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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 generation 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 (8.93xlO3 < R < 2.20x05) were undertaken using
 

miniature nozzles of the same configuration but different diameters at
 

various exit Mach numbers C0.2 < 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 spectral theory was verified for the
 

first time in this study utilizing 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. It 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
 

axis. One may reasonably conclude from measured directivity patterns
 

that stronger coherency can be obseryed,in the downstream-di-rec-tion
 

rather,than the lateral direction.
 

A careful study of the narrow-band spectrum of the radiated sound
 

has revealed the existence of a critical Reynolds number associated with
 

the peak 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 10S. This",suggests that proper-simulation of the
 

proptotype acoustic field can he achieved only with model jets operating
 

5
 
at Reynolds numbers in excess of 10
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Chapter I 

- 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
 

noise. This engine differs from the-conventional turbojet engine in 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 like pU 8D2 . 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). Thus, at >a specified
 

thrust, the turbofan engine is inherently quieter, as far as jet noise
 

is concerned. The new generation of commercial aircrafts-represented by
 

the Lockheed L1011 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 noise
 

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
 

understanding of the-nature of the acoustic sources generated by turbulent
 

shear layers has focused on the determination of the dominant noise
 

producing structure in jets.­
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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
 

teddies-t (correlation volumes) which radiate sound independently or
 

incoherently: the total pressure fluctuations can be represented by
 

summing mean square fluctuations due to each eddy." However,, this
 

assumption of'a spatially randomjet.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 packets containing components
 

of all frequencies.. Furthermore, different frequency components preserve
 

theirtphase relationship over a.few jet diameters. The possibility of
 

',a wave-like coherent structure in jet turbulence is particularly appealing
 

t-to,those responsible for advances in-noise suppression technology. This
 

wave-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 frequengy.. These disturbances were
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observed to interact strongly with the jet. The fundamental wave generated
 

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 fD/U of'O.3.
 

From the measurements made -in the non-turbulent 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 pointed out, after having measured 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 direction also,
 

As pointed out by Michalke (1970a), 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 rise to sound,
 

Hydrodynamic instability waves- of finite length are postulated to be
 

representative of the coherent structures in turbulence. 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
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of hydrodynamic instabilities,is plausible from a physical point of view.
 

The concept of instability waves in a laminar free 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,possibly exist in turbulent free
 

shear flows as well.
 

Michalke (1970b), using linear stability theory, predicted the most
 

amplified frequency,for periodic forcing. He found that this frequency
 

depended upon the ratio of mixing-layer momentum thickness to the
 

effective jet diameter.
 

Ffowcs-Williama (1974) and Chan (1974) also conjectured that there
 

is a cl-ose- 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 origin.
 

it :should also be noted that Meecham (1969) made the following
 

remIks, ..... thus we can expect that the large-scale characteristics
 

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

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

scalet.eddies, we can say at the outset that the total acoustic power
 

produced.by a given turbulent motion will depend.upon the manner in which
 

the turbulence is generated."
 

Michalke's success (1974) in introducing,the shape of the mean
 

velocityprofile of the'jet into the stability calculations is somewhat
 

encouraging to those who work pn the jet noise problem. His,theory
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reveals the large-scale coherent structure buried in jet turbulence with
 

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 permit the
 

direct correlation of the radiated sound field, of jet with the-Lighthill
 

stress tensor, expressed in terms of the "properly described" coherent
 

eddies-waves (Liu, 1975). Three 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 based on their spectral theory
 

were not consistent with observations particularly for high frequency
 

sound. Michalke commented upon this inconsistency by suggesting that some
 

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

limited.
 

Taking into account the geometrical configuration of a circular jet,
 

Michalke (1972a) adopted the cylindrical coordinate'system to describe
 

the source term in the integral solution'of, the Lighthill equation. He
 

then expanded the source term in terms of a Fourier series with respect
 

to the azimuthal angle. Furthermore, he made a Fourier transform of the
 

expanded source function to produce the cross spectral density of the
 

source term components. Then he introduced the wave-like model of jet
 

turbulence into his formulation. 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
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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 a physical point of view,- this
 

indicates the effect of cancellation and interference between various
 

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 sine appears as an argument of the
 

Bessel function in Michalke's formula, where k and- R are.the wave number
 

of the radiated sound and lateral extent of source distribution in jet,
 

respectively.. As-will ba-discussed in Chapter III, kkR, often referred to
 

as the Helmholtz number, is a ratio of-lateral source extent to sound
 

wavelength. Since for small argument, the Bessel function of the:m= 0
 

order is.dominant, we can say that the sound whose wavelength is.
 

significantly -larger than the lateral 'source extent Ris exclusively a
 

resuil tof axisymmetric emitters-(m =O ) in-the jet turbulence.' Another 

,important.parameteris the-convection parameter-aL(l -- Mr cosO) which-is 

-rEsponsible for -the intensified'sound radiation in the direction of the 

0°
 jet axis (6 = ) for 0 < Mc 1,.where Mc is the convection Mach number 

definedas an:axial phase velocity divided by local-sound speed, cph/ao -

Since the azimuthalwave,number m determines the order of' the Bessel 

function, we note that the axisymmetric-emitters (m-= 0) and the non­

axisymmetric~emitters (m : 0) have entirely different directivity 

patterns. 
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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, one can draw some useful conclusions about the noise generation
 

mechanism.
 

The Pao and Lowson's theory, however, is based on the eddyc-model
 

characterized by the assumption that the turbulent eddies can e described
 

by overall-correlation functions of the convected Gaussian 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) conducted circumferential,cross-correlation measurements
 

in round jets employing static pressure probes, and obtained power spectra
 

of the lower-order azimuthal components of the fluctuating pressure 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 frequencies. Furthermore, he observed, by an
 

experimental analysis of the structure of jet turbulence at low Mach
 

numbers, the presence of lower azimuthal pressure components 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 frequencies. In this context, it is worth mentioning that the
 

orderly structures occur at Strouhal number between 0.1 and 1.0 where
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jets at high Mach numbers ate known to radiate most of the acoustic
 

power" (Fuchs, 1974).
 

It was Chan (1974) at the National Aeronautical Establishment,
 

Canada who first proposed an evaluation method of the axisymmetric
 

component of the intensity 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 function which
 

is nothing more than a Fourier transform of pseudo-sound p(0) can be
 

expressed as. a product of two mutually 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 observed in
 

his measurements that the wave number of the disturbances for any of the
 

three modes was a monotonically increasing function of Strouhal frequency
 

and that the wave front was slightly inclined to the jet axis.
 

Furthermore, he,noted that the pressure disturbance grew first to a
 

maximum, progressed downstream 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
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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/a and variations in Reynolds
 

number are normally disregarded. In general, the sound power of jet noise
 

satisfies the following relationship
 

1 3 2
W/( U D )=f(M,Re) 

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

relationship
 

1 3 2 5 
W/(-pUD) = KM
 

where K is a constant.
 

All experiments which have been conducted up to this point at moderate
 

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

5
that even at Reynolds numbers of the order of 10 , the spectral
 

characteristics of jet noise are dependent on Reynolds number,, although
 

such evidence has been largely ignored. Motlo-Christensen et al. (1964)
 

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

quantitatively but mostly qualitatively and found that the rms value of
 

the far field sound pressure is proportional to (Re) where m has values
 

of I < m < 3. Furthermore, they observed that the non-dimensionalized'
 

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

was confirmed by using' two jets of different diameters and.various exit
 

Mach numbers, corresponding, to Reynolds numbers,of approximately 3Ml0
5
 

and 6Mxl 5 , 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 U/ = 106 or larger, where X
 

represents the boundary layer length. This corresponds to the Reynolds
 

number of 2x105 based on jet diameter. Above this value of Reynolds
 

number all the spectra have similar profiles because Reynolds number
 

ceases to be an important parameter. Other evidence confirming this fact
 

can be found inthe 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 is 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
 

exdstsin a jet, and that it can play an important role in noise generation.
 

- However, as has been reviewed, we still lack a definite one-to-one
 

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
 

-investigatiom 
 is necessary for a complete understanding of the role of
 

Reynolds number in jet noise production. An important reason for the
 

interest-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.
 



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 dominant in the jet flow
 

at low Reynolds numbers.
 

The scope of this study consists of two major parts. 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.
 

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
 

microphone signals in the far field were determined.
 

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

in an acoustically 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 on 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
 

spectral theory followed by Chan's prediction method of jet noise. The
 

fourth chapter-is concerned with the description and discussion of the
 

experimental results, atid 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 II
 

EXPERIMENTAL 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. Thenvarious 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
 

Lewis Research Center, Cleveland, Ohio, with dimensions 20mxl6mx5m
 

measured from the tip of the wedges with-a lower cutoff frequency of
 

about 300 Hz. The general floor plan and elevation of the anechoic
 

chamber are shown in Figures 1 and 2, respectively. The entire inside
 

surface of the room is lined with fiberglass wedge blocks which were
 

designed for a low-frequency cutoff of 150 Hz. Figure 3 is an isometric
 

view of one of the dcoustic wedges.
 

2.1.1 Air supply, settling chamber and jet nozzles
 

Air is supplied to the jet by a continuosuly 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.. mitlivoltmeter. The schematic diagram of
 

the flow control system is shown in Figure 4. Air is fed to the settling
 

chamber through an acoustic muffler,. Figure 5 illustrates the settling
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chamber and jet nozzle. Honeycomb steel wool pads and a set of screens
 

to ensure an uniform velocity distribution at the nozzle entry were placed
 

upstream of the nozzle. The nozzles were designed such that a uniform
 

velocity distribution would result at the nozzle exit plane (Smith and
 

Wang,. 1944). The nozzles were made of steel and. were carefully finishe&
 

to obtain a smooth,inside surface- Figure 6 displays-the,cross-section
 

of the nozzle-.
 

In the present investigation,five nozzles of different sizesbut of.
 

similar configuration were employed. The nozzle sizes utilized are listed­

in Table 1. The contraction ratio of the nozzle is 36:1. The jets used
 

in--the present study were practically cold subsonic jets and no attempt
 

thg-k5t the jets was undertaken. 

,2,'.12. Hot-wire traversing-mechanism and microphone rotating mechanism-


In Figure 7, a remote control xyz-traversing mechanism is displayed
 

pictorially- It was located underneath the settling pipe and was used
 

-for 
 precision incremental positioning,of the hot-wire probe. It had a
 

positioning accuracy of + 0.0254mmover its entire,span of 914mm in each
 

of tli&,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 was.employed to rotate a microphone horizontally
 

in the range 00 to 1800 relative to the downstream jet axis. , The
 

microphone-boom position was indicated by a digitial indicator (L. C._
 

Smith Co.).
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2,.2 Instrumentation
 

An overall view of the electronic instrumentation used in this study
 

is illustrated in Figures 8, 9 and 10.
 

2.2.1 Flow measurement system
 

The hot-wire anemometer used in this study was a constant temperature
 

anemometer (DISA 55M). 'A DISA-55Dl0 linearizer was employed to obtain
 

constant resolution across the entire velocity range encountered. The
 

linearizer's D.C. output was determined with a B&K integrating digital
 

voltmeter. The same voltmeter was used for the determination of the rms
 

levels-of components of turbulence. In each case the output from the
 

meter was recorded by a precisely calibrated XY-pldtter. Both DISA 55PI1
 

miniature hot-wire probe and Thermo Systems A718 hot-film probes were
 

used for velocity measurements. The probes were carefully calibrated
 

before and after each running with a TSI Model 1125 calibrator., Raw
 

velocity data were recorded on a thirteen channel SABRE III FM taperecorder.
 

-The power spectral density, the probability density function and the
 

cross spectral density of the fluctuating velocity signals were determined
 

with a Spectral Dynamids SD-360 FFT Spectrum Analyzer. The flow
 

temperature and total pressure were monitored with a thermocouple and a
 

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

2.2.2. Acoustical measurement system
 

Eight BrUel and Kjaer 6.35 mm microphones were used as the field
 

microphones. These were located more than 50 jet diameters from the
 

center of the jet exit plane. The acoustical signals from the pressure
 

sensor were preamplified by B&K Type 2618 preamplifer, further amplified
 



16:
 

with the B&K Type 2108 amplifier filtered by the active filter Model AF­

120 and finally fed into the FM taperecorder, the FFT spectrum-an&lyzer
 

and the 1/3 octave analyzer (General Radio Type 1921 Real-Time 1/3 Octave
 

Analyzer) simultaneously-. ATektronix type RM502A dual-beam oscilloscope,
 

a MDS 1200 printer and an Easterline Co..XYY'-plotter (Model XX'540)
 

were used for data display.- Photographs of,noise spectra-were taken with
 

the Tektronix C-53 oscilloscope camera together with a C-50 pack film
 

back. B&K 6.35mmmicrophones were-regularly calibrated by a B&K
 

pistonephone, type 4220.
 

