of a jet the
measured values of shear noise coherency was almost independent of the
orientation of the wire probe and that in the potential core the
situation is similar except for Strouhal frequencies lower than 0.2.

With this in mind, the hot-wire sensor portion was always oriented



vertically to the jet flow. The block diagram of the hot-wire and

" microphone cross—correlation measuring system is shown in Figure 15.
-_Table 2 is a list of the experimental conditions under which COP
measurements were undertaken. The coherent output power is expressed in
terms. of dB, with 0.1 volt peak voltage of a sinusoidal signal at 1000
Hz being taken as. reference. This reference power was designated to be

0 dB..

2.3.5 Circumferential cross correlation measurements.

In his paper, Fuchs (1973) reported thé results of his circumferential
space correlation measurements of the fluctuating pressures in turbulent
jets. ‘He first obtained the cross spectral density of the cifcumferentially
crosé:correlated signals sampled in the mixing layer at three diameters
downstream. He then-expanded thé.real part of the crose spectral density
(co-spectrum) in terms of a Fourier series with respect to the
circumferential separation angle. Thus, he found that only a first few
modes: have any practical importance in Strouhal number range between 0.1
and 1.0.. ‘From'this result he conjectured that a considerable amount of
turbulent energy is contained in the lower order azimuthal components and,

" iIn particular, in-the large scale coherent axisymmetric type(xffluctuatibn.
‘He pointed out that ". . . this confirms earlier experimental results by
Crow and Champagne (1971), who showed how orderly structures. dévelop in
the turbulent region of an externally excited jet." With the motivatiqp
of Fuchs' experiments, it was. decided to perform similar ;pace correlation

measurements in the sound field using two microphones one of which is

circumferentially moved about the jet axis.
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Figure 16 illustrates the experimental setup for the circumferential
cross correlation measurements in the radiated field. Two B&K 6.35 mm
microphones were located at 60 jet diameters away fioﬁ the center of the
jet exit pl;ne with‘a 30° inclinaticn from the jet axls. A microphone
was fotated from 0° to 360° along a circle of radius 30 jet di@mg£ers
which is vertical to the jet axis. At each 15° increment of gzimuthal |
angle, the signals from the two microphomnes were cross correlated.

Everf system, mechanical, electricél, etc. and every system component
responds_to an input forcing stimulus in a specizl way. The frequency
response characteristics of the system is a unique vepeatable parameter
and is often referred to as a transfer function 6f the system. Ideally,

a transfer function measurement is performed onrtﬁo signals, one
representing a unique system forcing function, the other representing
the measured system's reéponse._ In the absgnce,oﬁ anzh§xtraneous.noise
with no other responses, and if the system being analyzed is linear, the
transfer function measurement should be excellent. However, since the
basic cross specgrum measurement does not give a casuality relatidnshié,
it has been found useful to define a measurement qualifier. This
parameter called.the coherence function tries to identify how much of the
measured cross spectrum is related to the measured input and output power
spectra (Bendat and Piersol, 1971; Spectral Dynaﬁics Corporation, 1975).
The coherence function is defined by
2
le 5] )

2
y () = <y 2
6 (BE

and has a real value, where Gx(f)’ Gy(f) and ny(f) are the power spectral
density of input, the power spectral demnsity of output and the cross

spectral density between input and output, respectively.
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Evidently, if and only if, the input x(t) and the output y(t) are
completely corre}ated, the coherency is perfect, namely yz(f) = 1.

‘The other extremity is_the cagse when x(f) and y{(t) are not correlated at
‘;11. Then Yz(f) ghould be zero. As is known Yz(f) represents the
fractional portion of £he output energy of a linear system which is
contributed by the input signal at a specified frequency.

The numerator of the Yz(f) represents the square value of the cross
spectral density which is generally a complex quantity. However, if
there is no phase shift between %(f) and y(f), then ny(f) now reduces
to the co-spectrum (real part)} of the cross spectral demsity. A block
diagram-of the instrumentation for the coherence functionm analysis is
shown in Figure 17. Table 3 contains the experimental conditions for the
determination of coherence function. The error estimate for the measured
coherence functions will be discussed in Appendix A.

Before any correlation measurements can be made, it is first
necessary to determine whether or not there is any phase lag between the
two microphones. This was achieved with the aid of the SD-360 FFT
analyzer. With the Function 5 (cross spectrum) setting on SD-360 and
introducing a white noise signal in the frequency range 800 Hz < £ <
40 KHz, a plot of the phase lag versus frequency could be made. The
maximum phase lag was found to be 3° in the frequency range of interest

and could be ignored for 21l practical purposes.



Chapter III

REVIEW OF THEORIES

In this chapter, the spectral theory of Michalke (1970 is first
reviewed. This is followed by discussion of a method for single azimuth-
frequency components of jet noise developed by Chan (1974b). ..,

It is known that the intensity of jet noise observed in the far
field can be computed if we are given the correlation funcéion of the
Lighthill stress tensor. This correlation function is determined.by
) introdqcing a suitable model of jet turbulence based on certain assgmptions
into the formulation of the stress temsor. This method has been successful
. iﬁ,predicging the ofe;gll characteristics of jet noise, i.e., the overall
sound éressure level dependence on Mach number and the overall directivity.
ﬁoweve;, the method based on overall correlation does not provide enough
informat%on‘to reveal the spectral chafacteristics of the sound generation
ﬁechanism. Tt has been pointed out that different jets have different
directivity patterns. for the same frequency bands. To- fully umnderstand
this fact, we have to deal with the physical quantities involved in the-
frequency domain. Stated another way;'the spectral method based on
Fourier transf;rmation with respect to time should be introduced to the
study of radiation of single frequency components.

‘One of the-wel}-known gpectral theories is .that of Pao and Lowson
(1969). They partly succeeded in predicting the directivities of the
radiated sound based on the assumptio;';f isotropic turbulence., However,

to predict the characteristics of single azimuth-frequency components- of

jet noise, Pao and Lownson's_theory is not adequate. Thus, the spectral
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theory of Michalke which was formulated on an entirely different basis

will be discussed with its application to this study in mind.

3.1 The Spectral Theory of Michalke

Consider first the acoustic analogy approach introduced by Lighthiil
(1952). We consider a fluid in which only a finite region contains a
unsteady fiow. Far away from that region, the £luid is assumed to be
uniform with density s and sound speed a, and to be at rest apart from
the small motions induced by the passage of sound waves generated by the
unsteady flow.

Assuming no external sources of mass and no external forces acting

on the fluid, the continuity and momentum equations can be written as

3 3. =
3t.+ﬂaxj pu 0 (3.1.1)
Bui 5 3 Bei.
p(—at + uj ——axj ui) = - ——P—Bxi 4 —lax, (3.1.2)

where e ig the viscous stress tensor. For a Newtonian fluid,

du du, Ju

_ i j 2 Tk
L. = + -5 §,. 3.1.3
elj uFan Bxi 3 axk 11) ( )

where u is the coefficient of viscosity.
Combining Eq. 3.1.1 and Eq. 3.1.2, after Eq. 3.1.1 being multiplied

by u,, we obtain .

3 ]
—— +.____. _ =
5E PUy 3X.(puiuj + Gijp eij) 0

which upon adding and substracting ag(Bp/Bxi) yields

8 2 90 _ _ _3_
pu,; + a . T.. (3.1.4)
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where
2
= + - - - - el
Tij puiuj {(p po) ao(p po)}Gij eij (3.1.5)
Eliminating pu, between Eq. 3.1.1 and Eq. 3.1.4, weifinally have

Lighthill's equation

2 2 i

3 2_2 "3

{— - a V1" = ——— T, . (3.1.86)
2 ¥

. o Bxiax_ ij

where p' = p ~ p .
o .
By the same procedure, we can obtain the Lighthill equation in terms

of the fluctuating pressure p, given as

{L_é_ - ¥}p = q(x,,t) (3.1.7)
2 2 i
a_ ot
) o
where

] 1 82 2

q(x,,t) = m(puiuj - eij) + =5 —5(p - aop) . (3.1.8)
i 3 a0 ot

In the following dgrivation, the fluctﬁating pressure p 1is
exclusively considered.

Throughout this section we strictly limit our discdésion.to the
circular subsonic cold jet.

To locate source points in the circulgr jet thecyléndricalcoordinate
system is adopted and the far field observation point where the fluctuating
pressure is measured is denoted by spherical coordinates. The coordinate
systems are shown in Figure 18,

The integral solutiom of Egq., 3.1.7 is given by

-r
p(%,8,%,t) = Z%Jqu(x,r,tb,t - 29-);"3- d¢drdx (3.1.9)

o 0
v

where r, is the distance between the source point in the jet and the

observation point in the far field and is given by
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- N ~ N A ~ 2
ri ='r2 - 2XT cosf - 2rT sind cos(d - ¢) +x + r2 (3.1.10)

Here a, is the sound speed cof the undisturbed me&ium.

As is known, the extent of the jet noise source region'is very limited
both in downstream and cross—-stream directions. Then, the limits of the
integral of Eq. 3.1.9 are

downstream direction: 0 < x <L

cross—stream direction:- 0

i
21

ia
>

circumferential direction: 0 < ¢ < 2w .

Outside of this region q(x,T,d,t - (ro/ao)) is assuméd to be zero.
In axisymmetric jets, the noise source or the instantaneous pressure
fluctuations have periodicity with respect to the circumferential angle-

.

¢. Hence, the source term in Eq. 3.1.9 can be properly exﬁanded.in a
rs

Fourier series of ¢ with the period 2w,

For convenience the complex. form of Fourier series is chosen;
' - jme —imé
q{x,T,9,t) méo{qm(x,r,t)e + qm(x,r,t)e 1 (3.1.11)

~The complex ‘conjugate of q is denoted by qg and m can take any integer
value from zevo to infinity. : ’

Since the rms value of q{x,r,¢,t) has to be independent of ¢, the
following assumptions can be made.

_ t 4T

q = 1im.%tf ° qm(x,r,t)dt
T o

1]
o

for any azimuthal wave number m and

£ +T .
q,(x,7,8)q (x,r,t)dt

O form#n .

n
il

lim-% f
Treo to

qmqn
. The source term q is a function of r. When r approaches to zero, ¢

has to be finite. Then, the order of q, in Eq. 3.1.10 with respect to r
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can be shown to be 0[rm]. The next step is to expand the pressure
fluctuation of Eq. 3.1.9 in a Fourier series with respect to ¢. The
feasibility of this expansion is evident. Using the same notation as

those found in Eq. 3.1.10, we obtain -

~ o~

p(£,8.0,0) = F (»_(7,6,0eI™ + prx,8,00e™ ™) (3.1.12)

18

o
Substitution of Eq, 3.1.1C and Eq. 3.1.11 into Eq. 3.1.9 yields

-r . -
pm(?:,é,t) = Z%I”?:E; q (x,7,t - -éi)e:’m(‘p—@dxdrd(d: - 9) (3.1.13)

v

vhere pm(flé.t) is the mth azimuthal component of the instantanecus

pressure observed in the far field.

Next, it is.necessary to transfer from the time domain te the frequency

- p_—

'domainh in c;rde;r 1.:0 con;ider ,single azimuth—ft:equgncy components. This.-
can be achieved ,by taking a Fourier transform of P and q, in Eq. 3.1.12
with respect.te time t:

jut

Pm(r,.s,m) =_j;npm(r,8,t)e dt . (3.1.14)

r (mt-—-kro)

Qm(x,r,u;) =_J:°qm(x,r,t - Eg-)e de (3,1.15) .
o

where k is the wave number of sound defined by w/ a, Eliminating 2 and
q from Eq. 3.1.12, Eq. 3.1.13 and Eq. 3.1.14, we have

. jlkr 4m(9-¢)}
P (%,0,0) = lj.L RIZ'rrr e 0
m 410 o 1:0

Oty

Qm(x,r,m)dxdrd(q) - &;) (3.1.16)

where T, is given by Egq. 3.1.10.
At this point the far field approximation is introduced. Eq. 3.1.10

can he written as

2 ~7 . . X2 2
r® = {1 - £(2 cosh) - -E-(Z sinf cos(¢ - ¢)) + =——i—
o] r r ;2

}o.
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Expanding T, in a Tayloxr series with respect to r yields

T {1 - % cosb - = sinb cos(d - &) +~OG%§) + .. L
A .

s} r r

where 0(1/52) represents terms of order of l/fz. If we assume. L << r and °

R << r, then we have an approximation forr0 as

r, = T = x cos® — r sind cos(¢-*$) (3.2.17)

Substituting Eaq.. 3.1.17 into Eq. 3.1.16, we have the following result
with respect to the integral of (¢ - é) as

21:% ej{kroer(¢ - o)}

e}

{ d(p-¢) =

?rejk(f—xﬂcosa)e—j{kr sinb cos(¢—$)—m(¢“$)} .
- - d(¢ - ¢)

W
S

T — x cosb — r sinb cos{p — )

ﬂ&f-xco§§%2ﬂe—j{krsin§cos(¢—$)—m(¢—$)}d(¢:_$§ (3.1.18)

1
= =g
N 3 a R

where we evaluate t to 0&1/%).

The integral of the right-hand side of Eq. 3.1.18 can be.expressed
in terms of Bessel. function of the first kind and mth order. Ffbm
formula 8.411.1 of Gradshteyn and Ryzhik kl965), we have

_ 1 .71 -j(nB-z sin8)
3,(2) = 5= e de

where n is natural number.. The right-hand- side of Egq. 3.1.18 can then

be simplified to

2l ej{krom(¢_¢)}d(¢ -5 = IR (r—x cose)Jm(kr‘sirié-) (3.1.19)
0o T jr

)
By substituting Eq. 3.1.19 into Eq. 3.1.16, 2 single azimuth-frequency
component of-the sound pressure observéd in the far field is obtained.
P (r,9 w)==ejkr - RrJ (krsinéﬂ

w7 m~JJ m Qm(x,.r,m)le

o 0

3y (7 0) =t cosbly g (3.1.20)
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where we have adopted an alternative form for Qm(x,r,w)-of Eq. 3.1.15 as

jv_ (x,r,0) )
Qm(x T,0) = |Qm(x r,m)'e (3.1.21)

If the power spectral density of sound observed at r > k-l is dencted by

P(w), then we have . .
)| = % | (F,8,0) |2 .
z J@'(&L&}kxcose} 9
= o2 62![ [ r (kr sme)IQm(x r,u)|e drdx| (3.1.22)
o
2

Practically, ]P(w)] can be approximated by the medsured narrow band power
spectral density of sound pressurec.

In.the derivation of Eq. 3.1.20 ﬁo specification has been made with
respect to the struétureﬂof the source region except for axisymmetry.
Nevertheless, we can derive some useful characteristics of jet noise
generated by an axisymmetric turbulent jet from Eq. 3.1.20.

A single azimuth—frequency components of sound power spectral density
given by Eq. 3.1.20 is characterizeé by two essential functions, i.e.,
Jm(kr siné) and exp{jwm(x,r,m} - jkx cosf}..

The‘Bessel function of the first kind and the mth order is mainly
responsible for the directivity of radiated sound. The magnitude of this
function_is determined by wave number m and jet thickness parametef which
is defined by

jet thickness parameter = kR sind . (3.1.23)
It is known that for m >> 1 and x << m the Bessel function of the first

kind can be expressed as

L Loxme 1 %2
Jm(X) — (2) {1 _m_"“"‘_‘+l(2) I -} ’

and for m = 0 and x << 1 we have
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2R 2R
where
o~ _ 27R _ 2R _ Eg U,
‘;":“. kR = 1\ - (ao/f) - (U)(ao) = (Sh) (M) . (3.1.24)

kﬁ is nothing more than the product of Strouhal number (based on jet exit
velocity Uj and laterzl source extent ﬁ) and flow Mach number.

