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SUMMARY 

The work described in this report represents a first step in understand
ing and evaluating how internal noise within a jet engine radiates through a 
coannular exhaust nozzle with an inverted velocity profile. 

The objective of this program was to conduct a series of tests to 
determine the efficiency of internal noise radiation using a model coannular 
jet system. 

The approach used to achieve this' objective was influenced by a lack of 
published experimental data. A preliminary investigation was undertaken 
(1) to define the test parameters which influence the internal noise radia
tion, (2) to develop a test methodology which could real istically be used to 
examine the effects of the test parameters, and (3) to validate this method
ology. The result was the choice of an acoustic impulse as the internal noise 
source in the jet nozzles. 

A coaxial test rig and coannular nozzle system was designed subsequently 
and a series of tests performed to determine the neise transmission'charac
teristics of selocted realistic nozzle configurations with practical inverted 
profile flow conditions. The parameters considered include: (a) those of 
geometry, viz. convergence angle of fan nozzle and core extension length to 
fan annulus height ratio and (b) those of flow, viz. jet nozzle Mach number 
(subsonic and supersonic) and temperature. 

The results of the tests are presented as normalized directivity plots 
and reveal complex parametric interrelationships with few well-defined trends. 
These tr~nds.where noted,are discussed as fully as possible, supported both 
by physical and analytical arguments. 
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I. INTRODUCTION 

Turbofan engines currently are and will continue to be the primary 
propulsion system for commercial transport aircraft for the foreseeable 
future. There is no doubt that the general public at large considers these 
engines to be noisy, with the net result being the imposition of FAA Part 36 
noise limitations as a certification requirement. As a consequence, both 
government agencies and industries have expended considerable resources in 
the search for both the origins and the control of turbofan engine noise. 

The primary sources of this noise are the fan and exhaust jet. 
Suppression techniques for these sources have resulted in notable noise 
reductions. However, the predic~~~ model scale or measured static noise 
reductions have not in fact be~;" I'ully realized when tested in full-scale 
flight situations. In s<.'me cases these discrepancies can be traced to a 
noise floor dominated by radiation from within the core engine (see 
refs. 1.1, 1.2). Indeed, internal or core noise is possibly the dominant 
limitation in noise reduction efforts on the turbojet engines of current 
supersonic transport aircraft. 

A new concept of interest for reducing the noise of engines with 
coannular jet exhaust streams is the inverted coannular jet velocity profile. 
Model-scale tests of this concept indicate jet exhaust noise reductions of 
the order of 6-8 EPNdB. However, before ful I-scale fl ight testing of new 
engines designed to produce such profiles is undertaken, all aspects of 
engine noise must be understood, including core noise generation, core noise 
radiation, and flight effects on fan/jet noise generation and radiation. 

Since no experiments have been conduc~ed to determine the efficiency of. 
internal noise radiation for inverted velocity profile configurations, such 
tests are viewed as an essential first step in examining and understanding 
the total noise characteristics of this new, potentially quieter, engine/ 
exhaust concept. The objective of this program was to conduct a series of 
such tests using a model coannular jet system with inverted veloclt; profiles 
and determine iLj noise transmission characteristjc~ from a well-defined 
internal noise SOUice. 

To achieve this objective, it was necessary to first establish a 
sat:sfactory definition of the parameter(s) used to express the acoustic 
transmission characteristics of the nozzle system. Following this, the 
practical problems of establishing a test methodology for measuring the 
parameter(s) defined above had to be understood and resolved. This included 
not only the evaluation of alternate experimental approaches, but also the 
val idation of the technique ultimately selected. Finally, fol lowing the 
successful completion of developing and validating a test methodology, a 
coaxial test rig and coannular nozzles were desig~ed and fabricated and a 
series of tests were conducted and the resulting nozzle acoustic transmission 
data was reduced and evaluated. 

This work is described in the following sections. Section 2 describes 
the detailed objectives and requirements of the test program. It then 

3 



describes a preliminary investigation which had the objective of developing 
experimental techniques and configurations. Section 3 contains a description 
of facilities used for the production testing and the data reduction and 
analysis Piucedures developed. Section 4 presents the test results with a 
discussion of the parametric trends observed In the test data. 
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2. PROGRAM OUTLINE AND PRELIMINARY INVESTIGATION 

2.1 PROGRAM REQUIREMENTS 

The overall objective of this program, as stated in the introduction, 
was to conduct a series of experiments using a coannular nozzle system, 
operating with an inverted velocity profile, to determine the acoustic 
efficiency (or transmission coefficient) for internal noise radiation to 
outside ambient conditions. In order to fully appreciate the implications 
of this objective, more specific details of the program requirements are 
necessary: 

(1) The nozzle system was to be modeled after typical Supersonic Cruise 
Aircraft Research (SCAR) study engine configurations. The nozzles were to be 
coaxial with a conical convergence angle. The primary nozzle exit ~as to be 
extended beyond the secondary nozzle exit by a distance, L, equal to 1, 3 
and 5 times the ~econdary nozzle annulus width, h, (see fig. 2.1). In 
addition, based ~n test frequency considerations, appropriate size con
straints were imposec. The primary nozzle diameter waS selected to be 7.5 
cm. As a result of the desire to retain a configuration similar to SCAR 
study ~ngines, the radius ratio fl/r2 was constrained to a value of 0.75. 
Based on the above and the primary nozzle convergence angle of 15°, the 
other relevant nozzle geometric parameters are tabulated as part of fjg. 2.1. 

(2) The coaxial nozzle operating conditions, which determine to some 
extent the problems to be encountered are: 

Outer Stream Mach No. 

Inner Stream Mach No. 

Mach No. Rario 

Stagnation Temperature Ratio 

0.6 :.: MJ 2 ::; 1 .5 

0.4 ;;MJ1:;; 1.2 

M J :: /11 J 1 > 1. 0 

1 • 0 ::; T 2 IT 1 :.s 3 • 0 

These parameters were to be varied according to a prespecified test plan in 
an attempt to isolate some of the dominant operating variables such as the 
ratio of secondary-to-primary velocity and temperature on the acoustic 
transmission characteristics of the coaxial nozzle system. 

(3) The test results were required over a broad frequency range. The 
parameter kh was thought to be a dominant frequency parameter for the annulus. 
It was originally desired by NASA to determine the transmission characteris
tics of the nozzle system from 0.63 :.:kh ;.;25. The upper limit of this 
frequency requirement corresponded to a frequency of 100 KHz based on the 
geometric data given in figure 2.1. 

(4) 1t was required to produce the acoustic transmission character
j s t ; c s. bu t : 



(j'> 

h 

r2 + I r· J 
--+---D = 7.6 eM I I 

t _ 

h=rz -ri 

h (em) L (em) r· (em) r? Annulus Arec Area Rat io:: 
I 

L/h -
A2 (em2 ) A2 /A 1 

1 1. 37 1. 37 4.12 5.49 41.45 0.91 

3 1.71 5.12 S.12 6.83 64.14 1. 41 

5 2.26 11.30 6.78 9.04 112.21 2.46 

l"A l =Ppil!ul':f E.r:it, 111,<:.1 =-15.60 c1Il 2 • 

Figure 2.1 Relevant geometric parameters for coaxial nozzle system. 
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(a) d definition of acoustic transmission coefficient for 
the nozzle system was unspecified; 

(b) a method for determining the int~rnal and radiated 
sound fields in the presence of contaminating noise 
fields was unspecified; 

(c) the method for analyzing the data to be acquired was 
unspecified; and 

(d) a method for dealing with the duct modal structure in 
the interna; noise measurement and data analysis was 
not available. 

Based on the above, there were several problems that had to be resolved 
before tests could be conducted on the coaxial nozzle system. These pro
blems could be broadly cldssified as listed below: 

(1) Acoustic Nozzle Transmiss on Coefficient (NTC): A definition of 
NTC was required. Based on previous;y published results, the NTC could 
assume one of several definitions, witl' the source specification being a 
governing factor in the ultimate selection. 

(2) Test Method: There were also several methods for measuring NTC, 
\vith the approach being linked to the NTC definition. 

(3) Data Analysis: The data analysis method is also interrelated to 
the above two problems, but ml'st also be capable of rejecting extraneous 
noise both from inside the nOLzle duct sys:em and from externally gunerated 
jet noise. 

In order to develop a test method that would satisfactorily deal with the 
above problems and still permit achievement of the test goals. it was found 
necessary to conduct a prel iminary investigation. This inves~igation, 
discussed in the following subsections, deals with all the above problems. 

2.2 PRELIMINARY INVESTIGATION 

The major problems listed at the end of section 2.1 led to a series of 
studies in the prel iminary invejtigation. First, it was necessary, based on 
data measurement consi~crations, to define the most logical measure of nozzle 
transmission coefficient (tHe). Followinq this, in line with the NTC 
definition, the source type and test techni4ue had to b~ developed. Then, 
based on these considerations il11(J constraints, the rneil,:>urement procedures 
had to be established. Finally, the dJt.] ,malysis tlcchnique~ necessary for 
delennination of NTC had to be ':>fJccified and developed, \vhere required. 

7 
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2.2.1 Measurement Considerations 

In ultimately choosing the measurement technique for defining the source 
characteristics, It Is necessary to decide what level of complexity 15 
required. It Is always necessary to specify a source distribution In duct 
acoustics studl~s. Earlier work In computing sound propagation through 
unlined and lined ducts and sound radiation from nozzles or Inlets relied on 
the assumption of a plane mode pressure dlstrlhutlon from the source. Later 
analyses, based on experimental observation, Indicated that perhaps this 
should be modified to assume that all the energy was contained In the least 
attenuated mode (a most conservative assumption) or else t~t equal energy 
should be assigned to all propagating modes. 

Whatever the decision on source specification for analytical studies, It 
s~ems that the following possibilities exist for practical measurement of 
source characteristics: (1) mean square sound pressure distribution In the 
duct. (2) Incident sound power In the duct, (3) equivalent acoustic source 
distribution, based on analytical modeling, and (4) far-field measurement for 
Inference of source characteristics. 

Based on measurement complexity, (4) above 15 probably simplest with 
item (3) being most complex. However, from the standpoint of providing most 
Information, Item (2) would rank quite high, whereas the measurement that 
would most likely be conducted In an actual engine situation Is Item (1). 
Methods (3) and (4) were rejected on complexity (Item 3) and Inadequate 
Information (item 4). Of the remaining two methods, the Incident power 
technique was preferred. 

Methods of measuring Incident power were considered and several types 
of intensity pro~es were evaluated. It was found to be possible to measure 
Intensity by using a two point probe (ref. 2.1) or by using a combination 
microphone/hot-wire anemometer probe (ref. 2.2). 

After considerable evaluation it was decided t~at, for the purposes of 
this study, the incident power measurement was most effective and the rest of 
this preliminary investigation is devoted to development of an experimental 
technique for measuring nozzle transmission coefficient based on incident 
power. 

In line with the above, the nozzle lransmission coefficient, based on 
the ratio of radiated power* to incident power (Wine) in the duct, is: 

NTC • 
4 

2_2 
TrRn; Prad 

(PC)amb 
(2-1) 

where P~ad is far-field microphone mean square pressure measured at radius Rm 
from the duct exit and OC is the characteristi r impedance. 

*FPOm standard texts (ref. 2.4) aaoustia ~ower is defined as the surfaae 
integraZ of far-fieZd aaoustia mean square prP-8sure nonnaZized to 
aharaateristia impedanae (pa). 

- --.-----
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This i" L-quivJ1L~nt to the ratio ()( the Iilc.lsur-cd acoustic illtensity to thdt 
produced at the measured point by an acoustic point monopole source of equiva
lent power equal to Wine and located at the nozzle exit tsec ",cction 3.).:;)., 

With this decisioll on the definition of NTC. it ;s nO\-.' possible to 
evaluate the potential tY0es of source ~xcitation, mea~urement techniques and 
data analysis methods. All three asp~cts are interrelated. Once the source 
type is chosen, the options remaining for measurement are reduced. Fol lowing 
the selection of source type and measurement option, the data analysis choices 
are minimized. However, the fol lowing criteria were appl ied in making the 
choices: simpl icity, speed, dnd accuracy. The fol!owing subsections discuss 
the investigation leading to the ultimate experimental techniques chosen. 

2.2.2 Source Type 

The choice of acoustic source depended on (1) the frequency range, 
(2) the ampl itudc and I inearity of the sourCt, and (3) its environmental 
char3cteristics. The source had to be capable of producing sound within 
either the inner or outer' nozzle duct-work up to the environmental test 
1 imi ts, i.e. greater than 207 KN/fT1'2 stagnation pre~surl: and 900 K 
stagn,lt ion tt~rllperature. 

Three basic source types were considered, namely broadband, discrete 
tone and impulsive. Implicit in the following discussiun of .111 three type~ 
is the fact that, as the nozzle tr3nsfer function is defined in terms of some 
ratio of transmitted wavp to incident wave parameter, some means Iilust be 
available to remove or isolate the -ffeel!> of any nozzle reflected wave from 
the in-duct measurement, 

2.2.::,1 BruCldt:,,~nd Exci cat iun. -,4. br(kdband source h<.lS the obvious 
adV.1nt3qe that. since -111 T(equencies 3re ,)resent, a one' ~i 1C me3sur(.'rnent uf 
NTC should be ·;ufficient. leadin~l to !;linir:lizeo o.:xp,~rirlll:nta; tillle. i-l<)\'iever. 
the time .1Verace energy in anyone narrow frequency band i~ relatively low 
Jnd siQnal-tu-noise prob(~ms will occur in far-field measurements <.It hiyh 
velocity jet conditions. 

Tf.Je hiqh-frequency requirement of 100 KHz cffcctively ruled (Jut 
cUilvcntional electro-dynalllic <)r electro-pneulildtic driver systems. T;le primary 
candidate was a system of intersectiny air jets, 

Before attcmptirlg to build a high-frequency random acou·:,tic noise 
generator, the problems of using random sound were evaluate(j by conduct ins 
10\'ier frequency t-.;sts in an existing duct/nuzzle system. In order tu r • .:al is
tic;jlly t!·.'aiu",tL· the r;jndol1l noi~e t,,·;t techni\.iue fl)r J c to.:(::,ini·l<l NTC. it ·dLJ'.> 

n'.,CeS'S;lI"i t'j chuu·;'.! t:,e ::l()':)t 'SuitZlbl" ,J.Hd dll"lysis !ncth(j~L Sinco: i~ ·.'Ias 
ti,~tt:r::lin,:d thdl iflci,jl'nt sound iH)\.wr is thc ':I()~t 'ii\:Jflil1,:ful :ludl1tit'i to llse 
in de'Jcribinq the s()urce ch.Jr.Jct"ri'olic,> up.,trt'dln o! the 11()L/i,:. It .,' ..... 
i1"CC',',;H,/ t() ,jt:VtJup LJ technique fur ei il11inoJtirHJ refl<:ctcJ l!ner~'1 i'rum 
incident. o.:nel'liY' 

It i', ,-,tJvirJU'> ttl;;t ;; ')il1,;i,' l!()irJt. in-duct r~('d,>urt:!:I<:nt '''''\lId "nCUI;',J""" 
trle incioellt oJ., \~ell LJ'~ the reilected o.:ner:~~' Thi., i·., the :;.ituati()11 \'ihethcr 

rq., 
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the measure~ent is of sound pressure or intensity. Thus, it is necessary to 
devise a technique for eliminating the reflected wave field. 

In the iJeal situation in free space, a two-point correlation of band
unl imited white noise produces an ideol impulse with the time delay corres
ponding to the propagation time between the two points. if the situation in 
the duct were similar to the ideal situation mentioned above, then a method 
for separating incident from ~eflected wave energy could be devised. In 
principle, thi~ idea could be developed one step further by considering a 
~ro5s-correlal!on between an in-duct signal and an outside far-field signal. 
The in-duct transducer would contain, as discussed, both incident and 
reflected energy, whereas the far-field transducer contains only transmitted 
energy. A cross-correlation should produce two peaks; the earl ier one should 
corresDond to the incident energy that is coherent with the far-field signal 
and the latter peak should correspond to coherence between the reflected 
signal and the far-field signal. If some process for removing the peak in 
the ~ross-correlation function corresponding to the reflection could be 
devised, then a Fourier transform of the edited cross-correlation would 
provide a cross-spectrum between the incident and transmitted signals. This 
could be suitably normalized, based on the in-duct incident spectrum to 
produce the required NTC. 