2.3 Experimental Procedure
 

.'s.-mentioned in the introduction, the Reynolds number dependence of
 

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

*iifVestigation,. Reynolds.number has been treated as- one of. the important
 

parameters for both the flow and acoustical characteristicsof jets.
 

Reynolds number is defined by Re = U.D/v, where Uj, b and-v are.jet 

exit velocity, effective jet diameterand kinematicviscosity, respectively. 

Practically speaking, we-may change eitherjet exit velocity or jet 

diameter to obtain a broad'range of Reynolds number. An alternative. 

procedure-was used by MacLaughlin et al. (1976) whereby low Reynolds 

numbers 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
 

similitude of both Mach number and Reynolds number. For- 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 number 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 than about M = 

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

necessary to collect velocity data at higher Mach numbers. It was found 

-that the same calibration 'procedure proposed by Norman .(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 (55P11) were extensively used. The former is made of nickel
 

film deposited on 70-m'diameter quartz fiber with -overall length 3 mm.
 

The sensitive film length is 1.25 mm, and the sensor is copper and gold
 

plated at each end. The film is protected by a quartz coating approximately
 

2-pimin thickness. The-sensor material of the DISA 55PI hot-wire'probe
 

is platinum plated tungsten. The sensor has a diameter of 5 pm and a
 

length 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 was used in
 

conjunction with a three-dimensional traversing mechanism.
 

This custom built traversing mechanism can travel up to 0.9 m-in any
 

of the three directions-and is operated 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 continuous plotting of velocity
 

profiles on the xy-recorder. The traversing mechanism is driven from a
 

stepper motor which in turn is remotely controlled from a sweep drive
 

unit. The output level corresponding to any given probe position is
 

displayed with-high accuracy on a five-digit electronic counter on the
 

sweep drive unit (L.. C. Smith- Co.). This signal also controls the,X­

'deflection of the-recorder. The anemometer signal is fed to the Yaxis 

26T,.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 diameter. The
 

experimental setup for the mean velocity measurements and the schematic.
 

.diagram of the instrumentation are shown in Figure 11.
 

Before actual flowmeasurements. could be taken, the true jet axis
 

had, to be determined. The true jet axis is defined by the locus of points
 

of minimum turbulence intensity at,various axial positions-within: the jet.
 

These points were determined by an extensive series, of intensity
 

measurements carried out over the entire-plane iormal to the geometrical
 

jet axis at each of ten axial positions.. In this manner the true jet
 

axis is- not artificially limited to lying in a plane bisecting the-jet
 

and containing the geometrical jet axis. Thus, if the true,jet axis is
 

helical in shape this,characteristic will be detected by this procedure.
 

Mean velocity measurements were made across 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/sec
 

and the averaging time of the autoranging digital voltmeter was set to
 

three seconds. At equally spaced stations ranging from one diameter to
 

ten diameters downstream, the probe was traversed in the lateral direction
 

up to +5 diameters about the true jet axis. A mean velocity profile was
 

directly depicted on a XY-recorder. In order to obtain the variation of
 

the peak mean velocity along the true jet axis, the probe was continuously
 

moved along the true jet axis between X = D and X = 10D.'
 

The u-component of.the fluttuating 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
 

determined 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 autoranging digital
 

voltmeter where the signals were averaged over three seconds. 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 description characteristic of
 

stationary random data is the power spectral density function. For
 

constant parameter linear physical systems, the output power spectrum
 

can be expressed as the input power spectrum multiplied by the square of
 

the gain factor of the system., Therefore,, power spectrum measurements
 

can yield information concerning the dynamic characteristics of the system.
 

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 monitored on the wide screen of the Spectral Dynamics,13116-2A XY-


Display Oscilloscope to check any anomalous signals involved.
 

Instead.of the conventional timeconsuming.analogspectrum analyzer,.
 

the Spectral Dynamics SD-360 Digital Signal Processor was-used. This is.
 

"atardwired 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 device
 

provides a complete signal analysis capability from 0.01 Hz to 150,000 Hz.
 

The mutli-directional cursor control on the front panel of this instrument
 

acts as.a direct interface between operator-and processor during data
 

entry, display and recording. It provides maximumr 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 other-wave
 

analyzers. -It performs a dozen-different data 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 :omplete, editing capabilities on-both input 

channels using a cursor stick and selectable weighting functions (Kaiser-


Bessel or rectangular time domain weighting). It has- anti-aliasing
 

filters 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 XY-recording, six-digit readout of analysis parameters and 

analysis results, and a coherent output power display. 

If the Fourier spectrum of an input signal is defined as S (JW) = 

an + jbn , then the power spectrum Gxx() at that frequency is given by 

G (w) = S (jw)S t(jw) = (a + Jb )(a - jbm)
xx x x n a a n
 

2 2-=a' + b 
n n 

An estimate of the true power spectral densityis 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
 

G (w) = S (jw)S*(jw) digitally is as follows: i) Take N samples of data,
 

2) Do a Fourier transform of the signals, 3) Multiply the Fourier
 

transform of the signal by its complex conjugate (*), 4) Add this power
 

2 2spectrum,(a + b ) to the previous sum, Qf power spectra stored in a
 
n n 

memory location, 5) Repeat desired number of times (N),-6) Divide sum of
 

power spectra by the total number (N) and display .results by selecting-


MAGz display control (Spectral Dynamics.Corporation, 1975).
 

With this device,the signal 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
 

amplifiers o -phase-matched-anti-aliasing lowpass filters. The signals
 

are then sampled at 2.048 times the upper frequency of the, range selected,
 

using two, synchronous analog-to-digital converters and then stored in two
 

input buffer memories. The contents of these memories aretransfered to
 

'the processor memory at intervals determined by the analysis rate.selected.
 

The data are then given Kaiser-Bessel weighting and processed according
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to the Function 2(Forward Transform A(1024)). The results of the signal
 

processing for the power spectrum 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 stability.
 

Resolution is obviously desirable-for an accurate measurement of line
 

frequencies. This dictates small values-of filter spacing and large values
 

of sampling point which results in accurate frequency measurement of
 

spectral lines but relatively inaccurate measurement of broadband spectral
 

levels because the measurement variance of each frequency sample is large.
 

On the other hand, 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 square of-the,magnitude-of a sampled
 

signal is used as a basic power spectrum estimate. Since this spectral
 

estimate has a large variance, some smoothing should be done. The
 

Spectral Dynamics SD7360 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 a 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 zeroth order of the first kind. 'The
 

Kaiser-Bessel window, while optimizing main-lob energy and reduc-ing the
 

energy in the side lobes, produces no side lobe greater than -72 dB from
 

full scale.
 

There are five important parameters associated with data processing
 

with the 30-360. They are sampling rate (fs), memory period (T), filter
 

spacing (Af), anti-aliasing filter cutoff frequency (fe) and averaging.
 

This device samples at a rate of f = 2.048 F samples/sec, where F denotes
 
s
 

the analysis frequency range of the processor expressed as a convenient
 

decimal value. The sampling rate and the analysis range are specified
 

independently from the anti-aliasing filter cutoff frequency f The
 
C
 

memory period is the time it will take to fill the input buffer memory
 

sampling at a rate equal to f . For a singlL length transform (1024.
s 

points) the memory 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 

single length analysis (1024 points), the resolution is given by Af = 

F/500 Hz. Anti-aliasing low pass filter which are dual and phase matched 

can either be automatically set to 80% 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 cascaded to double the rolloff in dB/octave. The cutoff frequency is
 

given by fc = 0.80 F. For many applications, the processing-results are
 



24 

averaged to obtain signal-to-noise enhancement or to improve the
 

statistical confidence in the results. The SD-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 data 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) ensembles 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,, properly normalized value. The other mode of averaging
 

is exponential. 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 ensembles selected and T is the
 

time between the 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 statistical 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 (512) is adequate (c.f., Instruction Manual of SD-360,
 

Spectral Dynamics Corporation, 1975). The statistical errors associated
 

with the spectrum analysis will be discussed in detail in Appendix A.
 

http:period).to
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The XY-plotter calibration for spectrum analysis was made 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 volt2/Hz corresponds to 0 dB with 25 dB attenuation. Therefore,
 

with the same attenuation 0.014 volt2/Hz corresponds to -20 dB..
 

2.3.3 Overall sound pressure level and spectrum measurements in far field
 

The experimental setup and the schematic diagram of instrumentation
 

for overall sound pressure level (OASPL) and 1/3 octave band spectrum
 

measurements are illustrated in Figure 14. Most of the acoustical data
 

were obtained using a horizontal array of eight microphones located on a
 

semi-circle of radius 100 D, where D denotes the effective jet diameter.
 

Measurements of the 1/5 octave SPL spectrum in the frequency range
 

0.5 	to 80 KHz were conducted at all-angles to the jet axis equally spaced
 

'.
between 15' and 1200
 

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 stagnation 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 nozzles.' 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
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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 investigated and: elminated by removing part
 

of the supporting-structure 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,
 

-a proper correction must be made on the-data. This correction can be
 

easily made by selecting-the appropriate value of attenuation 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 Analyzer (General Radio) was- used to determine sound pressure level
 

-5' 2'
(SPL) spectra referenced to 2x10 -5 /m. The resulting SPL spectra were
 

then corrected for .the atmospheric attenuation- and background noise in
 

addition to the microphone correction. These corrected SPL spectra were
 

then.used to-compute the'overall sound pressure level...
 

The same analysis-system was used for both turbulence and acoustic­

measurements and also for measurement of the correlatio- between.
 

turbulent velocity fluctuations and acoustic pressure.. Figure 15 is a
 

block diagram of the 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.
 

http:field.or
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2.3.4 	Coherent output power measurements
 

Coherent output power (COP) is defined by
 

IGy(f)12 

Gx(f)G(f) y 

- 2Gy(f) 

Coherent output power is nothing more than the portion of the output
 

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 GX(f) corresponds to
 

the cross spectral density of the input and output signals. The coherence
 

2

function between the input and output is represented by y2 . Here we are
 

concerned with what portion of the sound energy observed at a specified
 

microphone location in the far field is contributed 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, § = 300 as shown in Figure 12. One may argue that the 

microphone is not positioned in the complete 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
 

should be pointed out here that the hot-wire probe should be inclined to
 

the jet axis so that the microphone and the hottwire sensor are 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
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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 b.t 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 the results of his circumferential
 

space correlation measurements of the fluctuating pressures in turbulent
 

jets. 'He first obtained the cross spectral density of the circumferentially
 

cross correlated signals sampled in the ,mixing layer ,at three diameters
 

downstream. He then, expanded the-real part of the-cross 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,
 

*in particular, in-the large scale coherent axisymmetric type of fluctuation. 

-He pointed out that ". . . this confirms earlier experimental results by 

Crow and Champagne (1971), who showed how orderly structures,develop in
 

the turbulent region of an externally excited jet." With the motivation
 

of Fuchs' experiments, it was-decided to perform similar space 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 from the center of the
 

jet exit plane with a 30' inclination from the jet axis. A microphone
 

was rotated from 0* to 3600 along a circle of radius 30 jet diameters
 

which is vertical to the jet axis. At each 150 increment of fzimuthal
 

angle, the signals from the two microphones were cross correlated.
 

Every system, mechanical, electrical, etc. and every system component
 

responds to an input forcing stimulus in a special way. The frequency
 

response characteristics of the system is a unique repeatable parameter
 

and is often referred to as a transfer function Of the system. Ideally,
 

a transfer function measurement is performed on two signals, one
 

representing a unique system forcing function, the other representing
 

the measured system's response. In the absence of any extraneous 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 spectrum measurement does not give a casuality relationship,
 

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 Dynamics Corporation, 1975).
 

The coherence function is defined by
 

2 IGY(f)12
 
SG(f)G (f) 0
 
x y
 

and has a real value, where G (f), Gy (f) and Gxy(f) are the power spectral
 

density of input, the power spectral density 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 correlated, the coherency is perfect, namely y2 (f) = 1.
 

'The other extremity is the case when x(f) and y(t) are not correlated at
 

'all. Then y2(f) should be zero. As is known y2(f) represents the
 

fractional portion of the output energy of a linear system which is
 

contributed by the input signal at a specified frequency.
 

The numerator of the y2(f) represents the square value of the cross
 

spectral density which is generally a complex quantity. However, if
 

there is no phase shift between x(f) and y(f), then G (f) now reduces
 

to the co-spectrum (real part) of the cross spectral density. A block
 

diagram of the instrumentation for the coherence function 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 < f <
 

40 KHz, a plot of the phase lag versus frequency could be made. The
 

maximum phase lag was found to be 30 in the frequency range of interest
 

and could be ignored for all practical purposes.
 



Chapter III
 

REVIEW OF THEORIES
 

In this chapter, the spectral theory of Michalke (1970a)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 function of the
 

Lighthill stress tensor. This correlation function is determined by
 

introducing a suitable model of jet turbulence,based on certain assumptions
 

into the formulation of the stress tensor. This method has been successful
 

in.predicting the overall characteristics of jet noise, i.e., the overall
 

sound pressure level dependence on:Mach number and the overall directivity.
 