As shown in Figure 19, m = 0 is dominant where the argument of Jm(x)
is small. Hence, for kR sind << 1 the power spectral density lP(wl[z is
mainly a function of the axisymmetric component. At increasing values
kR siné, the contribution from the axisymmetric component is less
dominant. Since the jet thickness parameter is the ratio of the lateral
source extent to sound wavelength, the non-axisymmetric component will
be important when R and A in Eq. 3.1.24~a£§ comparable. Aszn1iilustration
let us consider a jet of.D = 12.7 mm. The space-averaged lateral source
extent is assumed to be R = 2D.

At 6 = 30° we have

~ ~ 2 A - 47D 27D
k : - 4 = — 5 9 - =7 .
R sin@ X ginf X sin. 30 iy

Substituting D = 12,7 mm and a, = 344 m/sec into the right-hand side of
the jet thickness formula, we have A and f for KR sin® = 1 as

a
A =27 =80 mm , f=T°=4.31<Hz
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Hence, that portion of the sound signal below about 4 KHz is mostly due
to the axisymmetric component for a fixed wvalue of IQm(x,r,m)I. The ‘
example was intentionally chosen from the experimental work of the present
study, and the result obtained here was experimentally verified as.discuésed
in Chapter IV.

One more important feature of Jm(kﬁ sinﬁ) should bg mentioné@. As_
is evident from Figure 19, Jm(kﬁ sinf) becomes zero at § = 0° and 180°
for m # 0. This.means that only the axisymmetric component is rédiated
in the jet axis direction. Note th;t the directivity pattern .of the
radiated sound is different for each value of m..

-The term_exp{jmm(x,r,m) - jkx cosf} repreﬁents the effect of
convection on the radiated sound. To fully undertand the convecticn
.effect, &he phase function ¢mCx,r,m) defined by Egq. 3.1.21, must be known.
Note from Eg. 3.1.2L th;% the phase function should be positive, for
turbulence comvection in the flow direction. At a fixed frequency, the
vaide of (wm - kx cosf) is an increasing fumction of é, and this resuits
in a reducing influence on the radiation of sound as will be shown in the
latter section.h,Hence, we can say that the convection effect is
intensified in the flow direction 8 = 0° where (wm - kx cos8) has a°
minimum value. As is‘known, the convection effect depends upon the
convection Mach number which is a function of Strouhal number based.on
jet diameter, jet exit veloeity and turbulence frequency. Therefore, for
further discussion of the convection effect a suitable model of jet
turbulence needs to be introduced.

In recent years, there has been growing evidence that large scale
coherent stéuctures contribute gignificantly to .zerodynamic noise. The

experimental findings by Mollo-Christensen (1967); Lau, Fuchs and Fisher
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(1970); Crow and Champagne (1971) and Chan (1976) suggest that large-scale
organized structures can be represented by wave pgcketswithcharacteristics
derived from linear stability theory. This representation infers a
similarity between the turbulence structure and those motions in the
laminar flow which leads_ to transitiom.

Hence,. it is reasonable to assume that each dzimuth~frequency
component of turbulenceis wave-like in the jet flow direction and each

source term is given by

QmCx,r,m) = fim(x,r)ejOLX (3.1.25)

where o is the axial wave number of the turbulent component and can be
a function of Mach number, frequency,. azimuthal mode and radial coordinate,
but is assumed to be independent of x. -

Substituting Eg. 3.1.25 into Eq. 3.1.22, we have

jaL(1-3_ cosd)F

LR
2_ 2 1 R P c 2
12 (w) ] =L Z;EI ‘{r;mEkR51n6§?Qm(x,r)ev dxdr | (3.1.26)
0 o
where Eq. 3.1.16 was taken into account. In Eq. 3.1.26, we have two new
parameters. One is the convection Mach number;Mc,and is defined as the

ratio of the axial velocity to sound speed as .given by’

ﬁ _k_ (w/a) _ “ph _ (3.1.27)

. Another new parameter is. the axial (longitudinal) extent of source
distribution in the jeﬁ turbulence and is dehoted by L. The argument of
the exponent in Eq. 3.1.27, i.e.; aL(l - Mc cosé)'is referred to as. the

convection parameter. As will be shown, a nonzero value of the convection

parameter always causes reduction of the magnitude ofl|P(m)|2 for Mc < 1,

However, at M _ > L and when & satisfies

éc = cos~1 1 (3.1.28)
¢

by
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there is no interference of sound sources at different longitudinal
locations. Thus, the most intense radiation is observed at 8 = éc'

The jet thickness parameter and the convection parameter are two
major factors which strongly affect thg directivity of radiated sound.
The jet thickness parameter kR sinf determines the magnitude of. the Bessel
function illustrated in Figure 19, From experimental results it is known
that for Strouhal number between 0.1 and 1.0, the wvalues of the lateral
source distribution extent R falls in the ranges of D f.ﬁ.i 8D, As
pointed out previously, the jet thickness parameter is the rat%o of R to

sound wavelength and is given by

a - o~
o, T . R, _ R
"5‘) (Z;) (‘]5) = 2w (D) (D) (sh) .

3>

KR = 2

= R = ZH(a
o

|

2F o 1
a
o

Hence, for M = 0.58, for example, and 0.1 < Sh < 1.0 we have

2.9 < kR < 3.6 .
This is at least twice as iarge as that assumed by Michalke and Fuchs
(1973). He assumed that the jet diameter is roughly twice-the radius R of
the source region and obtained the value of kR being smaller than 1.4 for
Sh < 0.5 and M < 0,9. If we calculate the value of kR sin® with his' assumed
value of (R/D) for M=0.58,.8 = 30° and .Sh = 1.0; we obtain kR sind = 0.9.
Evidently, from Figure 19, the mode m = 0 is dominant for this argument.
Howéver, the experimental results of this investigation show that under
the same conditions cited above, the comtribution to power spectral
density of the radiated sound by the axisymmetric component is less than
that by the first non-axisymmetric component (m = 1). This indicates
that the lateral -extent of source distribution in jet turbulence-is larger

than that assumed by Michalke.
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It should be mentioned, therefore, that wery careful determination
of the value of R is essential to the accurate prediction of the sound
field.

The convection parameter oL(1l - M, cosf8) is another important factor
in the determination of the directivity of radiated sound. The results
of Chan's. forced jet measurements. (1976) indicate that the value of al is
in the range of 20 and 40 for 0.1 < Sh < 1.0 and that larger values of
¢l. corresponds to larger Strouhal number. Here again, we see that the
values of ol adopted by Michalke and Fuchs (1973) are too small. According
to Fuchs (1974) alL falls in the‘range of 5 and 50, and this is consistent
with Chan's observation.

By using the experimentally determined source function Qm(x,r) in
Eq. 3.1.26, the directivity of sound pressure level can be calculated.
The results for the axisymmetr?c and the first helical modes are shown
in Figures 20a and 20b, respectively.

In the case of the axisymmetric mode, as shown in Figure 20b, the
sound pressure level of the single frequency component has a maximum at
8 = 0° for lower frequency (Sh = 0.2) and gradually decreases with 5. -
This indicates that lower frequency:components are mainly radiated in the
downstream direction. This has been experimentally confirmed by many
researchers. At higher frequencies the sound pressure level drastically
decreases with 8 and has a dip between 45° and 90° and then recovers to
higher value with further increase of §. Comparing Figures 20a and 20b,
we can note that the directivity patterns produced by an axisymmetric
source component and that produced by the first azimuthal source component
are entirely different. For the m = 0 mode a maximum of sound pressure

A

occurs at 8 = 0°, wheras, for m = 1 mode the sound pressure has zero value
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at 8 = 0° because Jl(kﬁ =in0%) = 0. At low frequencies,fhe m = 0 mode is
dominant at small angles of 8. However, at larger values of §, the first
non—aﬁisymmetric sound component (ﬁ = i) becomes prominént. As shown in
Figure 20a, ﬁe have aéain different directivity patterns at_different
Strouhal numbers. Higher frequency sound has a-peak value atﬁépproiimately
8 = 40° (see Figure 21). This behavior has particulaf signiff%dnce as
will be discussed in Chapter IV, It is interesting tc note that the
directivity patterns shown in Figures 20a and 20b are based on a source
distribution fumction Qm(x,r) which is quite different from that used by'
Michalke (1973). WNevertheless, the resulting directivity patterns are
very similar, Michalke used a suitably chosen distribution function_
Qm(x,r) = ﬁm(xzé(r)-which, in his ca;culation Wés aséumed to be
independent of m and @w. He also cho;e the values for ol and ki rather
arbitrarily without taking into consideration their relationship with
Strouhal number. ‘

In the present study, the source distribution funct;;;; Qm(x,r) from
which the directivity was calculated were determined étrictly on the basis
of observations. In'this formulation, Qm(x,r) is not assumed to be
independent of m and w. Chan's experimental results (1976) show that
‘both the longitudinal and the lateral source extents in the jet turbulence
are functions of the azimuthal wave number and Strouhal number. This

fact was taken into consideration in the calculation of directivity shown

in Figure 202 and 20b.

3.2 Chan's Jet Noise Prediction Method

As discussed in the previous section, once the source term in

Michalke's wave model is known, the intensity of the radiated sound due
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to a single azimuth-frequency component of the noise source can be readily
evalu;ted by Eq. 3.1.26. Chan (1974a) proposed that this source term can
be wyitten in terms of the fluctuating pressure according to the dilation
theory of Ribner (1962). Furthermore, the experimental results obtained
by Chan (1974b) fgr the instability pressure waves in an acoustically

excited jet canm be used. to compute a proper form for the source function.

3.2.1 Ribner's dilation theory

As is known, for small disturbances generated in a fluid at rest,
-p(3u/at) = 3p/ox is satisfied. This means that the inertial forces will
give rise to pressure gradients. Copsequentl;r, in ; -1:1-1.1'bulent flow, the
local static ﬁresgu?e will have a different value at a different locatiomn.
We note that since the fluid is. compressible this variaance of the loeczal
static pressure must be accompanied by the local change of the demsity.
Stated another way, local volume dilations which are inverse of the Ilocal
density variations are: associated wifh tﬁe fluid accelerations.. These
}ocal,volume d;iations can be regarded as pulsating. spheres which are
'efféctive soPnd.generafors. ‘ o

We may, for an acoust£c31 treatment of jet turbulence, replace the

exFent—limited turbulenﬁ flow By an equiv;lent acoustic medium at rest
whi;h-inciudés the Yocal volume dilations. The time rate of the m;;s

- flow rate per ﬁnit volume; i.e{, (amfaé)‘can effectivel& éénerate sound
in fluid.( Iﬁ the: medium éonsidered above, m is related tothedilatiénrate,

which is equal to —(1/p)(3p/3t) and p represents the loca mean density.’

Thus, we have an effective source strength described as
om sz(o) . 329(0)

1
3 z Tz, 7 (3.2.1)
2

at . ot
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where for denmsity and pressure fluctuations that part associated with
sound propagation 1s excluded, and the remainder are designated p(o)

and p(o), respectively. Eq. 3.2.1 shows a relationship between p(o),
which is often referred to as the pseudosound pressure thét produces the
effective dilations and the effective acoustic source strength. Im

(®

contrast to sound pressure the pseudosound p is ‘dominated by inertial
rather than compressible effects and has a spatial decay which is

proportional to the cubic of distance.

3.2.2 Prediction formula

THe power spectral densitﬁ of jet noise due to a single azimuthal

component of noise source is given from Eq. 3.1.26 as

1 LR ) s jaL(l—Mc cosé)%
Em(m) = Eg{ J er(kR 51n6§)Qm(x,r)e dxdr (3.2.2)
0 o

This expression was derived on the basis of a wave-like model of ﬁet
turbulence. To evaluate this integral the source term Qm(x,r) which
first appeared in Eq. 3.1.25 has to be known. One of the practical ways
to achieve this is to express thi; quantity in terms of the fluctuating
pressure. For thisrpurpose,Chan (1974a) introduced the dilation theory
discussed in the previous section. The,left—handfside of Eq. 3.2.1
represents an effective source strength embedded in the turbulent flow,
and the Fourier transform of this term must be equal to Qm(x,r).

Hence, we have

5 1 %@
Qm(x,r) = Fourier transform of G—E-———7f~)
a0 3t

-kan(_lo) {x,r) , (3.2.3)
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where k = w/ao represents the wave number of the sound of angulaxr
frequency w. If we assume that the pressure source Ptgo) (x,r) can be

separated into single variable functions as
Pﬁio) (z,xr) = F(x)G(r) , (3.2.4)

where F{x) and G(r) are the longitudinal and the lateral source

digtribution functions, respectively, then Eq. 3.2.2 can be modified as

follows:
_k2»2L 1,1 o
Pm(m) = 5% J' J' IX_IrF(X)G(r)rdrdx s (3.2.5)'
o o
- [
where L
o juL(l—Mt cosf)x
J F(x)e dx
—-— o \
Ix = T ‘ (3.2.6)
) J F{x)dx
0.
ll\ — -~ A~ — —
J G(r)er(kR sinfsr)dr
)
Ir = lA — . (3.2.7)
J G(r)xrdr
5 .
and

. x=3%3/L, r=1r/R, Fx) = F(;{-)/Fmax(;)

G(xr)

I

G(r)/Gmax(r) . -

The axial extent of the source region in the £low L, and the lateral
extent of source region R are used to normalize the variables x and T,
respectively. The two source distribution functicns are also normalized

ir maxi % T
by thglr mum values, Fmax(x) and Gmax(r)'

To evaluate the expression 3.2.5 at a given cbservation point (,8)

and at specified frequency w, it is necessary to know two source functdions,
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i.e., ﬁ(g), G(¥) and four parameters, i.e., ﬁ, L, o and Mc. It is a
rather simple task to compute the expréssion 3.2.5 nuﬁerically, given the
necessary information about_tﬁese parameters., The next subsection is
devoted to a discussion of the experimental éetermination of these parameters

in an acoustically forced jet.

3.2.3 Pressure wave measurements in acoustically excited jets

Direct measurement of the axisymmetric and helical waves in the
turbulent shear layer of a jet was carried out by Chan (1976) at the -
Nationai Aeronautigal Establishment, Ottawa, Canada. The predicticn of
the directivity of narrow band jet noise in this study is entirely based
on his experimental results. Similar instability wave measurements were
made during this investigation, but in a quite different way, as will be
discussed in Appendix B.

Chan used six equally spaced acoustic driversmounted circumferentially
around the jet exit plane of a 57 mm.diameter jet in order to provide
periodic forcing at the jet boundary. ZEach unit consisted of a 40 watt
loudspeaker driver and a converging duct. The phase and amplitude of
each driver could be adjusted independently so that the whole system
could provide any mode of acoustic excitation in thé jet flow. The
exciting amplitude of the drivers was adjusted to 124 dB (ref: ZOuN/mZ)
at the duct exit. Two microphones were mounted circumferentially 180°
apart withig the jet at a distance of one nozzle fadius from the
centerline. The microphones could be located at various ;xial positions.
Each microphone was equipped with the standard B&K bullet noise fairing

for flow measurements. The signals from each of the twe microphones were

fed into two slave filters. The filtered signals then drove the vertical
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displacement of an oscilloscope. At the required phase, determined by

the axial position of the microphones the oscilloscope imtensity modulation
was triggered by timing spikes from a pulse generator. The pulse generator
was driven by the same beat frequency oscillator that provided the input

to the acoustic drivers. A traversing position potentiometer indicated-
the horizontal displacé;ent of the microphones on the x-axis of the
oscilloscopé, 'Tﬁgs; the intensified trace displayed on the oscillescope
represents the spaéial change of the pressure signals at a fixed time.