However, with band I imited noise in a r~al duct, the situation is some
what different. The ideal impulsive cross-cJrrelation functions become more 
like that shown in figure 2.2. The reason for this very confused cross
correlation function is due to two factors. First, the noise does not have 
a flat spectrum and is not band I imited. Second, the noise excites multiple 
acoustic mndes in the duct, each having different phase speeds. Thus, the 
cross-correlation modification referred to above is not practical. 

Actualiy, the duct in figure 2.2 has been treated with an absorbent 
liner to minimize the higher-order duct modes, thereby permitting detection 
of a cross-correlation peak between the in-duct and far-field signals. 
Without the absorbent liner, it was not possible to detect this peak. 

It should be noted that any continuous source wi 1 1 set UD a sound field 
containing al I possible modes of vibration travelling both towards the exit 
and fro~ it. Thus, in order to have any real meaning the nozzle transmission 
coefficient should be specified based on a known modal content in the duct. 
Thus, even if the broadband noise source could be seriously considered, a 
modal analysis should strictly be performed. This would require that a large 
number of in-duct microphones be spaced circumferential ly, radially and 
axially and simultaneously recorded for cross-spect;-'Im analysis. This 
approach was not considered feasible in this work. 

2.2.2.2 Discrete Tone Excitation. - Continuous tone excitation has one 
major advantage over random noise excitation in that the amount of source 
power available in a narrow frequency band is much greater, thus correspond
ingly reducing any signal-to-noise problems within that band. HmJever, in 
order to cover the desired frequency range, a large number of test frequen
cies must be used, greatly increasing the test time. In addition, the 
complications of higher-order acoustic modes \'iithin the duct still require 
c complex modal analysis in order to determine the incident sound energy, 
as mentioned above. 

,." ~. 
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Figure 2.2 Comparison of nozzle-on and nozzle-off cross correlations 
between in-duct and far-field microphones with random 
exc i ta t ion. 
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The use of pulsed discrete tone excitation would eliminate the need for 
axial sound field measurements in the duct since the incident pulses could be 
separated in time from the reflected pulses. However, the circumferential 
and radial sound field measurement requirement would remain in order to 
determine incident modal content. 

The greatest practical difficulty experienced with this type cf 
excitation is the lack of a suitable driver which can function at the ultra
sonic frequencies required. The only known device with adequate power is the 
Hartmann generator which is unfortunately not readily controllable in power 
output and frequency content. A major disadvantage of this type of source 
for this application is the increase in test time in order to adequately 
cover the frequency range of interest from zero to 100 KHz. Consequently, 
this method was not pursued further as a viable source candidate. 

2.2.2.3 Impulsive Excitation. - The third basic source type considered 
was an a~oustic impulse. A major advantage of this type of source is its 
broadband spectral content. If the impulse time history is a true delta 
function, then its Fourier transform is a flat spectrum up to infinite fre
quency. In addition, in this ideal situation the impulse response of the 
nozzle ;s the'nozzle transfer function, which if the reflected energy is 
removed, is the desired nozzle transmission coefficient (NTC). 

Another major advantage of this type of source is that the reflected 
pulse from the nozzle can be separated in time from the incident pulse by 
the proper positioning of the in-duct transducer, thus simplifying the in
duct measurement of incident energy. In practice an ideal impulse does not 
exist. Acoustic impulses from practical sources have a finite width and do 
not have the ideal rectangular shape. The Fourier transform of a finite 
width rectangular impulse produces a spectrum with characteristic zeros. 
Figure 2.3 shows the effect on spectral content of rectangular pulses of 
varying widths. To achieve the 100 KHz frequency requirement, the optimum 
compromise would be a pulse-width of about 7 ~sec. However, an acoustic 
impulse from practical sources, even though of finite width, ;s not 
rectangu I a r. 

Spark Source vs. Gun Shot. - Two practical sources were investigated, a 
blank gun shot and an electric~J spark discharge. Typical time histories 
are shown in figure 2.4. Both time histories are characterized by rapid 
pressure rises followed by a slower decay and rarefaction before recovery to 
ambient pressure. The basic difference between the two is the slower decay 
of the gun shot, probably due to extended burning. The transformed spectra 
of each pulse are compared in figure 2.5. and it can be seen that the longer 
pulse length of the gun-shot results in a much higher level of low-frequency 
content. 

Significant problems with the gun shot arose from two other burning
associated characteristics. The first being that of contamination from 
unburned powder and wadding, while the second effect was a lack of pulse 
consistency from shot to shot. This latter effect was the most serious, 
since amplitude and pulse durations could vary by a factor of 2 or more 
between ~onsecutive shots. 
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The spark source on the other hand was more consistent, provided a more 
uniform and flatter spectrum, with the added practical advantage that no 
mechanical reloading, triggering devices, etc. were necessary. The funda
mental operation consisted simply of closing a high-voltage switch, which 
then discharged a capacitor through the spark gap (for more details see 
section 3.1.3). Thus, the investigation concentrated on the suitabil ity of 
a spark discharge as the most practical impulsive source. 

In-Duct Wave 5tru~ture from Point Impulsive Source. - An impulsive point 
source in a free-field environment will radiate spherically. At some point 
in the far field, the wave front will have such a large radius of curvature 
that it will appear essentially as a plane wave, which is the desired in-duct 
condition. Shock tube studies have shown that a point source will propagate 
down the tube as a spherical wave followed by a reflected wave structure from 
the wall. This reflected wave field is a function of axial distance from the 
source. Figure 2.6 shows the evolution of this wave structure as a function 
of time and distance from the source. As a result of propagation non
linearities, the wave fronts of the reflections gradually catch up to and 
coalesce with the initial spherical shock and produce a relatively clean wave 
front. However, multiple reflections of those parts of the initial spherical 
wave which are at high angles of incidence to the duct. wall are unable to 
coalesce with the initial spherical wave due to their long travel times. 
This if. illustrated in Figure 2.7(a). It can be shown that after n reflec
tions, a ray between an on-axis source and an on-axis receiver x distance 
aput in a duct of diameter D, will arrive at ~t seconds after the direct 
rC\lY such that 

It can be seen from figure 2.7(a) that as the angle of incidence, e is in
creased, the number of reflectio~s, n, for the corresponding ray also increases, 
which in turn increases the value of 6t. This phenomenon introduces a "train" 
of oscillations following the incident pulse in the pressure time history of 
the point impulsive source. This phenomenon is quite pronounced when the 
source section of the duct is unlined. These oscillations can, however, be 
minimized by the addition of an absorbent lining to attenuate the high angle 
reflections as illustrated in figure 2.7(b). This process, which effectively 
limits the pulse length, also reduces the total available energy 
by reducing the conical "capture window" e of the test duct. This reduction 
can however be optimized by proper selectign of the absorption material and 
the length "R!I of absorbent lining downstream of the i·mpulsive source. In 
the present work, 2.5 cm thick polyurethance foam lining in the 10 cm diameter 
duct with 15 cm length was used and produced an acceptable in-duct time 
history at x = 600 as shown in figure 2.8. 

First, the incident (outgoing) pulse is seen in figure 2.8 to be a 
steep-fronted positive pressure wave followed by a rarefaction wave. It is 
similar to a one-dj,nensional travelling shock wave. The width of the pulse 
is a function of the distance from the source and the initial pulse amplitude. 
The second feature is the reflected (ingoing) pulse, which is shown to be 
a steep-fronted negative pressure wave. Close examination reveals that the leading 
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edge slope is not as sharp as that of the incident waVe. Physically, this 
signifies an escape of high-frequency energy at the termination. Since ~ach 
pulse is propagating at approximately the ambient speed of sound, pulse 
separation in time can only be achieved by proper transducer placement 
upstream of the termination. Another point worthy of mention is that the 
measured time interval between the incident and reflected pulse leading edges 
fairly acc1Jrately defines the geometrlctocation at which reflection takes 
place. . 

2.2.2.4 Summary of Source Types. - Figure 2.9 summarizes the essential 
features of each source type discussed above. The Impulse source stands out 
by virtue. of its combination of short test time, high-spectral content, 
compactness and convenience of operation, and Inherent ability to separate 
incident energy from reflected energy. This latter aspect not only applies 
within the duct, but also in the far field, which implies less rigorous and 
time-consuming attention to anechoic details in the vicinity of the far-field 
microphones. 

2.2.3 Internal Source Measurement Configurations 

The choice of an internal measurement configuration is inextricably 
linked to the type of source used. Continuous source excitation definitely 
requires a multiple in-duct detection scheme in order to separate and 
quantify the incident energy to the nozzle if the practical problem of higher
order mode excitation could be avoided. For low-frequency excitation (in the 
plane mode region), only axially spaced microphones are necessary. However, 
for higher frequencies, a complex array of in-duct microphones is necessary 
in order to perform a modal analysis. Such complexity was considered too 
time-consuming and inappropriate for this work. 

For an impulse source it is necessary to define the sound pressure 
cross-sectional distribution only at one axial plane no matter what the modal 
content of the pulse. If the pulse could be constrained to a plane wave dis
tribution, th,en a single wall-mounted pressure transducer would be all that 
is necessary to describe the incident and reflected sound field. The 
simplicity of such a measuremer.t technique is obviously apf'ealing and the 
preliminary investigation thus concentrated on establishing the conditions 
under which such a situation would be valid. 

Test Configurution. - To confirm the suitabil ity of this approach. a 
test setup as shown In figure 2.10 was used. A spark source was placed on the 
centerline of a 10 cm diameter pipe, 6 meters from its termination in an 
anechoic room. A 0.64 ~m (1/4 in.) diameter transducer was mounted flush in 
the duct wall, 58.5 em upstream of the termination. The termination options 
ircluded 10 em,S em and 2.5 em conical nozzles. In addition, 0.64 em 
(1/4 in.} diameter far-field microphones were spaced on a 2.44 mete~ radius 
at 100 intervals of polar angle from the axis (zero degrees) to 1200 • 

Initial ProbZems with the Test Conii<.;'"H>ation.. - In it i a I measurements of 
the pulse confirmed that within the test duct, a wave structure with peak 
amplitudes in excess of2000 Pa (160 dB reo 20 ~Pa) cuuld be produced. 
However, a serious problem with the operation of the spark source had to be 
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overcome at the outset of this investigation. The problem concerned the in
duct microphone which suffered both high electro-magnetic (E.M.) interference 
and saturation related nonli~earitjes. Each time the spark was discharged, 
the electromagnetic radiation from the gap. and its connecting leads was 
found to saturate mi;rophones with temporary D.C. voltage shifts, to cause 
cable llringing", to overload signal condl tioners and even blow-out fuses of 
certain other electronic equipment in the laboratory. The problem became more 
severe the closer to the spark gap the pulse ~etection s~ste~ was. Various 
combinations of instrumentation grounding Qnd ~hieldin9 finally reduced this 
effect considerably. The in-duct measurement problem was solved by the use of 
a piezoelectric (quartz type) transducer which was electrically isolated from 
the duct wall. A b~llt-ln amplifier minimized the E. M. pickup to acceptable 
levels, however, the lower limits of scnsltlvty of this transducer was con
siderably larger than that of the microphone, the smallest detectable signal 
being about t20 dB (re. 20 uPa). The E.M. interference could not be completely 
eliminated but owing to its rapid rate of decay, it decayed long before the 
acoustic pulse reached the in·duct transducer or the far-field microphones. 

2.2.4 Data Analysis 

From the ~u~ve discussion, it was obviously ~ot practical to conduct 
modal analyses 15 part of tne standard test procedure. Thus, the incident 
modal structure produced by the source had to be accepted and assumed 
constant for all tests. In this preliminary investigation, the spatial 
put,e pattern was taken as plane. 

Based on this assump~ion then, only one in-duct pressure transducer is 
required to represent the ~ressure field across the entire duct. This 
situ.tion is obviously deli"ble in the practical sense since (1) in-duct 
space is limited, (2) ~ccess is limited, and (3) stagnation conditions of 
pressure and temperature would require special attention to mounting and 
cooling problems. 

Two basic measurements are of interest in this work. First. t~;e nOlzle 
reflection coefficient is of interest in the context of validatina the 
impulse method by direct comparison ~ith results from other methods. Second, 
the nozzle transmission coefficient is the fundamental property defining far. 
field radiatior, for the nozzle systems of interest. In this context ':.":.::::-. 
:!'-v:.'rr,:· ... 1a:,)"'~~ .. ,::···~~~7~.;r.t, 9 j ven by equat ion (2-1). has been def i ned in terms 
f . .... ... .. .# b #..... 

Q a >;~':;:':~L' ;,.,?"1r..J:t22' .~:J.I:,-·v~~r:. etween;,.;:c·~.;<";:': In-duct sounl.i and :·1!'-:·~'::.;: 

transmitted sound. Specifically, the measured property of interest is the 
transfer tunct ion in mean"sq-",a!'c ;-l\;;oSJUl'C terms between far fie Id and i "-duct 
inc i den t sound. 

Thus. with reference to figure 2.11, the nozzle transmission coefficient 
is referred to hereafter as the nozzle tr~nsfer function and is defined by 
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-2 ( where Prad e) is the mean square far-field pressure 
far-field radius, AO is nozzle duct area, and Pi2is 
in-duct pressure. Here, MO is the duct Mach number 
is the incident acoustic power Winc' 

a t po I a rang lee. Rm is 
incident mean square 
and Pi2/(pc)duct(1 +MO)2 

Three basic characteristics are implicit in this definition: 

(1) A single-poillt in-duct measurement is representative of the average 
mean square pressure over the duct cross-section. 

(2) 

(3) 
mode wi I I 

The far-field mean square pressure is azimuthally axisymmetric. 

Below the first higher-mode cut-on frequency the incident plane 
be transmitted as plane-mode radiation to the far-field. 

Above' this frequency, higher modes wi 11 be reflected from the nozzle and wi II 
also contribute to the far-field pressures even though the incident wave may 
be plane. Thus, nozzle reflection and transmission coefficients cannot 
rigorousZy be ascribed to anyone mode or combination of in-duct modes. In 
this work, however, it is tacitly assumed that the dominant mode component 
reflected inside the duct and transmitted out of the duct is a plane wave. 

Figures 2.8 and 2.12 show typical incident, reflected and transmitted 
(far-field) pulse time histories. The spectral content of each can be 
represented by their respective power spectra computed via the generalized 
Fourier transform relationship (see ref. 2.3). All the above manipulations 
were performed using a dual-channel digital Fast Fourier transform (FFT) 
analyzer with transient capture capability. This instrument has the 
convenience, not only of capturing the incident and reflected time histories, 
but also of editing and relative time translation (rotation) of the data. 
Since both these in-duct time histories are detected by one transducer, both 
analyzer ~~ory channels are loaded with the same input of figure 2.8. 
Channel A is then modified to remove all signals except the incident time 
history and Channel B is similarly modified to remove all except the 
re;Zected time history. However, these signals also have a relative time 
separation due to pulse propagation time, since the transducer is upstream 
of the termination. The reflected pulse must, therefore, be rotated in the 
time domain to bring it into alignment with the incident pulse. Without the 
rotation, the influence of pulse propagation time has the effect of producing 
a frequency-dependent phase shift that is not related to the termination 
properties. This rotation procedure can be visualized as equivalently 
translating the transducer measurement point to the termination plane. The 
complex transfer function (B/A) can now be performed by the FFT analyzer. 

Similarly, the transfer function between incident in-duct and far-field 
microphones can be determined. In this case, of course, the transmission 
coefficient, not the reflection coefficient, is the derived quantity. In 
this work we have defined this transfer function as the nozzle transfer 
function (NTF). Its variation as a function of polar angle in the radiated 
field defines the nozzle directivity as a function of frequency. 
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In the present context, reflection coefficient o(f) at a given frequency 
f is defined to be the ratio of the reflected intensity to the incident 
intensity at that frequency. For the in-duct signals the complex reflection 
coefficient [o(f)] is identically equal to the complex transfer function [h(f)]. 
The termination impedance of the duct can be computed from the relationship 
(see standard texts e.g. ref. 2.4) ZR-[1 +cr(f)]/[I-lT(f)]. This relationship 
holds for any point in the parallel section of the duct under no flow condi
tions in the plane mode frequency regime. This impedance defines explicitly 
the amount of power propagation out of the duct system and is the major 
acoustical property of interest in the comparisons of impulse data with 
classical measurements described below in Section 2.3. 