However, the method based on overall correlation does not provide enough
 

information to reveal the spectral characteristics of the sound generation
 

mechanism. It has been pointed out that different jets have different
 

directivity patterns -for the same frequency bands. To-fully understand
 

this fact, we have to deal with the physical quantities involved in the­

frequency domain. Stated another way, the spectral method based on
 

Fourier transformation with respect tb time should be- introduced to the
 

study of radiation of single frequency components.
 

One of the-well-known spectral theories is .that of Pao and Lowson
 

(1969). They partly succeeded in predicting the directivities of the
 

radiated sound based on the assumption-of 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 Lighthill
 

(1952). We consider a fluid in which only a finite region contains a
 

unsteady flow. Far away from that region, the fluid is assumed to be
 

uniform with density p 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 

P 4iP = 0 (3.1.1) 
at x. j 

(t + u. i) = ax. ax. 

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

1J
 

u. u. 2 uk
 '" (. ___T 2k .) (3.1.3) 

ij a 3akax 3. 

where vIis the coefficient of viscosity.
 

Combining Eq. 3.1.1 and Eq. 3.1.2, after Eq. 3.1.1 being multiplied
 

by ui we obtain
, 


t Pui +-~--(Puiuj + &ijp - e..) = 0 

which upon adding and substracting a(2 p/ax yields
 

2 + Op___P_2 = 
+ a2 9 a. (3.1.4)Pu~ ~ -T 13~ =-- 2 
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where 

I3 PIj 0 20o o)0 ij eij (315T.. = pu.u. + {(p - p) - a o )1. - e. (3.1.5) 

Eliminating pui between Eq. 3.1.1 and Eq. 3.1.4, we finally have
 

Lighthill's equation
 

- aV}p' a T. . (3.1.6)
3
at2x.ax. 

where p' = p - po. 

By the same procedure, we can obtain the Lighthill equation in terms 

of the fluctuating pressure p, given as 

{12 _ V2}P = q(xit) (3.1.7)2
at
a

0
 

where
 

q(x.,t) a (Puiuj - e..) + -1-22 aap ) (3:1.8) 
a a a 2t
 

0
 

In the following derivation, the fluctuating pressure p is
 

exclusively considered.
 

Throughout this section we strictly limit our discussion to the
 

circular subsonic cold jet.
 

To locate source points in the circular jet the cylindrical coordinate
 

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 solution of Eq. 3.1.7 is given by 

-r 
pQ ,6,$,t) = ~ x- A.)L d~drdx (3.1.9) 

o o 
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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2 j2 A A A 2 2 
r = r - 2x? cose - 2rl sine cos(p - ) + x + r (3.1.10) 

Here a0 is the sound speed of the undisturbed medium.
 

Ns 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 < r < 

circumferential direction: 0 < 4 c 2q 

Outside of this region q(x,r,4,t - (r /a )) is assumed to be zero. 

In axisymmetric jets, the noise source or the instantaneous pressure 

fluctuations have periodicity with respect to the circumferential angle­

4. Hence,, the source term in Eq., 3.1.9 can be properly expanded in a 

Fourier series of 4 with the period 2v. 

Fbr convenience the complex form of Fourier series is chosen; 

q(x,r,O,t) 2o{q(x,r,t)e jm + *(x,r,t)ej m } (3.1.11) 

The complex- conjugate of qm is denoted by * and m can take any integer 

value from zero to infinity. 

Since the rms value of q(x,r,o,,t) has to be independent of 4, the 

following assumptions can be made. 

"
 I t +T 

lim- qm (x,r,t)dt = 0 
T- o
 

for any azimuthal wave number m and
 

t +T1

lim 1 o q=(x,r,t)qn(x,r,t-dt 0 form n 

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

has to be finite. Then, the order of qm in Eq. 3.1.10 with respect to r
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can be shown to be O[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
 

p(rS,4,t) = o Pm(r,6,t)e' + p*(r,6,t)e- m} (3.1.12) 

Substitution of Eq. 3.1.10 and Eq. 3.1.11 into Eq. 3.1.9 yields
 

Pm(r,eOt) = q.(x,r,t - )eJ dxdrd(- $) (3.1.13) 

v 

where p(t. .t) is the mth azimuthal component of the instantaneous
 

pressure observed in the far field.
 

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

domain in order to consider single azimuth-frequency components. This.­

can be achieved by taking a Fourier transform of pm and qm in Eq. 3.1.12 

with respect.to time t: 

P (r'8m) =_fPm(r,,t)e tdt (3.1.14) 

Qmjx, r,n) = J t(xrt - ro J (wt-kro~dt 
-r)e (..5 

a
0
 

where k is the wave number of sound defined by w/a . Eliminating Pm and 

qm from Eq. 3.1.12, Eq. 3.1.13 and Eq. 3.1.14, we have 
pm() =, lLfR/ r J{kre-m(4'- )} 

(r,O,) =-4f f f -e Q (x 'rw)dxdrd(4-;)
in 4wo o 0r 'n
 

where r is given by Eq. 3.1.10. 

At this point the far field approximation is introduced. Eq. 3.1.10 

can be written as 

sin@ cos( - + x2 + r2 
r2 = 2[ - ,(2 cos) -r(2 

0 r rr
 

r
 

http:respect.to
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Expanding r0 in a Taylor. series with respect to r yields 

xr 1 
= rfI - - cosO - sin8 cos( - + + . . 

r r r" r
 
^2A2.
 

where O(-1/r ) represents terms of order of /r If we assume.L << r and 

R << r, then we have an approximation for r. as 

r = -'x cosO - r sine cos(p- (3.1.17) 

Substituting Eq. 3.1.17 into Eq. 3.1.16; we have the following result 

with respect to the integral of (4 - 4) as 

f27r1 j{kr +m(t.- ) _) 
o r
 

0 

TJejk(r-x cosS) e-j{kr sing cos(',-4)-m(4-$)1
 
0 e d(* ­
-O r - x cos8 -,r sine cos( ­

1 jl r-x-cosg 21r -j {kr sini cos ( -)-m(4-$) 
ine c -' p)d(0 24) (3.1.18)
 

0 

where we evaluate r to 0(1/r).
 

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.. From
 

formula 8.411.1 of Gradshteyn and Ryzhik (1965), we have
 

Jn(Z) sife)de
 

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

be simplified -to
 

f2~2 1 E:j{kro+m(-)}( - 4,) -m eJkJ-xcos6 m(kr'sine) (3.1.19)
0 r-0J r 

By substituting Eq. 3.1.19 into Eq. 3.1.16, a single azimuth-frequency
 

component of-the sound pressure observed in the far field is obtained.
 

Jkr mR j jL (xr,w)-kxcos}ddr(3.20)
L s 
P 66,) = - frJ(krsin)IQjx,.x~o e 

0 0 



37 

where we have adopted an alternative form for %(x,r,w).of Eq. 3.1.15 as 

jVM(x'r,c) 
= ICxlr~w)Ie (3.1.21) 

If the power spectral density of sound observed at r >> k is denoted by
 

P(u), then we have
 

[P(w)1 2 = m (r, ,w)12 

0= 
mZo& 

(L(R A ip.Cv,4-kxcosel
JrJm(kr sine)!%(x,r,m)le(m drdx (3.1.22) 

0 0 

2
Practically, IP()1 can be approximated by the medsured narrow band power
 

spectral density of sound pressure.
 

In the derivation of Eq. 3.1.20 no specification has been made with
 

respect to the structure,of 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 characterized by two essential functions, i.e.,
 

Jm(kr sing) and exp{jipm(x,r,w) - jkx cos61..
 

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 parameter which
 

is defined by
 

jet thickness parameter E kR sine (3.1.23)
 

It is known that for m >> I and x << m the Bessel function of the first
 

kind can be expressed as
 

= 1 xm m__ 2 +" "1,
 

and for m = 0 and x << 1 we have
 

http:x,r,w).of
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0o 2 +...
 J(x) = 2 

Hence, for small arguments kr sine
 

(kr sin) =1kr sineom 1 kr sine 2
.m 2!m+ 2 0+.. 

^
_ZZsrink(1 ,. r1 s2n )2 r 22
1+(ksine k-rZ +1 snY-& +.. 

m. 2R m 2R
 

where 

R= 2=) 2R ( 0 (Sh)(M)X (aof.0 ( = (3.1.24) 
^0
 

kR is nothing more than the product of Strouhal number (based on jet exit
 

velocity U. and lateral source extent R) and flow Mach number.
I
 

As shown in Figure 19, m = 0 is dominant where the argument of J (x)
 

C g
is small. Hence,. for kA sinG << 1 the power spectral density XI1 s
 

mainly a function of the axisymmetric component. At increasing values
 

kR sini,, 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 are comparable. Asan illustration 

let us consider a jet of D = 12.T mm. The space-averaged lateral source 

extent is assumed to be R = 2D. 

At § = 300 we have
 

4rD sin 300 2nD
R sin6 = 2wR ssin@ i-0 L
 

Substituting D = 12.7 mm and a = 344 m/sec into the right-hand side of
 0
 

the jet thickness formula, we have A and f for kR sine = 1 as
 

a 
0

=2D = 80 mm ,_ f = - = 4.3 KHz 
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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 value of lQm(xr,)l. The
 

example was intentionally chosen from- the experimental work of the present
 

study, and the result obtained here was experimentally verified as-discussed
 

in Chapter IV.
 

One more important feature of J (kk sinG) should be mention&d. As
 
m 

is evident from Figure 19, Jm (kA sin§) becomes zero at 6 = 0' and 1800 

for m # 0. This means that only the axisymmetric component is radiated 

in the jet axis direction. Note that the directivity pattern of the 

radiated sound is different for each value of m. 

-The term exp{j'm(x,r,) - jkx cos0} represents the effect of 

convection on the radiated sound. To fully undertand the convection 

-effect, 
 the phase function m Cx,r,u) defined by Eq. 3.1.21, must be known.
 

Note from Eq. 3.1.21 that the phase function should be positive,for
 

turbulence convection in the flow direction. At a fixed frequency, the
 

value of (4' - kx cos6) is an increasing function of 0, andthis results 

in a reducing influence on the radiation of sound as-will be shown in the
 

latter section. -Hence,we can say that the convection effect is
 

intensified in the flow direction 6 = 0' where ('m- kx cose) has a­

minimum value. As is-known, the convection effect depends upon the
 

convection Mach number which is a function of Stronhal number based on
 

jet diameter, jet exit velocity 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 structures contribute significantly to aerodynamic 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 packets with characteristics
 

derived from linear stability theory.- This representation infers a
 

similarity between the turbulence structure and those motions in the
 

laminar flow which leads to transition.
 

Hence,. it is reasonable to assume that each dzimuth-frequency
 

component of turbulence-is wave-like,in the jet flow direction and each
 

source term is given by
 

(3.1.25)
t(x,r)e~ax 

where a 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 Eq. 3.1.25'into Eq. 3.1.22,.we have .­

-(xrw)= 


,2 = 1 rLrR . jaL(I-M cos6)E 2 

-"(W)- - -2i |rJ (kRsing) t(x,r)e- L dxdrl (3.1.26) 

0 0 

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 Me,and is defined as the
 

ratio of the axial velocity to sound speed as .givenby'
 

M1= k =(nl/) - (3.1.27) 
a a a 

0 0 

Another new parameter is, the axial (longitudinal) extent of source
 

distribution in the jet turbulence-and is denoted by L. The argument of
 

the exponent in Eq. 3.1.27, i.e., aL(l - M cos§)t'is referred to as. the
c 

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

parameter always causes reduction of the magnituae of IP()l 2 for MC < 1. 

However, at M > 1 and when e satisfies 
c 

0 = cos"'l 1 (3.1.28) 
¢ Mc 
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there is no interference of sound sources at different longitudinal 

locations. Thus, the most intense radiation is observed at G = e .e 

The jet thickness parameter and the convection parameter are two 

major factors which strongly affect the directivity of radiated sound. 

The jet thickness parameter kR sin@ 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 values of the lateral 

source distribution extent ft falls in the ranges of D < R < 8D. As
 

pointed out previously, the jet thickness parameter is the ratio of R to
 

sound wavelength and is given by
 

2= ao 
2rR 2of a
M ~= R = 27r(--) (-) (-) = 7()XSh

a a U a I)
0 0 0 

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

2.9, < kR < 3.6 

This is at least twice as large as that assumed by Michalke and Fuchs 

(1973)'. He assumed that the jet diameter is roughly twice-the radius k 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 R sine with his assumed 

value of'(k/D) for M=6.58,0 = 300 andSh = 1.0; we obtain kR sin§ = 0.9. 

Evidently, from Figure 19, the mode m = 0 is dominant for this argument. 

However, the experimental results of this investigation show that under 

the same conditions cited above, the contribution 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 very careful determination
 

of the value of R is essential to the accurate prediction of the sound
 

field.
 