This exper@nental sétup permitted the determination of the wave number
versus Strouhal number relationship and the lateral and loagitudinal

source extent. This also permitted the determination of the longitudinal
and lateral distributions of the amplitude of the pressure waves for
different Strouhal numbers for the first three azimuthal mo@es. The

results are illustrated in Figure 22. ¥Figure 22a shows the relationship

between the total wave number and Strouhal number based on excitation

frequency, The total wave number for.each mode is given by

2=+ &

1/2

where m is the mode number and « is the. axial wave number for each given
mode as measured by the forcing technique descriged above, The data
clearly show a linear relationship between normalized wave number and
Strouhal number.

Non-dimensionalized phase velocities of the waves are presented'in
Figure 22b as a function of Strouhal number. It is interesting to noté
that, in contrast to the helical modes the phase velocity of the
axisymmetric mode tends to decrease with increasing Strouhal number.

Furthermore, at high frequencies the phase velocity seems to be independent

of the azimuthal mode and to have a limiting value of about 0.55.
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Figure 22C includes the axial source distribution functions for the
first three modes, m = 0, 1 and 2. These curves were replotted from Chan's
original curves. Note ?hat thg abscissa is a normalized distance x-Sh/Dg
where { represents the extent of Fhe source distribution in terms of the

normalized distance and is approximately equal to 3.0 (Chan, 1976). The

value of the ordinate 1.0 corresponds to 124 dB {(Chan, 1976). ‘gimilarly,
Figure 22d shows the lateral source distribution funetions plotted in
terms of thé normalized lateral diétance';(= r/R) far the first three
modes. Here also é(?) is normalized with the reference sound pressure
level of 124 dB. It should be pointed out that the longitudinal and
lateral source functions in Figure 22¢ and 22d are only valid fbf Strouhal
frequencies larger than approximately 0.3, because for smaller frequencies
than/Sh = 0.3 both ﬁ(ﬁ) and a(;) cease to be scaled by %(= Sh-x/D%) and
(= r/R), respectively.

Although Michalke and Fuchs (1973) rather arbitrarily chose vaiues
for al. to predict the‘diréctivities of jet noise, the quantity ol should
be carefully determined by the pressure wave measurements. In the present
investigation, the loﬁgitudinal extent of the source region in jet turbulence,

1L, was determined by the relation
L=< for3<u<i4

which was derived from the experimenﬁal results (see Figure-A of Chan
{1976)). .Consequently, we note that L.is a function of Strouhal number
and proportiomal to the jet diameter. To be more precise, L is
proportional to the jet exit velocity Uj and inversely proportional to
the frequency f of the radiated sound.

The jet thickness parameter kR is another important parameter along

with the convection parameter gL(l - Mc cos8). The radial source
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distribution extent R can be determined from Fiéure 22d. ‘It should be
pointed out, however, that the lateral source distribution function is
dependent on the axial coordinate x. Consequently, ﬁ also varies with x.
This is obvious from the fact that the jet spreads cut laterally downstream
from the nozzle. This dependence of R on Elmay be a rather unfortuante
limitation on the evaluation of the integrals in Eq. 3.2.5. As an
approximation, however, a mean value of R can be taken.

Up to this point only the experimental determimation of the necessary
parameters for the evaluation of P(w} in Eq. 3.2.5 has been discussed.
As‘mentionea previously, the prediction formula for P(w) can be numerically
evaluated for various frequencies with fixed wvalues of * and §. The
results of the prediction using these parameters will be discussed in

Chapter IV.



Chapter. IV

RESULTS AND DISCUSSION

In this chapter, the flow and acoustical characteristics of the jet
facility used for the present study will be presented in detail with:
special emphasis on the spectral features of both the jet turbuiencé and
the radiated sound. Comparison with theory is alsc made. The role of
Reynolds number in noise gemeration will then be discussed. Finally, the
resuits of Fourier decomposition of the jét nolse signal inte azimuthal
components will be presented and compared with the specéral theory of

Michalke.

4.1 Flow Characteristics

£.1.1 Mean vélocity profile

QuanFitative measurements of the mean velocity profiles and the
di§tributions of the velocity fluctuations (u—component) were obtained
at ten equally spaced axial stations between X = D and X = 10D from the
jet exit plane. Three nozzies of different sizes, 12.7, 6.35 and 3.18
mm in diameter have been used for flow measurements at Mach numbers
"(nominal) between 0.2 and 0.6. However, only a part of the experimental
results obtained under these conditions will be reported here. Before
presenting the experimental results, it is profitable to consider probable
sources of major errors associated with the f£low measurements reported
herein.

They can be classified into four categories, namely:

1. Fluctuations of flow rate

2, Unstable response of the instruments



k3

1
re

52

3. Spatial averaging-effect of hot-film (hot-wire) sensor

4. Compressibility effect

The flow rate of air supplied to the settling chamber was constantly
monitored with a total pressure probe. The wvariation of the flow rate
recorded. was found within + 3%

The flow measurement system composed. of the hot~film (hot-wire)
anemometer and linearizer was carefully calibrate& before and after each
tesf; The fluctuations of the response of the.syétem was carefully
monitored with an auteranging digital voltmeter and also with the SD-360
FFT an;lyzer. Judging from the high degree of repeatability of the data
reported herein, the response of the entire system could be reasonably
regarded to be quite uniform.

Among the errors associated with hot-wire turbulence measurements
the most seéious one may be the error due to the finite length of the
sensor wire. Since the hot-wire is in a2 nonuniform velocity field.of a
jet, the effective cooling velocity varies over the entire length due to
its finite length. However, the calibration of a hot-wire is always
conducted in an- uniform velocity field oveé the  entire wire length. Thus,
the measured output voltage always corresponds to the spatially averaged
velpcity over the wire length. The error in the turbulence intensity
measurements due to the nonuniform velocity field can be estimated as
follows. Here, it is assumed. that the turbulent f£luctuations are small

\comﬁared‘with the mean velocity and that the compressibility can be

.meglected. Then the corrected value of the square of the voltage, e2,

may, be related to the measured voltage (ez)M by

rr——

T L (el
e = k(e )M

where x represents the correction factor defined by
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The sensor length and the spatial length scale of jet turbulence are
denoted by 2 aund A,, respectively (Hinze, 1975). In the present study,

2 was 1.25 mm and AG was 1.27 to 12.7 mm for the 12.7 mm jet. .Therefore,
the correlation factor to the measured rms voltages varies from 1.002 to
1.19. Thus, the spatial averaging of the effective cooling velocity due
to the finite length of the sensor wire introduces a maximum error of
about 10% in turbulence intensity measurements,

. It has been well established that the compressibility effect of air
at room temperature can be neglected in flow measurements when the flow
velocity is approximately less than M= 0.3. In the present study,
however, some fioy'quantities were measured at Mach numbers in excess -of )
M=0.3. 4t fhese high flow velocities_the resulting data were calibrated
according to the method proposed by No%man (1967). The deviation from ‘
King's Iaw:with respect to the output voltage was found to be less than
5% at a nominal Mach number of M = 0.6.

In summary, it can be argued that the flow measurements reported
herein were made as accurately as the state of the.art in hot-wire
measurements would allow.

During preliminary testing, the-true jet axis was determined with a
single hot-film probe. As had been discussed in Chapter II,_the-
aerodynamic jet axis is defined as a locus of the points in the flow on
a vertical plane to the geometrical jet'axisfat which turbulence -intensity
is minimum. Measureqents were made at ten equally spaced X stations

between X = D and X = 10D from the jet exit plane. The results show that

at each X station the deviation from the geometrical jet axis was on the
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order of one hundredth of.an inch (0.254 mm) and the true jet axis has
the form of a helical wave, This helical wave-like jet axis was seen in
all of the three jets of 12.7, 6.35 and 3.18 mm diameters. It was further
confirmed that rotating of the nozzle or settling chamber does not give
any noticeable effect on the profile of the true jet axis and that this
profile changed significantly from one day to another. This may indicate
that the helical wave-like disturbances are generated far upstream of the
nozzle. One may speculate that since turbulence is more sensitive to the
variations of flow conditions than wean flow the asymmetry of jet flow
must be obviously observed in turbulence intensity measurements. In fact,
this was'clearly confirmed in the present investigation., It is interesting
to note that the asymmetry of the jet flow was observed not only in the flow
field but also in the radiated field. It should be added that the
circumferential asymmetry of the sound pressure level was more strongly
obsefved in the lateral direction than the dowanstream directiomn. The
observed asymmetry of the turbulence intemnsity will bé discussed in some
detail later in this chapter.

Figure 23 shows mean velocity profiles measured in the 12.7 mm jet
at M = 0.297, Re = O.S?xlOS at various downstream locations between‘X/D =
1 and 10. These were measured by a single hot-£ilm probe. Identical
results were obtained wiih a single hot—-wire probe. The typical top-hat

profile of the mean velocity at the jet exit can be noted. Further

L
EA

downstream the velocity profile takes on the appearance of a fully

T r e .

developed jet. The similarity of the mean velocity profiles in themixing
zone of the 12.7 mm jet at Mach number of M = 0.199 and 0.297 is shown

in Figure 24. Here the similarity is expressed in terms of non-

dimensionalized variables U/Um and n, where Um represents the centerline
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velocity and n = (Z - 20.5)/X' The distance (2 - ZO.S) corresponds to
the lateral distanée between any radial point and that for which the
veloecity is half af the centerline wvelocity Um‘ Tt is evident that the
similarity profile is most likely independent of Mach number. These
profiles are consistent with those observed in many other jetsg. The daté

statisfy a similarity relationship suggested by Seiner (1974):as
/U = expl~52.4(n + 0.115)°]

This. relationship corresponds to the tip Qf the potential core being at
X/D = 4.3, The virtual origin of the jets of this study was found to be
a = ~1.5D which is consistent with data found im Abramovich (1963). '
It is well-known that the velocity profiles in the mixing region
are similar at axial distances greater than about two dimaters from the
nozzle, Closer‘to the nozzle the wvelocity profiles lack similarity
because the varied effects of initial conditions such as boundary layer
tﬁickness at the nozzle tip. Hence, data are shown only for axial positioms
of two or more diameters downstream. It éhould be pointed out that the
similarity of the mean velocity profiles has been verified with data
gathered at Reynolds numbers in excess of 105. However, thé Reynolds
number corresponding to the data in Figure 24 was either*S.SXlO4 or
8.7x104. These data show no apparent difference from high Reynolds number
data. The axial distribution of the normalized mean velocities for the
12.7 mm jét at three differénet Mach numbers are presented in Figure. 25,
where Uj represents the jet exit velocity. The length of the potential
core appears to be a weak function éf the exit Mach number., However, the

mean velocity in the core begins to decrease at an axial distance between

X/D = 4 and 6, and its decay rate is larger at smaller exit velocities.
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Since nozzle diameter was held constant, it is not apparent whether this
is a Mach or’Réynolds number effect.‘

A Gaussian error curve and a theoretical radial distribution of the
axial veloecity component calculated according to the momentum-transport
theory are presented in Flgure 26 together with two experlmental curves.
The theoretical curves were plotted according to Eqs. (6-76) aund (6-80) of
Hinze (1975).. These  two. curves. are only valid between X + a = 8D and 20D,
wﬂere a‘représents—the distance to the vitual origin from the jet exit
plane. The dash-dot-line is the measured curved at X/D = 8 with Re =
8.7x104. Both theoretical curves give fairly good agreement with

observations across the entire lateral width with larger deviatioms at

further distances from the jet axis.

4,1.2. Turbulence intensity and non—axisymmetry of a round jet

The measurement. of the turbulence intensity was conducted with:
three different nozzles at varying exit Mach numbers. In Figure 27 the
Au-component turbulence profiles for the 12.7 Qm.jet at M = 0.297 ;bserved-
at various downstream locations. are deéictéd. A single hot-film was
traversed laterally getween -3D < Z < 3D at equally spaced axialfstations
between D S_X < 10D. ‘The turbulence intensitf aétains‘a maximum value
near. Z/D = 0.5 at any downstream station. Thé aéymmetry of the profiles
isievid;nt._ This asymmetry of the. jet flow is. not due to the nozzle

e

configuration. Thlswasconflrnedby'rotatlno the nozzle by 180°, yielding

-\-.‘J«t_

the same results. It is debatable whether these results imply & natural
4-?: -
asymmetry of the flow due to a helical mode im the jet turbulence or

i) u- -

upstream flow conditions. We note in-Figure 27 that the turbulence

intensity onm the jet axis grows almost linearly up to five diameters
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downstream, and the iﬁtensity becomes approximately éoublesbveran increment
of one diameter. The asymmetry of the turbulence intensity is evident

and was observed in all of the three jets of 12.7, 6.35‘and 3.18 ma
diameters. In Figure 27, the difference of the peak intensity observed

in lower and upper mixing layérs seems to grow gradually up to five
diameters downstream and then to decay slowiy with a further inzfease of
downstream distance. This may be attributed to the helical Wav;ilike
motion of jet turbulence with a wavelength which is relatively la;ge when
compared to jet diameter.

To further explore the asymmetry of a circular jet, a measurement of
the circumferential distribution of rms. fluctuating velocity signals was
undegtaken. A hot-wire (DYISA 55P11) probe was rotated. in the plane '
vertical to the true jet axis at X/D = 2, The sensor portion of the
probe was consistently supported horizontally duriné the rotation along
a circle of radius 0.5D. The results of this experiment are shown in
Figure 28, where the ordinate represents linearized output voltage of the
. hot-wire and the abscissa corresponds to the azimuthal angle (degrees).
AHere we note a-somewhgt sinugoidal profile centered 4t the 400 mV line.
The results, however, must be interpreted carefully. The hot-wire sensor
whose length and diameter are 1.25 mm and 5 um, respectively, can be
thought to be completely immersed in the very thin mixing layer when the
sensor probe is located at ¢ = 0° and 180°. With increasing azimuthal
angle, ¢, the sensor wire will cut the mixing layer with larger angle, and
at ¢ = 90° and 270°, the wire cuts across the mixing layer radially.
Here, a maximum spatial averaging effect may be observed.

If we assume that the sinusoidal profile of the turbulence (u-

component) is only due to the averaging effect of thHe hot-wire, then we
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should have a minimum at ¢ = 90° amd 270°, However, this is not consistent
with the observations imw Figure 28. Here the minimum Qutpgt voltage is.
obsarved at about ¢ ='180°: It is now obvious that even for a circular
jet the turbulence intensity (u-component) is not axisymmetric, and a jet
flow may be- speculated to have a helical strﬁcture to some extent in the
downstream direction.. As will be discussed in a. later section of this
chap£er, this non—axisymmetry of the flow has a2 noticeable effect on the
radiated field. .
We see in Figure 28. that the deviations of rms value about the mean
~value (400 mV) are within + 40 wmV. Hence, if we acceft the errors of the
order of 10% in turbulence measurements, we may regard the circular jet to
bg)axisymmgﬁr%c as an approximat%on.