2.3 VALIDATION OF ACOUSTIC Ir4PULSE TECHNIQUE 

In this section experimental results obtaine~ using the acoustic impulse 
technique are compared with the results obtained from other established 
methods - both experimental and theoretical. These comparisons include (1) 
absorption coefficients and impedances of an absorbing material tested in a 
standard impedance tube, (2) refiection coefficients and radiation impedances 
of a straight unflanged duct exit computed using the Levine and Schwinger 
(ref. 2.5) analysis, and (3) far-field directivity of an unflanged straight 
duct computed using Lansing's (ref. 2.6) extension of the Levine and 
Schwinger analysis. These comparisons are described below in detail. 

2.3.1 Impedances and Absorption Coefficients of Absorbing Material 

A sample of 2.5 cm thick polyurethane foam was mounted to a steel plate 
at the exit plane of the 10 cm pipe shown in Figure 2.10. The incident and 
reflected wave pressure time history was captured and the editing process and 
transfer function analysis procedures were used in the manner described 
earlier. The same sampla was then placed in a B&K 10 cm diameter impedance 
tube apparatus. The impedance tube data were acquired by the classical 
standing wave measurement technique up to the first ~ross mode frequency in 
the tube. 

The results of the impedance tube test are compared with those of the 
impulse technique in figures 2.13 through 2.15. The measured reflection co
efficients, derived impedances and absorption coefficients show excellent 
agreement from kRO=0.2 up to kRO=3. where the second circumferential mode 
begins to propagate. 

2.3.2 Reflection Coefficients and Radiation Impedances of Open Duct 

Levine and Schwinger (ref. 2.5) developed an exact mathematical analysis 
of the sound field within and outside an unflanged circular pipe for a plane 
mode source. This analytical solution is directly applicable for comparison 
with the present results. The basic difference in geometry is that the duct 
used in the present study had a finite wall thickness whereas Levine and 
Schwinger (ref. 2.5) analysis assumes zero wall thickness. In a more recent 
analysis, Ando (ref. 2.7: examined the effect of pipe wall thickness and 
showed that the reflection coefficient amplitude reduces with increasing 
pipe wall thickness. 
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The experimentally determined values of reflection coefficient amplitude 
and phase are shown in figure 2.16, together with Levine and Schwinger's 
solution. The phase comparison is remarkabll accurate out to kRo -3. Above 
this frequency the experimental data are contaminated by the first radial 
mode cut-on frequency. The amp I i tude c.omparl son is not qu i te as good, wi th 
the measured value falling off more rapidly with increasing frequency than 
predicted by Levine and Schwinger (ref. 2.5). On figure 2.16, Ando's (ref. 
2.7) results show that the trend due to the wall thickness is in a direction 
agreeing with the acoustic impulse technique experiments, however, it is not 
enough to account for all the difference. 

The observed difference could also be partly due to nonlinear propaga
tion. To test this hypothesis, a perfectly rigid termination was installed 
at the open end. The reflected signal measured at 48.5 cm from the end had 
thus propagated 97 cm further than the incident signal. The spectral differ
ence of the reflected to incident signals in this situation provides an upper 
limit on the amount of change due to nonlinear propagation. The observed 
nonlinear effect was a slight reduction in high frequency energy (see fig. 
2.17). For example at kRO,.4, the reduction is approximately 0.2 to 0.4 dB. 

The net effect of correcting the measured results for both the pipe wall 
thickness and nonlinear propagation effects is to improve the comparison to 
such an extent that the difference becomes I ess than one dB out to kRO· 3. 
This excellent agreement is considered to fully justify the use of the 
impulse technique for termination reflection coefficient measurements. 
Figure 2.18 presents the radiation impedance as derived from the reflection 
coefficient meas~rements of figure 2.16, with the differences between theory 
and experiment explained above. 

2.3.3 Far-Field Directivity 

The analysis of Lasing et al. (ref. 2.6) for the radiated field and 
nozzle transfer function was used as the basis for comparison with the 
measured directivities. In Lansing's analysis a numerical solution of the 
situation analyzed by Levine and Schwinger was produced. The radiated far
field resuits from the impulse technique were obtained af~er correcting for 
the propagation time between the corresponding far-field signal and the in
duct signal. However, in Lansing's analysis the end-correction was included. 
Thus, in order to compare the results obtained by these two methods, the 
transfer function phase obtained in Lansing's computations was modified 
empirically to remove the end-correction. These results are presented in 
figure 2.19 together with the impulse measurements for a range of frequencies 
up to kRO -3.7. Above this frequency, there are some discrepancies due to 
the existence of higher modes excited in the duct, which are not accounted 
for analytically. 

These comparisons of the acoustic impulse technique experimental data, 
with classical theoretical and experimental results, demonstrate the validity 
of using the impulse technique for the measurement of acou~tic transmi~sion, 
reflection and absorption characteristics. 
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2.4 APPLICATIONS: ACOUSTIC PROPERTIES 
OF CONICAL NOZZLES 

Having established that the acoustic impulse technique is a valid 
experimental tool. ~ series of tests similar to that described for the un
flanged straight pipe was conducted for two conical nozzles. Two t~sts were 
conducted: First, w;thout jet flow to establish the effects of nozzle 
geometry, and second with (unh~ated) jet flow, over a range of Mach numbers 
varying from 0.38 to 0.81. Three types of acoystic data are presented under 
each test. These are: (I) tht: nozzle reflection coefficient, (2) the 
radiation impedance. and (3) raui~tion directivity. 

From the measurements of incident and reflected pulses in th~ duct-nozzle 
system the complex reflection coefficient spectrum is evaluated. The phase 
of the reflection coefficient depends on the time translation between the 
reflected and incident pulses. From such a reflection coefficient spectrum, 
it is possible to evaluate the impedance spectrym at the location correspond· 
ing to the rotation. Thus, if a rotation is used that corresponds to the 
nozzle exit, then the nozzle exit impedance can in principle be evaluated in 
terms of the corresponding reflection coefficient. In the absence of the 
mean flow.exact expressions for exit impedance in terms of reflection coef
ficients are available only for the straight duct or the conical nozzle in 
isolation and only for the straight duct in presence of mean flow. How~vert 
an exact expression for nozzle exit impedance for a duct.-nozzle system in 
combination is not possible to formulate with and wit.hout the mean flow. A 
numerical method was, therefore, developed by Mungur (ref. ~.8) to determine 
the exit impedance of the duct-nozzle system including flow effects. The 
impedance at the shoulder of the duct-nozzle system is evaluated in terms of 
the complex reflection coefficient. This impedance is then transferred to 
the nozzle exit using a solution of the wave eQuation appropriate for the 
nozzle, taking axial flo,", gradients into account. The mathematical detai Is 
of this method are given in Appendix A. 

2.4.1 Effect of Nozzle Geometry 

Two conical nozzles of 5 em and 2.5 cm exit diameter with corresponding 
convergence angles of 5.70 and 6.0°, respectively, were used in these tests. 
The 10 cm unflanged pipe data are used as the basis for;omparison. 

Some useful information about the physical phenomenon can be deduced 
by examining the basic press;,re time histories, shown In figure 2.20, for 
each nozzle. For the 10 em straight duct case, all the reflection occurs at 
the termination, with the rounding of the sharp edges showing loss of high 
frequencies. For the 5 em nozzle the reflected wave has a positive pressure 
pulse, followed by a negative pressure pulse resulting from the reflection 
at the termination. The positive reflection is characteristic of the signal 
obtained when a pulse reflects from a solid wall and represents the reflec
tion from the nozzle contraction upstream of the exit plane. This po,'tion 
of the signal is thus closer in time to the incident; pU!!ie. In addition, 
the refleGted pulse IItailll is elongated due to tt.~ propagation of the open 

. ___ ~~_------------~~~--~---------- J ..... ' , 
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end reflection back up the nozzle contraction. Since these pressure-time 
history segments are the effects of nozzle gaometry they cannot be edited out. 
The 2.5 cm nozzle pressure-time history behaves similarly to that of the 5 cm 
nozzle, with increased positive reflected ampl itudes from the nozzle shoulder. 

The reflection coefficients at the exit plane were obtained using a 
reflected pulse time rotation equal to the pulse propagation time from the 
upstream transducer to the exit plane and back to the transducer, whereas the 
radiation impedance was computed using the method described in Appendix A. 

The reflection coefficient ampl itudes and phases are shown in figure 
2.21 for three nozzle configurations. The 10 cm pipe reflection coefficient 
is zero dB at zero frequency, indicating very inefficient low frequency 
radiation. For the 5 cm and 2.5 cm nozzles, two types of reflection are 
involved. The reflection of the nozzle contraction is in the form of a 
compression wave, in phase with the incident wave, whereas;~e r~flection 
from the open termination is out of phase with the inciden·· iwe. These 
reflections tend to cancel at very low frequencies, giving a s~a\l reflection 
coeffi c i ent. 

The termination impedance is shown in figure 2.22. Considerable 
differences are observed in the impedance values betwe.en the different nozzle 
configurations. There are two competing effects contributing to the nozzle 
impedance. First, the nozzle termination can be assumed to have a contribu
tion that scales on nozzle exit diameter and is virtually unaffected by 
upstream conditions. Therefore, if the data are scaled on exit diameter, 
then some similarity should be observed. Second, there would be another 
component of nozzle impedance, due to nozzle cor-traction shape, that is , 
independent of the exit diameter. The reactance values col japse when the 
nondimensional frequency is scaled based on nozzle exit radius, up to a value 
kRJ ~o.8. However, no such trend was observed with the resistance values 
indicating that the nozzle contraction effect is more dominant on resistance. 

In figure 2.23, the radiation directivity for the three nozzles is shown 
for two frequencies, scaled on kRJ, and it is seen that the radiation field 
directivity shapes do indeed collapse uniformly. The amplitude of tMe data 
shown in figure 2.23 is the transfer function amplitude (measured at a 
constant radius) between the pulse at a far-field location, and the upstream 
incident pressure pulse. For constant source strength at the nozzle exit, 
the level at the far-field location should decrease by 6 dB for each halving 
of nozzle diameter. However, the constant source strength in the duct is 
also being amplified at the nozzle exit plane by the duct-to-exit-area ratio, 
thereby offsetting the nozzle diameter change. The data here indicate 
conservation of energy as a function of nozzle diameter change. 

2.4.2 Theory 'Is. Measurements 

An analytical model is developed in Appendix C to predict the acoustic 
behavior of conical nozzles with no mean flow. It is shown that for nozzles 
with small angles of convergence the acoustic properties will not differ 
markedly from those of a straight pipe which have been studied initially 
by Levine and Schwinger (ref. 2.5) and Ando (ref. 2..7). The analysis de
scribed in Appendix C makes use of an extension of the method of spherical 
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harmonics. This is then used to study the effects of nozzle angle of con
vergence on the radiated acoustic near- and far-fields, by comparing the 
far-field directivity, the acoustic radiativn impedance and the reflection 
coefficient for three nozzles with angles of convergence equal to 6°, 10° 
and 20°. These results are also compared with data derived from the measure
ments described above. 

2.4.2.1 Direr.tivity. - The three nozzles used in the numerical study 
have the following geometric properties. The length-to-nozzle-exit ratio is 
assumed infinite in each case; that is, there is no junction with a straight 
pipe. The half angles of convergence are 6°, 10° and 20°. The far field 
is computed at.r =6 RJ/sin60 , where r is the spherical radial coordinate 
measured from the virtual origin, and RJ is the nozzle exit radius. 

Although the analysis does not account for the effect of a shoulder 
(junction with a straight pipe) on the acoustic far-field, a comparison with 
a set of measured directivities for nozzles offinite lengths may not be too 
inappropriate. Figure 2.24 shows two sets of data corresponding to radiation 
from a straight pipe and" a 6° convergent conical nozzle (radii 5 cm and 2.54 
cm,and length 26 cm). 

Clearly the comparison is rather good and further confirms the validity 
of the impulse technique. 

2.4.2.2 Radiated Acoustic Power. - In the absence of mean flow the 
acoustic power radiated by a nozzle is governed by terms similar to those 
from a straight pipe. This power is proportional to the acoustic radi3tion 
impedance, the square of the velocity fluctuation at the nozzle exit and the 
surface area of the source. 

For nozzles with small angles of convergence, the nozzle exit surface 
area is very nearly the same as that of a straight pipe if the exit radius 
is the same. Thus, the ratio of the acoustic power radiated by a nozzle to 
that radiated by a straight unbaffled pipe is directly proportional to the 
ratio of the respectiv~ radiation resistance spectra. By making use of 
figure 2.24, the acoustic power ratio is plotted in figure 2.25 and a 
comparison is made with a corresponding set of measurements for two 60 

nozzles. 

The first observation is that in the low frequency range, the convergent 
conical nozzle radiates acoustic power more efficiently than an unbaffled 
straight pipe. T~is is somewhat surprising, for one would have expected a 
greater mismatch bp.tween the convergent nozzle and the outer acoustic fields 
in comparison to divergent nozzles or acoustic horns. In this range the 
relative acoustic efficiency increases with nozzle angle of convergence. 

The second observation is that above a critical frequency (which depends 
on the nozzle convergence angle) the acoustic radiation efficiency is lower 
than that of a straight pipe. 

Finally, the two sets of measurements for the two nozzles correspond to 
an angle of convergence of approximately 6° (actually 5.70 and 6.1°) and seem 
to confirm the trends predicted by the numerical analysis. 
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2.4.3 Effect of Flow 

The impulse technique promises to be a useful method for testing the 
acoustic behavior of nozzle systems In the presence of flow. The primary 
advantage is that the intense pressure level of the peak can be detected above 
the flow-generated noise. If the major features of the impulse can be visually 
discerned, then the superfluous background noise can be eliminated by editing 
the time history. 

In the following subsection, the test results of a 2.5 em conical nozzle 
with exit flow velocities up to a Mach number of 0.8t are described. The 
in-duct pressure time histories are shown In figure 2.26. The analyzer 
display always shows the pulse leading edge at the same location because of 
its built-in triggering mechanism. Thus, no effect of convection can be seen 
there. However, by careful observation, it can be seen that the reflected 
pulse does stretch in time, indicating the slight increased propagation time 
required to make the round trip from the measurement point to the nozzle 
termination and back. Close examination of the reflected pulse shapes of 
figure 2.26 show that, as I~ach number increases, the reflected pulse leading 
edge flattens, jndica~ing more high-frequency sound transmitted outside. 

Radiation impedance results calculated (using the method described in 
Appendix A) for these cases are shown in figure 2.27. It is observed that 
the reactance remains almost constant up to a nondimenslonal frequency of 0.3 
for all Mach numbers and then decreases with increasing values of Mach number 
up to a nondimensional frequency of 1.0, except far MJ-0.38, for which a 
sudden rise is observed between the nondimensional frequency of 0.65 and 1.0. 
Similarly, the resistance values decrease with increasing Mach ~umber up to a 
nondimensional frequency of 0.3 and the peak values occur at a nondimensional 
frequency of 1.0. At higher frequencies, however, the trend is not very 
consistent. 

The far-field pulse time histories are shown in figure 2.28 for polar 
angles of ~o degrees and 90 degrees. It is difficult to observe the direct 
consequence of the increase of high frequency transmitted energy as the jet 
Mach number increases because the refraction effect of the jet redistributes 
this energy to other polar angles away from the axis. This effect can be 
seen in the 200 case as a broadening of the pulse shape with increasing Mach 
number, indicating a depletion of high-frequency energy at this angle due to 
refraction. The time histories shown in figure 2.28 were Fourier transformed 
to obtain the radiation levels and directivity, based upon an analysis 
similar to that used in the di~cussion of nozzle diameter variations. kRJ 
of 0.6 has been chosen for this representative figure, as a particularly 
clear example of the physical phenomena involved. 

It can be seen that as the jet exit velocity increases, the refractive 
effect near the axis grows rapidly, while the level in the region from 30° 
to 600 increases with increasing flow velocity. This off-axis increase is 
a result of energy being refracted from the cone-of-silence regiol~. It 
should be noted also that levels in the forward arc decrease with velocity. 
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Thes~ general observations are corroborated by a superposition on this 
plot of the data by Pinker and Bryce (ref. 2.9) who performed a similar experi
ment. They used discrete frequency plane wave excitation in the jet pipe and 
measured the radiation directivity. This data, when compared with the results 
measured by the impulse technique, show excellent correlation (fig. 2.29). 
This lends further credence to the impulse technique and also validates the 
noise editing procedure using single impulses, rather than multiple impulse 
averaging (the traditional method of random background noise reduction). 