The convection parameter aL(l - Mc cos§) is another important factor
 

in the determination of the directivity of radiated sound. The results
 

of Chan's forced jet measuremencs (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
 

aL corresponds to larger Strouhal number.. Here again, we see that the
 

values of aL adopted by-Michalke and Fuchs (1973) are too small. According
 

to Fuchs (1974 aL falls in the range of 5 and 50, and this is consistent
 

with Chan's observation.
 

By using the experimentally determined source function Q,.(x,r) in
 

Eq. 3.1.26, the directivity of sound pressure level can be calculated.
 

The results for the axisymmetric 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 

S= 0 for lower frequency (Sh = 0.2) and gradually decreases with e. 

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 A and has a dip-between 450 and 90* and then recovers to 

higher value with further increase of 6. 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 

occurs at 0 = 0", wheras, for m = 1 mode the sound pressure has zero value 
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at e = 00 because J1 (kR sinO
0 ) = 0. At low frequencies,the m = 0 mode is
 

dominant at small angles of 0. However, at larger values of 0, the first
 

non-axisymmetric sound component (m = 1) becomes prominent. As shown in
 

-Figure 20a, we have again different directivity patterns at different
 

Strouhal numbers. Higher frequency sound has a peak value at approximately
 

= 40' (see Figure 21). This behavior has particular significince as 

will be discussed in Chapter IV. It is interesting to note that the 

directivity patterns shown in Figures 20a and 20b are based on a source 

distribution function t(x,r) which is quite-different from that used by 

Michalke (1973). Nevertheless, the resulting directivity patterns are 

very similar. Michalke used a suitably chosen distribution function 

t(xr) = F(x)(r) which, in his calculation was assumed to be 

independent of m and w. He also chose the values for aL and kR rather
 

arbitrarily without taking into consideration their relationship with
 

Strouhal number.
 

In the present study, the source distribution functions Qm(x,r) from
 

which the directivity was calculated were determined strictly on the basis
 

of observations. In this formulation, %(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 inthe 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 20a 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
 

evaluated by Eq. 3.1.26. 'Chan (1974a) proposed that this source term can
 

be written in terms of the fluctuating pressure according to the dilation
 

theory of Ribner (1962). Furthermore, the experimental results obtained
 

by Chan (1974b) for the instability pressure waves in an acoustically
 

excited jet can 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/Ot) = ap/ax is satisfied. This means that the inertial forces will 

give rise to pressure gradients. Consequently, in a turbulent flow, the 

local static pressure will have a different value at a different location. 

We note that since the fluid is compressible this variance of the local 

static pressure-must be accompanied by the local change-of the density. 

Stated another way', local volume dilations which are inverse of the local 

density variations are associated with the fluid accelerations., These 

local volume dilations can be regarded as pulsating,spheres which are 

effective sound generators. 

We may, for an acoustical treatment of jet turbulence, replace the
 

extent-limited turbulent flow by an equivalent acoustic medium at rest
 

which includes the local volume,dilations. The time rate of the mass
 

flow rate per unit volume,, i.e., (am/at) can effectively generate sound
 

in fluid. In the,medium considered above, m is related to the dilation rate,
 

which is equal to -(l/p)(3p/3t) and F represents the'loca mean density. 

Thus, we have an effective source strength described as 

am a2p(0 ) 1 a2p (0 )
at 2 2(3.2.1)
at2 

.2 


a at
 
0 
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where for density and pressure fluctuations that part associated with
 

sound propagation is excluded, and the remainder are designated p(0)
 

(0) (0)
 
and p , respectively. Eq. 3.2.1 shows a relationship between p ,
 

which is often referred to as the pseudosound pressure that produces the
 

effective dilations and'the effective acoustic source strength. In
 

contrast to sound pressure the pseudosound p(0) 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 density of jet noise due to a single azimuthal
 

component of noise source is given from Eq. 5.1.26 as
 

! LrR^ jan(l-M cos6)2 

Pr(W) = -tJ J (kk sin&)^&(x,r)e c Ldxdr (3.2.2) 

0 0 

This expression was derived on the basis of a wave-like model of jet
 

turbulence. To evaluate this integral the source term &(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 this quantity in terms of the fluctuating
 

pressure. For this purpose,Chan (1974a) introduced the dilation theory
 

discussed in the previous section. The left-hand-side of Eq. 3.2.1
 

represgents an effective source strength embedded in the turbulent flow,
 

and the Fourier transform of this term must be equal to m(xr).
 

Hence, we have
 

m(x,r) = Fourier transform of 2 
8t2 a 


0 

= -k2P(O )(x,r) (3.2.3)m 
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where k = w/a
0 
represents the wave number of the sound of angular 

frequency w. If we assume that the pressure source P(0)(x,r) can be
m 

separated into single variable functions as
 

P(0)(x,r) = F(x)G(r) , (3.2.4)
m 

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

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

follows:
 

em( f2 fPkR2L I I F(x)G(r)rdrdx (3.2.5)
 

0 0 

where 
1 jaL(I-M cose)-x 

J#(x)e c dx 

0 (3.2.6) 

0­

{G(r)rJm(kR sin6.r)dr
 

I = 0 (3.2.7)
 

anr 0{i(r)rdr
 

and
 

x x/L ,r = r/R ,. )= F~/ max X 

8Gr) = g(r)/Gmax(r) 

The axial extent of the source region in the flow L, and the lateral
 

extent of source region R are used to normalize the variables x and r,
 

respectively. The two source distribution functions are also normalized
 

by their maximum values, Fmax(X) and Gmax r).
 

To evaluate the expression 3.2.5 at a given observation point (rQ)
 

and at specified frequency w, it is necessary to know two source functions,
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i.e., F(x), &(r) and four parameters, i.e., R, L, a and M . It is a 
C 

rather simple task to compute the expression 3.2.5 numerically, given the
 

necessary information about these parameters. The next subsection is
 

devoted to' a discussion of the experimental determination 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
 

National Aeronautical Establishment, Ottawa, Canada. The prediction 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 driversnmounted-circumferentially
 

around the jet exit plane of a 57 mm.diameter jet in order to provide
 

periodic forcing at the jet boundary. Each 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 the jet flow. The
 

(ref: 20VN/m )
exciting amplitude of the drivers was adjusted to 124 dB 


at the duct exit. Two microphones were mounted circumferentially 1800
 

apart within the jet at a distance of one nozzle radius from the
 

centerline. The microphones could be located at various axial positions.
 

Each microphone was equipped with the standard B&K bullet noise fairing
 

for flow measurements. The signals from each of the two 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 intensity 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 theacoustic drivers. A traversing position potentiometer indicated,
 

the horizontal displacement of the microphones on the x-axis of the
 

oscilloscope.. the intensified trace displayed on the oscilloscope
-Tltis, 


represents the spatial change of the pressure signals at a fixed time.
 

This experhimental setup permitted the determination of the wave number
 

versus Strouhal number relationship and the lateral and longitudinal
 

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 modes. 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
 

[M 2 ±
T = -D-Z1/2
 
2T
 

where m is the mode number and a is the-axial wave number for each given
 

mode as measured by the forcing technique described 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 note
 

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 that the abscissa is a normalized distance x-Sh/D
 

where Z represents the extent of the source distribution in terms of the
 

normalized distance and is approximately equal to 3.0 (Chan, 1926). The
 

value of the ordinate 1.0 corresponds to 124 dB (Chan, 1976). Similarly,
 

Figure 22d shows the lateral source distribution functions plotted in
 

terms of the normalized lateral distance (= r/i1) for the first three 

modes. Here also G(r-) iA normalized with the reference sound pressure 

level of 124 dB. It should be pointed out that the longitudinal and
 

lateral source functions in Figure 22c and 22d are only valid for Strouhal
 

frequencies larger than approximately 0.3, because for smaller frequencies
 

thaniSh = 0.3 both #(x) and G(r) cease to be scaled by x(= Sh-x/DZ) and
 

r(= r/R), respectively.
 

Although Michalke and Fuchs (1973) rather arbitrarily chose values
 

for aL to predict the directivities of jet noise, the quantity ciL should
 

be carefully determined by the pressure wave measurements. In the present
 

investigation, the longitudinal extent of the source 
region in jet turbulence, 

L, was determined by the relation 

L = YD for 3 < £'< 4 

Sh 

which was derived from the experimental results (see Figure 4 of Chan
 

(1976)). Consequently, we note that Lis a function of Strouhal number
 

and proportional to the jet diameter. To be more precise, L is
 

proportional to the jet exit velocity U. and inversely proportional to
a 

the frequency f of the radiated sound.
 

The jet thickness parameter-kA is another important parameter along
 

with the convection parameter aL(l - M cos6). The radial source
c 
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distribution extent R can be determined from Figure 22d. It should be
 

pointed out, however, that the lateral source distribution function is
 

dependent on the axial coordinate x. Consequently, R also varies with x.
 

This is obvious from the fact that the jet spreads out laterally downstream
 

from the nozzle. This dependence of R on x may 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 determination of the necessary
 

parameters for the evaluation of P(u) in Eq. 3.2.5 has been discussed.
 

As mentioned previously,. the prediction formula for P(w) can be numerically
 

evaluated for various'frequencies with fixed values of r and 8. 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 turbulenci and
 

the radiated sound. Comparison with theory is also made. The role of
 

Reynolds number in noise generation will then be discussed. Finally, the
 

results of Fourier decomposition of the jet noise signal into azimuthal
 

components will be presented and compared with the spectral theory of
 

Michalke.
 

4.1 Flow Characteristics
 

4.1.1 Mean velocity profile
 

Quantitative measurements of the mean velocity profiles and the
 

distributions 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 nozzles 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 flow measurements reported
 

herein.
 

They can be classified into four categories, namely:
 

1. Fluctuations of flow rate
 

2. Unstable response of the instruments
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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 variation 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 calibrated before and after each
 

test'. The fluctuations of the response of the system was carefully
 

monitored with an autoranging digital voltmeter and also with the SD-360
 

FFT analyzer. Judging from the high degree of repeatability of the data
 

repprted herein, the response of the entire system could be reasonably
 

regarded- to be quite uniform.
 

Among the errors associated with hot-wire turbulenca measurements
 

the -most serious one may be the error due to the finite-length of the
 

sensor wire. Since the hot-wire is in a 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 over the- entire wire length. Thus,
 

the measured output voltage always corresponds to the spatially averaged
 

velocity 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 fluctuations are small
 

.,compared'with the.mean velocity and that the compressibility can be
 

2
 
of the square of the voltage, e
,-,neglected. Then the corrected value 


may,b related to the measured voltage e )M by
 

a = K(e-)
 

where c represents the correction factor defined by
 

http:field.of
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1
 
£2
 

6XG
 

The sensor length and the spatial length scale of jet turbulence are
 

denoted by k and XG, respectively (Hinze, 1975). In the present study,
 

£ 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 effedtive 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 flow quantities were measured at Mach numbers in excess -of
 

M = 0.3. At these high flow velocities the resulting data were calibrated
 

according to the method proposed by Norman (1967). The deviation from
 

King's law- with respect to the butput 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 it 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 jetcaxis'at which turbulence-intensity 

is minimum. Measurements 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 mean 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
 

observed in the lateral direction than the downstream direction. The
 

observed asymmetry of the turbulence intensity will be 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 = 0.87x105 at various downstream locations between X/D
 

1 and 10. These were measured by a single hot-film probe. Identical
 

results were obtained with a single hot-wire probe. The typical top-hat
 

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

downstream the velocity profile takes on the appearance of a fully 

developed jet. The similarity of the mean velocity profiles in the mixing 

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 - z0.5)/X. The distance (Z - Z0.5) corresponds to 

the lateral distance between any radial point and that for which the 

velocity is half of the centerline velocity U . It is evident that the 

similarity profile is most likely independent of Mach number. These 

profiles are consistent with those observed in many other jets., The data 

statisfy a similarity relationship suggested by Seiner (1974)as 

U/Um = exp[-52.4(n + 0.115)2] 

This-relationship corresponds to the tip of 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 in 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 velocity profiles lack similarity
 

because the varied effects of initial conditions such as boundary layer
 

thickness at the nozzle tip. Hence, data are shown only for axial positions
 

of two or more diameters downstream. It should 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, the Reynolds
 

number corresponding to the data in Figure 24 was either 5.8X104 or
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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 jet at three differenet Mach numbers are presented in Figure.25,
 

where U. represents the jet exit velocity. The length of the potential
 

core appears to be a weak function of the exit Mach number. However, the
 

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

K/D = 4 and 6,and its decay rate is larger at smaller exit velocities.
 

http:Figure.25
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Since nozzle diameter was held constant, it is not apparent whether this
 

is a Mach or' Reynolds number effect.
 

A Gaussian error curve and a theoretical radial distribution of the
 

axial velocity component calculated according to the momentum-transport
 

theory are presented in Figure 26 together with two experimental curves'.
 