.The axial distribution oﬁ turbulepce»intensity'(u—componentﬁ iq the:
mixing Iayer'ag two- Mach numbers: are presented. in Figure: 29, together
with that obtained. by Wooldridge et al. (1971). It can be noted that the
intensity is depgndent on Reynolds number Rp = UjD/v, as well as on Mach

. number'M.=_Uj/ao. The: intensity observed by Wooldridge has a constant
value after X/D = 4 while the data observed. in the present study keep
growing up to about six dismeters downstream. The ReynoldS‘nuﬁber under
which Wooldrige et al. measured the intensity is 2.6x105, and at this
value of Reynolds number the wall boundary layer of the jet nozzle is
_supposedly turbulent. However, the Reynolds. numbers. for the data reported.
herein are: Rg = 8.7x107 (M = 0.297) and 5.8¢10% (M = 0.199). Under these

b}ower Reynolds numbers the transition from laminar to turbulent flow in
the boundary layer presumably occurs in the. free shear flow rather than
in the nozzle wall ?oundary layer as pointedjoqt bj Mollo—-Christensen

(1967). This spatial delay of transition may result in-the:spatial delay
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of the growth of the turbulence intensity to a constant magnitude as seen
in Figure 29. One may argue that this spatial growth of turbulence
intensity is also a function of nozzle design. Therefore, a detailed
investigation of the boundary layer of nozzle wall must be done before
any decisive conclusion on this point can be made. The intenéfty profiles
illustrated iIn Figure 29 are favourably consistent with the oggéfvation
by Davies et al. (19§3).

The normalized turbulence (u-component) profiles measured at equally
épaced downstream statiops for the 12.7 e jet at M = 0,199 are presented
in Figure 30. The dashed line corresponds to the similarity profile
given by Seimer (1974) using the 50.8 mm jet at M = 0.32, and this gives
a Reynolds number of Re = 3.9x105. The abscissa is expressed in terms
of n= (Z - ZO.S)/X and u represents the maximum value of fluctuating
velocities measured in a. vertical plane tc the jet axis at each downst?eam
station. -

As shown in Figure 30, the turbulence profiles are obviously similar,
and an excellent agreement .is found with the data obtained by Seiner

(1974). The dashed line in Figure 30 can be expressed as

B(U/Um)

= OllélTl

2
um
for approximately n > 0.1 according to Seiner.. This is nothing more than
" an expression of Prandtl's mixing length theory which is valid only where
one characteristic length scale is invelved.
" The lateral distribution of the mean shear calculated from the non-
dimensionalized mean velocity profile is illustrated in Figure 31 together
with a calculated mean shear obtained by Davies et al. (1963). The solid

line represents the mean shear distributicn for the 12.7 mm jet at
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M = 0.297 at the axial positions 2 < X/D < 10. The Reynolds number Re =
UjD/v is 8.7x104. The dashed line corresponds to the mean shear
distribution computed from the results of the mean velocity measurements.
of Davies et al. (1963). They used a2 jet of 25.4 mm at M = 0.3
corresponding to a Reynolds number of l.7x105. In addition, they observed
that the mean shear varies with Mach number but not quite in a- linear
fashion. Note, however, that the Mach number for both sets of data is
0.3, and, nevertheless, there is a significant difference between the two
sets of data. This may be attributed to the variations in the initial

development of the jets.

4.1.3 Power spectral density of turbulent velocities

As has been discussed. in Chapter II, the $D-360 FFT analyzer performs
a frequency analysis. on any given sample of data with two degrees of
freedom. All spectra are the results of ensemble averaging 254 samples.
As will be discussed £n Appendix A, the 997 confidence interval for the
power spectral density estimate is as good as within + 1 dB of the true
power spectral density with this linear ensemble averaging.

Figure 32 shows narrow band power spectral density of the axial
turbulent velocity components measured at ten equally spaced stations on
the jet axis of the 12.7 mm jet at M = 0.58, corresponds to a Reynolds
number of Ré =j1.6x105. The filter spacing for the spectral amalysis
was set at 40 Hz, and signals were always bandpassed in the frequency
range, 0.5 < £ < 16 KHz.

A drastic fall-off athigh frequency edge is only due to the aliasing
lowpass filter. Linear ensemble averaging of 256 ensembles of frequency

data was found to be adequate for this analysis. High repeatability of
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the results has confirmed this. Two peaks were observed in the spectrum
of the fluctuating velocities sampled in the core within two diameters -
from the jet exit plane. A narrow peak is noted at about 15 KHz and a. -
broadpéak at about 5. KHz, which corresﬁbnd.to Strouhal number Sh = fD/Uj =_
1.0 and 0.3, respectively. Wooldridge et al. (1971) élso reported the “'
existence of the similar high frequency peak which-decreases ’%ﬁmagﬁitude
with an increage of distance -from the nozzle exit, However,.it is open.
to question whether this high frequency peak is &ue to the instrinmsic
structure of jet turbulence or to some anomalous .gignal. No further
attempt to investigate this point was done in the present study. It may
be worth notiné‘that the high frequency peak shown in Figure 32 is low
énough in magnitude'to'be buried in, for example, electronic noise,

According to Lau et al. (1972), the microphone:spectra -and those of
the hot-wire have a close.resemblance‘to each other and in each case the-
peak locates at almost the same frequency. The peak in the core spectra
is then' supposedly associated with the radiated sound signals. Further
downsétream on the jet axis, this peak shows. 2 trend to éhift gradually to
lower frequencies with increasing downstream distance., Comparing Figures
© 32 and 33,.it can be noted that the axial distance where the’profile af
“the 1owe;'part of the sﬁectrum becémes uniform depends on Mach nuﬁber.
This was also confirmed by Wooldridge et al. {1971). .This distance .may
be felated to the length of the jet core region (see Figure 29 for
comparison). In Figure 32, the jet diameter .is '12.7 'mm, "and the exit
Mach number is 0.58 which gives a Reynolds ‘number of R, = 1.6x105. Here,
the. peak observed at the end of the jet core (X/D = 5) locates at about
Sh = 0.3. The coiresponding‘peak in Figure 33 is found at about -Sh =

0.33 where Reynolds number is 0.54x105. The axial variatiowm of -the peszk
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amplitude between X/D = 1 and X/D = 5 is approximately 15 48 in both
cases. This is significantly smaller when compared with the value of

22 dB obtained by Wooldrige et al. (1971) who measured variation of energy
in band centered at Sh = 0.48 along the jet center line between the jet
exit and the tip of the core (X/D = 4) using a 38 mm jet at Mach number

of M = 0.3 which gives a Reynolds number of R_ = 2.6x10°. It is not
likely, however, that this axial variation of peak amplitude can be scaled
either by Mach number or by Reynolds number.

With increasing axial distance, the turbulence intensity observed on
the jet axis grows rapidly which results in masking lower energy signals
observed in the core region.

It should be remarked that the measured energy spectrum for higher

5/3

but like m‘4/3 as seen in Figure 32.

2/3

This corresponds to the decay of a sound épectrum'like w -

frequency end falls off not Tike w
according to
Meechan (1969). Latér sections will deal with the comparison of the (
spectrum observed in the near and far fields. It should be noted that
in Figure 33 a broad peak of Sh = 0.7 at one diameter downstream from the
jet exit shifts more-drastically with axial distance than in the case
shown in Figure 32. At the tip of the potential core a peak is observed
with a frequency of Sh = 0.33, which is nearily half of the frequency of
‘fﬁfﬁe“peak seen at X/D = 1. The measured spectra show the same energy fall-
.~ off with frequency in both cases, and the high frequency content varies-
T as m-4/3l
Lau, Fisher and Fuchs (1972) broposed a model of turbulent flow to
explain a fairly regular structure in a jet on the basis of their slow

¢ speed jet measurements. They assumed an axial disposition of discrete

vortices in the jet spaced at about one and one-quarter nozzle diameters



apart travelling downstream in the center of the mixing layer. This
assumption was‘presumably derived from their knowledge about turbulénce
spectrum of jets. As is seen in Figures 32 and 33, the spectrum observed
in the core regi&n has a pronounced peak. According to their calculation,
the Strouhal number of the peak based oﬁ jet diameter and convection
velocity gives a value of nearly one. 1If this'is the case, sgimce Sh =
£D/U, =1, it follows that D = U /f = A indicating that the wavelength
of the disturbances is of the same order of magnitude as the jet diameter.
With this model, certain physical features of the jet turbulence could ‘
be explained. They also suggest the usefulness of this model even for
high subsonic jets (Lau, 1971).

The results of the present study, however, do not support their model.
The vortex péssing frequency is not simply proportionai Eo the jet'efflﬁx
speed, and this can be seen by comparing the spedtrum .at X/D = 4 in
FPigure 33 with that observed at Z/D = 0 in figure 36. Probably, a crucial
drawback of this model exists in thét it cannot give any reasonable

—expianation for the helical structure‘observed in the mixing layer of the
jet. ‘It may be remarked, on the basis of the present study, that the
structure of the jet turbulence is much too complicated to be‘modelled
by such a relatively simple vortex model.

Figure 34 shows turbulent energy spectra for this 12.7 mm jet in the
mixingvlayer observed at various axial locationsg at Mach number M = 0.58.
This figure serves to illustrate that high frequency noise is predominantly
generated by the jet within a few diameters from the nozzle. This is also
seen in the results of the coherent output power measurements which will
be reﬁorted'in a later section. B3imilar profiles are seen in Figure 35

for the 6.35 mm jet at M = 0.3%94, In Figure 36, the frequency analysis has
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been extended up to 40 KHz with the filter spacing of Af = 100 Hz. Here,

we see that near the center of the shear layer, namely at X/D = 4, Z/D =
0.4, the spectrum shows a uniform profile up to 20 KHz. The energy then falls
off drastically as mz which is a typical decaying profile observed in the
inertial éuhrange of an isotropic turbulence (Tennekes and Lumley, 1972).
Figute 37 shows the similiar profile for the 6.35 mm jet at M = 0.39%4.

' It may be remarked that the energy centered at the peak observed on
the axis corresponds: to the disturbance generated by the interaction of
individual vortices within the large-scale structure while the energy
distributed over the lower frequency region corresponds to the convection
of the large-scale structures downstream (Winant and Browand, 1974).

The spectra in the intermittent ragion are presented in Figures 38
and 39. HNote that they completely lack high frequeﬁcy 8nergy components
throughout the entire noise generating region of jet turbulence. As
pointed out by Lau et al. (1972), there is a radially inward mean flow
in the entraimment region, and this may give, more or less, an influence
on the hot-wire signals sampled in this region. Therefore, the spectra

plotted in Figures 38 and 39 should be inteérpreted with caution.

4.2 Acoustical Characteristics

- - o
T Srt i T
F ..

4.2.1 Overall sound pressure level, 1/3 octave spectrum-and directivity

Py

The following expression for the far field intensity is a result of

-+

P
-~ o« ¥

T
Lighthill's work (1952) with a slight modification on the convection term:

pZUSDZ

1= Bl v .2,1)
pa R a - Mccos@)

where D is the nozzle diameter, Uj the jet exit velocity,. o the air

density in the mixing regionm, Py and a the ambient air density and sound
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speed in the medium at rest, R the distance from the nozzle exit to the
observer and 8 the angle between the direction of sound emission and the
downstream jet axis. Mc is the convection Mach number and (8) represents

the directivity factor which is given by

- L 2
- S
p(8) ~ 1+ (C22.2F 08 Dy (4.2.2)
} ’ F .
where W is the ratic of the maximum value of shear noise to the self
6

noise. K is a numerical constant of the order of 10 .
It should be pointed out that Egq. 4,2.1 has been derived for
axisymmetric jets based on such simplifing assumptions as isotropy and
incompressibility of the jet- turbulence and a Gaussian distribution of

the joint probability of the velocities at two points. If we can
approximate W to be nearly unity as claimed by Ribner"(1969), then ¥(8§)
also becomes approximately umity except for small radiation angles 8.
Mollo—Christensen et al. (1964) analyzed the results of a' series of
tbeir sound pressure measurements to find‘the Mach number dependence of

the overall sound pressure level (OASPL) on the presumption that

5 =2 GOLR_,0) o Mn(g)F(Re) (4.2.3)
o]

hr

a
Q

where p. represents the sound pressure observed in the far field. 1Imn this
study, measurements of the overall sound pressure level were made at non-
dimensional distances R/D of 50 and 100, and Mach numbers M = 0.4 to 0.9
for jets of five diéferent nozzle diamete?sn Figure 46 shows the variation
of QASPL with Mach numbers 0.4 to 0.9 at several obser;atiéﬁ angles for

the 12.7 mm jet. We note that the value of n(8) varies between 7.55 at

6 = 90° and 9.56 at §'= 15°, being an increasing function of emission

angle 8. Corresponding values of n(f) for the same range of the emission
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angle obtained by Mollo-Christensen et al. (1964) fall between 6.64 and
8.22, These values are noticeably smaller than those reported herein.

It has been well established that the effect of comvection is to increase
the overall sound generation, and, consequently, the predicted overall
power should have a higher power of the jet wvelocity than the eighth. On
the other hand, the;e is evidence that the relative turbulence intensity
decreases with_incfeasiﬁg Mach number. This éact has been cited as the
primary factor'invoived in modifying the basic sound power with convection
from an eight power to a sixth power dependence on velocity. If this is
the case, the sound intensity observed at § = 90° where no convection
effects are present;should be proportional to the sixth power of the jet
exit velocity. The results shown- in Figure 40 ave consistant with the
prediction mentiomed above in that n(8) increases with decreasing § due
to the convection effects. However, the n(8) = 7.55 observed at 8 = 90°
is. in disagreement with the hypothetical sixth power law. It may be

remarked that n(8) is independent of Mach.number as seen from Figure 40,

but obviously dependent on Reynolds. number as shown in Figure 41 where

- normalized sound intensity is. plotted wversus Mach number for various

Lg;

Reynolds. numbers. Note that the normalized sound intensity increases

“with increasing Reynolds number. This trend is observed at either 8 =

30° 5 '90°. A rather unusually low intensity level of the data for the

+#3718 mm jet observed at 8 = 90° may be attributed to the fact that the

~ wye

'Tdrge diametef'plate on which the nozzle was mounted acoustically shadowed
the mictrophone located in the lateral direction (8 = 90°).

Directivity patterns for the 12.7, 6.35 and 3.18 mm jets are presented
in Figure 42-44, together with the predictioms by Lighthill' (1952), Philips

(1960) and Lilley (1971). The level of the predictsd curves was adjusted
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to go through the data point at § = 90°, 1In Figure 42, the directivities
of the radiated sound ohserved at locations 50 diameters away from the
jet exit plaide for four differemnt Mach numbers are illustrated, where
Reynolds numbers fall in the éange of l.é:’;:::l()s‘_f_l{e < 2.21x105. It is
seen in Figure 42 that the intensity is directional with 'a pe@#rmore or
léss along the jet axis. With increasing Mach number the dirgptivity-
becomes more p?onounged, %Fd the amount of amplification from 8 = 90° to

8 = 15° at.the highest exit velocity is approximately 10 dB. Apparently, -
Lighthill's prediction overestimates the amplification at any Mach.number,
where -the directivity factor ¥(8) im Eq. 4.2.2 is assumed to be unity,
The observed inconsistency between the experiments and ﬁighthill's theory
may be partly attributed to the assumption that all the quadrupoles are
randomly oriented sc that ¢k§) is unity. However, the genéral consensus
of opinion %s that.the—discfepancyncan ber attributed to the exclusion of
the acéuséic—mean flow interaction effect in the prediction formulation. -
In fact, Phillips (1960) and Lilly (1971) showed that Lighthill's theory
could be improved by transforﬁing the full nonlinear equations into the -~
form of the wave equation travelling'in a moving medium. Thé theory then .
shows thét the convection factor (1 - Mc cosﬁ)—s-in Eq. 4.2,1 should be
replaced by (1 - Mc-dosg)_3 (Goldstein,.1976).