Finally, the effect of jet velocity on spectrum levels is shown at two 
p~lar angles in figure 2.30. At 30°, an increase of jet velocity Is shown 
to enhance low frequency radiation, but gIves a substantial reduction at 
higher frequencies (due to refraction) observed before. At 90°, however, an 
increase of jet velocity tends to decrease levels at all f,equencies. The 
high-frequency decrease, at both 30° and 90°, is compensated for by an 
increase in level from 40° to 60°, as shown in figure 2.29. 

2.5 CONCLUSIONS FROM PRELIMINARY INVESTIGATION 

The preliminary investigation had as its basic objective the determina
tion of a valid test procedure. The three aspects investigated were: (1) the 
type of in-duct source, (2) the measurement technique, and (3) tl1e appropriate 
signal analysis procedure. 

Within this framework, the conclusions were: 

(1) The impulse acoustic source was to be utilized fur all tests. It 
would be produced by a spark discharge across an air gap resultin9 in a 
close approximation to a peint source. 

(2) The in-duct measurements would be performed by a single point 
transducer placed in such a way that the pulse reflected (rom the nozzle can 
be separated in time from the incident pulse. This single measurement point 
is an approximate indicator of the total incident in-duct energy. 

(3) The appropriate nozzle transmission coefficient was defined to be 
identical to the magnitUde of the transfer function between the far-field 
mean square pressures of the pulse and the in-duct mean square pressures. 
The in-duct mean square pressure was normalized to repre~ent the far-field 
pressure produced by a point source of equivalent in-duct power. This 
tran~fer function was computed from the Fourier transform of the appropriate 
in-duct and far-field transient .time histories after appropriate editing to 
reduce extraneous noise. 
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3. TEST CONFIGURATIONS AND PROCEDURE 

3.1 FACILITY DESCRIPTION 

The acoustic measurements for determining the nozzle transmission 
coefficient of the coaxial nozzle system were conducted in the Lockheed 
anechoic facility. This facility has been used extensively in the past to 
make meas,urements of noise from single jets. In 1977, the existing single 
jet rig was modified to enable measurements of noise. from dual-flow jets. 
This modified facility, and the calibration tests conducted to check· both the 
acoustic and aerodynamic cleanliness of the facility are described in detail 
in reference 3.1. 

The anechoic chamber provides a free-field environment for all fre
quencies above 200 Hz, and incorporates a specially-designed exhaust 
collector/muffler which (1) provides adequate quantities of jet entrainment 
air, (2) distributes this entrainment air symmetrically around the jet axis, 
and (3) keeps the air flow circulation velocities in the room to a minimum. 

The air f<..( the primary and secondary jets is supplied by the main 
compressor which provides up to 9 Kg/sec. of clean dry air at 2.07 x 106 Pa. 
The air is heated by a propane burner to approximately 1100K. The primary 
and secondary air supplies are controlled independently downstream of the 
burner. Each supply has a hot and cold valve such that the desired operating 
conditions can be obtained within the pressure and temperature limitations of 
the system. Each air strea.m is then directed through a set of d i ffuser/ 
muffler systems to mini~ize internal noise levels. The primary flow then 
passes through banks of electric heaters so that the primary plenum tempera
ture may be further raised to -1350K. The two streams finally enter their 
respective plenums which are located upstream of the coannular nozzle' 
section. 

In order to insure that the relative axial positions of the exit planes 
of the two nozzles do not vary, a special expansion coupling has been incor
porated in the primary duct work, with a corre5ponding spacer in the secondary 
duct work. It provides for expansion or contraction of the inner duct 
relative to the cuter duct of ±4 mm from center which is adequate for the 
thermal expansion ass~ciated with the likely temperature differentials between 
~rimary and secondary flows. 

3.1.1 Nozzle Description 

The test nozzle configuration is shown schematically in figure 3.1. In 
all, six secondary nozzles were used in conjunction with one fixed primary 
nozzle of diameter 7.62 cm (3 in.) and conical half-angle of 15°. The outer 
nozzles were constructed from 321 stainless steel in order to satisfy the 
temperature limits. These outer nozzles are defined in Table 3.1 by means of 
convergence angle and an axial-to-annulus-width ratio (L/h). The length, L, 
is the difference between the primary and the fan exit planes. 
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Table 3.1 
Outer Nozzle Designations 

Nozzle No. Angle, Oeg. L/h L, em 

1 20 1 1 .373 
2 20 3 5.124 
3 20 5 11 .295 
4 40 1 1.373 
5 40 3 5.124 
6 40 5 11 .295 

These nozzles are shown in figures 3.1 and 3.2. The complete facility 
with the nozzles in place is shown in figure 3.3. 

3.1.2 Source Section 

Internal noise was generated by inducing sparks across two electrodes 
ser~rated by 0.1 cm to 0.2 cm wide air gaps. The spark source for the priMary 
plenum is shown in figure 3.4. As shown in this figure the spark source was 
used in conjunction with a parabolic reflector. The spark source (electrode 
gap) itself was placed at the focus of the paraboloid. The effect of the 
reflector was to both increase the impulse energy travelling in the axial 
direction and to modify the wave fron.t from spherical to essentially plane 
in nature. 

To minimize the flow disturbances around the reflector, the inner 
surface of the primary plenum in the vicinity surrounding the reflector was 
suitably contoured such that the flow velocities did not increase signifi
cantly due to the presence of the reflector. Furthermore, specially designed 
cruciforms facing downstream were attached to the periphery of the paraboloid 
reflectors, to reduce the separation farther downstream. This cruciform 
arrangement is not shown in the photosraohic view (fig. 3.4) for the sake of· 
clarity but is shown schematically ir. figure 3.5{a). Measurements with and 
without the cruciforms showed that they had no significant effect on the 
acoustic behavior of the reflector. 

Figure 3.S(b) shows a schematic of the source section for the secondary 
plenum. For the secondary plenum, six spark sources, equi-spaced in the 
secondary annulus, wer~ used. Three of these spark sources are visible in 
the photographic view in figure 3.6. Here also, paraboloid reflectors 
fitted with cruciforms were used. Each of the spark gaps in this case was 
connected in series through high voltage cables such that all of them fired 
simultaneously. Unlike the electrodes for the primary plenum, where the two 
electrodes faced each other, the secondary-plenum electrodes had an included 
angle of about 20°. 

Each electrode ~as removable through a threaded connection and entered 
the paraboloid through narrow openings drilled on the side of the paraboloids. 
Except for its tip, the entire length of the electrode was surrounded by a 
ceramic sleeve. This prevented cross-firing between the electrode and the 
grounded metal parts in the vicinity. 
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Figure 3.5 
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Figu re 3.6 Source sect ion of fan nozz l e pl e num . 



To determine the effect of the presence of the ~'ource-section upon far
field jet noise, a short facility validation exercise W~5 carried out. 
Without firing the spark but with the jet operating, far-field spectra were 
measured and compared with those predicted by the SAE method. Typical com
parison for VJ/c - 0.9 and e -900 is shown in figure 3.7 for flow only 
through the primary nozzle. Excellent agreement with the measured data and 
the predicted jet mixing noise indicates that ~he presence of the paraboloidal 
reflector in the pipe upstream had little effect on the far-field jet noise. 

To determine the effect of the secondary source section, both jets were 
operated simultaneously at the same Mach number. At this condition, the co
axial jet is equivalent to a single jet of diameter equal to that of the 
secondary jet. This condition Is ~~st met when the two coaxial nozzles are 
coplanar and the lip thickness of the primary nozzle approaches zero. In the 
present nozzle combination, Llh-1 configuration (outer nozzle diameter-
10.98 cm) was closest to being coplanar. The corresponding far-field spectra 
measured wi th both jets operated at MJ - 0.9 is compared in figure 3.8 wi th 
that predicted for the equivalent single jet by SAE method. Once again, 
except for frequencies below 200 Hz, the secondary source section also has 
negligible effect on the far-field jet noise. 

3.1.3 Spark Circuit 

The essential elements of the spark discharge circuit are shown in 
figure 3.9. A high voltage power supply charges a storage capacitor (70 ~F) 
to 5 to 10 KV. The discharge of the capacitor occurred through the air gap 
between the electrodes, thus producing a powerful, but physically small, 
acoustic pulse. 

To fire the spark, special vacuum switches were used to prevent current 
surges back through the power supply. It was found essential to "float" the 
capacitor from all ground circuits ~~ the discharge currents (~2,000 amp) 
induced local ground potential shifts, with resultant digital equipment 
rna I funct ions. 

3.2 TEST PLAN 

The nozzle system consists of a primary and secondary (fan) nozzle, ea~h 
with its own nozzle transmission coefficient. Two sets of measurements were 
thus required for primary and fan nozzle, respectively. As shown in Table 
3.2, each of the outer nozzles was tested for the unheated conditions with 
the source located in the fan. With the source located in the primary (or 
core), only the outer nozzles designated " 2 and 3 were used. 

The heated-jet tests were, however, limited to the measurement of the 
fan nozzle transmission coefficient only. Only two nozzles (#1 and #2) were 
tested. 

Seven unheated-jet test conditions were employed and are given in 
Table 3.3. 
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Figure 3.8 Comparison of measured far-field noise spectrum of coaxial jet 
vlith SAE prediction for equivalent single jet. MJ} =MJ2 =0.9; 
e = 90°; Rn; = 3m. 

, .. ------.... "-"" 
, 

1
1. ~ 

;: 

J j 

~: 



SOLENOID 12 
SWITCH 12" 

",} 
'" 

CAPACITOR 
(70 )JF) 

L---~~r------------------j~--~~------------~ 
SOLENOID II 
SWtTCH II 

C=:; ON CHARGE 

02.2S ON DISCHARGE 

figure 3.9 The spark discharge circuit. 

,::.\ ":. SPARK - ~ '1" .~ GAP 



Outer Nozzle 
No. 

1,2,3,4,5 and 6 
1,2 and 3 
1 and 2 

Table 3.2 

Nozzle Test Summary 

Locat ion 
of Source 

Fan 
Primary 
Fan 

Table 3.3 

Jet 
Cond i t ion 

Unheated 
Unheated 
Heated 

Unheated Nozzle Test Conditions* 

Run 
HJl PRl (KPa) HJ 2 PR2 (KPa) No. 

1 0.0 0.0 0.0 0.0 
2 0.4 11.5 0.6 27.1 
3 0.8 51.5 0.9 68.0 
4 0.8 51.5 1 .2 140.2 
5 0.8 51.5 1.4 214.5 
6 1.2 140.1 1.4 140.1 
7 0.0 0.0 1.2 140. 1 

*Since Maah number is the only speaified pa:rometer, the 
stagnation temperotures and p2"eS8Ul'eS may va!".:f slightZy 
from those given ~e to air supply temperature and 
atmospheria pressure variations of a day-to-day nat"ul>e. 

The heated jets were tested over 12 operating conditions which are given 
in Table 3.4. It should be noted that the total pressure values given in 
Tables 3.3 and 3.4 are calculated assuming that the ambient temperature was 
294K and the ambient pressure was 98 KPa. Variation of y wi th temperature 
has been taken into account in c~lculaling the operating pressures for heated 
jets. 

The heated jets were tested over t~elve operatir.g conditions and are 
given in Table 3.4. 
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Table 3.4 
Heated Nozzle Test Conditions* 

Run Primary Nozzle Fan 

No. MJ 1 TRI (K) PR1 (KPag) MJ2 TR2 ( K) PR;> (KPag) 

I 
1 0.8 294 I 51.5 0.9 600 67.3 
2 0.8 294 

I 
51.5 0,9 759 66.5 

3 0.8 294 51.5 0.9 900 66.0 
4 O.B 450 51.5 0.9 600 I 67.3 
5 0.8 562 51.1 0.9 I 759 ~6.5 
6 0.8 675 50.7 0.9 900 66.0 
7 0.8 294 51.5 

I 
1 .2 

I 
600 139.4 

8 0.8 294 51.5 1.2 759 138.0 
9 0.8 294 51.5 I 1.2 900 136.9 

10 0.8 450 51.5 1.2 600 139.4 
11 0.8 562 51.1 1.2 759 138.0 
12 0.8 675 50.7 1.2 900 136.9 

,-
*Sincc .\tach numcer' is the onZy specifi.]d pa:rumeto::r', tht st;.:gr:.ar/c.! 

temperutur'e and pr'essur'es may var:i S Z :'ght :~j from t;UJ3t' ;,.;"'I.JP.n du,
to air' S'",ppZy tel71Ferutu1'e and 'ltm08phePic pr'essu!'e va!'iations 'f 
a day-to-day natu1'e. 

3.3 DATA ACQUISITION AND ANALYSIS 

3.3.1 Facil ity Instrumentation 

The :n-duct signals were measured by a Model 202 Series Piezotron 
pressure transducer made by a Sunstrand Data Control, Inc. This transducer 
has a rugged stainless steel mounting with provision for water cooling. The 
transducer was located 28 cm downstream of the spark source and 48 cm up
stream of tile pr imary nozz I e ex it plane. The transducer wa!' mounted in an 
elect: Ically isolated bushing (nylon for cold tests and ceramic for hot) to 
avoid ground-induced voltage spikes from the spark discharge E.M. radiation 
(see figs. 3.3 and 3.5). 

Far-field signals were measured on an arc of 3.05 m radius with 0.635 cm 
diameter B&K microphones (Type B&K 4135) in conjunction with B&K cathode 
followers (B&K 2619). Measurements in the far·field were made in the polar 
angle range 00 to 1200 at intervals of 100 • 

The basic test procedures consisted of firing the ~park at t~e de~ired 
operating flow conditions and simultaneously recording the signals, both 
in-duct and the far-fields, on a 14-channel tape recorder. Subsequent 
analysis of each pulse was achieved conveniently on a dual-channel transfer 
function analyzer, while maintaining accurate time interrelationships between 
impulse signals. The system schematic is shown in figure 3.10. 
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3.3.2 Transient Capture and Editing 

The method of capturing the in-duct pulse and that in the far-field was 
similar to that described under the results of the preliminary investigation. 
For this part of the program, primary interest was in the in-duct incident 
pulse and the corres~onding far-field pulse. Little attention was paid to 
the pulse reflected back from the nozzle exit plane. 

_ WU 

Using the transient capture capablllty of the digital FFT signal analyzer 
(Spectral Dynamics 50360), the in-duct and the far-field signals were first 
captured on channels A and B. The analyzer has the ability not only of 
capturing the time histories, but also of data editir.g and relative time 
translation (rotation). With the exception of the two highest Mach numbers 
(1.2 and 1.4) where jet noise levels are quite high, the far-field p'ulse was 
ea;;i ly detectable. The in-duct pulse, however, was always strong. Having 
located the in-duct pulse and the corresponding far-field pulse, all compo
nents of the two time histories except these two pulses were edited out. An 
example of this procedure is shown in figure 3.11. The two pulses were then 
Fourier transformed to produce their respective power spectra. The ratio of 
far-field to in-duct power spectra was then taken to be the transfer function 
as discussed in section 3.3.1. This procedure was repeated for eaeh 
measurement angle. . . 

The above transfer functions were obtained up to a frequency of 100 KHz. 
Since atmospheric absorption becomes important at these frequencies, appro
priate corrections were made to the far-field data in accordance with the 
data of reference 3.2. 

Figure 3.11 

I NC I DENT 
PULSE 

FAR-FIELD TIME HISTORY 

IN-DUCT T1 HE H I ~ TORY 

_. __ UN~DITEO SIGNAl. 

____ - _ EDITED SIGNAl. 

TIME, HS - 10 

An example of the editing process used in the evaluation 
of incident and transmitted power spectra. 
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3,3,3 Calibrations of Far-Field Microphones with 
Respect to the In-Duct Transducer 

In order to obtain a true measure of the transfer function BIA, it was 
essential to account for the frequency responses of each microphone and the 
in-duct transducer. This was accomplished by mounting the transducer next to 
a given microphone as shown in figure 3,12 and measuring the noise of a pulse 
generated by a spark source mounted at a location directly in front of the 
transducer and the microphone. ;he spark source produced a pulse with high 
spectral energy up to a frequency of 100 KHz. Since the signals captured by 
the microphone and the transducer were the same, a transfer function between 
the two was the calibration or one with respect to ~he other. Using the in
duct transducer as the reference, the calibration of each micr0phone was thus 
obtained and incorporated as a frequency response correction. A typical 
frequency response is shown in figure"3.1). 