The theoretical curves were plotted according to Eqs. (6-76) and (6-80) of 

Hinze (1975).- These- two. curves, are only valid between X + a = 8D and 20D, 

where a represents- the distance to the vitual origin from the jet exit
 

plane. The dash-dot-line is the measured curved at X/D = 8 with R = 

4
8.7x104. Both theoretical curves give fairly good agreement with
 

observations across the entire lateral width with larger deviations at
 

further distances from the jet axis.
 

A.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
 

u-component turbulence profiles for the 12.7 mm.jet at X = 0.297 observed
 

at various downstream locations,are depicted. A single hot-film was 

traversed laterally between -1D < Z < 3D at equally spaced axial stations 

between D < X < 10D. The turbulence intensity attains a maximum value 

near Z/D = 0.5 at any-downstream-station. The asymmetry of the profiles 

is- evident. This asymmetry of the jet flow is,not'due to the nozzle: 

configuration- This was confirmed by rotating the nozzle by 1800, yielding 

the same results. It is debatable whether these results imply a natural 

asymmetry of the flow due to a helical mode inr the jet turbulence or 

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

intensity on the jet axis grows almost linearly up to five diameters 
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downstream,and the intensity becomes approximately doubles over an 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 mm
 

diameters. In Figure 27, the difference of the peak intensity observed
 

in lower and upper mixing layers seems to grow giadually up to five
 

diameters downstream and then to decay slowly with a further increase of
 

downstream distance. This may be attributed to the helical wave-like
 

motion of jet turbulence with a wavelength which is relatively large 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
 

undertaken. A hot-wire (DISA 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 during 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).
 

Here we note & somewhat sinusoidal profile centered at 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 4 = 00 and 1800. With increasing azimuthal 

angle, ,the sensor wire will cut the-mixing layer with larger angle, and 

at 4 = 900 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 the hot-wire, then we 
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should have a minimum at 4 900 amd 2700. However, this is not consistent 

with the observations in Figure 28. Here the minimum output voltage is­

observed at about 4 = 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 structure to some extent in the 

downstream direction.. As will be'discussed in & later section of this. 

chapter, this non-axisymmetry of the flow has a 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 mV. Hence, if we accept the errors of the 

order of 10% in turbulence measurements, we may regard the circular jet to
 

be axisymmetric as an approximation.
 

The axial distribution of turbulence intens-ity (u-component) in the,
 

mixing layer at two- Mach numbers are presented in Figure 29, together
 

with that obtaineL by Wooldridge et al. (1971). It can be noted that the
 

intensity is dependent on Reynolds number Re = 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 diameters downstream. The Reynolds number 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 areRa_= 8.7k104 (M = 0.297) and.5.8x104 (M 0.199). Under these
 

lower 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 boundary layer as pointe&out by 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 intensity profiles
 

illustrated in Figure 29 are favourably consistent with the o15%ervation
 

by Davies et al. (1963).
 

The normalized turbulence (u-component) profiles measured at equally
 

spaced downstream stations for the 12.7 mm jet at'M = 0.199 are presented
 

in Figure 30. The dashed line corresponds to the similarity profile
 

given by Seiner (1974) using the 50.8 mm jet at M = 0.32, and this gives
 

a Reynolds number of Re = 3.9x05. The abscissa is expressed in terms
 

of n = (Z - Z0.5)/X and u represents the maximum value of fluctuating
 

velocities measured in a, vertical plane to the jet axis at each downstream
 

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
 

= 
u 0.161 ( ) 
m 71 

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 involved. 

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 distribution 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 Ree 

U.D/v is 8.7x10 . 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 a jet of 25.4 mm at M = 0.3 

corresponding to a Reynolds number of 1.7x105. 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, an&, 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 SD-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 in Appendix A, the 99% 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.T mm jet at M = 0.58, corresponds to a Reynolds
 

number of R = 1.6x105. The. filter spacing for the spectral analysis,
a
 

was set at 40 Hz, and signals were always bandpassed in the frequency
 

range, 0.5 < f < 16 KHz.
 

A drastic fall-off at high 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. Ti'o 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_
 

broadpeak at about 5-KHz,, which correspond to Strouhal number Sh = fD/UJ = 

1.0 and 0.3, respectively. Wooldridge et al., (1971) also reported the
 

existence of the similar high frequency peak which decreases invsmagnitude
 

with an increase of distance-from the nozzle exit. However, it is open.
 

to question whether this high frequency peak is due to the instrinsic
 

structure of jet turbulence or to some anomalous -signal. No further
 

attempt to investigate this point was done in the present study. It may
 

be worth noting-that the high frequency peak shown in Figure 32 is low
 

enough in magnitude to be buried in, for example, electronic noise,
 

According to Lauet al. (1972), the microphone-spectra -and those of
 

the hot-wirehave 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
 

downstream on the jet axis, this peak shows. a trend to shift gradually to
 

lower frequencies with increasing downstream distance. Comparing Figures 

32 and 33, it can be noted that the axial distance-where the profile of 

the -lower part of the spectrum becomes uniform depends on Mach number. 

This was also confirmed by Wooldridge et al.. (1971). ..This distance-may 

be related 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_ = 1.6x05. Here, 
e 

the,peak obseryed at the end of the jet core (X/D = 5) locates at about 

Sh =0.3. The corresponding,peak in Figure 33 is found at about-Sh = 

0.33 where Reynolds number is 0.54x05. The axial variation oftthe peak
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amplitude between X/D = I and X/D = 5 is approximately 15 dB 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 Re = Z.6x10 5. 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 -4/3frequency end falls off not like w but like w as, seen in Figure 32.
 

.This corresponds to the decay of a sound spectrum: like -Z/3 according to
 

Meechan (1969). Later sections will deal with the comparison of the-t
 

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 nearly-half of the. frequency of
 

f'life -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

-s -4/3. 

Lau,. Fisher and Fuchs (1972) proposed 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
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apart travelling downstream in the center of the mixing layer. This 

assumption was presumably derived from their knowledge about turbulence 

spectrum of jets. As is seen in Figures 32 and 33' the spectrum observed 

in the core region has a pronounced peak. According to their calculation, 

the Strouhal number of the peak based on jet diameter and convection 

velocity gives a value of nearly one. If this is the case, stnce Sh = 

fpD/Uc = 1, it follows that D = Uc/fp = X 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 passing frequency is not simply proportional to the jet efflux
 

speed, and this can be seen by comparing the spectrum-at X/D = 4 in
 

Figure 33 with that observed at Z/D = 0 in Figure 36. Probably, a crucial 

drawback of this model exists-in that it cannot give any reasonable
 

explanation 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 

mixing layer observed at various axial locations at Mach numberM = 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 reported in a later section. Similar profiles are seen in Figure 35 

for the 6.35 mm jet at M = 0.394. 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 

2 
off drastically as w which is a typical decaying profile observed in the
 

inertial subrange of an isotropic turbulence (Tennekes and Lumley, 1972).
 

Figure 37 shows the similiar profile for- the 6.35 mm jet at M = 0.394.
 

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 region are presented in Figures 38
 

and 39. Note that they completely lack high frequency energy components
 

throughout the entire noise generating region of jet-turbulence. As
 

pointed out by Lau at al. (1972), there-is a radially inward mean flow.
 

in the entrainment 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 shoul& be interpreted with caution.
 

4.2 Acoustical Characteristics
 

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

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

Lighthill's work (1952) with a slight modification on the convection term:
 

UD28D2 
I K m () C4. 2, 1) 

Poa5R Cl - ccosa) 5 

where-D is the nozzle diameter, U. the jet exit velocity,. P the air 

density in the mixing region,. P 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 6 the angle between the direction of sound emission and the
 

downstream jet axis. M is the convection.Mach number and 4(6) represents
c 

the directivity factor which is given by
 

( 1 (4.2.2)(C)W 

2
 

where W is the ratio 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 Eq. 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 P(G)
 

also becomes approximately unity except for small radiation angles 8.
 

Mollo-Christensen et al. (1964) analyzed the results of a-series of
 

their sound pressure measurements to find the Mach number dependence of
 

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

2 R g(M,Re6) 'bMn(6)F(R) (4.2.3)
 

0 0 

where p. represents the sound pressure observed in the far field. In 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 different nozzle diameters. Figure 40 shows the variation
 

of OASPL with Mach numbers 0.4 to 0.9 at several observation angles for
 

the 12.7 mm jet. We note that the value of n(6) varies between 7.55 at
 

= 90* and 9.56 at 8= 15', being an increasing- function of emission 

angle 6. Corresponding values of n(6) 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 convection is to increase 

the overall sound generation, and, consequently, the predicted overall 

power should have a higher power of the jet velocity than the eighth. On 

the other hand, there is evidence that the relative turbulence intensity 

decreases with increasing Mach number. This fact has been cited as the 

primary factor- involved 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 6 = 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 are consistant with the 

prediction mentioned above in-that n(6 ) increases with decreasing 6 due 

to the,convection effects. However, the n(§) = 7.55 observed at S = 900 

is in disagreement with the hypothetical sixth- power law. It may be 

remarked that n(6 ) 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 versus Mach number- for various 

Reynolds numbers.. Note that the normalized sound intensity increases 

with increasing Reynolds number. This trend is observed at either 6 = 

30k or90G. A rather unusually low intensity level of the data for the 

AA#318 mmjet observed at e,= 90" may be attributed to the fact that the
 

'iige diameter plate on which the nozzle was mounted acoustically shadowed
 

'themicrophone located in the lateral direction (6 = 90').
 

Directivity patterns for the 12.7, 6.35 and 3.18 mm jets are presented
 

in Figura 42-44, together with the predictions by Lighthill (1952), Philips
 

(1960) and Lilley (1971). The level of the predicted curves was adjusted
 



67 

to go through the data point at § = 900, In Figure 42, the directivities 

of the radiated sound observed at locations 50 diameters away from the 

jet exit plane for four different Mach numbers are illustrated, where 

Reynolds numbers fall in the range of 1.43xlO
5'
< R < 2.21x105. It is 

seen in Figure 42 that the intensity is directional with a pe,k-more or 

less along the jet axis. With increasing Mach number the dirdctivity 

becomes more pronounced, and the amount of amplification from 0 = 90' to 

o 150 at the highest exit velocity is approximately 10 dB. Apparently, 

Lighthill's prediction overestimates the amplification at any Mach.number, 

where the directivity factor '(eC)in Eq. 4.2.2 is assumed tobe unity. 

The observed inconsistency between the experiments and Lighthill's theory 

may be partly attributed to the assumption that all the quadrupoles are 

randomly oriented so that 4(§) is unity. However,. the general consensus 

of opinion is that the discrepancy -­can beattributed to the exclusion of
 

the acoustic-mean flow interaction effect in the prediction formulation.
 

In fact, Phillips (1960) and Lilly (1971) showed that Lighthillt s theory
 

could be improved by transforming the full nonlinear equations into the
 

form of the wave equation travelling in a moving medium. The theory then
 

-
shows that the convection factor (1 - MC cos6)
5 in Eq. 4.2'.1 should be 

-replaced by (1 - M- coso) 3 (Goldstein,.1976),.
 

The dashed line seen-in Figure 42 was plotted, based on the Phillips 

and- Lilly's equation. Evidently, the additional,Doppler factor which 

appears in the denominator of the expression for directivity :reduces the 

gap between theory and observation, yielding a favourable agreement. The 

rather rapid fall-off' seen at larger angles than : = 90*, particularly 

for smaller nozzles (see Figures 43- and 44), is due,to the experimental, 

setup and is not a fundamental feature of the.jet noise signals. The 



68 

resulting discrepancy is due to an acoustic shadow created by the large
 

diameter 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 smaller jets. The directivity
 

due to a single azimuthal components of jet noise will be discussed in a
 

later section.
 

Typical 1/3 octave spectra obtained for three jets of different
 

diameters are illustrated in Figures 45-54 for various jet exit velocities.
 

These data are lossless and have been obtained directly with the Real-Time
 

Aanlyzer Type 1921 (General Radio). The analysis frequency range was
 

500 Hz < f < 80 KHz. Compar.ing the spectra for three different emission
 

angles (Figures 45-47), we note that the spectrum changesits shape
 

noticeably with radiation angle.. The spectra observed at acute angles
 

are fairly peaky, while at sideline positions the spectra havea 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-Ithe growth rate (see Figure 

47). This is consistent with the results reported by previous 

experamentalists (Lush,. 1971; Olsen and Karchmer, 1976). At 8 = 15', 

the peak frequency is independent of the jet exit velocity and locates 

at abbut f = 3.Z KEIz (see Figure-45). This indicates that the peak 

frequency does not scale as a Strouhkl number at this emission angle. 

Moreover, the decay of the-.spectrum at the high frequency end is more 

extreme,and is about 5 dB per octave. In contrast to the spectrum 

observed at ^ = 150, the spectrum obtained at = 300 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 Figure 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 like any previously reported results.
 