The dashed line seen- in Figure 42 was plotted. based .on the Phillips.
and. Lilly's equatioi. Evidentiy, the additional. Doppler factor which
~appears in the denominator of the expression for directivity reduces the
gap between theory and observation, yielding a Egvourable agreement, The
rather rapid_fall~off‘seen at larger angles than 8 = 90°, particularly
for sﬁaller nozzles (see Figures 43 and 44), is due, to the experimental

setup and is not a fundamental feature of the_ jet noise signals. The
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resulting discrepancy is due to an acoustic shadow created by the large
diametgr plate on which the nozzles were mounted.

A comparison of the data reported herein, and those available in the
literature (Lush, 1971, Olsen and Karchmer, 1976) show general agreement,
but also minor differences, particularly for_gmaller jets. The directivity
due to a single azimuthal components of jét noise will be discussed in a.
later section.

Typical 1/3 octave spectra obtained. for threeljeég of different
diameters are illustrated in Figures 45-54 for various jet exit velocities.
These data are lossless and ﬁavé been obtained directly with the Real-Time
Aanl?zer Type 1921 (General Radio). The analysis frequency range was
500 Hz < £ < 80 KHz. Comparing the spectra for three different emission
angles (Figures 45-47), we note that the spectrum changes its shape
noticeably with radiation angle. The spectra observed at acute angles
are fairly peaky, while at sideline positions the spectra have a rather
broad shape. ) —

The growth rate of the spectrum at low frequencies is about 6 dB/
octave and the—decay rate is nearly half of .the growth rate (see Figure
4??: This is consistent with the results reported by previous
experifiefitalists (Lush,. 1971; Olsen and Karchmer, 1976). At 8 = 15°,
the peak frequency is independent of the jet exit velocity and locates
atvabbut £ = 3.2 KHz (see Figure 45). This indicates that the peak
fregpency does not scale as a Strouhal number at this emission angle.
Moreover, the decay of the-;p;ctrum at the high frequency end is more
extreme and is about 5 dB per octave. In contrast to the spectrum

observed apié = 15°, the spectrum obtained at § = 30° does not fall off

monotonically but rather has another peak which shifts to higher frequency
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with increasing jet exit velocity (see Fiéure-46). It should be pointed
~out that the raw data, on the basis of which the spectra shown in Figures
45~54 "have been depicted, behave 1like any previously reportéd results.
Howéver, ﬁecessary corrections to the data mainly Que to air absorption,
give rise to the peculiar results shown. At this point, no explanation
éan be made for this anomalous behavior at higher frequencies® The peak
frequency again does not scale as a Strouhal number at this radiatioﬁl
angle, and remains almost congtant a; £ =5 XHz (Figure 46).  We note that
. the peak shifts progressively to higher frequency with increasing eméssion
angle and at § = 9U° to the jef axis peak scales with Strouhal ﬁumber
‘(Figure 47).

. Figures 48-50 show the 1/3 octave spectra for the 6.35 mm jet
observed at three different radiation angles. The general trend is similar
"to that- of the spectrum for  the 12.7 mm jet except in that the corrected
spectrum at- § = 90° seems to have a stronger second peak than the peak
expected to appear at about £ = 15 KHz. This may be attributed to possible
extra sources at frequencies beyond £ = 30 KHz. It is 1likely that the
spectrum in Figure 50 would begin decaying at about £ = 30 KHz, were it
not for the effect of additional apparent noise sources. Since the
spectrum observed at 6 = 90°, in the case .of smaller ‘nozzles (Figures 50
and 52), is too broad to locate the peak; it is rather difficult to see
whether or note the peak scales as a Strouhal number. This point will
be discussed again in detail in a later part of this section with the
results- of narrowband spectral measurements.

A limited amount of spectral data for the smaller nozzles are

presented in Figures 51-54, As has been discussed in Chapter III, the

analysis Frequency range for the spectral measurements reported in this
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section was limited to 300 Hz < £ < 80 KHz, mainly due to limitation on
frequency response of the microphones utilized inthis study. Observations
indicate that the low frequency end of the spectrum seems to be independent
of Revnolds number: in the Reynolds number: range studied. However, as is
seen from, Figure 46 and 51, the high-frequency end iz apparengly different
from one jet to another. This probably indicates that high frequgncy
sound mostly produced in the mixing region is strongly influenced by the—_.
jet exit conditions. Moreover, as has- been pointed. out by MoIlo-Christensen
(1967), ‘the boundary layer in the nozzle wall is presumably laminar- for
the small jet at low exdit velocities and tranmsition from laminar to
turbulent flow may take place in the free shear layer. If this ;s the
case, the sound generated in the vicinity of the orifice would be more or
less. influenced. by such flow conditions.

 Normalized: sound pressure: level spectra at § = 90° are shown in
Figures 55~537 for the three jets of different dismeters, together with
the recommended curve -given by Stone (1974). Stone proposed that the
effect of jet: temperature on the spectral shape is accounted for by
multiplying -the Strouhal number by the ratic of jet total temperature to
ambisnt temperature to the 0.4 power. This gives the n;n—dimensional

2R
frequency parameter

T -
£D i, 0.4
S.= 0 ED . (4.2.4)
u,’'T
j Ta
In.the present study, the jet total temperature iﬁdassuﬁed to be equal
*to the ambient temperature, -to give 8 = fD/Uj = Sh. The abscissa log S
in“Figures 55-57 is given by Eq. 4.2.4, and the normalized sound pressure

level spectrum appearing as the ordinate-is defined by

.(1/3 octave -spectrum level) — (overall sound pressure level).
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The expérimental conditions under which the data in Figure 55 were
obtained are shown inm the figure, pamely D = 12.7 mm, R = 50D and § = 90°.
At B = 90°, a point 50 diameters away from the center of the jet exit
plane can be considered to be in the far field with a consider;ble .
confidence. We note in Figure 55 that the experimental results are in
good agreement with the recommended curveup to about log S =-g.4. For
higher frequencies, the spectra are strongly affected by atmospheric .
absorption. This may ﬁmply'that the correction due to the air absorption
may be too. high, provided that the recommended curve is wvalid for high
frequegcieé. |

- 8pectra for the 6.35 mm jet are similarly illustrated in Figure 56
where the observation angle and location are 8 = 90° and R = 100D,
respectively. Here, we note that the scatter of data points is more
remarkable than in the case of the 12,7 mm jet. Particularly, for the
lowest exit Mach number the deviation from the recommended curve is
igrgest. This may be attributed to the low intensity which is possibly
masked by background noise. A rather noticeable deviation at the high
fréquency end 1is conceivably due to unidentified extraneous. noise.

Figure 57 represents normalized spectra for the 3.18 mm jet measured
at R = 100D and 8 = 90° to the jet axis. Before comparing the experimental

“data with the prediction, we have to Teturn to ?igure 57 which illustrates
1/3 octave spectra-at § = 90° for the 3.18 mm jet. It should be pointed
out that since the frequency range of the spectral analysis has been
limited to lower tham 80 KHz (1/3 octave band range) in the present study,
a fraction of the radiated energy is missing in the summation of total

energy, yielding lower intensity by presumably a few dB than the true

overall sound pressure level, Hence, if the correction of this. amount
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is considered in Figure 57, the agreement 1s seen within about + 2 dB for
low frequencies. However, the peak frequency of the experimental data is
apparently shifted to the lower side by about 0.4 in terms of log S..
Accordingly, the high frequency end of the measured profile would largely
deviate from the recommended profile. This discrepancy may indicate that
the normalized sound. pressure level spectrum does not scale as a non—°
dimensional frequency parameter S for the low Reynolds number jets. This
has been e%perimentally counfirmed by the present author by means of the
aﬁalysis of the power spectral density of the radiated sound at low

Reynolds numbers and will be discussed in Section 4.3 in some detail.

4.2.2 Power spectral density of jet. noise

One of the interesting and important problems relevant to jet noise
dis. that of predicting the spectrum of the emitted sound. However, this
* has been proved to. be a particularly difficult problem‘becaﬁse the
theoretically derived power spectrum includes the space-~time correlation
funetion of fluctuating velocities which is_aﬁ almost intractable quantity
.to determine without recourse to some simplifying assumptions.. Startiﬁg
from Lighthill's. integral solutiom for the density fluctuatioms observed
in the far-field caused by the turbulent motion in the near field Meecham
(1939) derived the following expression for the power spectrum, based on
the assumption- that the turbulent jet is locally and statistically
homogeneous;
I&,0) = °gv - f':zkx" [6d€Jdrei”T-§i Qs (B> +  (4.2.5)

SZE:aS . T 8T4
o

where the effective volume of turbulence v and the fourth order correlation

Qij’kﬂ are defined by
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v = fdy{<u8(y)>/<u8(yo)>} (4.2.6)
and
Qij’kg(g,'{) = <uiuj (y,t)ukug(y + g) t + T)> L] (4'2'7)

respectively. ..
He further assumed that the fourth order, space—time velggcity

correlation Qij’k2 could be expressed in terms of the second order velocity

correlation and furthermore, the jet turbulence had a frozen pattern.

After several stages of manipulation he obtained the following higﬁ

frequency sound spectrum:

=3
16p vU, 20U, ,

I(f,0) = —ol Pt 2lZe v D) (4.2.8)
158.01' T'(c + -2-)

where I' represents the gamma function and o comes from the energy spectra
E(k) v e k.

It should be pointed out that Eq. 4.2.8 has been derived on several

simplying assumptions summarized below:
1. TIncompressibility of jet flow
2. No thermal effect
3. Statistical stationmarity
4. Gaussian distribution of fluctuating velocity
5. WNeglect of retarded time
6. Frozen—turbulence approximation
For high Reynolds number flows the well-known five-thirds law E(k) =

0?33 is satisfied in the inertial subrange. If we substitute this

into Eq. 4.2.8, we obtain I(r,w) m—é/s.
However, as pointed out by Tennekes and Lumley (1972), it issunlikely

that we would encounter the inertial subrange in laboratory flows where
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the five-thirds law can be applied. It has been known that a measured
energy spectrum decays like krz in high wave number region of low Reynolds.
number flows. If this is the case, we find I(r,w) ™ w—z.

Narrow band acoustical spectra are presented in Figure 58 observed
at 8 = 30° for various exit Mach numbers. At the highest velocity showm
in Figure 58, the spectrum falls. off as f—z at the higher frequency end,
and it is likely that the decaying slope is a weak function of Mach number-..
This is favourably consistent'Qith Seiner's (1974) results obtained by
using a 50.8 mm jet at M = 0.32 and 0.6.

If Meecham's (1969) argument is correct, and the energy spectrum
function for higher wave numbers falls off like k_z, then the acoustic
spectrum 1(r,w) would decay as fﬂ2 and agree with the observations in
Eiéure 58. Of thervarious simplifying assumptions Meecham (1969) adopted
in-hisfform;latioﬁ'of‘the acoustic spectrum the Gaussian distribution of
velocity fluctuations is probably the most acceptable. Probability density
méésurements made during this study (not reported herein) have confirmed
thisxassumpfion for most of the jet flows. However, the assumption of
nearly frozen—flow is presumably open to q;estioﬁ in the present study.

In the vicinity ofrﬁhe orifice, as has been discussed in Section 4.1.2,
jet turbulenc% is foﬁnd to be asymmetric, being far from locally
homogeneous.

- We. note in Figure 58 that, just as in the 1/3 octave spectrum, the
peak of the narrow band spectrum does not scale as a Strouhal number and
remains alﬁast constant at £ = 4 KHz over the whole velocity range.

The: relationship between peak frequency and emission angle is
presented in Figures 59 and' 60, In Figure 59, the power spectral density

of the 12.7 mm jet at M = 0.58 is given. Here, the Reynolds number
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Ré = U;D/v is l.69x105; We éee in this figure that the acoustic energy

in the low frequency range decreases with emission angle and at § = 15°

the high frequency end of the spectrum falls off wmost drastically,

indicating that the lower frequency content of noise is mainly radiated

to the downstream direction and higher ﬁ%equency sound, on thg%contgary,

is radiated. with larger emission angle due to the refraction g?fect.
_Acgor@ing to kibner (1969) the self noise ﬁeaks at a higher frequegcy'

than the shear noise, and the shear noise is always-bgamed in a downstream

direction. If this is-true, the sound intensity measured at. § = lSé'may

be mainly a result of shear noise and this shear noise seems. to be stronger

than thé_self noise (see Figure 59). It is clearly shown. there that the
peak shifts -to higher'freq;ency_with emission angle. However, this is
not true for jets at low Reynolds numbers as seen from Figure 60,‘where
the peak remadirs almost comstant. at..f.= 7.KHz over. the whole range: of
emission .angle. 'This.will be further aiscﬁssed in the next section.
Another remarkable difference between the two sets of data shown in

5

Figures 59 and 60 is that f;r the jet of R, = 0.845x107,. the spectrﬁm
_observed at § = 30° is domimant over the whole frequency range whereas

in the case of the 12.7 mm jet the spectrum measured: .at § = 36° is only
dominant at higher frequencies greater than about 7 KHz.  Furthermore,

for Ehe 6;35 mm jet the spectrum at 8 =:l5° falls off much more drastically
than that seen in Figure 59. As has been already pointed out, the

boundary 1ay;r on‘the nozzle.%alls is p;esumably laminar for the smalier
jet at low exit velocities and transitiom from laginar‘tp turbulent flgw
may occur in the free shear layer.. Hence, the acoustic spectrum will

1

‘pogsibly be affected by where the transition occurs. .
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4.2.3 Coherent output power

Coherent output power (COP) is nothing more than the portion of the
output power produced by a given input. Here, we are concerned with what
portion of the sound energy observed at a specified microphone location
is contributed by theipressﬁre {or velocity) fluctuations at a specified
hot-wire location. In these correlation measurements, & microphone was
located at R = 317.5 mm, 8 = 30° as illustrated in Figure 12. A DISA
hot-wire probe mounted on a traversing mechanism,. which is movable three
dimensionally, was iﬁserted in the flow of the 6.35 mm jet at M = 0.394..
The coherent output power is expressed in terms of dB with 0.1 volt peak
ﬁoltage of a sinusoidal signal at 1000 Hz being a reference (0 dB).

Figure 61 shows the lateral distribution of coherent output power.
Tt should be pointed ocut that the noise sources which most effectively
radiate  sound im the: direction inclined- at 30% to the downstream jet axis
are located at X/D = & and close to the jet axis. The axial distribution
of coherent output power is presented im Figure 62. On the jet axis, the
fluetuating velocities in the region within the first six diameters
predominantly contribute to the sound radidted at § = 30° except for the
lowest measured frequency component, Sh = 0.15 which is most likely
dominated by noise sources in the fully developed regiou.

As compared with the distribution profile at Z/D = 0, the coherent
output power has a more uniform profile in the center of the shear layer.
This. is consistent with the profile of the power spectral density in the
shear layer which has an uniform profile in the low frequency range (see
Figure 353.