3.3.4 Transformation and Smoothing 

The power spectra of edited in-duct and far-field signals are obtained 
by the Fourier transform of each pulse using the digital FFT signal analyzer. 
These data (some 512 spectral points of constant bandwidth) are recorded on 
cassettes and then transferred to a mini-computer for frequency response and 
atmospheric corrections. Each corrected record is then individually smoothed 
to remove fine detail of little practical interest. The transfer function 
spectra between the far-field and in-duct signals is then computed from these 
smoothed in-duct and far-field spectra. 

The transfer function spectra between in-duct and far-field signals are 
also noisy in nature, particularly in the higher frequency range. With this 
situation it is difficult to ~!~~inguish between the effect of any nozzle 
operating parameter, such ~s flow velocity, flow temperature, nozzle shape, 
etc. on the transfer functions. Therefore. to obtain a more meaningful 
comparison, an averaging procedure has also been used to smooth the transfer 
function spectra which are computed from the smoothed power spectra of indi
vidual signals. The smoothing technique (a standard derivative of Simpson's 
rule) used in this study can be illustrated as follows, The smoothed value 
of the function (or power spectra), F, at the Ith frequency point is given by 

where 
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FI(I) = J {F(I-m) + 4F(I-m+l) + 2F(I-m+2) + 4F(I-m+3) + 

+2F(I+m-2) +4F(I+m-l) + F(I+m)}, 

X, = coordinate of Ith point, 

(3-1) 

0-2) 



Figure 3.12 Illustration of microphone/pressure transducer calibration 
us ing the spark source. 



II 
~--------------------------------------------------------~ 

:I 

PO..AR NG£IEG. 
-----51.. 

-----71.. -_.-ea.. 

.. '" ., ..... ., .... 

. 

c,'/ . 

_4-------r------~-------r------,-------T-------~~-----T------~------~----~ .... .1.. 21.811 31.. ..811 51.. ... 71.. ... 91.. I ... 
FREOUENCY.KHZ 

Figure 3-13 Typical frequency response calibrations between the in-duct 
transducer and the microphone us~d in the far field. 

I 
I 
1 

I 
• I 



H • difference between the coordinates of two Successive points. 

2m+l = number of points used for averaging, 

and n = 2m+l. 

In the smoothing procedure. the number of points n has been varied with 
respec t to frequency. The number n is chosen such tha tit becomes equa 1 to 
the octave band for a given frequency, up to a maximum of 31 points. 
(The difference between two successive points is the bandwidth which is 
200 Hz in this case.) The smoothing process is repeated three times to 
obtain a more uniform variation. The number of points, n used in smoothing is given by 

n = 1/12 (rounded up) ~ 31. 

(l f n comes ou t to be even, then i tis i ncrea sed by one.) 

Typical in-duct and far-field power spectra before and after smoothing 
are shown in figures 3.14(a) and 3.14(b), respectively. The corresponding 
spectra of the transfer function calculated from the values in figures 
).14(a}, and (b) are plotted in figure ).14(c). 

The average value of the transfer function at the ,th_frequency point is 
obtained by summing. the smoothed transfer function data F between the fre
quency poi~ts I/It to I x/:f and dividing the sum by the corresponding 
number of frequency pOints, as described below. 

where 

let n1 = I/Ii (rounded) 

n2 = I l( h" (rounded} 

F(l) • Average transfer function at Ith frequency point. 

This procedure is repeated for each polar angle to provide a basic 
directivity at the far-field measurement point. 

3.3.5 Data Normalization 

(3-3) 

Based on the corrected smoothed individual data, two normalization 
procedures were undertaken for the purposes of comparison between operating 
and geometrical parameters. The first simply transforms tne absolute 
frequency to nondimensional frequency based on the parameter 2n£/A, where t 
is a characteristic length and A is the wavelength. For the core, £ is 
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defined as the jet radius (r), while for the fan the characteristic length 
is the fan exit plane annulus height (h). The wavelength is a function of 
the speed of s9und (). ex 1 Ie), wh i ch is a funct i on of temperature (c ex If) . 
Thus, for the heated tests the nondimensional frequency transformation will 
reduce as the temperature increases. Therefore, the comparisons between 
nozzle geometries and temperatures described in Section 4 are based not on 
an absolute frequency basis, but on a nondimensional frequency basis. 

The second normalization procedure for directivity d~ta was the 
transformation of the transfer functions to the standard directivity index or 
N.T.F. pr~sentation. This, in essence, is a procedure which relates the 
measured sound pressures at any fixed polar angle to that which would be 
given from a point source of equivalent power in free space. The standard 
normalization distance is 1 meter. 

The basic assumption is that the measured incident pressure spectrum in 
the duct is uniform over the cross-section. 

The in-duct power is then given by (1 +MO)2 Pi 2 
o Ao/(PC)duct where AO is 

duct cross-section and (PC)duct is the characteristic in-duct acoustic 
impedance. 

The intensity at one meter from the equivalent in-duct source is 

and the intensity at one meter transformed from far-field measurements at 
radius Rm meters is given by 

p~ad(e) R~ 
Irad = ~~--

(pc) amb 

(3-4) 

(3-5) 

The ratio of the far-field intensity to the in-duct intensity is the nozzle 
transfer function (NTF) and that can be written as 

This further simplifies to 

(3-6) 

The NTF in dB terms is 

{
P;ad(el} {4nR~ ~amb 1 \ (NTF)dB '" 10 10910 - + 10 10910 -A -T-- f pj2 0 duct (1+MO)2 . 

77 

.. ~ 



.. '''' suanq 
_u 

at . . # ¥2 a~ 

4. rEST RESULTS 

The t~s~~~~~ults p~e~nted in this section are the outcome of the test 
plan spect(ied by NASA wh~ represents proposed realistic engine configura
tions. Subsequent analysis of the data revealed that In the many cases no 
consistent trends were discovered. Thus, these results should be interpreted 
with the precaution that they are applicable only to similar geometric 
configurations and flow conditions. The possible reasons for observed incon
sistencies are outlined in section 4.5. 

The outcome of the data analysis and normalization procedures described 
eartier took the form of two basic plots for each test configuration. The 
first was the transfer function frequency spectrum for fixed polar angles 
for various Mach number conditions. The second basic plot was the transfer 
function frequency spectrum for fixed Mach number for various polar angles. 

Neither of these types of plots proved particularly illuminating in the 
general sense, thus the emphasis in this section for comparison and'dlscus
slon purposes is placed on a third type of plot. namely a directivity plot. 
This consists of the transfer function at a particular non-dimensional 
frequency versus polar angle for various combinations of jet conditions and 
nozzle/source configurations as appropriate to describe relevant features. 
Only the data relevant to the parametric comparisons is presented. A 
complete set of all data is presented in a companion volume (ref. ~.1). 

It should· also be noted that for some flow conditions. data points at 
small angles* to the exhaust axis (typically less than 30 to 50 degrees) are 
missing. This is due to the fact that no detectable signal was present as a 
result of refraction out of the cone of silence. An estimate of this angle 
is given in Table 8-5 of Appendix B, based on a simple ray theory analysis. 

In all disc~\ssions that follow a convention for jet flow conditions has 
been used. In this convention, a jet flow condition with the core Mach 
number of 0.8 and the fan Mach number of 0.9 is written as (0.8. 0.9). 

'" The zero and 10 degree poLar angles ~ere not measured for aLZ flo~ aonditions 
above MJ:: 0.8 due to e::r:aes8ive miIJrophone tLo~ noise. 

79 

• I 



4.1 SOURCE IN CORE FLOW 

Three nozzle configurations were tested. The core nozzle was common to 
all configurations, with the changes occurring in the fan geometry only. The 
fan nozzles were identified by their L/h ratios. namely 1, 3 and 5. with the 
convergence angle for each being 20 de~ree!'i. The configurations were 
identified as Nt, N2, and N3. respectively. 

For the source in the core, th£ nondlmensional frequency parameter is kRJ 
(k being wavenumber and RJ the nozzle exit, radius), the conversions to 
absolute frequency being shown in Table 4.1. Three representative kRJ vaiues 
are used for discussion: 1, a and 32 corresponding to absolute frequencies 
of about 1.4, 11.4 and 45.6 KHz, respectively. For reference purposes, all 
directivity plots show the zero flow case. 

4.1.1 Mach Number Effects 

Figures 4.1 and 4.2 show the effect of cold jet flow on measured direc
tivitles for nozzle configuration Nt. Data for the inverted flow profile 
configurations of most practical interest [core and fan conditions of (0.8, 
0.9); (0.8, 1.2) and (0.8, 1.4) 1 are shown in figure 4.1. Two characteristics 
are immediately obvious. T~~ first is the effect of refracti~n, at angles 
less than 40 degrees, as evidenced by the reduction of the transfer function 
with respect to the zer~ flow case. The second effect is an amplitude 
increase above the zero flow case at all angles greater than 40 degrees. 

Table 4.1 Non-dimensional frequency conversion to real frequency 
for source in core (RJ -7.62 CM, Temperature 295K) 

r--' 

NON-DIMENSIONAL FREQUENCY REAL FREQUENCY 
(kRJ ) ( f , Hz) 

0.5 713 

1.0 1.426 

2.0 2,852 

4.0 5.704 

8.0 t 1 ,408 

16.0 22,816 

32.0 45,633 

At kRJ~ 1.0 [figure 4.1(a)] the effect of increasing the fan Mach number 
from 0.9 to 1.2 raises the amplitude by about 2 dB at 50 and 60 degrees while 
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evoking little change at hi~her angles. This is a consequence of a deeper 
and wider refraction v~lley below 50 degrees, redistributing energy to the 
60° regiori. Similar behavior is observed at kRJ =8 [figure 4.1 (b)] and 32 
[figure 4.1(c)]. The effect of increasing the fan flow to 1.4 (at kRJ =1.0) 
causes the 60 peak to increase some 2 dB more, with little change at larger 
angles compared to the (0.8, 1.2) case. Similarly at kRJ =8.0, a 3 dB increase 
is noted. In addition, however. for the (0.8, 1.4) case a marked secondary 
lobe occurs between 90° and 120°. Through the use of a highly idealized 
model described in Appendix B it can oe shown that it is possible to obtain a 
secondary lobe at high angies of incidence. ' It is attributable 1.:0 

diffraction from the core nozzle lip. 

When the core stream Mach number is increased from 0.8 to 1.2 (fan 
remaining at 1.4), the transfer function directivities remain similar in 
shape but are raised by ·about 2 dB as can be seen in figure 4.2. Also shown 
on these figures are two special cases (0, 1.2~ and (0.4, 0.6) flow condi
tions. For the first case (0,1.2), refraction can be seen at all frequencies, 
however, as kRJ increases, the t~ansfer function values which are always lower 
than the zero flow case at kRJ =1.0 increase to values always greater than the 
zero flow case (above 60° polar angle) at kRJ =8.0. At kRJ =32.0, these 
values increase by SOffit; • ';0 10 dB above the zero flow case. 

The second special case of (0.4, 0.6) reveals behavior intermediate to 
the (0.8, 0.9) case. Refraction is re~uced as is the higher angle lift. 

It is interesting to consider the spectra at the peak angle of 600 and 
the flyover angle of 900 in figure 4.3. It can be seen that at 60°, peak 
leveis will occur ii. a narrow region around kRJ =3.0, \vhi Ie at" 90° the peak 
level occurs in a t 'oad band centered around kR J =24. For nozzle configura
tion N2 (Llh=3), the directivity trends, as shown in figure 4.4 is similar 
to that of configuration Nl' Physically, the difference between the two 
co~figurations is ari ;ncrease in annulus height, with this annulus being 
fu.-ther upstream from the core exit plane. Thus, the fan jet flow 
surrounding the c~re at the exit plane will be both thicker and slower. An 
increase in thi ckness woul d enhance ·refract ion, wh i Ie a reduct ion in ve lac i ty 
would reduce it. Thus, little change in refraction characteristics would be 
expected: .~h i ch, in fact, is observed. 

Spectral behaviour at polar angles of 600 and 900 was similar to that of 
~he Nl configuration. For all velocity combinations the peaks in the spectra 
occurred at kR.J=3.0 for 60° and around kRJ =24 for 90°. 

With nozzlE' configuration N3 (L/h=5) (fig. 4.5) it proved impossible to 
;un th~ high flow cases of (0.8, 1.2) and (0.8, 1.4) as the increase in 
annulus area created air supply demands greater tha~ the system capability. 
Howev~r, for all other cases tested, rp.fraction ef ~cts with increasing 
velocity showed trends similar to those for nozzle Nl. A notable exception 
can be seen in fi~" e 4.5(a) for kRJ =1.0. The small angle roll-off (below 
40°) appears to be almost as steep for the (0.4, 0.6) flow configuration as 
for the (0.8,0.9), a situation which is ,at seen in the Nl, N2 nozzle data. 
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4.1.2 Effect of L/h Ratio 

At anyone velocity combination the effect of L/h variations (i.e. 
differences between nozzles NI. N2 and N3) is essentially a "plume" effect 
(i.e. the source characteristics and the core flow are unchanged). 

Figure 4.6 shows the kRJ =1.0 directivities for a range of flow conditions. 
The zero flow case [fig. 4.6{a)] is almost omnidirectional with a weak peak 
at 30°. As L/h is increased the transfer function increases uniformly by 1 
or 2 dB for each L/h change, for all angles above 40 degrees. As the 
velocity is increased to (0.4,0.6), the refraction valley can be clearly 
seen in figure 4.6(b) to be a marked function of L/h. From L/h-l to Llh-3, 
at 20°, the transfer function reduces 5 dB, while from L/h=3 to L/h=S 
the reduction is in excess of 15 dB. 

d further increase in the velocity condition to (0.8, 0.9) [see figure 
4.6(c)] has the effect of deepening the refraction valley and lifting the NTF 
at the higher angles, particularly in the Llh,. 5 case. The sl ight drop in 
the L/h = 3 case should be treated with caution as it appears to go against the 
trend for no apparent physical reason and is possibly due to an analysis error 
(the sa~ nozzle at (0.8, 1.2) does not show this effect}. The special flow 
case of(O.O, 1.2)[fig. 4.6(d)] is interesting in that the fan shear layer 
appears to have induced a refraction effect in the forward arc as evidenced 
by a marked lift at 110°. Such conditions are theoretically possible as 
outlined in Appendix B. 

In the mid-frequency region (kRJ =.B) the zero flow case [fig. 4. 7(a)] 
shows a marked on-axis beaming effect, with 2 to 3 dB increases in the trans
fer function as L/h is increased. As flow is increased to (0.4, 0.6) [fig. 
4.7(b)] and (0.8,0.9) [fig. 4.7(c)], the expected refraction effects occur. 
The most notable point is the remarkable uniformity of collapse of the 
directivity patterns for each L/h condition. The observed scatter of ±2 dB 
about the mean line is within experimental error. Again, similar to the 
kR= 1.0 case, the flow condition (0, 1.2) [fig. 4. 7(d)] exhibits a high angle 
lift which appears to be more dominant for the L/h=1.0 case. 

In the high frequency region (kRJ =32 for zero flow [fig. 4.B(a)], and 
the (0.4, 0.6) flow case [fig. 4.8(b) J. the directivity is simi lar in both 
shape and level to that at kRJ =8.0. However, at (0.8,0.9) [fig. 4.B(c)] 
L/h=5 now appears to transmit minimum energy at polar angles less than BOO, 
in sharp contrast to the uniform collapse shown at lower frequencies [see fig. 
4.7(b) for example]. This trend is continued in figure 4.8(d) [the (0, 1.2) 
flow case] where at angles about 60° the Llh= 5 case radiates levels some 
5 to 7 dB below t.itose of the Llh = 1 nozzle. 

4.1.3 Summary 

The effects of velocity and nozzle geometry for the case of the source 
in the core can be summarized as follows: 
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o Refraction of the pulse is strotl~ly evident and shows both velocity 
and frequency dependence. 

o As flow is increased at polar angles OUt~;1e the refraction valley, 
high frequency energy is transmitted more si-.rongty. 

o At the flow condition of (0.0,1.2) all frel\uencies exhibit greatly 
increased NTF over the zero flow case·at all ~nQles out~!de the 
cone of silence. 

o For different nozzle geometries (defined by L/h ratios) NTF 
directivities are globally similar with little change for all 
dual flow conditions except that: 

(1) At zero flow or at low frequencies L/h =5 show highest NTF's. 