However, necessary corrections to the data mainly due to air absorption,
 

give rise to the peculiar results shown. At this point, no explanation
 

can be made for this anomalous behavior at higher frequencies,: The peak
 

frequency again does not scale as a Strouhal number at this radiation
 

angle, and remains almost constant at f = 5 KI-z (Figure 46). ,We note that 

-the peak shifts progressively to higher frequency with increasing emission 

angle and at § - 90' to the je axis peak scales with Strouhal number 

(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 thatof the spectrum for-the 12.7 mm jet except in that the corrected 

spectrum at-e = 900 seems to have a stronger second peak than the peak
 

expected to appear at about f = 15 KHz. This may be attributed to possible
 

extra sources at frequencies beyond f = 30 KHz. It is likely that the
 

spectrum in Figure 50 would begin decaying at about f = 30 KHz, were-it
 

not for the effect of additional apparent noise sources. Since the
 

spectrum observed at 0 = 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 < f < 80 KHz,. mainly due to limitation, on 

frequency response of the microphones utilized in this study. Observations 

indicate that the low frequency end of the spectrum seems to- be independent
 

of Reynolds number in the Reynolds number range studied. However, as is
 

seen from Figure 46 and 51, the high frequency end is apparently different
 

from one jet to another. This probably indicates that high frequency
 

sound mostly produced in the mixing region is strongly influenced by the­

jet exit conditions. Moreover, as has-been pointed,out by Mollo-Christensen
 

(1967), the boundary layer in the nozzle wall is presumably laminar-for
 

the small jet at-low exit velocities and transition from laminar to
 

turbulent flow may take place in the free shear layer. If this is 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 § = 900 are shown in 

Figures.55-57 for the three. jets of different diameters, together with 

the recommended curve -givenby Stone (1974). Stone proposed that the 

effect of jet temperature on the spectral shape is accounted for by 

multiplying-the Strouhal number by the ratio of jet total temperature to 

.aibftt temperature- to the,0.4-power. This gives the non-dimensional 

frequency parameter, 

_1,0.4
S.= (fD )) . O (4.2.4) 

y a 

Inthe present study, the jet total temperature is assumed to be equal 

to the ambient temperature, -to give S.= fD/U = Sh. The-abscissa log S 

in7Figures 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 experimental conditions under which the data in Figure 55 were 

obtained are shown in the figure, namely D = 12.7 mm, R = 50D and § = 900. 

At 6 = 900, a point 50 diameters away from the center of the jet exit 

plane can be considered to be in the far field with a considerable 

confidence. We note in Figure 55 that the experimental resu!ts are in 

good agreement with the recommended curve up to about log S = 4. For 

higher frequencies, the spectra are strongly affected by atmospheric 

absorption. This may imply that the correction due to the air absorption 

may be too high, provided that the recommended curve'tis valid for high 

frequencies.
 

-Spectra for the 6.35 mm jet are similarly illustrated in Figure 56
 

where the observation angle and location are 6 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
 

largest. This may be attributed to the low intensity which is possibly
 

masked by background noise.' A rather noticeable deviation at the high
 

frequency end is conceivably due to unidentified extraneous noise.,
 

Figure 57 represents normalized spectra for the 3.18 mm jet measured
 

° 
at R = 100D and § = 90 to the jet axis. Before comparing the experimental 

data with the prediction., we have to-return to Figure 57 which illustrates 

1/3 octave spectra at 6 = 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 than 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 is 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 soun& pressure level spectrum does not scale as a non­

dimensional frequency parameter S for the low Reynolds number jets. This
 

has been experimentally confirmed by the present author by means of, the
 

analysis 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-spectrai-density of jet.'noise
 

One of the interesting and important problems relevant to jet noise 

Is. that of predicting the spectrum of the emitted sound. However, this­

has been proved to be a particularly difficult problembecause the 

theoretically derived power spectrum includes the space-time correlation
 

function of fluctuating velocities which is an almost intractable quantity
 

-to determine without recourse to some simplifying assumptions.. Starting
 

from Lighthill's integral solution for the density fluctuations observed
 

in the fav -field caused by the turbulent motion in the near field Meecham
 

(1969) derived the following expression for the power-spectrum, based on
 

the assumption-that the turbulent jet is. locally and statistically 

homogeneousz 

p̂ov x (4 
I(tai) Po' Ikdtjdteiw -a 4 .A r) (4.2.5) 

32u.a. r6 a-c JiJL'' ­

0 

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

Qij'kZ are defined by
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8 8 
v = fdy[<u (y)>/<u (yo)>] (4.2.6)
 

and
 

Qij'kZ(9,T) = <uiuj(Yt)ukuz(Y + , t + T)> , (4.2.7) 

respectively.
 

He further assumed that the fourth order, space-time velocity
 

correlation Qij'k% 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 high
 

frequency sound spectrum:
 

-3 
v. 2U._ 2=16p2-2 2r(2a + 2) 

5(2, . , (4.2.8) 
15a r F(ct+7-)

02
 

where V represents the gamma function and a comes from the energy spectra
 

E(k) b c k - a . 

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

simplying assumptions summarized below:
 

1. Incompressibility of jet flow
 

2. No thermal effect
 

3. Statistical stationarity
 

4. Gaussian distribution of fluctuating velocity
 

5. Neglect of retarded time
 

6. Frozen-turbulence approximation
 

For high Reynolds number flows the well-known five-thirds law E(k) =
 

-
aE2/3k 5 /3 is satisfied in the inertial subrange. If we substitute this
 

-4/3

into Eq. 4.2.8, we obtain I(r,) n, -4
 

However, as pointed out by Tennekes and Lumley (1972), it is unlikely
 

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 k:2 in high wave number region of low Reynolds'
 

-2
 
number flows. If this is the case, we find I(r,m) u w
 

Narrow band acoustical spectra are presented in Figure 58 observed
 

at 0 = 300 for various exit Mach numbers. At the highest velocity shown
 

in Figure 58, the spectrum falls-off as f-2 at the higher frequency end,
 

and it is likely that the decaying slope is a-weak function of Mach number,.,
 

This is favourably consistent with 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
 

2
function for higher wave numbers falls off like k- , then the acoustic
 

spectrum I(rw) would.decay as f-2 and agree with the observations in
 

Figure 58. Of the various simplifying assumptions Meecham' (1969) adopted
 

in his, formulationt of the acoustic spectrum the Gaussian distribution of 

velocity fluctuations is probably the most acceptable. Probability density
 

measurements made dtiring this study (not reported herein) have confirmed
 

this assumption for most of the jet flows. However, the assumption of
 

nearly frozen-flow is presumably open to question in the present study.
 

In the-vicinity of the orifice,. as has been discussed in Section 4.1.2,
 

jet turbulence is found 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 almost constant at f = 4 KHz over the whole velocity range. 

The relationship between peak frequency-and emission angle is
 

presented in Figures 59 ancd 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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Re = U D/v is 1.69xlO5. We see in this figure that the acoustic energy 

in the low frequency range decreases with emission angle and at 6 = 15* 

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

indicating that the lower frequency content of noise is mainly radiated 

to the downstream direction and higher frequency sound, on the contrary, 

is radiated with larger emission angle due to the refraction effect. 

According to Ribner (1969) the self noise peaks at a higher frequency* 

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

direction. If this istrue, the sound intensity measured at.§ = 150 may 

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

than the self noise (see Figure 59). It is clearly shownthere that the 

peak shifts-to higher frequencywith emission angle. However, this is 

not true for jets at low Reynolds numbers as seen from Figure 60, where 

the peak remains almost constant- at,f. 7. KHz: over. the-whole range'of 

emission angle. This will be further discussed in the next section. 

Another remarkable difference between the two sets of-data shown in 

Figures 59 and 60 is that for the jet of R = 0.845xLO5 ,the spectrum
 

,observed at § = 30 is dominant over the whole frequency range whereas 

in the case of the 12.7 nmm jet the spectrum measured;at -= 300 is only 

dominant at higher frequencies greater than about 7 K~z,. -Furthermore,
 

for the 6.35 mm jet the spectrum at 8 =,150 falls off much more drastically
 

than that seen in Figure 59. As has been already pointed out, the
 

boundary layer on the nozzle-walls is presumably laminar -for the smaller
 

jet at low exit velocities and transition from laminar to turbulent flow
 

may occur in the free shear layer.- Hence, the acoustic spectrum will
 

-possibly 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 the pressure (or velocity) fluctuations at a specified 

hot-wire location. In these correlation measurements, a microphone was 

located at R = 317.5 mm, e = 300 as, illustrated in Figure 12. A DISA 

hot-wire probe mounted on a traversing mechanism,,which is movable three 

dimensionally, was inserted 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 

voltage of a sinusoidal signal at 1000 Hz being a reference (0 dB). 

Figure 61 shows the lateral distribution of coherent output power.
 

It should be pointed out that the noise sources whichmost effectively
 

radiate-sound in the: direction inclined- at 30 ' to the downstream jet axis
 

are located. at X/D = 4 and close to thejet axis. The axial, distribution
 

of coherent output power is presented in Figure 62. On the jet axis, the
 

fluctuating-velocities in the region within the first six diameters
 

" predominantly contribute to the sound-radiated at 6 = 300 except for the­

lowest7 measured frequency component, Sh = 0.15 which is most likely 

dominated by noise sources in the fully developed region. 

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 im the 

shear layer which has an uniform profile in the low frequency range (see 

Figure 35). 

As is expected, lower frequency sound is radiated preferably in the
 

downstream direction as seen in Figures 61 and 62. It should be noted
 



77 

that the power spectral density observed at the microphone location has a
 

peak at. about Sh = 0.3, and this- frequency component has the highest value
 

of coherent output power at X/D = 4 except on the jet axis. 

Judging from the general trend of the profiles shown in Figure 62B,.
 

we may speculate that high frequency .sound is predominantly poduced in
 

the region close to the-orifice., The results are consistenttith both
 

theory and previous experiments.
 

4.3. Reynolds Number Dependence of Jet Noise
 

As is- discussed in Chapter.I,. Mollo-Christensen et al. (1964) pointed
 

out that the rms value of the,far field sound pressure was -afunction of
 

Reynolds number; showing that p 'v 'm(R )m; where m takes on values
0 e 

1 < m < 3. In addition, they observed that non-dimensionalized narrow 

band spectra of noise varied with Reynolds number over arather broad range 

of Strothal number. This observation was considered wor-thy.of further 

study particularly in a more~quantitative way.- In this-section, narrow 

band spectral characteristics of jet ncise which apparently depend upon 

the Reynolds number will be discussed with a particular emphasis on the 

peak frequency in the noise spectrum. In order-to study the Reynolds­

number dependence of the power spectral density of jet-noise, the­

dimensionless power spectral density has been extensively used-in the 

present study which is-defined by­

. 

10-loglo 
Pf/( 

D.Af/U. 

22 Ro)i2 
D) (4.3.1) 

2 
in logarithmic scale, where pf represents the mean square of the pressure 

fluctuations at frequency f observed in the far field. ­

http:wor-thy.of
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Figures 63 and 64 contain dimensionless: spectra plotted as a function
 

of the Strouhal number Sh = fD/U. for-various Reynolds numbers and two
'3 

Mach numbers. As has been already pointed out by Mollo-Christensen et al. 

(1964), the variation of the sound spectrum with Reynolds number is evident. 

Three'important features shoul& be mentioned.. First, the magnitude of the 

spectrum- is' an increasing function of' the Reynolds.number., This, is. 

consistent with-the observation by Mollo-Christensen.et al. (1964.). 

Secondly; the maximum level of the spectrum is not a linear fundtiorr 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' questionable 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 inconsistent with the-view 

adopted by-Meecham -(1969) in his formulatidn of- the expression for the 

predicted sound-intensity. He argues that the large scale characteristics 

'of-jet turbulenca- 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 endof.the sound spectrumwill-depend upon the driving mechanism
 

of.the jet turbulence. On the other hand, he suspects that the' high
 

frequency end of the spectrum may be independent of the driving forces.
 

"he -results shown in Figures 63 and 64 do not support his argument. The
 

dedaying-profiles of the high frequency end of the spectrum shown 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 density was found to
 

be larger.
 

This indicates that the driving mechanism of the jet 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 is apparently
 

dependent on Reynolds 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 number for a given Mach number and emission
 

angle. Since a low Reynolds number flow is 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 (X/Ui.)(SU/az).
 

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
 

function 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 obvious that with decreasing Reynolds number,
 

the amount of shift of the peak frequency with emission angle decreases,
 

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
 

5

in the figure. Here we see that up to K = U.D/v = 10 , the peak Strouhale- j 

frequency observed at & = 30 is identical with that at B = 90' for any, 

exit Mach number. However,, at Reynolds numbers larger than R e- 10 the 

situation becomes entirely different. Then,. as is- seen in Figure-67, the 

peak Strouhal number increases wit increasing emission angle. Although 

the peak Strouhal frequency is, a weak function of Reynolds number,, the, 

effect is,definitely measurable. According to Lush (1971), the peak 

frequency does not scale very well with U ./D at angles between 15' and 

450, and the peak moves progressively to higher frequencies as the emission 

angle is increased. 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 0.75 and 0.93 at i = 90'. If one 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 105, thea it can be
 

sai: that the peak Strouhat 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 McCartney (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, furthermore,
 

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 correlation tensor. Hence, if the peak frequency-shift with Reynolds
 

number, observed in the present study, is one of the intrinsic properties
 

of jet noise, the decaying profile of the second order moving frame
 

correlation tensor of turbulent velocities would be dependent on Reynolds
 

number Re = UD/v. However, no attempt to experimentally confirm this has
 

been made in the present investigation.
 