4s is. expected, lower frequency sound is. radiated preferably in the

downstream direction as seen in Figures 61 and 62. It should be noted
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that the power sgpectral density observed at the microphone location has'a
peak dﬁ.abcut Sh = 0.3, and this frequency component has thé highest wvalue
.0of coherent butput power at X/D = 4 except oﬁ the jet axis,

Judging from the general trend of the profiles shown in Figure 62B,.
we may speculate that high frequency .sound is predominantly produced in -
the region close to the orifice, . The results are consistentswith both

theory and previous expgriments.

-4.3_ Reynolds Number Dependence of Jet Noise

As is discussed in Chapter .I, Mollo-Christensen et al. (lQéﬁQ pointed
out that the rms value of ther far field sound pressure was -a function of
Reynolds number, showing that p ~ MPrP(Re)m; where m takes on éalues
1 <m< 3. In addition, they observed that non-dimensionalized narrow
band spectra of noise varied with Reynolds nﬁmbﬁr~over;ayrathar broad range
of Strouhdl number. This observation was éonsidered worthy .of further
study particularly inAa more,quantitgtive wa&: In this -section, narrow
band' spectral characteristics of jet noise which apparently depend.upon
the Reynolds number will be discussed with a. particular emphasis oun the
peak frequency in the noise spectrum. - In order -to study the Reynolds
number depeﬁdence of the power spectral density of jet noise, the-
dimensionless power spectral density has been extensively used in the
presenﬁ study which is.defined by.

R A

lO.loglO D-Af/Uj . Cﬁ) , {(4.3.1)

, . . 2 :
in logarithmic scale, where Py represents the mean square of the pressure

flictuations at frequency f observed in the far field.
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Figures 63 and 64 contain dimensionless spectra plotéed ag a function
‘of the Strouhal aumber Sh = fD/Uj for- various Re&nolds numbers and two
‘Mach numbers. As has been alreadyfpointed out by Mollo-Christensen et al..
(1964), the variation of the sound spectrumwith Reynolc-ls number is evident.
Three important features should be mentioned. First, the magnitude of the
spectrum. is' an increasing function of the Reynolds number.. This, is.
congistent with the observation by Mollo-Christensen. et al. (1964),
Secondly, the maximum level of the spectrum is not a linear function of
Reynolds number. One could conjecture that, at a sufficiently low Reynolds
number, the flow is completely laminar and no sound is radiated. However,
it is' questiomable whether a jet flow can be completely laminar over all
space at any Reynolds number  greather than zero. ¥For our purposes this
conjecture is probably. irrelevant. Thirdly, the profile of the spectrum"
is. -similar,. irrespective. of Reynolds number, providing. its value is
approximately larger than 105: For lower' Reynolds numbers, both the low
and high frequency ends of the:-spectral profile are more or less affected
by variations. of the Reynolds number. - This: is incon;istent:with the view
* adopted by Meecham -(1969) in his formulatio:n of the expression for the
predicted sound. intensity. He argues that the large scale characteristics
-of-jet turbulence is dependent on the way the- jet is. generated and since
most of the low frequency sound is related to the large eddies, the low
frequency end -0f the sound spectrum will .depend upon the:driving,gechanism‘
of‘,:the jet turbulence. On the other hand, he suspects that the high
frédﬁéﬂcy end' of the spectrum may be independent of the driving forces.
éﬁﬁé-results shown in Figures 63 and 64 do not support his argument. The
déééying*profiles of the high frequency end of the spectrum showm in these

figures obviously depends upon ‘the jet: diameter, and for smaller nozzles
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the decaying rate of the normalized power spectral aensity was found to
be larger. )

This indicates that the driving mechanism of the iet turbulence may
be relevant to the sound which is mostly produced in the region close to
the jet orifice. Although the spectral shape of jet noise iéiapparently
dependent on Reyn;:lds number in some cases, it is not likely that the
spectrum is related to the Reynolds number in a simple way so that the
spectrum scales with Reynolds nuqber for a given‘Mach number and emission
angle. Since a low Reynolds ﬁumber flow 1is likely to be very sensitive
to the fluctuations of upstream conditions, however small they may be,
the acoustic characteristics may be different from one jet to another,
even when Reynolds number is held constant.

Figure 65 shows how the normalized maximum shear varies with Reynolds
number, where the normalized maximum shear is defined by (K/Uj)(aU/BZ).

In spite of scatter of the data points, a general trend of growth of the
normalized maximum shear with Reynolds number can be observed. Since jet
noise is predominantly produced in the mixing layer as a whole, the
intensity of the radiated sound is probably related to the maximum shear
in the jet flow. Hence, the dependence of the maximum shear on Reynolds
number may partly serve to explain the dependence of the normalized energy
spectrum on Reynolds number. .

One of the most important findings in this jet noise study was that
the narrow band peak frequency of the radiated sound is an increasing
funetion of the Reynolds number (Arndt and Yamamoto, 1976). It has been
well established that the peak shifts to higher frequencies with increasing
observation angles measured from the downstream jet axis. During the

present investigation, it was also found that this is true for the jets
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having Reynolds number greater than approximately 105. If the Reynolds.
number is. less than 105, then the peak lacks. a distinct directivity. This
can be seen in. Figures 59 and 60. As has been discussed in Chapter I,
1/3 octave spectra obtained by Ahuja et al., (1973) also show this trend.
Figure 66 presents their results, Although they did not give any comment
on this point,. it is quite obwious that with decreasing Reynolds. number,
the: amount of shift of the peak frequency with emission angle decresases,
and the peak shows a trend to locate at a certain frequency irrespective
of the emission angle.

Figure 67 illustrates the narrow band peak frequency of jet noise as
a function of Reynolds number at various Mach numbers. Seiner's (1974)
narrow band data and Lush's (1971) 1/3 octave band data are also presented
in the figure. Here we see that up to Ré_=-UjD/v = 105, the peak:Stfouhal
frequency observed at § = 30° is identical with that at 8 = 90° for any
exit Mach number. However, at Reynolds numbers larger than Re_=-105 the
situation becomes entirely different. Then, as is seen in Figure 67, the
peak Strouhal number increases with increasing emission angle. Although
the peak Strouhal frequency is a weak funcéion of Reynolds number, the
effect is definitely measurable. According to Lush (1971), the peak
frequency does not scale very well with Uj/D at angles between 15° and
45°, and the peak moves progressively to higher frequencies as the emission
angle is. inereased. At the sideline, the peak scales as a Strouhal
number. In this case (see Figure 20 of Lush, 1971), the peak Strouhal
numbers lay between (.75 and 0.93 at 6 = 90°. If ome is allowed to say
that the peak frequency scales as a Strouhal number with this degree of
scatter for jets below a Reynolds number of about 10?, then it can be

said that the peak Strouhal number is approximately 0.25 at any emission
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angle. However, this may be too crude a statement and might lead to a
misunderstanding of the nature of the jet generation mechanism.

According to McCartmey (1975), the peak frequencies of self and shear
noise spectra can be expressed in terms of the derivatives of a Fourier
transform of the second order moving frame correlation tensor of turbulent

"
velocities at two points at different times. He proposed, fu?thermore,
that if the space and time dependence of the correlation tensor -can be_
separated the peak frequency can be calculated for any given time decay of
the correlétion tensor. Hence, if the peak frequency-shift with Reynolds
number, observed in the present study, is one of the intrinsic properties
of jet npise, the decaying profile of the second order moving frame
correlation tensor of turbulent velocities would be dependent on Reynolds
number R, = UD/v. However, no attempt to experimentally confirm this has
been made in the present invegtigation.

It is difficult to explain in a precise way why the viscous effects
are apparently negligible above a Reynolds number of about—lOS. As has
been repeatedly discussed, if the turbulence level in the air supply is
reasonably low, the boundary layer on the nozzle wall is possibly laminar
for the smaller diameter nozzles. Thus, transition may take place in the
free shear flow. One may speculate, however, that for larger jets and at
high Mach numbers, transition cccurs in the nozzle boundary layer. Then,
there must be a critical Reynolds number assaciated with where tramsitiom
takéé place, in the wall boundary or in the free shear layer. It may,
therefore, be surmised that the critical value of Re = 105, is associated
with tramsition. The result of Mollo-Christensen's (1967) experiments
also show that the critical Reyholds number associated with the narrow band

5 s s .
spectrum of jet noise is of the order of 10°. It is interesting to mote
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that the calculated transition Reynolds number, assuming that the cirecular
jet nozzle wall can be approximated by flat plate, also has a. value of
‘the order of 10°.
MeLaughin et al. (1976) investigated the Reynolds number dependence
in supersonic jet noise, and found that a few discrete modes in a low
Reynelds number jet are powerful noise gemerators. 1t is surprising to
note that the spectrum of noise radiated from low Reynolds number jets
(see Figure 2 of McLaughlin et al., 1976) has a few discrete modes near
Sh = 0.2, which is almost identical with peak Strouhal number of the low
Reynolds number subsonic jets as shown im Figure 67. Apparently, the
octave and the 1/3 octave band analysis is too crude for detailed analysis
of the jet noise, and only the narrow-band spectral analysis may unveil
certain details of jet noise whiech have received scant attention in the

literature.

4.4 Prediction of Single Azimuth-Frequency Component of Jet Noise

In this section, the coherent structure of jet turbulence will be
discussed in conjunction with the prediction of the sound intensity due
to a single azimuth-frequency component of noise source utilizing

Michalke's. spectral theory.

Ftiee I

s

4.4.1 Circumferential cross~correlation measurements in far field

With the experimental setup shown in Figure 16, the measurement of
éhe circumferential cross—correlation of the noise signals sampled by
two microphones has been conducted, yielding coherence functions as
illustrated in Figures 68 and 69. Here, the coherence functions defined

in Section 2.3.5 are plotted versus frequency for various azimuthal
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separation angles. Evidently, at ¢ = O, the coherency is perfect and,
the;efore, 72 = 1, With an increase of the azimuthal separation angle,
the coherency decreéses. Note that in the high frequency range the
coherency falls off drastically. The strongest coherency is see; at about
2 KHz, which gives a Strouhal number of Sh = 0.127. From this, one may
deduce that the sound most strongly radiated to § = 30° to therjet axis
is‘geneﬁated in the fully déveloped region of jéf turbulence ag seen in
figures 6l and 62. This is also consistent with the éxperimental results
of near field pressure fluctuation measurements obtained by Michalke énd
Fuchs (1975) in which they observed that a component of fluctuating
pressure at Sh = 0,113 reaches a maximum as far as eight diameters
downstream., Furthermore, a strong.azimuthal coherency .over a rather
broad range of low frequency may'indicate the -existence of large scale
coherent structures in the fully developed region. 'This is qualdtatively
consistent with Fuch's k1972) near field data which inddicates high
céherence of turbulent fluctuations at widely displaced locations in a
jet.

" Figure 70 illustrates the cross spectral density (CSD) of jet noise
for the Ffirst three azimuthal separation éngles measured under similar
experimental conditions with those for Figures 68 and 69. Here we see
a defiﬁite phase lag between two sig#als. This i§‘evidentlyﬁincqmpatible
with the assumption of the axisymmetry of a circular jet which is a major
assumption in Michalké?s specfral theory. However, since the magnitude
of the quad-spectrum is almost negligible compared to that of co-spectrum,

we may conclude that feor practical purposes the jet is axisymmetric.
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4.4.2 Fourier decomposition of coherence function

The coherence data shown in Figure 68 and 69 were then sampled at
thirteen arbitrarily selected frequencies and expanded in terms of a.

Fourier series with respect to the azimuthal angle.

Y= I bmm* cosmAd (4.4.1)
m=o

For z strictly axisymmetric circular jet, the coherence function is
equivalent to the co—spectrum of the cross spectral density. Then we

have

<0

e (A¢) c

W m
Y=—F5 = I ———F— cosmhA¢d ,

Gx_(m) m=0 Gx(m)

(4.4.2)
where cm(A¢) is. the: co—spectrum of the: cross spectral density of the
signals. sampled when the moving microphone is. separated from the stationary-
one by ¢ = Ad and Gx(w) represents the power spectral demsity.

For A¢ = 0, Eq. &4.4.2 can be written as

c
§ohm
m=0 Gx(m)

1. (4.4.3)

This. means that Fourier coefficients in Eq. 4.4.2 are nothing more
than the PSD of the individual azimuthal components of ther radiated gound.
These components- will be designated as {Gx(m) }m (Michalke and Fuchs,
1975-).

Combining Eqs. 4.4.1,4,.4.2 and 4.4.3, we obtain

{Gx(m) }m = Cmm = Gx_(m)bwm

or, in a logarithmic form,

(PSD)mm =101log bmm + PSD (dB) (6.4.4)

where PSD iIs an overall power spectral density and (PSD)wm corresponds

to a single azimuth-frequency component of the PSD.
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Figure 71 displays normalized azimuthal coefficients for two Strcocuhal
numbers computed from the coherence data. The ordinate in Figure 71
represents a normalized co-spectrum, namely the co-spectrum N divided by
power spectral density ﬁi. Near field data obtained by Fuchs (1973) are
also illustrated. It is seen that higher‘frequency component .falls off
more rapidly with increasing azimuthél éngle. It is interesting to note
that the far field decaying profile is fairly similiar to thaé of the near
field observed in the center of shear layer at X/D =.3. From this we may
speculate that that pertion of the mixing layer where the mean veleocity
gradient is the largest is the.dominant noise source regiom.

Figure 72 contains the Fourier coefficients of the decomposed
coh‘erence function for four different Strouhal numbers. TIn the present
study, the first fifteen azimuthal modes were considered. Only the first
few modes have any practical importance for Strouhal frequencies lower
than Sh = 1.0, and the m = 0 and m = 1 modes are noficeably dominant at
such low frequencies. However, for higher frequencies the higher azimuthal
components have equal Importance in the radiated sound.

- These results are favourabl& in agreement with the near field data
reported by Fuchs (1973). For very low frequencies, the axisymmetric
mode is overwhelmingly strong. This may jusiify'the concapt of the ring
model of jet turbulence in limited regions of flow where-low frequency
sound is predominantly produced.

Normalized Fourier coefficients of the ccherence functions for the
Strouhal frequencies 0.074 < Sh < 1.284 are shown in Figure 73. We see
that at about Sh = 1.0, the first helical model (m = 1) becomes pradominant.

It may be remarked, therefore, that the ring model is not appropriate to
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describe the statistical behavior of jet turbulence near the orifice where

most of the high frequency sound is produced.