(2) At the flow condition of (0.0, 1.2) a frequency dependence is 
observed in that L/h-l shows the highest NTF's at high 
frequencies while L/h=5 shows the maximum NTF's at low 
frequencies. 

4.2 SOURCE I~ FAN 

The frequency parameter used for these tests is kh where his the 
annulus height. Thus, nozzle configurations NI , Nz ; and N3 each have differ
ent nondimensional frequencies for the same absolute frequency. Table 4.2 
lists a range of absolute frequencies for representative kh values in order 
to provide a feel for the nondimensional frequency presentations and data 
comparisons which follow. It should be noted also that nozzle ccnfigurations 
N4, Ns and NS are identical to NI, Nz and N3 with the exception that fan 
nozzle outer wall convergence angle is 40° for N4, Ns and Ns rather tnan 20°. 
Thus in the discussion below the representative frequencies will be limited 
to kh vaiu~5 of 0.5, 2, and 8. These are considered as typical low, mid and 
high-frequel'lcy reg imes of operat ;on. 

4.2.1 Mach Number Effects 

4.2.1.1 Twenty-Degree Convergence Angle. - Figure 4.9 shows the effect 
of Mach number for kh values of 0.5, 2, and 8 for nozzle configuration N1 • 
The primary points are: (1) As flow increases from zero to (0.4, 0.6) to 
(0.8, 0.9), the effect of refraction is smaller than for the source in the 
core case, and the entire directivity pattern is lifted; (2) the peak angle 
of radiation in all cases is 40 to 50 degrees and '(3) the effect of increas
ing the fan Mach number from 0.9 to 1.2 (the core remains at 0.8) only 
slightly increases the refraction valley at large kh values. Otherwise, 
little change occurs. 

The special flow case of (0.0, 1.2) shows some interesting features. At 
kh =0.5 (fig. 4.10(a)] NTF is always less than that for the zero flow case 
(except for one point at 60°) and the (0.8, 1.2) flow case. As the frequency 
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Table 4.2 Real frequency conversions for nondimensional frequencies 
for source in fan for each nozzle configuration 

NONDIMENSIONAL REAL FREQUENCY. f Hz 
FREQUENCY, kh 295K (AMB) 600K 750K 900K 

L/h-l (h-l.373 em) 

0.25 990 1 ,419 1.587 1.738 
0.5 1,980 2.838 3. '73 3.476 
1.0 3.961 5,677 6.347 6.953 
2.0 7.922 11 , J ~4 1" ~Q' 1-a ane: '·'-oIIf11 • ."J-" 

4.0 15,844 22,708 25,386 27.811 
8.0 31,688 45.416 50,772 55,621 

16.0 63.376 90,832 1 01 ,545 111 ,242 

L/h-3 (h-l. 708 em) 

0.25 793 1 , 141 1,275 1,397 
0.5 1,586 2,282 2,551 2,794 
1.0 3.173 4,564 5.102 ~,589 
2.0 6.345 9.127 10,204 11 .178 
4.0 12,691 18,254 20,407 22,356 
8.0 25.381 36,508 40,814 44,712 

16.0 50,763 73,017 81,628 89,424 

Llh-5 (h-2.259 cm) 

0.25 600 
0.5 1.199 
1.0 2,399 
2.0 4,798 
4.0 9,595 
8.0 19,190 

16.0 38,381 

,1 

is increased to kh-2.0 [fig. 4.10(b)]. however, the transfer function rises 
above the zero flow case and is of the Same order of magnitude as the 
(0,8, 1.2) flow case. 

Further. at kh -8.0 [fig. 4.10(,)] for angles less than 70 degrees the 
transfer function exceeds the (0.8, 1,2) flow case results. The inference 
here is that some sort of frequency dependent refraction (or reflection) 
mechanism at the core to fan interface is responsible for this high 
frequency enhancement at small angles to the exhaust axis. 

For nozzle configuration N2 the only discernable effect of velocity ~t 
kh=O.5 [fig. 4.11(a)] is the unexpected sCI,all refraction valley. Otherwise, 
the directivities are remar'kably uniform, in fact, almost omnid;l'ectiona1. 
At kh=2.0 [fig. 4.11(b)] the effect of refr,'ction is clearer a,).; stronger, 
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with an apparent transfer of energy from small angles to about 50°. For the 
high frequency case [kh -8, fig. 4.11 (c)l the characteristic beaming down the 
axis can be seen at the zero flow condition. Again, as expected'~, refraction 
effects (i .e. a small angle valley and mid·to·high angle lift) can be easily 
discerned as both fan and core velocities increase. 

Nozzle configuration N~ directivities are shown in figures 4.12 to 4.14. 
At kh-5 [fig. 4.12(a) and 4.12(b}] for all velocities tested, the radiation 
outside the refraction valley is largely omnidirectional, the major point of 
interest being the rise in NTF as velocity conditions increase (thus implying 
a more efficient transfer of energy from the nozzle). 

For kh - 2.0 (fig. 4.1j) an anomaly can be seen in that the measured 
transfer function for zero flow is always greater than the (0.4, 0.6) case. 
The data reduction has been verified and no obvious physical explanation is 
readily available. for the flow condition of (0.8, 0.9), the d:rectivity 
returns to higher levels (except for the refraction valley), again consistent 
with all other nozzle configurations. At 110° a second peak becomes pro
nounced at the (0.8. 0.9) flow condition and dominates as the fan velocity is 
increased to 1.2." 

At kh-8 (fig. 4.14) all physical trends are similar to the kh-2.0 case 
with the only major difference being a more pronounced high frequency beaming 
effect on the jet e:xhaust axis. Figures 4.15(a) and 4.15(b) show the measured 
NTF spectrum at the peak flow radiation angle of 60° for zero and (0.8, 0.9) 
flow cases for both Nl and N3 nozzles, respectively. ;t is interesting to 
note tnat the kh values of the spectral peaks (viz. kh -2.2, 12.5) corre~pond 
closely for equivalent flow conditions. This lends credence to ~he use of 
annulus height as the characteristic length dimension for normalization 
purposes. 

4.2.1.2 Forty-Degre~ Convergence Angle. - It is apparent from the 
discussion of nozzles NI • N/ and N3 in the previous section that a trend 
exi~ts. Figure 4.16(a) shows the effect of velocity for nozzle N1 at a kh of 
0.5. which fits in quite well with this establ ished trend. Small angle 
reductions and mid-angle lifts due to r~fr~ction are clearly defined, as are 
also generalized increases with velocity in the transfer function at high 
angles (above aOO). This latter oehavior is indicative of an overall radiated 
energy inc:ease as velocity increases. The special flow case of (0. 1.2) is 
characterized ~y an omni-directional field above 40° and a NTF some 10 dB 
greater than that of the zero flow case. 

As the frequency is increased to kh -2 [fig. 4.16(b) J the nozzle becomes 
a more efficient radiator, ant:i the on-a;'.is beaming phenomenon becomes more 
apparent. The now fami liar refraction trends appear more marked as the 
velocity increases with peak amplitude being 50 degrees for (0.4, 0.6) and 
(0.8, 0.9) flow conditions. Again. the flow condition of (0.0, 1.2) has a 

';·'Rt'/'1aa.ction ia a ~··!·eq;)..er'!c:f ,ierc~u.icnt ;,hcnor~('non. For' ~ ;rt"'Jc:'~ ~)e~I\"~,::~1 
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Figure 4.13 Nozz1.e transfer function d i r e c t i v i t y  for  various f low conditions. 
Source a t  fan, nozzle Ng ( a s 2 0  Deg., ~ / h = 5 ) ,  kh=2 .  
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Figure 4.13 Nozz1.e transfer function d i r e c t i v i t y  for  various flow conditions. 
Source a t  fan, nozzle Ng (ao20  Deg., L /h=5 ) ,  kh=2 .  
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Figure 4.15 Nozzle transfer function spectrum for  various L/h r a t i o s .  
Source a t  fan, a m 2 0  Deg. 
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much higher,  almost omnid i rect iona l ,  NTF w i t h  some evidence o f  a second 
peak near 100°, 

F igure 4.16(c) shows the v e l o c i t y  e f f e c t s  a t  k h - 8 ,  I t  i s  ev ident  tha t  
above 40° any increase i n  v e l o c i t y  increases the rad ia ted leve l  w i t h  the 
special  case of (0, 1.2) showing dramatic leve l  increases (some 25 dB a t  90'). 

.The cause of  t h i s  behavior i s  no t  c lea r ,  but  the p o s s i b i l i t y  e x i s t s  t ha t  the  
pulse i s  somehow re f l ec ted  o f f  the core/ fan f low in ter face.  For nozzle 
con f i gu ra t i on  N5 a t  k h - 3 ,  2.0 and 8.0 ( f i g .  4.17) a l l  trends w i t h  increasing 
v e l o c i t y  a re  cons is tent  w i t h  con f igu ra t ion  Nq w i t h  the except ion o f  the 
(0.8, 1.2) and (0.0, 1.2) f l ow condi t ions.  With a l l  previous ~ o z z l e s  the 
(0.0, 1.2) f l ow condition,NTF has been measured t o  be e s s e n t i a l l y  omni- 

d i r e c t i o n a l  w i t h  leve ls  o f  about 10 dB higher than the zero f l o w  case a t  the 
same frequency. However, i n  f i gu res  4.17(a) and 4.17(b) the (0.0, 1.2) 
l e v e l r  a t  kh-0.5  and 2.0 a re  comparable t o  the zero f low case, wh i l e  a t  
kh -8.0 [ f i g .  4 .17(c) ]  the l eve l s  above 60a are  10 dB o r  more higher f o r  no 
apparent phys ica l  reason. 

Nozzle conf igurat ion N6 behaves q u i t e  r a t i o n a l l y  a t  a l l  frequencies as 
j e t  v e l o c i t y  increases. The s i g n i f i c a n t  po in t s  i n  f i g u r e  4.18 a re  (1) the  
apparent h igh  angle reduct ion i n  low frequency rad ia t i on  e f f i c i ency  of the 
(0.4, 0.6) f l ow case over the zero and (0.8, 0.9) f l ow cases and (2) the 
marked increase i n  h igh  frequency transmission a t  mid angles (some 10 dB 
a t  60 degrees). 

4 . 2 i 1 . 3  Surmary. - The e f f ec t s  o f  v e l o c i t y  on the NTF can be summarized 
as fo l lows:  

( 1 )  For the 20' nozzle ser ies:  

o Strong r e f r a c t  ion ef fec ts  a re  observed. 

o For nozzle conf igurat ions N1 and N2 ( ~ / h  = 1, 3 )  as v e l o c i t y  
and frequency increases the NTF increases a t  angles above 
30 t o  40 degrees. 

o For nozzle con f igu ra t ion  N3 ( ~ / h  = 5) 

o As v e l o c i t y  increases a low frequency increase i n  NTF 
i s  observed. 

o A t  h igh frequencies an increase i n  NTF i s  seen on ly  
above 60' a t  h i gh  v e l o c i t i e s .  
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(2) For the 40° nozzle ser ies :  

o Ref ract ion e f f e c t s  a re  observed, 

o For a1 l nozzle con f igu ra t ions  ( N ~ ,  NS, N6 corresponding 
t o  L/h=1, 3, 5). 

o At low and mid frequencies v e l o c i t y  e f f e c t s  a re  neg l i g i b l e .  

o At h igh  frequencies a sma I l increase i n  NTF i s observed 
above 40'. 

o The f l ow  case o f  (0.0, 1.2) I s  character ized by much higher 
output  than o ther  v e l o c i t y  combinations a t  a l l  angles above 40'. 

4.2.2 E f f ec t  o f  L/h Ra t io  

4.2.2.1 Twenty-Deqree Convergence Angle. - Figures 4.19 and 4.20 show 
the e f f e c t  on the NTF o f  nozzle conf igurat ions N1, N2 and N3 a t  kh10 .5  f o r  
increasing f low condi t ions.  A t  zero f low,  the L / h = 3  ( N ~  con f igu ra t ion )  i s  
almost 10 dB higher than f o r  L / h = l .  However, a f u r t h e r  increase o f  L/h t o  
5 shows a 3 t o  5 dB increase, the inference being, tha t  the N3 con f igu ra t ion  
i s  less e f f i c i e n t  than N2. A t  the (G.4, 0.6) v e l o c i t y  cond i t i on ,  t h i s  
d i f f e rence  vanishes as the L/h - 3  and L / h = 5  d i r e c t i v i t i e s  [ i n  f i g .  4.19(b)] 
a re  i den t i ca l .  The next v e l o c i t y  cond i t i on  (0.8, 0.9) reveals t ha t  an o rder l y  
t rend o f  increasing NTF w i t h  L/h e x i s t s  w i t h  some 8 dB d i f f e rence  between N1 
and N3. Figure 4.20 shows the h igh v e l o c i t y  (0.8, 1.2) and (0, 1.4) 
comparisons f o r  L/h = 1 and 5 ( the data f o r  L/h = 3  proved, on analys is ,  t o  be 
i r recoverab le  due t o  a spark pulse system mal funct ion) .  I n  s p i t e  o f  the data 
sca t te r ,  i t  i s  obvious tha t  L / h = l  i s  the l eas t  e f f i c i e n t  t ransmi t te r  o f  
sound a t  t h i s frequency , 

As kh i s  increased t o  2.0, the zero f l ow d i r e c t i v i t i e s  [ f i g .  4 .21(a) l  
a re  s i m i l a r  t o  those observed a t  kh1O.5, but w i t h  reduced amplitude d i f f e r -  
ences between each L/h case. A t  the v e l o c i t y  cond i t i on  o f  (0.4, 0.6) [ f i g .  
4.21 (b ) ] ,  the L/h = 3  nczzle s t i  1 1  dominates above both L/h = 1 and 5, the most 
i n t e res t i ng  feature being the f a c t  tha t  L / h = 5  i s  apparent ly s l i g h t l y  less 
e f f i c i e n t  a t  a l l  angles than the L / h = I  case. The h igh v e l o c i t y  cond i t i on  o f  
(0.8, 0.9) [ f i g .  4.21(c)] shows a reverse t rend from the khm0.5 case i n  t ha t  
f o r  a1 1 angles up t o  80° the L/h = 1 con f igu ra t ion  dominates w i t h  1 i t t l e  
d i f f e rence  noted between N2 ( ~ / h  - 3 )  and N3 (L/h = 5).  For the two highest 
f l ow condi t ions (0, 1.2) and (0.8, 1.2) i n  f i g u r e  4.22, l i t t l e  d i f fe rence  
between the two nozzles i s  observed a t  a l l  angles. 

For kh=8 ,  a t  zero f l ow [ f i g .  4.23(a)] again nozzle N2 dominates w i t h  
N1 being the leas t  e f f i c i e n t .  A t  (0.4, 0.6) [ f i g .  4.23(b)] N1 remains 
dominant, ho;dever now Ng i s  the least  e f f i c i e n t  i n  t h i s  case by a dramatic 
10 - 12 dB below the N3 nozzle con f igu ra t ion .  F igure 4.23(c) [ f l ow  cond i t i on  
o f  (0.8, 0 .9) ]  shows t ha t  L/h = 1 now dominates over a l l  angles. This e f f e c t  
i s  a combination o f  a reduct ion i n  L / h = j  d i r e c t i v i t y  i n  con junct ion w i t h  an 
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Figure 4 .21  Nozzle transfer function d i r e c t i v i t y  for  various L/h ratios 
Source a t  fan, a=2( : ; !eg. ,  k h =  2 .  
CODE : L/h 

: - - .  
- - - . - - - -  7 



* I 

0- 

-10- 
0 

# .*A 
.+ - - 2 3 ~  r A O  P3 m 

d ., -30,. M J ~  = o ,  nd2 = 1 .2  + 
U 
Z = 
LL (a 1 
a -40 > 
W 

0- 
3 
t 

: -10- 
Q f 

-20 - 
-30m 'JI 

- 0 . 8 ,  MJ - 1 . 2  
2 

(b) 

-40 1 I I I I 1 I I I a I I 
- 

0 20 40 60 80 100 120 
POIAR ANGLE, DEGe 
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increase i n  L / h = l  d i r e c t i v i t i e s .  Tlie h igh f low condi t ions i n  f i g u r e  4.24 
show considerable sca t te r ,  however, a t rend i s  discernable i n  t ha t  below 60' 
L / h = 5  ' i s  the minimum rad ia t i on  cond i t i on  whereas above t h i s  angle L / h = l  i s  
the minimum condi t ion.  