It is difficult to explain in a precise way why the viscbus effects
 

5
 
are apparently negligible above a Reynolds number of about 10 . As has
 

beenrepeatedlydiscussed,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 occurs in the nozzle boundary layer. Then,
 

there must be a critical Reynolds number associated with where transition
 

takes place, in the wall boundary or in the free shear layer.. It may,
 

5
 
therefore, be surmised that the critical value of Re = 10 , is associated 

with transition. The result of Mollo-Christensen's (1967) experiments 

also show that the critical Reyolds number associated with the narrow band
 

5
 
spectrum of jet noise is of the order of 10 It is interesting to note
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that the calculated transition Reynolds number, assuming that the circular
 

jet nozzle wall can be approximated by flat plate, also has a-value of
 

5 
the order of 10
 

McLaughin et al. (1976) investigated the Reynolds number dependence
 

in supersonic jet noise, and found that a few discrete modes in a low
 

Reynolds.number jet are powerful noise generators. It 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 in 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 which 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 soun intensity due
 

to a single azimuth-frequency component of noise source utilizing
 

Michalke's.spectral theory.
 

4.4-.1 Circumferential cross-correlation measurements in far field
 

With the experimental setup shown in Figure 16, the measurement of
 

the 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 Sectior 2.3.5 are plotted versus frequency for various azimuthal
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separation angles. Evidently, at i 0, the coherency is perfect and,
 
2
 

therefore, T = 1. With an increase of the azimuthal separation angle,
 

the coherency decreases. Note that in the high frequency range the
 

coherency falls off drastically. The strongest coherency is seen 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 8 = 30' to thc:-jet axis
 

is generated in the fully developed region of jet turbulence as seen in
 

Figures 61 and 62. This is also consistent with the experimental results
 

of near field pressure fluctuation measurements obtained by Michalke and
 

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 qual-itatively
 

consistent with Fuch's (1972) near field'data which indicates high
 

coherence of turbulent fluctuations at-widely displaced locations in a
 

jet.
 

Figure 70 illustrates the cross spectral density (CSD) of jet noise
 

for the first three azimuthal separation angles measured under similar
 

experimental conditions with those for Figures 68 and 69. Here we see
 

a definite phase lag between two signals. This is evidentlyincompatible
 

with the assumption of the axisymmetry of a circular jet which is a major
 

assumption in Michalke's spectral theory. However, since the magnitude
 

of the quad-spectrum is almost negligible compared to that of co-spectrum,
 

we may conclude that for 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 interms of a.
 

Fourier series with respect to the azimuthal angle.
 

y = Z W cosmA4 (4.4.1)
 
m=oMin'


For"a strictly ax-isymmetric circular jet, the coherence function is,
 

equivalent to the co-spectrum of the cross spectral density. Then we
 

have
 

c (AO)
 
GEG(m) cosmAO (4.4.2)
 
x M70 X(
 

where c (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 # = Ap and Gx() represents the power spectral density. 

For AO = 0, Eq. 4.4.2 can be written as
 

cWIT 
ME0 X((4.4.3).mo C (a) 

This means that Fourier coefficients in Eq. 4.4.2 are nothing more
 

than the PSD of the individual azimuthal components of the radiated sound.
 

These components-will be designated as {Gx ()} (Michaike and Fuchs,
m 


1975).
 

Combining Eqs. 4.4.1, 4.4.2 and 4.4.3, we obtain
 

{G (c)} = =0 (w)b
Y_ m wm X. WMn 

or, in a logarithmic form,
 

(PSD)m =10log bWm + PSD (dB) (4.4.4)
 

where PSD is an overall power spectral density and (PSD) m corresponds
 

to a single azimuth-frequency component of the PSD.
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Figure 71 displays normalized azimuthal coefficients for two Strouhal
 

numbers computed from the coherence data. The ordinate in Figure 71
 

represents a normalized co-spectrum, namely the co-spectrum c divided by
 
^21
 

power spectral density p . Near field data obtained by Fuchs (1973) are
 

also illustrated. It is seen that higher frequency componentffalls off
 

more rapidly with increasing azimuthal angle. It is interesting to note
 

that the far field decaying profile is fairly similiar to that of thenear 

field observed in the center of shear layer at X/D = 3. From this we may 

speculate that that portion of the mixing layer where the mean velocity 

gradient is the largest is the-dominant noise source region. 

Figure 72 contains the Fourier coefficients of the decomposed
 

coherence function for four different Strouhal numbers. In 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 noticeably dominant at
 

such low frequencies. However, for higher frequencies the higher azimuthal
 

components have equal importance in the radiated sound.
 

These results are favourably in agreement with the near field data
 

reported by Fuchs (1973). For very low frequencies, the axisymmetric
 

mode is overwhelmingly strong. This may justify the concept of the ring
 

model of jet turbulence in limited regions of flow where-low frequency
 

sound is predominantly produced.
 

Normalized Fourier coefficients of the coherence 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 predominant. 

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.,
 

4.4.3 Fourier decomposition of power spectral density
 

A measured power spectral density can be-readily expanded into single.
 

azimuthal components by means of Eq. 4.4.4. The results are-presented in
 

Figure-74- together-with .the prediction-for the axisymmetric component..
 

Here, the solid line (top) is the directlymeasured power spectral density
 

of the 12.7 mm jet at M = 0,58 and 6- 30* to the jet axis. The line with 

circles represents the contribution to the overall spectrum by the
 

axisymmetric component. Similarly, the line with crosses represents the 

m = 1 mode, while the line with triangles corresponds: to- the m = 2 mode. 

The dotte&-line is the prediction fbr the-m = 0 mode. We see that in the 

.most important.Strouhal number-range,0.1 < Sh <-1.0, within which most of 

the radiated sound is contained, only the,first two modes-have any
 

.practical importance,, and the difference in the intensity between these 

two modes falls between 2 and. 5 dB. The m . mode is stronger than' the 

m = 2, mode by a-factor of 4 to 10'dB. One:may'deduce that increasing,the 

mode,numberby one is- coupled with, roughly,. doubling the difference in 

the ;ntensity for the range of Strouhal numbers 0.1 < Sh-< 1.0.. Arather­

drastic decay of the-profites for Sh > 0.5 was unexpected. At about
 

Sh =- 1.2, the dominance- of the axisymmetria modes; ceases and the first 

helical mode, becomes dominant. Hence, as previously discussed, the
 

turbulence structure of a jet near the orifice seems to be inadequately
 

modelled by the evenly spaced ring votices which always remain phase­

locked cirdumferentially as, proposed by Lau et aL. (1972).
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As is evidenced from Chan's experimental 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 evaluation of the predicted 

intensity. The dotted-line in Figure-74 and the dash-two dots-line in 

Figure 75 are the predicted intensities, for the m = 0 computeifwith i 

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 Strodhal 

number. In Figure 74, the prediction was fitted. so as to make the data 

coincide at Sh 0.340, while'in Figure-75 the theoretical 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 2dB while 

for low frequencies it falls off drastically, yielding-a noticeable
 

disagreement-with the-observations. However-, as can be noted from Figure 

75, this inconsistency observed in lower frequency range may be reduced 

by adopting i which is a function of frequency. This-is rather reasonable 

consequence-of the fact that i is, approximately, inversely' proportional 

to frequency. Stated another way, the lateral source extent A is more
 

sensitive: to- frequency'at lower frequencies. It has been confirmed that
 

the-wavy profile of the solid-line seen in Figure 75 can besmoothed out
 

with increasing accuracy'of the numerical computation of Eq. 3.2.5, and
 

that this is not a: real property of the noise signal., Although the 

analysis reported herein is limited to a rather narrow frequency range,
 

it may be remarked-that the predictions are in good agreement with the
 

observations.
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4.4.4 Predicted direciivity of radiated sound compared with experiments
 

As has been discussed in Chapter III, the directivity of a sound
 

pressure component P (w) given by Eq. 3.2.5 is considerably sensitive to
m 

the jet thickness parameter kR sin6 and. the convection parameter aL[l -


M cqos§] as well. It also depends .on the azimuthal.mode m, but isgenerally
 

not very sensitive to the-axial and lateral source distribution functions.
 

This has been already-pointed,out by Michalke (1970a)and can be seen in 

Figure 76 where the longitudinal and lateral source integrals defined by
 

Eqs. 3.2.6 and 3.2.7 are shown in terms of cL[l - MC cos§] and kR sinG, 

respectively. Here, I-i 12 is common to all the azimuthal modes, and Ir,2
 

I r 12 and 1112 correspond to the m = 0, 1 and 2, respectively. It may 

be surprising to note how the valuesg 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-source, 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. For-a given frequency and
 

emission angle in a specified jet,.we may write as,kRsineaR and aLTI ­

,M.cose]L.- This means that even small errors associated with- the A and 

r


c 

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 R and L
 

cannot.be,expected.,
 

Figure 76 shows that ate =90' and for kR < 3, the lateral source 

integral of the m = 0 mode,. i.e. In 2 is prdmnt. Teosafcivr spredominant. "The most effective
 

source of sound with wavelengths- that are large compared with 2R is
 

evidently,the first azimuthal constituent of turbulence (m = 0),
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For smaller wavelengths, the contributions by higher modes become more
 

important.
 

The directivities of narrow band jet noise of the 12.7 mm jet at
 

M = 0.58 are-illustrated in Figure 77 for four different Strouhal numbers
 

together with the predictions for the m = 0 and I modes. These
 

directivities were directly computed with an IBM 370 using Eq. .3.2.5.. The
 

dotted-line is the measured power spectral 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 prediction 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 = I mode was then automatically determined.. It has been confirmed in 

the present study-that the directivity-of narrow band limited noise 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 Strouhal number Sh = 0.4.
 

The contribution by the m = 0 mode to the overall power spectral density
 

is at least 5 dB larger than that by the m = 1 mode for the. emission
 

angle-, 00"< 8 < 60. This,apparently indicates that the sound energy
 

radiated in this range of emission angle is mostly attributed to the
 

axisymmetric constituent 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 P = 70'.. This seems, to be, not
 

realistic, but at this point no explanation isavailable 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 0 900 we see more than a 25 dB difference between
 

the two.
 

Apparently, the prediction overestimates near e = 900. A peak
 

observed at § 300 in the profile of the m = 1 mode (Figure 7Ta) shows­

a trend to shift to-larger radiation angle with increasing frequency. 

Figure 77b represents directivities for Sh = 0.6-. Note a quite different 

profile of the m = 0 mode in this case. It has a dip at about 8 = 750 

and then recovers to -20 dB level with further increasing angle. For this 

frequency, its dominance ceases at about 0 = 620 and for larger angles 

the m = 1 mode overpowers the m = 0 mode. Again, the prediction schema 

considerably overestimates the sideline noise. The peak seen 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 77c where the m =-0 mode
 

becomes less important. Here we, see that'the maximur 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 6 = 400'. This
 

trend is found in the data of Mollo-Christensen at a!., as shown in.
 

Figure 21. In Figure 77cthe contribution by the m = 1 mode becomes
 

identical with that- by the m = 0 mode at 0 = 600, an 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 directivities at 

a high frequency are strongest in the downstream direction. The overall 

power spectral density now has its maximum at near 6 = 400 for Sh.= 1.0, 

as shown in Figure 77d. As has already been discussed in Chapter III, a 

pronounced peak at 0 = 40' for high frequency-has been widely .recognized, 

and this is evidently due to the peak off the-m-= 1 mode observed at about 

.
6 = 40* In Figure 77d, at this emission angle the intensity of the m = I 

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 = 1.0, the 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 nn 

jet. However, in-this case the measured power spectral density for Sh- = 

0.4- is- not a monotonic decreasin function of the emission angle but has 

already a peak near 8 = 40". Although the prediction is in good agreement
 

for the emission angles, 300 < 0 < 700, the theory is not consistent with
 

the observations for the axial and lateral emissions. Comparing Figures
 

77 and 78, we note the Reynolds number dependence 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 lower
 

Reynolds numbers,- the predicted directivities,have similar profiles,with
 

those obtained for high Reynolds number jets. A discussion of the
 

influence of variations in the-parameters associated 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 convection parameters, as well as on m,, but seems to be not very­

sensitive-to the spatial amplitude distributions of the source term 

component". Then they adopted suitably chosen amplitude distributions which 

were assumed to be independent of m and w to calculate the directivities. 