4,43 Fourier decomposition of power spectral demsity

A measured power spect?ql density can be-readily expanded into single.
azimuthal. components by means. of Eq. 4.4.4, The results. are presented. in
Eigure*7ﬁ»tOgether'with,ﬁhe pfediction-for'the.axisymmetric component..
Here, the solid liné.(top) is the diréctly'measured.power spectral density
of the 12.7 mm ﬁet at M = 0,58 and & = 30% to the jet axis. The line with
circlesrrepgesé;ts the contribution to the overall spectrum by the
axdsymmetric component. Similarly, the line with crosses represents the
m = 1 mode, while: the liné with triangles correéponds:to.the m = 2 mode.
The dotted-line is. the prediction for the m = 0 mode. We see that in the
most important. Strouhal number ranges 0.1 < Sh <'1.0, within which most of
the radiated sound is contained, only the first two modes have any
practical iﬁpoqtance, and the difference in thevintensitﬁ'between these
two ﬁodes:falls between 2 and. 5 dB. The m = 1 mode is strongers tham the
m ='2.m;de by-a‘factor.oi 4 to 10 dB. One may deduce: that increasing the
mode. numbe-r' by one is. coupled with, roughly, doubling the differenc‘:e in
.the intensity for the range of Strouhal numbers 0.1 < Sh. < 1.0.. Arather
drastic decay of the profiles. for Sh > 0.5 was unexpected. At about
Sh = 1.2, the dominance: of the axisymmetric: modes: ceases and the first
helical mode becomes dominant. Hence, as previously discussed, the
turbulencest;uctureof a jet near the orifice seems to be inadequately
modelleé by the evenly spaced ring votices which always remain phase-

locked: circumferentially as- proposed by Lau et al. (1972).
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As 1s evidenced from Chan‘g expe;imental results (Chan, 1976), the
lateral source extent R is a function of Strouhal number, as well as,
distance X. As an approximation, however, a mean. value of R over 0.1 <
Sh < 1.0 and 0 < X/D < 10 may be used for the evaluatioﬁ of the predicted
intensity. The dotted-line in Figure 74 and the dash-~two dots-line in
Figure 75 are the predicted intemsities. for the m = O computed with R
which is assumed to be independent of Sh and X: The solid-line in Figure.
75. was. derived with R which is. considered to be a function of Strouhal
number. In-Figure 74, the prediction was fitted. so as to make the data
coincide at Sh = 0.340, while in Figure- 75 the theoreﬁical curves are
fitted at Sh = 0.5. It is seen in Figure 74 that the theory apparently
overestimates in the high frequency range by a factor of about 2 dB while
for low frequencies it falls off drastically, yielding a noticeable
disagreement. with the observaticns. However, as can be noted from Figure
75, this inconsistency observed in lower frequency range may be reduced
by adopting R which is a function of frequency. This is rather reasonable
consaquence- of the fact that R is, approximately, inversely proportional
to frequency.‘ Stated_;nother way, the lateral source extent R is more
sensitive: to- frequencyat lower frequencies. Tt has been confirmed that
the: wavy profile of the solid-line seen in Figure 75 can be smoothed out
with Increasing accuracy of the numerical computation of Eg, 3.2.5; and
that this iz not a real property o¢f the noise signal. Although the
analysis reported herein is iimited to a rather narrow frequency fange,
it may be remarked.that the predictions are in good agreement with the

observations.
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4.4.4 Predicted directivity of radiated sound compared with experiments

As has been discussed in Chapter ITI, the directivity of a sound
pressure component Pm(m) given by Eq. 3.2.5 is considerably sensitive to
the jet thickness parameter kR sinf and. the convection parameter aL[l -

) Mc.qosé] as well. It also depends.on the azimuthal mode m, but is generally
ﬁoé very sensitive to the axial and lateral. source distribution functiens..
- 'This has beepfalready>pointed.out by Michalke (1970a) and can be seen in
Figure 76 wﬁere the longitudinal and lateral source integrals defined by
Egs. 3.2.6 and 3.2.7 are shown in terms of aL[l -~ Mc cosb] and kR siné,
respectively. Here, lelz is common to all the azimuthal modes, and IIrIS,
[Irli and |Ir|§ correspond to the m = 0, 1 and 2, respectively. It may

be surprising to note how the‘valueé of these integrals drastically decay
with the parameters. for the m:= 0 mode. The low efficiency of jet
turbulence as a. noise source is obviously attributed to this abrupt decaying,
character of the-sourcé-integrals» From a practical viewpoint, this strong
dependence of sound pressure on these parameters: is one of the major
drawbacks of Michalke's spectral theory. TFor a given frequency and
emission angle in a specified jet, we may w%ite as kR sinf«R and oL[1 -

‘ME cosB]«L. - This means that even small errors associated with the R and

L will strongly affect. the prediction of the intensity of the radiated
sound. A close examination of Chan's (1976) experimental works tells us
that at the present-state of art, a precise determination of ﬁ and T
cannot. be expected..

Figure 76 shows that at 8 = 90° and for kﬁ_i 3, the lateral source
integral of the m = 0 mode,. i.e. [Irli is predominant. = The most effective
source of sound with wavelengths. that are large compared with 2R is

evidently- the first azimuthal constituent of turbulence (m = Q),
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For smaller wavelengths, the contributions by higher modes become more
important.

The directivities of narrow band jet noise of éhe 12.7 mm jet at
M = 0.58 are illustrated in Figure 77 for four differemt Strouhal numbers
together with the predictions for the m = 0 and 1 wmodes. These
directivities were directly computed with am IBM 370 using Eq. .3.2.5 . The
dotted-line is. the measured power spectrai density which is nothing more
than a synthesis. of an infinite number of frequencies and modes. The
solid~line represents the predicted directivity for m = 0, whereas the
dashed-line corresponds to the p;ediction for the m = 1. The prediction
for the m = 0 mode was fitted so as to make data coincide at § = 30° and
Sh = 0.5. The absolute magnitude of the predicted intensity for the
m = 1 mode was then automatically determined. It has been confirmed in
the present study that the directivity of narrow band limited noisa is
dominated by the contribution of the axisymmetric and the‘first helical
modes in the Strouhal number range 0.1 < Sh < 1.0. This is the reason
why only the first two modes are shown in Figure 77.

In Figure 77a, a monotonic decaying profile of the m = 0 mode with
increasing emission angle is illustrated for Strovhal number Sh = 0.4,
The contribution by the m = 0 mode to the overall power spectral demsity
is at least 5 dB larger than that. by the m = 1 mode for the emission
ang183_0°xi 3 < 60°. This apparently indicates that the sound energy
radiated_in this range of emission angle is mostly attributed to the
axisymmetric conmstituent of the noise sources in jet turbulence.

Next, it should be noted that the directivity pattern of the m = 0
mode falls off drastically at about § = 70°.. This seems. to be not

realistic, but at this point no explanation is available on this peculiar
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behavior. With increasing'emission-angle, the contribution by the m = 1
becomes stronger and at about § = 70° the m = 1 mode overpowers the m = 0
mode. In fact, at & = 90° we see more than a 25 dB difference between
the two.

Apparently, the‘pfediction overestimates near 6 = 90°., A peak
observed at § = 30° in t@e profile of the m = 1 mode (Figure 77a) shows
a trend to shift to larger radiation angle with increasing frequency.
Figure 77b represents directivities for Sh = 0.6. UWote a quite different
profile of the m = 0 mode in this case. It has a dip at about § = 75°
and then rescovers to —-20 dB level with further increasing angle. For this
frequency, its dominance ceages at about 6 = 62° and for larger angles
the m = 1 mode overpoﬁers the m = 0 mode. Again, the prediction scheme
considerably overestimates the sideline noise\ The peak seern in the
profile of the m = 1 mode is now located near § = 40°, and its.magnitude
also has increased by a factor of 2 dB. The observed power spectral
density still has a maximum.value at the smallest emission angle. The
directivities for Sh = 0.8 are seen in Figure 77¢ where the m = 0 mode
becomes less important. Here we see that the maximum of the measured
power spectral density now has moved to § = 30% to the jet axis. This
effect is usually attributed to refraction. At large Strouhal numbers,
the theory predicts that the maximum shifts further to 8 =‘40°2 This
trend is found in the data of Mollo-Christensen et al., as shown in
Figure 21. In figure 77¢, the contribution by the m = 1 mode becomes
identical with that- by the m = 0 mode at § = 60° and for larger emission
angles the directivity is dominated by the m = 1 mode. It should be

pointed out here that the theory (m = 0) now overestimates at smaller

emission angles too. This trend is also seen in Michalke's results
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(Michalke and Fuchs, 1973) where the rms sound pressure directiviéies at
a high frequency are strongest in the downstream direction. The overall
power spectral density now has its maximum at near § = 40° for Sh.= 1.0,
as shovm in Figure 77d. As has already been discussed in Chapter III, a
proﬁounced peak at 8 = 40° for high frequency has been widely, recognized,
and this is evidently due to the peak of the m= 1 ﬁode observed at about:
§ = 40°., In Figure 7/7d, at this emission angle the intensity of them = 1
mode is. almost identical with that of the m = 0. However, it has been
confirmed by means of extrapolated data that for frequencies higher than
Sh = l.O,ﬁéhe contributions from the m = 1 mode overwhelm those by the

m = 0 at this emission angle.

Similar directivity patterns are seen in Figure 78 for the 6.35 mm
jet. However,, in this case the measured power spectral density for Sh =
0.4 is not a monotonic decreasing function of the emission angle but has
already a peak near 6 = 40°, Although the prediction is in good agreement
for the emission angles, 30° < 8 < 70°, the theory is not consistent with
the observations for the axial and lateral emissions. Comparing Figures
77 and 78, we note the Reynolds number-depéndenqe of the power spectral
density. However, the predictions do not take this dependency into
account.

It has been confirmed in the present study, that even for far %ower
Reyﬁoldsanumbers, the predicted directivities. have similar profiles. with
those obtained for high Reynolds number jets. A discussion of the
influence of variations in the. parameters agsociated with Eq. 3.2.5 on
the predicted directivity follows.

Michalke and Fuchs (1973) remakred, ". . . the directivity of a

sound pressure component depends strongly on the jet thickness and
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on the conveétion parameters, as well as on m, but seemsg to be not very
sensitive- to the spatial amplitude distributions of the source term
component". Thentheyadopt@dsuitablychosenamplitudedist?ibutionsﬁmich
were assumed to be independent of m and w to calcuiafe-the directivities.
However, the latter part of their'statemeqt does not ﬁold true for high
frequencies. figure 79 contains directivity'pre&ictions,for"the m =0
mode: which are based. on two different'aséﬁmpéions..The‘solid Iine was
obtained with @(;) assumed to be independent pf_m, whereas. the- dashed line
was derived using G(r), which is a funcfion of frequency. Evidently, for
lower frequencies both are almost identical, but with increasing Strouhal
number the difference between the two becomes pfbnounced. This may be
attributed to the fact that near the jet'cénter‘liné the pressure-
distributions: for high frequencies‘show.aaéemarkable scattering and do-
not scale ast any parameter invelving Strouhal number (see Figure 7 of
Chanr, 1976). "The axial pressure: amplitude distributiom F(x), on the
contrary, scales. considersbly well with the normalized Strouhal number
X{Sh)/D for higher frequehcies than Sh = 0.3 as shown by Chan (1976).

&s. has  been reﬁeatedly pointed outy Eéth‘thé axial and lateral source-
extents are very semnsitive to the prediction of directivity, particularly
for small emission angles. Hence, precise determinmationof these parameters

is essential for the accutate prediction of the acoustic field.

4.4.5 Coherent structure of jet turbulence deduced from circumferential
crosg-correlation. measurements

The eddy-model of' jet turbulence formulated on the assumptions of an
i
isotropic structure and. small correlation volumes has been widely accepted

because it. enables one: to predict the sound intensity contributed by the

whole. jet in a simple way.
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However, as pointed out by Michalke (l97ba),the.assumption'of a
gpatially random jet structure: ies not self-evident, Experimental results
)
rather suggest the existence of turbulence components with high space
correlation (Fuchs, 1971). Morgover, corralation measurements in. the
sound field also provide some evidence that jet turbulence haiﬁgglorderly

i+

wave~like structure rather’than'being random in.natgre.. g#

The coherencé functions shown in. Figures 68 and 69 were obtained. from
the circumferential cross-correlation measurements., There we note a strong
azimuthal cocherency over a rather broad range of Strouhal frequency. As
has been peinted out. previously, the st¥gng azimuthal coherency is
closely associated with the dominance of the axisymmetric mode im the
radiated sound. This observatiom: is one of the main results of the present
investigation..

It is. seen in Figure 74 that for Strouhal numbers lower than about
Sh = 0.5, the measured power spectral density is dominated by the:m = 0-
mode. Moreover, most of the low frequency sound radiated to the downstream:
direction is produced inm the fully developed region as. is. seen in the
results: of the coherent output power measuréﬂents.(Figur5562b). Hence,
one may speculate that the fully developed region- of jet turbulence has
a. coherent recurring structure rather than. being spatially random, and
that this orderly structure may be properly modelled by axisymmetric ring
vartices. WMeasurements.-in a wake alse support this view. Namely, the
far wake-becomes increasingly coherent.

On the other hand,. it has been confirmed that the sound radiated in
the lateral direction has. & higher frequency content than sound radiated

at angles close to the jet axis, and, moreover, most of the high frequency

sound ig produced in the flow regionm mear the jet exit. As. is clearly
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shown in Figures 77 and 78, the dominant mode which. is. observed in the
lateral direction is not the axisymmetric one but the first helical mode
of the source. term in the Strouhal number range, Q.1 < Sh < 1,0, This
may reveal that jet turbulence in the region close to the nozzle orifice
is less coherent in its structure than the flow structure observed further
-downstream; This is. completely consistent with the conclusions. obtained
by Maestrello (1976) by means of his- twompoint correlations oftgound
pressure in the radiated field. We ma} argue, therefore,. that this
consiétency between thesé two iﬁdependent works would-.directly sﬁow the
validity of Michalke's spectral theory on the basisofumichthecoﬁclusions

reported herein have been derived.



Chapter V

SUMMARY AND CONCLUSTIONS

5.1 Summary

The objectives of this study were the quantitative investigation of
the depeﬁdency of jet noise on Reynolds number, and thesexpe;§mental
verification of the validity of Michalke's spectral théory which is
formulated on the assumption that the majof noise sourcesd. in jet turbulence
are orderly inm its structure. Tﬁe original reason for studying low
Reynolds number jer f£low was the conjecture that coherent structure would
be more dominant at lower Reynolds numbers.

With these objectives in mind; an extensive series. of flow and
acous;ic measurements. in low Reynolds number: turbulent jets has been
carried out. Particular emphasis has. been placed on the quantitative-
study of the narrow. band spectrum characteristics -of the flow and-acoustic
fields. All the experimental work reported herein: was conducted im the
anechoic chamber at NASA Lewis Research Center, Cleveland, Ohio.

$ingle-hot—wire and hot-film probes were mainly used for flow
mneasurements. whereas. B&K 6.35 mm condenser microphones were exclusively
employed for acoustical measurements. Spectrum analysis of the signals
sampled. both in the flow and the-%coustic field was accomplished with a
Fast Fourier Transform (FFT) digital signal processor. Coherent cutput
power measuremegts-and circumferential cross—-correlation measurements
were conducted with the aim of detecting coherent structure in the jet
turbulence. Much of this work would have been impossible without the

full uitilizatiom of the capability of the FFT analyzer.
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5.2. Conclusions

In. the present study, the. Reynolds numbers under which filow and

. 3
acoustic measurements were conducted were in the range of 8.93x10” < R

5

<
a8 —

2.20x10 At these low Reynolds numbers, the jet axis was found to be
helical-wave-~like,. and. its deviation from the geometrical jet axis was
found to. be of the order of 1/50 of-a diameter.

The results of the:measgrementsiof,the circumferential distribution
of turbulence intensity (u—-component) indicate- that the asymmetry of flow
is obviously observed in a circular jet, and that this asymmetry of the
jét flow has an effect on the radiated acoustic f£field. This was confirmed
by the méasurem;nts of the cross speééral density of the circumferentially
éross—correlated gignals sampled inm the far field. The results gf ‘the
power spectral deﬁsity measurements. of jet turbulence are- generally in
good agreement with previously reported results (Lawrence, 1956; Davies
et al., 1963).

Results. of flow and acoustic far field measurements are as follows:

- 1. Mean velocity similarity in the transition and fully developed
regions: was- observed im the jets with Reynolds number -‘of the order
o£.104.

2. Results. of the: turbulence intensity measurements also indicate

the existence of the helical-wave-~like motion of jet turbulence,
and its. wavelength was: found to be relatively  large when compared
with jet diameter. . ..