4.2.2.2 Forty-Degree Convergence Anqle. - At  kh = 0.5, the zero f low 
comparison [ f i g .  4.25(a)] shows the L/h = 3  NTF dominatinq by about 10 dB above - .  
~ / h ' = l  and abo i t  2 dB above the L / h = 5  nozzle con f igu ra t ion .  An increase i n  
f l ow  v e l o c i t y  t o  (0.4, 0.6) reduces t h i s  d i f f e rence  markedly such t h a t  i n  
f i g u r e  4.25(b), the L / h = l  and 5 d i r e c t i v i t i e s  a re  almost i den t i ca l  w i t h  the 
L/h = 3  case. 

The next v e l o c i t y  cond i t i on  o f  (0.8, 0.9) [ f i g .  4.25(c)] shows a more 
o rde r l y  d i r e c t i v i t y  i n  tha t  f o r  a l l  angles above 50°, the NTF increases w i t h  
L/h; tha t  i s ,  the higher the L/h, the more energy out .  For the special  f l ow 
cond i t i on  o f  (0, 1.2) [ f i g .  4.25(d)] ,  l i t t l e  d i f f e rence  i s  seen between L / h = l  
and 3 ( the  L / h = 5  data f o r  t h i s  case was i n v a l i d  due t o  a spark pu lse cable 
defect ) .  

As kh i s  increased t o  2, f i g u r e  4.25(a) shows t ha t  a t  zero f low,  l i t t l e  
d i f f e rence  between each L/h d i r e c t i v i t y  ex is ts .  S i m i l a r l y  a t  the f low condi-  
t i o n  o f  (0.4, 0.6) [ f i g .  4.26(b)] a l though the experimental sca t te r  i s  
greater ,  the basic d i r e c t i v i t y  shapes are i den t i ca l .  A t  (0.8, 0.9) [ f i g .  
4.26(c)] nozzle conf igurat ions Nt, and Ns ( i .e .  L / h = 1  and 3 )  remain i d e n t i c a l  
but  the N6 (L/h = 5) con f igu ra t ion  now shows increased transmission o f  energy 
o f  about 3-6 dB a t  po lar  angles la rger  than SO0. For the special  f l ow  case 
o f  (0.0, 1.2) [ f i g .  4.26(d)] the minimum rad ia t i on  cond i t i on  i s  f o r  L /h=3,  
some 8 dB d i f fe rence  oc average being observed over a l  l angles. The 
i n t e res t i ng  po in t  t o  nc te  i s  the second d i r e c t i v i t y  peak i n  the 100 t o  110 
degree reg ion. 

Figure 4.27 shows the L/h comparisons f o r  kh =8. A t  zero f l ow [ f i g .  
4.27(a)] ,  L / h = 1  i s  the minimum rad ia t i on  conf igurat iorr  w i t h  L / h = 3  the 
maximum. As v e l o c i t y  i s  increased t o  (0.4, 0.6) [ f i g .  4.27(b)] the d i f f e r -  
ence between L /h=1  and 5 appears minimal w i t h  L / h = 3  dominating the 
d i r e c t i v i t y  by 2 o r  3 dB a t  a l l  angles above SO0. A t  (0.8, 0.9) v e l o c i t y  
cond i t i on  [ f i g .  4.27(c)] L / h = 5  now dominates the rad ia t i on  w i t h  L /h=3 the 
minimum rad ia t i on  cond i t i on  a t  the peak angles o f  50 and 60 degrees. The 
f low cond i t i on  o f  (0.0, 1.2) [ f i g .  4-27(d)]  shows l i t : l e  d i f f e rence  between 
L / h = 1  and 3, the apparent lower values o f  L / h = 3  a t  mid angles belng w i t h i n  
experimental e r r o r  and thus the t rend i s  questionable. 

4.2.2.3 Summary. - The e f f e c t s  o f  L/h va r i a t i ons  on the NTF can be 
summarized as fo l lows:  
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Figure 4.24 Nozzle transfer function directivity for various L/h ratios. 
Source at fan, a x 2 0  Deg, khz8. 
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0. 

-lo1- 

(a)  

'+ - -s- -  - - 0 - - -  c - -  a -.----*- 
- -0- - - -0 ,  ,, 0 

0 
A 7------a,,-, - 

I 

--A---4-.-L& - --_ 
-20- 

- 1  
m 

U1 
- 
& 

-10- - 
(b) 

-20- 

-30- 

-10 - 
-204 

. 

-30 - 

-10 - 
., 

-20 - 
0 20 40 60 80 100 120 

POLAR ANGLE, DEG*. 
~ i ~ ~ ~ ~ 4 . 2 5  ~~~~l~ t r a ~ ~ f e r f u n c t i o n d i r e c t i v i t y f ~ r ~ a r i o u ~  L / h r a t i o s *  

Source a t  fan, a s 4 0  Deg., kh'0.5 
CODE : L/h. 
-1 

MJl - 0 . 4 ,  MJ ~ 0 . 6  5 

2 

/> - ./ r-.\ 

0 
M J ~ - 0 . 8 ,  MJ2 -0 .9  

0 

I 0 m 
0 

0- 0 --e---u--3--- 

/ 
A' a 

MJl m&*.MJ2=1 - 2  , / 6 

/ 
/ 

(d 
/ 

1 D I I I I I I I I I I 

P 



O 

F~~~~~ 4.26 nozzle t rans fe r  function d i r e c t i v i t y  for  var ious L/h r a t i o s .  
Source at f a n .  as40 Deg, kh-2 .  
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( 1 )  For the 20' nozzle ser ies :  

o Nondimensional frequency comparisons on kh appear va l i d ,  

o The nozzle con f igu ra t ion  f o r  minimum leve l  condi t ions o f  NTF 
a re  def ined by both frequency and v e l o c i t y  condi t ions.  

o A t  low frequencies, low ve loc i  t i e s ,  the m i  n imum-obsf:rved NTF 
occurs w i t h  L/h = 1 nozzle. 

o At  mid frequencies, f o r  a l l  v e l o c i t i e s  L /h=5  i s  the minimum 
NTF con f igu ra t ion  

o At  h igh frequencies, h igh  v e l o c i t i e s ,  NTF i s  minimum f o r  
L/h = 5  con f igu ra t ion  and maximum f o r  L/h = I .  

(2) For the 40° nozzle ser ies :  

o At  low- and mid-frequencies and low v e l o c i t i e s  l i t t l e  
d i f f e rence  i n  NTF i s  observed between L /h=1  and 3. 

o At  low and mid frequencies and h igh v e l o c i t i e s  the maximum 
NTF i s  observed f o r  L/h = 5 nozzle conf igurat ion.  

o A t  h igh frequencies and v e l o c i t i e s  the minimum NTF 
con f igu ra t ion  i s  L/h =3. 

4.2.3 Convergence Angle E f f ec t s  

For the purposes o f  t h i s  discussion, on ly  L/h = 1 nozzles w i  1 1  be 
considered. However, the trends a re  s i m i l a r  f o r  L / h=3  and L /h=5 ,  and the 
basic data f o r  these nozzle con f igu ra t ions  are given i n  the accompanying data 
repor t .  A t  zero f l ow f o r  kh-0.5 ,  l i t t l e  v i s i b l e  change between 20 and 40 
degree fan convergence angle t e s t s  was observed. Figure 4.28 (a) shows a 
comparison a t  kh-0.5 which i l l u s t r a t e s  the t yp i ca l  sca t te r  o f  the d i r ec -  
t i v i t i e s ,  which i s  we l l  w i t h i n  experimental e r r o r .  As the v e l o c i t y  cond i t i on  
i s  increased t o  (0.4, 0.6) [ f i g .  4.28(b)] ,  some divergence can be seen i n  the 
r e f r a c t  ion val  l ey  a t  20 and 30 degrees ( the  N1 nozzle being more e f f i c i e n t )  
w i t h  a l l  o ther  angles comparing exce l l en t l y .  As the v e l o c i t y  cond i t i on  i s  
increased t o  (0.8, 0.9), the measurement sca t te r  has increased but the trends 
a re  c l e a r l y  s im i l a r .  The special  f l ow case of (0.0, 1.2) [ f i g .  4.28(d)]  shows 
marked d i f fe rences  o f  some 10 dB'or more between the d i r e c t i v i t i e s  w i t h  20' 
convergence angle being the minimum cond i t i on .  

A t  kh=2 .0  f o r  zero f l ow [ f i g .  4.29(a)]  the d i r e c t i v i t i e s  a re  v i r t u a l l y  
i den t i ca l .  As f l ow increases t o  (0.4, 0.6) [ f i g .  4 .29(b) ]  the 40' convergent 
nozzle i s  c l e a r l y  a less e f f i c i e n t  transmission system. Th is  t rend continues 
u n t i l  a t  (0.8, 0.9) [ f i g .  4.29(c)]  the 20' convergence angle nozzle stands 
out  higher by almost 10 dB. The p a r a l l e l  nature o f  the two curves was such 
tha t  a p l o t t i n g  e r r o r  was suspected. However, the data was v e r i f i e d  as 
co r rec t ,  and the cause f o r  such large ampl i tudes i s  not yet  understood. I n  
f i g u r e  4.29(d) [ t h e  special  f l ow case o f  (0.0, 1 .2) ] ,  i t  can be seen t ha t  the 
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Figure 4.28 Nozzle transfer function di res t  i v i  ty  for various convergence 

angles, a. Source a t  fan, L / h = 1 ,  kh-0.5.  
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F igure 4.29 Nozzle transfer function d i r e c t i v i t y  for various convergence 
angles, a. Source a t  fan, L / h = I ,  k h o 2 .  
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40 convergence angle now dominates. Thi s does not imply tha t  the 20' nozzle 
NTF has reduced but  tha t  f o r  the 40' nozzle has increased i n  l eve l .  This 
f l ow s i t u a t i o n  i s  the on ly  one a t  low and mid frequencies f o r  which the 40' 
nozzle dominates, 

I n  the high-frequency regime (kh -8.0, f i g .  4.30) the trends are s i m i l a r  
t o  kh -2.0 w i t h  the exception t h a t  a t  the flow cond i t i on  o f  (0.0, 1.2) the 
40° nozzle dominates on ly  above 60° po la r  angle, u n l i k e  ;he lower frequencies 
which showed dominance a t  a l l  angles. 

For the L/h r a t i o s  o f  3 and 5, s i m i l a r  trends were observed, although 
some i nd i v i dua l  features a re  worthy of comment. For example, f o r  L /h=3  a t  
kh -2 .0  i n  f i g u r e  4.31, the d ' i r e c t i v i t y  p l o t s  f o r  each nozzle angle a re  
almost para1 l e l  being separated by 7 t o  10 dB, S im i l a r l y ,  f o r  L /h=S ( f i g .  
4.32) the d i r e c t i v i t y  plot,s a re  a l so  p a r a l l e l  but  separated now by no more 
than 2 o r  3 dB. (Thus, the inference i s  c l e a r l y  tha t  f o r  t h i s  frequency, 
d i r e c t i v i t y  co l lapse could be achieved by inc lus ion  o f  an L/h e f f i c i ency  
parameter. ) 

4.2.3.1 Summary. - The e f f e c t s  o f  convergence angle on the NTF a re  
summarized as fo l lows:  

o A t  low v e l o c i t i e s  a frequency dependence i s  observed such tha t  
the 40' convergence angle shows s l i g h t l y  higher NTF a t  low 
frequencies whi l e  the 20' nozzle con f igu ra t ion  shows the 
maximum NTF a t  h i gh  frequencies. 

o As the v e l o c i t y  condi t ions increase the 20° nozzle con f igu ra t ion  
dominance o f  NTF increases a t  mid and h igh frequencies. 

o A t  the special  f l ow case o f  (0.0, 1.2) the minimum NTF 
con f igu ra t ion  i s  the 20' convergence angle. 

o No s i g n i f i c a n t  t rend d i f ferences are observed between L/h 
con f igu ra t ions  o f  1, 3 and 5. 

4.3 COMPARISON OF SOURCES IN CORE AND FAN 

This d i r e c t i v i t y  comparison w i l l  be r e s t r i c t e d  t o  the  20' nozzle ser ies  
only,  tha t  i s ,  N1, N2 and N3. For nozzle con f igu ra t ion  N1, f i g u r e  4.33 
shows the comparison a t  kR=kh-0 .5  f o r  three v e l o c i t y  conf igurat ions:  zero, 
(0.4, 0.6) and (0.8, 0.9). The zero f l ow case shows the fan NTF t o  be s:me 
10 dB less than t h a t  o f  the core but s t i l l  having the same angular d i s t r i b u -  
t i on .  As the v e l o c i t y  increases t o  (0.4, 0.6) [ f i g .  4.33(b)] ,  the fan NTF 
l i f t s  considerably a t  po l a r  angles less than 50' and reduces a t  h igh angles, 
w i t h  the peak reduct ion occurr ing a t  80°. 

For kRJ =kh  ~ 2 . 0 ,  the trends are s i m i l a r  t o  the low frequency case, but 
the absolute d i f fe rences  a re  cons iderabl  y less. Figures 4.34(a) and 4.34 ( b )  



Figure 4.30 Nozzle transfer function d i  r e c t i v i  ty for variour,convergence angles, a. 
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Figure 4.31 Nozzle transfer function d i r e c t i v i t y  for various convergence 

angles, a. Source a t  fan, L /h -3 ,  kh-2 .  
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Figure 4.32 Nozz I t  transfer function d i rect  i v i  ty for various convergence 

angles, a. Source a t  fan, L/h=S, kh=2 .  
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Figure 4.33 Nozzle t ransfer  function d i r e c t i v i t y  f o r  various source locat 

Nozzle N1 ( a -  20 Deg., ~ ~ ' h = l ) , k R j - k h - o . ~ .  
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show the s i m i l a r i t i e s  o f  shape f o r  the two lowest v e l o c i t y  condi t ions.  A t  the 
v e i o c i t y  cond i t i on  o f  (0.8, 0.9) [ f i g .  4.34(c)] ,  the fan d i r e c t i v i t y  now tends 
t o  co l  lapse everywhere except i n  the 80° rey ion. 

As frequency i s  increased t o  kRJ = k h = 8 . 0  i n  f i gu res  4.35(a) and 4.35(b) 
cons is tent  trends simi l a r  t o  the lower frequency data can be seen w i t h  h igh 
angle divergence again observed i n  the (0.4, 0.6) f l ow  case. The h igh  f low 
case o f  (0.8, 0.9) [ f i g .  4.35(c)] shows the s i t u a t i o n  o f  the fan NTF now 
exceeding the core NTF over both low and h igh angles by almost 10 dB, w i t h  
the 60 and 70 degree ang l e  va 1 ues o f  core and fan  NTF bei  ng almost ident  i ca 1 . 

From the above observations a pa t t e rn  emerges. The s i m i l a r  shape of 
the d i r e c t i v i t i e s  i s  i n d i c a t i v e  o f  a po ten t i a l  data co l lapse as we l l  as a 
p o s i t i v e  i nd i ca to r  of the v a l i d i t y  o f  comparison o f  kR and kh as nondimen- 
s ional  frequency parameters. A fan v e l o c i t y  dependence i s  a l so  ind icated i n  
t ha t  i t s  NTF increases from below t h a t  of the core a t  zero ve l oc i t y ,  t o  a 
reasonable co l lapse a t  (0.4, 0.6), t o  exceeding the core NTF a t  (0.8, 0.9). 
Th is  t rend i s  observed a t  a l l  frequencies. 

The probable cause o f  these amplitude d i f fe rences  l i e s  i n  the basic 
d e f i n i t i o n  o f  the NTF which considers on ly  incident energy. I f  the fan 
r e f l e c t s  more energy than the core, then the t ransmi t ted sound i s  correspond- 
i n g l y  lower. Collapse would on ly  then be expected i f  the NTF was def ined as 
t ransmi t ted sound t o  f a r - f  i e l d  measured sound d i  r ec t  i v i  t y  r a t i o .  