However; the latter part of their statement does not hold true for high 

frequencies. Figure 79 contains directivity-predictions.for the m =- 0 

mode which are-based.on two different assumptions. The solid line- was 

obtained with 8(r) assumed to be independent of o),, whereas the-dashed line 

was derived using G(r), which is a function of frequency- Evidently, for, 

lower frequencies both are almost identical, but with increasing Strouhal 

number the difference between the two becomes pronounced. This-may be 

'attributed to the fact that near the jet center line the pressure 

distributions: for high frequencies' show, a remarkable scattering- and do­

not scale- as any- parameter involving Strouhal number (see Figure 7 of 

Chan, 1976).. -The axial pressureamplitude distribution PCX), on- the 

contrary, scales-considerably well with-the normali2ed Strouhal number
 

X(Sh)/D for higher frequencies than Sh = 0.3 as. shown by Chan' (1976). 

-
As has,been repeatedly pointed out;-both the axial and lateral source 

extents are-very sensitive- to the-prediction 6f directivity,. particularly 

for small emission angles'.. Hence-,- precise determination-of these parameters 

is essential fbr the accurate prediction of the acoustic field.
 

4.4.5 	 Coherent structure of jet turbulence deduced from circumferential
 
cross-correlation,measurements
 

-
The eddy-model of'jet turbulence formulated on the assumptions of an
 

isotr6pic structure and small correlationvolumes 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 (1970a), the assumption of a 

spatially random jet structure is not self-evident, Experimental results 

rather suggest the existence-of turbulence components with high space 

correlation (Fuchs, 1971). Moreover, correlation measurements in-the 

sound field also provide some evidence that jet turbulence has an .orderly 

wave-like structure rather-than being random in nature., -

The coherence functions shown in.Figures 68 and 69 were obtained,from
 

the-circumferential cross-correlation measurements-. There we note a strong
 

azimuthal coherency over a rather-broad range of Strouhal frequency. As
 

has been pointed out- previously, the strong azimuthal coherency is
 

closely associated with the dominance of the axisymmetric mode in the
 

radiated sound. This observationt 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 produce& in the fully developed region as.is.seen in the, 

results: of the coherent output power measurements, (Figure:62b). 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 'axisymmetricring 

'qzctices. Measurements.in a wake also 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. a higher frequency content than soundt radiated
 

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

sound is produced in the flow region near 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, 0,. < Si< 1fO. 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

byMaestrello (1976) by means of his-two-point correlations of sound
 

pressure in the radiated field, We may argue, therefore,, that this
 

consistency between thes6 two independent works would. directly show the
 

validity of Michalke's spectral theory'on the basis of which the conclusions
 

reported herein have been derived.
 



Chapter V
 

SUMMARY AND CONCLUSIONS
 

5.1 Summary 

The objectives of this study were the quantitative investigation of
 

the dependency of jet noise,on Reynolds number, and the experimental
 

verification of the validity of Michalke's spectral theory which is
 

formulated on the assumption that the major. noise source6, in- jet turbulence­

are orderly in its' structure. The original reason for studying'low
 

Reynolds number jet flow 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
 

acoustic 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 hereinwas conducted in the
 

anechoic chamber at NASA Lewis Research Center, Cleveland, Ohio.
 

Single-hot-wire and hot-film probes were.mainly used for flow
 

measurements whereas,B&K 6.35 mmcondenser microphones were exclusively
 

employed for acoustical measurements.- Spectrum,analysis of the signals
 

sampled,both in the flow and the,acoustic field was accomplished with a
 

Fast Fourier Transform (FFT) digital signal processor. Coherent output
 

power measurements-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 uitilization- of the capability of- the FFT analyzer.
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5.2. 	Conclusions
 

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

acoustic measurements were conducted were in the range of 8.93x10 3 < R <
 
2.20x105. 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 measurements of 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.
 

jet flow has an effect on the radiated acoustic field. This was confirmed
 

by the measurements of the cross spectral density of the circumferentially
 

cross-correlated signals sampled in the far field. The results of -the
 

power spectral density 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 in: the jets with Reynolds number-of the order­

of 	10g. 

2. 	Results.of the turbulence intensity measurements also indicate
 

the existence of the helical-wave-like motion of jet turbulence,
 

and its wavelength wasftound to be relatively- large-when compared
 

with jet diameter.
 

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

on jet axis falls off not like -5/3 but like w-4/3
 

4. 	Vortex passing frequency was found to be not simply proportional
 

to the jet efflux speed.
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5. 	The observed directivity of radiated sound iI 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 C1977). Chan's (1974a) prediction formula-, 

Eq. 	3..2.5 for the single azimuth-frequency component of. jet ribise based,
 

on-the-Michailke's expansion scheme was found to predict.the power spectral
 

density of the jet noise,quite'well. The predicted directivity of the
 

radiated sound by the same formula is generally in good agreement with
 

observations 	except at large emission angles.-


To summarize, the results of the coherent output power and
 

circumferential cross-correlation measurements are as follows:
 

1. 	For Strouhal numbers-betweenr 0.1 and 1.0, only the- axisymmetric
 

and the first helical modes have any-practical importance in
 

jet noise.. Since an axisymmetric ringvortex model does-.not
 

-take into account this helical mode (Fuchs., 1974),. this model
 

is not adequate to describe jet'flows, even at low Reyiolds
 

numbers.
 

2'. 	 The axisymmetric component radiates strongly in the,downstream
 

direction- In the lateral direction,-howevef,-.the: first non-­

axisymmetric component is dominant.
 

3. 	The-peak,directivity of high frequency sound can be explained 

by the m =-1 mode.. This result is, consistent with that observed 

- by Michalke and Fuchs (1973).
 

4..,"
A significant contribution-from the potential core to the
 

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

agreement with observations for 0.2 <-Sh < 1.0 and 6 < 75'. The 

predicted power spectral density for the m = 0 mode overestimates­

by as much as 3 dB at high frequencies. 

6. 	The prediction of the sound intensity is found to be remarkably
 

sensitive 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,
 

7.-	 Coherency 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 than the lateral direction. This is, 

consistent with the findings of"Maestrello (1976). -

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

of jet -noise on Reynolds number:­

1.. 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

5
approximately 10
 

Z. -The peak frequency of narrow band spectrum of jet noise shifts to
 

higher frequency with increasing emission angle only when Reynolds 

number base& 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.
 

3. The peak Strouhal frequency increases monotonicallywith increasing
 

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 bandwidth of such a broad band
 

analyzer.
 

5.3 	 Recommendations for Future Study, 

In the present'study, the circumferential cross-correlation 

measurements are limited to the emission angle 6 = 300 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 0O and
 

'
 1800 .
 

As has been pointed out by Mollo-Christensen et al. (1964),. the
 

process of generation of turbulence may determine the-structure of the
 

sound field 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 boundary layer of a jet nozzle, as
 

well as, in the free shear 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
 

ERROR ESTIMATE FOR POWER SPECTRAL DENSITY AND COHERENCE FUNCTION
 

One of the most common performance measures for evaluating broadband
 

spectral estimates is the confidence interval. Suppose a quantity A is
 

expected to fall within A + 6,. where & represents a-small degree of
 

uncertainty. Then, the interval [A - d., A + 6] associated with this
 

confidence statement is referred to as a confidence interval, while the
 

degree of trust associated with the confidence statement is called a
 

confidence coefficient.
 

Distribution of the power spectral density (PSD) estimate about the
 

true xalue follows a Chi-square distribution with the statistical
 

confidence of the data estimate increasing as the-number of ensembles
 

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 analysis on
 

any given sample of data with 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 estimate expressed in terms of
 

decibel is given by
 

[lOlogG + lOlog n lOlogG +- 101 o - (A.1) 

x(1-j) GI) 
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where G is a PSD estimate and n represents the degrees of freedom. The
 

confidence coefficients are determined based on the Chi-square distribution
 

with n degrees of freedom (Jenkins and Watts, 1969). In the present study,
 

the degrees of freedom was 512, yielding the 99% confidence interval of
 

[lOlogO - 0.46, 10logG - 0.531dB 

.- 2 (f) for two random ptocesses isThe coherence-function estimate 


defined by
 

G (f)j-
Y (f) (f)G (f) CA.2) 

x y 

where xy.(f) represents a cross spectral density estimate. It has been
 

established that the (i - a) confidence interval for y2(f) is given by
 

tanh[H(f) - (n- 2)-1 - ahZ /2] < y(f) 

-
< tanh[H(f) (i - 2) 1 + aZ'/21 , (A.3) 

where 

tanh f (A.4),H(f) = 

2) - 1 2 (n­

and Z is the 100a% point of the: standardized normal distribution 

(Enochson and Goodman,. 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 y2(f) is given by
 

tanh{H(f') - 0.*04021 < y(f) < tanh{H(f) + 0.03981 

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-frequency component of noise source in a jettLturbulence
 

is dependent on several parameters associated with the pressurefluctuations
 

in the flow. The results presented in Section 4.4- are based on Chan's
 

(1976) observations in an acoustically excited jet. Before adopting his
 

results to evaluate Eq. 3.2.5, phase 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 forcing in the flow. In this experiment,two forcing
 

frequencies (f = 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 in 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 (CSD) of the cross-correlated
 

signals was directly plotted on the XY-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 probewas 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 selected. The sampled signals' from the microphone and the hot-wire
 

probe were then introduced into the SD-360 through two channels.
 

Exponential averaging was selected, and 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 the 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

axis with a- speed: of 0..254-mm/sec.- The cursor can follow ther processed 

data: on the scope to anyselected location. The actuator signals were 

introduced into the, x axis of the plotter.. Thus; simultaneously-with the 

probe,traversing, phase-shifts versus axial distance were recorded on the 

KY-recorder..
 

The wavelength-and.the-phase velocity nf- the spatial pressure waves, 

along the jet can be readily evaluated from the results shown in Figure 

81.. In this case, the Strouhal number of the,pressure wave is 0.39,, and 

the corresponding normalized phase velocity cph/Uj has.a value between 

0.69- and 0.,751 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 

http:frequency.in
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their energy before arriving at about X/D = 10. A-similar trend is seen
 

in Figure 83 with a forcing frequency f = 6.72 KHz. It should be pointed
 

out that there exists-a preferable forcing frequency for each jet. This
 

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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Table 1
 

Nozzle Characteristics
 

SIZE 0.79 1.59 3'. 18i 6,.35, 12.7 

0.2 0.36x10 44 0.73x0.4 1.45xi04 0.29xi05, 0.58xi05
 

R 	0.5 0.90x204- 1.82xlO4 3.63x104 0.73x105 1.4-5xlO 5,
 
a
 

0.8 i..45xi04 2'. 90x104 5.83xi04 i.16x105 2.32xi05
 

0.2 26.1 KHz 12.9 6.5 3.2 1.6
 

f 0.5 65.1 32.4 16.2 8.1 4.1
 
p 

0.8. 104.2' 51.8- .25.9 12.9 6.5 

0.2 0'.02 mr 0.05 0.09" 0.18 0.37 

R 0.5 0.89- 1.8" 3.6 7.2 14.4 

0.8 5.86 11. T 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 = UD
 
e v 

0. 3U 
Peak frequency:, f = D 

p D 

M = U
Mach number: 
343 

Microphone distance from nozzle 
where,OASPL is 60 dB at = 900: 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 U. = 136.3 m/sec
J
 

Resolution bandwidth Af = 60 Hz
 

Bandpass filter range 1 KIUz < f < 24.KHz
 

Correlation delay Ar = 16.28 wsec
 

- 2
Memory period T'= 1.667x10 see 

Mode of averaging Linear ensemble (2 ) 

Hot-wire probe DISA 55P11
 

.Microphone B&K 6.35 mm Type 4135 

Axial probe position 2 < X/D < 10 

Radial probe position 0 < Z/D < 1.0 

Strouhal number 0.15 < Sh < 0.9 



Table, 3-

Experimental Conditions for Coherence Function Measurements
 

Jet exit diameter 


Jet exit velocity 


Resolution.bandwidth 


Bandpass filter range 


Cbrrelation-delay 


Memory period 


Mode, of averaging 


Microphone. 


Stationary microphone position' 

Rotating microphone position 


Strouhal number 


.Reyno Ids number-

D = 12.7 mm, 6.35 mm 

3= 201 m/secJ
 

If = 100 Hz 

LKlz < f < 40 KHz 

Ir = 9J77 Usec 

T'= 1.00xl0 seea 

Linear ensemble (2 ) 

B&K 6.35 mm Type 4135,
 

R = 60 D,. 8 300'
 

R =.60 D, 0 =300,
 
00'< < 3600 

0.06 < Sh < 2.53 
Q.03 < Sh <,1.27 

5 
i.70x105
0.85xi0 
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Figure 8: Electronic Instrumentation for Flow Measurements
 



Figure 9: Electronic Instrumenation for Acoustical Measurements
 



Figure 10: Electronic Instrumentation for Signal Analysis
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Figure 23: Mean Velocity Profiles at Various Downstream Locations for 

the 12.7 mm Jet at M = 0.297 
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