3, The high frequency end of the near field energy spectrum observed

-5/3 but like m"4/3.

on jet axis falls off not like w
4, Vortex passing frequency was found to be not simply proportiomnal

to the jet efflux speed.
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5. The-observed directivity of radiated sound 13 consistent with
the Phillips and Lilley's prediction.

In the present study, the validity of Michalke's spectral. theory
was first verified entirely with the experimental data obtained by Chan
(1976) and Yamamoto and Arndt (1977). Chan's (1974a) prediction formula,
Eq. 3.2.5 for the single azimuth-frequency component of jef doise based
on..the-Michalke's expansion schemé %as found to predict.the power spectral
density of the jet noise quite"well. The predicted directivity of the
radiated soﬁnd by the same formula is generally in good agreement with
-observations eﬁcept at large emission angles.. -

To summarize, the‘results of the coherent output power and
circumferential cross~correlation measurements are as follows:

1. for Stroubal numbersibetweento.l and 1.0, only the axisymmetric
and the first helical modes have any practical importance in
jet noise. Since an axisymmetric ring vortex model does.not
stake inﬁo account this helical mode (Fuchs, 1974), this model
is‘not'adeQuate-to describe jet flows, even at 1owaRe¥ﬂolds
numbers,

2. The axisymmetric component radiates sérongly in the downstream.
direction. In the lateral direction, -however,-the: first nonﬂ-‘
axisymmetric compounent is dominant.

3. The peak directiwity of high frequency sound caw be: explained
by the m = 1 mode.. This result is- consistent with that,observeﬁ

© by Michalke and Fuchs (1973).
4. A significant contribution' from the potential core to the

radiated sound was observed at directions close to jet axis.
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The prediction based on Chan's (1974a) formula is in good.

. agreement with observations for 0,2 <-Sh < 1.0 and § < 75°. The

predictg& power spegtral density for the m = 0. mode overestimates
by as much as 3 dB at high frequencies.

The prediction of the sound intensity is found to be remarkably
sengitive  to the extent of longitudinal and lateral source
distribution. Therefore, precise determination of these parameters.
is essential for the accurate prediction-of the acoustic field:..
Coherenéy is observed over a rather broad range of frequency at

§ = 30°.. From the: directivity patterns, one may reasonably
conclude that stronger coherency can be observed to be in the:
downstream direction rather tham the lateral direction. This is.

consistent with the findings of Maestrelle (1976).

The following conclusions may be made about the study of the dependence

of jet-noise:oh Reynolds number:

1..

2.

One: of the most striking findings made in this regard is the
existence of the critical Reynolds number associated with the
narrow band peak frequency of jet.noise. The critical value is

approximately'los.

The peak frequency of narrow band spectrum of jet noise shifts to

higher frequency with increasing emission angle ouly when Reynolds
number based on. exit velocity and jet diameter  is in excess. of
approximately 105. At lower Reynolds numbers, the peak remains
at a certain frequency irrespective of emission angle.

The peak Strouhal frequency increases monotoniéallywithincréasing
Reynolds number, It would not be feasible to detect this peculiar

property of jet noise with the- octave or 1/3 octave band spectrum
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analyzer, for the peak:Strouhal frequency is a rather weak
function of the Reynolds number, and the peak shift with Reynolds
number may occur in the filter handwidth of such a broad bhand

analyzer,

5.3 Recommendations for Future Study S 3

In the:éresent'study, the circumferential cross-correlation
measurements are limited to the emission angle § = 30° from the downstream
jet axis. A more complete comparison of the predicted directivity of
sound intensity due to a single azimuth-frequency component of noise
source with the experimental data would require that the correlation
measurements be made over all space at emission angles between § = 0° and
180°,

As has been pointed out by Mollo-Christensen et al. (1964),. the
process of generation of turbulence may determine the structure of the
sound f£ield partly by sound emission from the transition process. in jet
flow. Therefore, a cross-correlation between fluctuating pressure or
velocity signals- sampled in the wall boﬁndéry layer of a jet nozzle, as
well as, in the free ghear layer and the sound signals in the far field
will surely provide more useful information about the dependency of jet
noise on Reynolds number,. presumably revealing some key facts for the

understanding of the nature of the peak frequency of jet turbulence.
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Appendix A

FERROR ESTIMATE FOR POWER SPECTRAL DENSITY AND COHERENCE FUNCTION

One of the most common performance measures for evaluating broadbdnd
spectral-estimates.is the confidence interval, Suppose a qﬁéﬁtity A is
expected to fall within A 1 ¢, where d represents ;.small degifee of
uncertainty. Thén, the interval [A - &, A + 8] associated with this
confidence statement is referred to as a confidence interval, while the
degree of trust associaéed with the confidence statement is called a
confidence coefficient,

Digtribution of the power spectral demnsity (PSD) estimate about the
true value follows a Chi-square distribution with the statistical
confidence of the data estimate increasing as the number of ensembleé
increases. However, the improvement in the PSD estimates is a converging
function of the number of ensembles included and generally a number
between 64 and 512 is considered adequate for the ensembles.

The SD-360 Digital Signal Processor performs a frequency analysié on
any giverr sample. of data wit£ two statistical degrees of freedom, and by
averaging the spectral ensembles the statistical degrees of freedom
figure is increased. by the number of independent samples averaged.
Throughout the entire spectral meaurements of the present study, a number,
256, has been adopted for ensembles:.

The confidence interval for PSD egtimate expressed in terms of
decibel is given by

n

[1010g6 + 101og , 10logC + lOlog—-—-Da—] , (4.1)

o
X n(l - T?.—) . X, (5)
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where G 1s a PSD estimate and n represents the degrees of freedom. The
confildence coefficients are determined based on the Chi-square distribuction
with n degrees of freedom (Jenkins and Watts, 1969). 1In the present study,
the degrees of freedom was 512, yielding the 997 confidence interval of
[10log® — 0.46, 10logé + 0.53]dB .
~The coherence function estimate ?2(f) for two random processes is
defined by.’
NGRS

~2. _
y (£) ~'E;z%75;?§3" (4.2)

where éxyﬁf) represents a cross spectral density estimate. It has been

established that the (1 - a) confidence interval for Yz(f) is given by

tanh{H(f) - (n - 2)'l - tha/zj < y(£)

< tana[H(E) ~ (0 - )T + N (4.3)

where:

H(E) = tanh T7(£) (A24)

2 -
9, = (n = 2) %

and Za is the 100a% point of the»standardiéed nornal distribution
(Enochson and Coodman, 1965).

The. number of ensembles used for the measurements of the coherence
functions reported in Section 4.4 was 2048. In this case, the 99%
confidence interval for yz(f) is. given by

tanh{H(£) - 0.0402} < y(£) < tanh{H(f) + 0.0398} ,

where H(f) can be determined by Eq. A.4.
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Appendix B

PHASE VELOCITY MEASUREMENTS IN ACOUSTICALLY FORCED JETS

As has been discussed in Chapter III, the intensity of sound due to.
a single azimuth-fregquency component of noise source in a jeti-turbulence
is dependent on several parameters associatad with the pressuri fluctuations
in the flow. The results.ﬁresented in Section 4.4 are based on Chan's
(1976) cobservations in an acoustically excited jet. Before adopting his
results to evaluate Eg. 3.2.5, phzse velocity measurements in an
acoustically forced jet were undertaken to confirm his results with the
12.7 mm jet at selected exit Mach numbers.

Figure 80 shows the schematic diagram of the phase velocity
measurements. An acoustic driver was located in the settling chamber to
provide periodic foreing in the flow. In this experdiment, two forcing
frequencies (£ = 4.26 and 6.72 KHz) were used. The input power from an
audio-frequency generator was set to 0.9 watts. A B&K 6.35 mm microphone
was located im the: settling chamber. The signals from this sensor were
cross—~correlated with those sampled by a hot-wire traversing along the
jet axis.

The phase of the cross spectral density (CS8D) of tha érosa—correlated
signals was directly plotted on the X¥-recorder by way of the SD-360 FFT
analyzer as a function of the hot-wire distance. Exponential averaging
was used in this experiment which produces a time-running average of the
data, and the number of the ensembles selected was 64. The traversing
speed of the hot-wire probe was set to 0.254 mm/sec. The phase shift
between microphone and hot-wire signals is illustrated as a function of

axial distance in Figure 81. Plotting of the phase shift shown in the
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figure was conducted as follows. An analysis Function 5 on.the SD-360
was sélected. The sampled signals from the  microphone and the—hot—wire-h
probe were then introduced into the SD-360 through two channels.
‘Exponential averaging was salected, éﬁd after the averaging.was completed,
the XY-recorder displayed the averaged CSD of the input signals as log—
amplitude versus linear frequency.in the lower: trace., In tlie upper trace,
the corresponding phase angle between the two input data signals was
displayed.. Then, the cursor (intensity marker) was' fixed at the specified
forcing frequency in the upper trace of the scope display. During the
time that the output singals from the Y-terminal of the SD-360 was being
introduced into the XY-recorder, giving a phase angle (degrees) in linear
Y-scale, the hot-wire probe was being traversed downstream along the jet
axig.with a speed: of 0.254 mm/sec.. The cursor can follow the processed
data on the scope to any selected location. The actuator signals were
introduced into the x axis of the plotter. Thus, siﬁultaneously'with‘the
pfobe~traversing, phase: shifts. versus axial distance were recorded on the
Xf-recorder..

The wavelength and. the phase velocity of the spatial pressure waves.
along the jet can be readily evaluated from the results shown in Figure
81l.. In this case, the Strouhal number of the pressure wave is 0.39, and
the corresponding normalized phase velociﬁy cph/Uj has. 2 value between
0.69 and 0.75. This agrees quite favorably with Chan's results for the:

m = 0 mode (Chan, 1976).

The axial distributions of the peak value of PSD of the velocity
fluctuations with and without forcing are shown in Figures 82-84. We
note in Figure 82 that the disturbances given by forcing first amplify

up to about X/D = 4 and. then gradually decay off,. and completely lose
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their energy before arriving at about X/D = 10. A similar trend is scen
in Figure 83 with a forcing frequency £ = 6,72 KHz. It should be pointed
out that there exists a preferable forcing frequency for each jet, Ihis
can be seen by comparing Figures 83 and 84. The most effective forcing
frequency was found to be identical with the peak frequency of. the velocity

fluctuations observed at X/D = 4 on the jet axis.
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Nozzle Characteristics
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SIZE

- .

” 0.79 1.59 3.18 635, 12.7
0.2 0.36x10%  * 0.73x10% 1.45x10" 0.29x10° 0.58x10°
R, 0.5 0.90x10%  .82xio®  3.63x10% - 0.73x10°  1.45x10°
0.8 1.45x10% 2.90x10" 5.83};10" 1.16x10° 2.32x10°
0.2 26,1 N2 12.9 6.5 3.2 1.6
£, 0.5 65.1 32.4 16.2 8.1 4.1
0.8 104.2 518 .25.9 12.9 6.5
0.2 0.02 ™ 0.05 0,09 0.18 0.37
R 0.5 0.89 1.8 3.6 7.2 Th.4
0.8 5.86 11.7 23.6 47.1 94..2
0.2 0.07 0.29 1.14 4.56. 18.24.
CFM:0.5 0.18 0.71 2.85 11.41 45.6
0.8 0.29° 1,14 4,56 18,24 72.9
Reynolds number: R, = p—-\?-
Peak. frequencys: fp *9—'53—[1-
Mach number: M = -
EVER
Microphone distance fromﬂnozzle
where' QASPL is 60 dB at & = 90°: R

Volume flow rate: CFM
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Table 2

Experimental Conditions for Coherent Output Power Measurements

Jet exit diameter D= 6.35 mm
Jet exit velocity Uj = 136.3 m/sec
Resolution bandwidth Af = 60 Hz

Bandpass filter range 1 KHz. < £ < 24.KHz

Correlationr delay At = 16.28 usec
Memory period T= 1.667X10“2 sec
Mode of averaging Linear ensemble (28)
Hot~wire probe DISA 55P11

. Microphone B&K 6.35 mm Type 4135
Axial. probe posgition 2 < X)D < 10

Radial probe position 0<2Z/D < 1.0

Strouhal number 0.15 < sh < 0.9
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Table 37

Experimental Conditions for Coherence Function Measurements

Jet. exit diameter .
Jet exit velocity
Resolution, bandwi&th
Bandpass filter range
Cbrrelation'éelay
Memory perdiod

Mode: of averaging

D = 12.7 mm, 6.35 mm

J.
]

AE

it

201 m/sec

100 Hz

L.KHz < £ < 40 KHz
AT = 9277 usee
T = 1.00x107% sec

Linear'ensemble.(ZlI}

Microphone. B&K 6.35 mm Type 4135
Stationary micrdphone position R = 60 D, 8§ = 30%
Rotating microphone position R = 60 D, & = 30°,
. 0% < ¢ < 360°
Strouhal number 0.06 < 8h < 2.33
. ,0.03.< Sh <.1.27
- «#Reynolds number 1.7 0x10§

0.85x10
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Figure 6: Jet Nozzle
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Figure 8:

Electronic Instrumentation for Flow Measurements
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Electronic Instrumenation for Acoustical Measurements
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Block Diagram of Hot-Wire and Microphone Cross-Correlation
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Figure 19: Bessel Function of First Kind and mth Order (m = 0, 1 and 2)



131

SOUND PRESSURE LEVEL {gB)

O=|2.7mm Py
| M=0.58 2
m= 0
-401
¢ L 1 g
30 80 a0*

Figure 20a: Sound Pressure Level-Directivities of Single Azimuth-—
Frequency Components for Mode = 0

SOUND PRESSURE LEVEL (¢B)

-40

Figure‘ébb: Sound Pressure Level-Directivities- of Single Azimuth~
Frequency Components for Mode =1



132

40 |-
I'/, \\\\
5 , _ -
/, /,’ s\\ \\"‘-
’ Se o “‘--._\__M-‘O.S
m 30 I/ ~ -‘\-.__ =
) ~.M=0.8
-1 N
Ll I
> e S~
g .
w 20r 7 ~~._ M=0.06
L -
D
n
b i
i
o
o
o 10
z
5
O
[#p] =
1 | ) i ! 1 é
40 80 120°

Figure 21: Sound Pressure Level-Directivites for High Frequencies (Sh >
2) and Various Mach Numbers M (Measured by Mollo-Christensen,
Kolpin and Martuccelli, 1964)



m=Q.

]‘

[ (42)

133

1 1

C6E oB Ee]

STROUHAL NO.

Phase Velocity
Versus Strouhal
Number (Chan,
19763

5—
n
Sl
2—
| =
O L - L 1 | ] O )3 ) ]
0 a2z 04 G5 Q8 10 Q az 04
STROUHAL NG
Figure 22a: Wave Niumber  Versus TFigure 22b:
Strouhal Number
(Chan,. 1976)
1.0
as
’ﬁ—
(mos
0.4
0.2
0 " A L L -
C. 02 04 06. a8 1O
X
Figure 22c:r Axial Source Figure 22d:
Distribution

Function {Replotted

Based on Figure 9
of Chan, 1976)

[£s)

Lateral Source
Distribution
Function at X =

L/2 (Replotted Based
on Figure 10 of
Chan, 1976)



134

Figure 23: Mean Velocity Profiles at Various Downstream Locations for
the 12.7 mm Jet at M = 0.297
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POWER SPECTRAL DENSITY (dB)
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