Nozzle con f igu ra t ion  N2 ( ~ / h = 3 )  shows the best example o f  s i m i l a r i t y  
o f  NTF f o r  a l l  nozzle conf igurat ions.  The trends w i t h  v e l o c i t y  s t i l l  e x i s t  
but a re  so subdued tha t  they appear t o  be o f  the same order o f  magnitude as 
the data scat ter .  For kh = kRJ =O. 5 ,  f i gu re  4.36 shows remarkable s i m i  l a r  i t y  
a t  a l l  angles. S i m i l a r l y  f o r  kh = kRJ =2.0 ( f i g .  4.37) a good data co l la2se 
i s  evident.  These data a lso  show a t rend o f  a r e l a t i v e  fan NTF amplitudes 
increase w i t h  increasing f low v e l o c i t y .  The h igh frequency regime ( f i g .  
4.38) shows t h i s  trend t o  be even more accentuated w i t h  the fan NTF exceeding 
the core NTF by some 3 t o  5 dB. 

The L/h = 5  nozzle con f igu ra t ion  (N3) rever ts  t o  the r e l a t i v e  amp1 i tude  
trends noted f o r  L / h = l .  For khSkRJ=0.5  a t  zero f l ow [ f i g .  4.39(a)1 the fan 
NTF i s  now 12 dB below the core NTF. However, as the v e l o c i t y  i s  increased t o  
(0.4, 0.6), not  on ly  does the fan NTF r i s e  r e l a t i v e  t o  t ha t  o f  the core, but 
the shape changes s l i g h t l y  such tha t  the r e f r a c t i o n  v a l l e y  i s  less than t ha t  
o f  the core, whi l e  the h igh angle drop-off i s  more severe. This character-  
i s t i c  i s  r e t a ~ n e d  a t  the f low cond i t i on  of (0.8, 0.9) [ f i g .  4.39(c)] w i t h  the 
add i t i ona l  mod i f i ca t ion  o f  h igh angle l i f t  above 80 degrees. 

A t  kh = kRJ =2 .0  ( f i g .  4.40) the trends observed fo r  the low frequency 
case a re  more accentuated. Figure 4.40(b) i s  a c lea r  example o f  the r e f r ac -  
t i o n  e f f e c t .  Here, i t  i s  obvious t ha t  the core source i s  re f rac ted  much more 
than the fan source. This i s  expected, s ince the core source sound pressure 
must propagate through a much t h i cke r  shear layer  than t ha t  of the fan source. 
The h igh frequency regime (kh=kRJ=8.0) i n  f i gu re  4.41 e x h i b i t s  simi l a r  
cha rac te r i s t i c s  t o  those observed f o r  the ( k h =  kRj =2.0) case. 
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Figure 4 .35  Nozzle transfer function d i r e c t i v i t y  for  various source locations. 

Nozzle N1 (a=20 Deg., ~ / h = l ) ,  kRJ = kh = 8 
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Figure  4.36 Nozzle t rans fe r  function d i r e c t i v i t y  for  v.3rious source l o c a t i  
Nozzle N p  ( a - 2 0  Deg., L / h = 3 ) , k R ~ = k h = 0 . 5 .  
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Figare  4.37 Nozzle t rans fe r  funct ion d i r e c t i v i t y  f o r  various source 
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Figure 4.38 Nozzle transfer function d i r e c t i v i t y  for various source locations. 

Nozzle N2 ( a t 2 0  Deg., L / h = j ) , k R J = k h = 8 .  
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F i g u r e 4 . 3 9  Nozzle transfer f u n c t i o n d i r e c t i v i t y  for varioussource locations. 
Nozzle N j  ( a s 2 0  Deg., ~ / h = 5 ) ,  kR j=kh=o.S .  
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Figure 4.40 Nozzle transfer function d i r e c t i v i t y  for various source loca 
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4 .3 .1  Summary 

The comparison o f  NTF e f f e c t s  between the source i n  the core and fan  
ducts can be summarized as fo l lows:  

o Nond imens iana 1 frequency scal i ng compar i sons on kR ( f o r  core) 
and kh ( f o r  fan) appear t o  be va l i d .  

o As v e l o c i t y  increases, the co l lapse between core and fan improves 
a t  low and mid frequencies. A t  h igh frequencies the fan NTF i s  
lower than the  core  a t  zero f l ow but  exceeds the  core a t  h i gh  
v e l o c i t i e s .  

o L i t t l e  d i f f e rence  between NTF d i r e c t i v i t i e s  i s  observed w i t h  
changes i n  L/h. 

4.4 EFFECTS OF HEATING I N  CORE AND FAN 

These t es t s  were conducted on two nozzle con f igu ra t ions  on ly ,  N1 
( ~ / h = l )  and Np (L /h=3 ) .  The source was located i n  the  fan annulus and the 
t e s t  v e l o c i t i e s  were r e s t r i c t e d  t o '  two f low condi t ions,  namely Mach number 
combinations o f  core and fan of (0.8, 0.9) 'and (0.8, 1.2). 

Two major d i f f i c u l t i e s  were encountered i n  these tests .  The f i r s t  was 
a s ignal- to-noise problem i n  the f a r - f i e l d  microphones due t o  the h igh j e t  
noise leve ls  a r i s i n g  from the h igh j e t  v e l o c i t i e s  as a r e s u l t  o f  j e t  heating. 
The t ime h i s t o r y  o f  j e t  noise showed amplitude spikes o f  a s i m i l a r  nature t o  
that. o f  the pulse which made i t s  de tec t ion  and e d i t i n g  d i f f i c u l t .  Thus, i n  
the NTF d i r e c t i v i t y ,  when no data po in t  i s  shown ( p a r t i c u l a r l y  a t  small 
angles t o  the j e t  ax is ) ,  i t  should be assumed t ha t  no r e l i a b l e  s igna l  could 
be detected. 

The second d i f f i c u l t y  encountered was f a r - f i e l d  s igna l  contamination 
due t o  undetected (a t  tha t  t ime of  the t e s t )  external  f i r i n g  o f  the spark a t  
the cable connection po in ts  t o  the source sect ion.  Th is  cond i t i on  appeared 
t o  occur on ly  a t  e levated temperatures. As a consequence, the 600K data 
po in ts  f o r  nozzle N1 w i t h  the source i n  the fan were i n v a l i d .  For nozzle N2 
the 900K fan cond i t i on  could no t  be reached due t o  mass f low l i m i t a t i o n s  o f  
the a i r  supply system. 

I n  the next two subsections, the e f f e c t  o f  heating the core f o r  a f i x e d  
Mach number combination ( M J ~ ,  MJ ) and f o r  a f i xed  fan temperature a re  pre- 
sented f i r s t .  I t  should be note2 tha t  i n  t h i s  mode o f  operat ion,  even 
though the core Mach number M j l  i s  f i xed ,  the core v e l o c i t y  changes because 
o f  heating the core. NTF's as a func t ion  o f  constant core-to-fan temperature 
r a t i o  are presented. Wherever possible,  the ambient temperature no-flow case 
i s  shown f o r  reference. 



4.4.1 Fan Temperature 750K 

Figure 4.42 shows the e f fec t  o f  increasing core temperature on nozzle 
con f igu ra t ion  N1 a t  f i x e d  Mach number f l ow  condi t ions o f  (0.8, 0.9) f o r  
three nondimensional frequencies (kh - 0.5, 2, and 8) represent ing low, 
medium, and h igh  frequency regimes, respect ive ly ,  A t  khm0.5 [ f i g .  4.42(a)1 
two po in t s  a re  imnediately obvious. F i r s t ,  as the core temperature 
increases, the t ransmission c o e f f i c i e n t  increases, i .e .  more sound energy i s  
escaping. Second, r e f r a c t  ion i s  minimized as the core t u ~ ~ p e r a t u r e  increases, 
moving the r a d i a t i o n  peak inward from 70° t o  60° from the exhaust ax i s .  I n  
add i t  ion, a t  the highest core temperature case (563K) a s i g n i f  i can t  high- 
angle NTF increase i s  observed, such t h a t  r a d i a t i o n  a t  angles g rea te r  than 
SO0 appears almost omni -d i rect iona l ,  

For kh -2 .0  [ f i g .  4,42(b)] s i m i l a r  d i r e c t i v i t y  t rends can be seen except 
tha t  now the highest core temperature case ( 5 6 3 ~ )  does no t  r i s e  as much i n  
the mid-angle region. I n  fac t ,  a t  60°, the r ad ia t i on  leve l  a t  450K exceeds 
t ha t  o f  the 563K case. I n  terms o f  de f i n i ng  a peak r a d i a t i c - t  angle, the 
h igh  temperature case i s  indeterminate due t o  the f l a t  d i r e c t i v i t y  above 70'. 
A t  both lower 'temperatures (ambient and 4 5 0 ~ ) ,  however, the r a d i a t i o n  peaks 
a re  we1 l defined, being 70' f o r  the ambient and 60° f o r  t he  450K cases. 

Mid-angle dominance of the  450K core temperature case i s  a1 so observed 
i n  a more marked manner i n  f i g u r e  4.42(c) (kh-8.0) where i n  f a c t  the leve l  
exceeds the  563K l eve l  by a t  l eas t  5 dB. Again the t rend a t  po la r  angles 
greater  than 80' i s  such tha t  the increase i n  NTF l eve l  due t o  heat ing from 
ambient (about 290K) t o  450K i s  far  less than t ha t  observed i n  heat ing from 
450K t o  563K. I t  i s  evident t ha t  the whole character  o f  sound r a d i a t i o n  has 
undergone a s ign i f icant  change i n  the highest temperature regime. 

For the case o f  nozzle con f igu ra t ion  N2 (L /h-3.0)  a t  the f l ow cond i t i on  
o f  (0.8, 0.9), data a t  angles less than 60° could not be obtained f o r  two 
basic reasons: ( 1 )  t h i s  la rger  area nozzle produced higher j e t  noise leve ls  
than con f igu ra t ion  N1 and (2) the pulse s ignal  l eve ls  reduced sharply due t o  
r e f r a c t i o n  which made detect ion d i f f i c u l t .  However, i t  i s  poss ib le  t o  say 
from f i g u r e  ,4.43 tha t  an increase i n  core temperature from ambient t o  450K 
reduces the rad ia t i on .  This reduct ion i s  small a t  kh-0.5 but  increases t o  
some 5 o r  8 dB a t  the higher frequencies. I n  add i t i on ,  the r e l a t i onsh ip  o f  
these !evels t o  the  no-flow cases shows t ha t  a t  low and mid frequencies, the 
leve ls  a re  o f  the same order and on ly  i n  the h igh frequency regime o f  
kh -8.0 [ f i g .  4.43(c)] do the NTF d i r e c t i v i t y  l eve l s  exceed those o f  the 
no-f low ambient case. 

An increase i n  fan v e l o c i t y  t o  a Mach number o f  1.2 f o r  nozzle conf igu- 
r a t i o n  N1 has the e f f e c t  tha t  core temperature changes do not induce major 
changes i n  d i r e c t i v i t y .  Signal- to-noise problems a re  most severe and 
d e f i n i t i v e  data po in t s  a t  small angles a re  lack ing ( p a r t i c u l a r l y  f o r  the 
450K core temperature case). Figure 4.44 shows the measured d i r e c t  i v i  t ies  
a t  kh=0.50,  2.00 and 8.00, respect ive ly .  The major po in t  t o  note i s  the 
r e l a t i v e  omn i -d i r ec t i ona l i t y  a t  h igh angles w i t h  correspondingly less sharp 
r e f r a c t  ion va l  leys.  One s i g n i f i c a n t  trend, however, does emerge. A t  kh = 0.5 
the ambient core temperature d i r e c t i v i t y  dominates the d i r e c t i v i t y  over 
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F i g u r e  4.43 Nozzle t rans fe r  funct ion d i r e c t i v i t y  f o r  various temperature 
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almost a l l  angles, wh i l e  a t  kh =8.0 [ f i g .  4,44(c)] the  ambient core 
temperature case i s  the minimum energy rad ia to r ,  

Nozzle con f igu ra t ion  N2 ( ~ / h = 3 . 0 )  a t  the f l ow  cond i t i on  (0.8, 1.2) 
shnws some s i g n i f i c a n t  d i f ferences from the N1 case. The f i r s t  observat ion 
from f i g u r e  4.45 i s  the frequency dependence o f  core heat ing w i t h  respect t o  
the ambient no- f low d i r e c t i v i t y .  A t  kh =0.5, heat ing the core t o  450K 
resu l t s  i n  1 i t t l e  leve l  change over a1 1 angles, wh i le  a t  kh = 2.0 a marked 
hump o f  10 dB a t  83O can be seen which then f a l l s  t o  the  ambient no-f low 
leve ls  some 20° t o  e i t h e r  side. This hump p e r s i s t s  a t  khz8 .0  [ f i g .  4.45(c)] 
but  the  peakiness i s  now qore d i f fused,  such tha t  omn i -d i r ec t i ona l i t y  i s  
almost achieved The behavior o f  the ambient core temperature case a lso  
shows f requencl ' :pendence i n  tha t  i t represents the minimum rad i a t  ion 
cond i t i on  a t  k h ~ 0 . 5  ;nd the maximum r a d i a t i o n  cond i t i on  a t  kh=8.0. 

4.4.2 Fan Temperature 900K 

The f low cond i t i on  o f  (0.8, 0.9) f o r  nozzle con f igu ra t ion  N1 i s  shown i n  
f i g u r e  4.46. A t  k h s 0 . 5  the peak rad ia t i on  occurs a t  60°. Above t h i s  angle 
the e f f e c t  o f  core temperature appears minimal w i t h  data co l lapse w i t h i n  
+2 dB. Below t h i s  angle, data i s  l i m i t e d  due t o  a rap id  drop i n  s igna l  
amplitude, however the 4 5 0 ~  d i r e c t i v i t y  appears t o  be the minimum r a d i a t i c q  
condi t ion.  As frequency i s  increased t o  khz2 .0 ,  the data shows remarkable 
col iapse, i.e. ! i t t l e  core temperature dependence, w i t h  peak rad ia t i on  now 
a t  7G0.  The h igh frequency regime [kh=8 .0 ,  f i g .  4 .46(c) l  shows the rad ia-  
t i o n  peak now t o  be between 70 and 80 degrees. I n  add i t i on ,  the ambient 
core temperature d i r e c t i v i t y  shows considerably reduced r a d i a t i o n  (by almost 
10 dB) a t  a l l  angles greater than the peak. 

An increase i n  fan Mach number t o  1.2 ( f i g .  4.47) can be seen t o  produce 
a general broadening o f  d i r e c t i v i t y  a t  a l l  frequencies. Data sca t te r  i s  
considerable, being a d i r e c t  consequence o f  poor s igna l - to-no ise r a t i o s  due 
t o  contamination by radiated noise f rom. ths  very h igh v e l o c i t y  j e t s  a t  these 
operat ing condi t ions.  Peak rad ia t i on  f o r  450K and 675K core temperatures 
can be p o s i t i v e l y  i d e n t i f i e d  t o  be i n  the 60 t o  70 degree region w i t h  the 
ambient core temperature case f a r  less c l e a r  due t o  the existence of  s i m i l a r  
l eve ls  over the 50 t o  80 degree po la r  angles. The 675K case i s  p a r t i c u l a r l y  
i n t e res t i ng  i n  t ha t  i t  rad ia tes less e f f i c i e n t l y  than the ambient o r  4 5 0 ~  
case a t  l a rger  angles a t  a l l  frequencies. 

4.4.3 Constant Temperature Rat io  Comparisons 

This comparison was made i n  order t o  determine what, i f  any, co l lapse 
could be expected based on constant temperature r a t i o s  between core and fan 
but w i t h  d i f f e r i n g  fan (or  core) temperatures. The d i r e c t i v i  t i e s  p l o t t e d  
a re  f o r  three cases, two o f  which a re  f o r  the design temperature r a t i o  o f  
0.75 f o r  core t o  fan. These temperature values f o r  core and fan, respec- 
t i v e l y ,  are ( 5 6 3 ~ ~  750K) and ( 6 7 5 ~ ,  goOK). The t h i r d  case shown i s  f o r  a . 
temperature r a t i o  o f  0.6 (core t o  fan o f  450K, 7 5 0 ~ )  as the data f o r  the 
0.75 r a t i o  case (450K, 6 0 0 ~ )  proved inva l  i d  due t o  externa l  pulse f i r i n g  
problems on tha t  run. 
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P O U R  ANGLE, DEG, 
F igure  4.46 Nozzle t r a n s f e r  f unc t i on  d i  rec.t i v i  t y  f o r  var ious temperature 

cond i t i ons .  Source a t  fan, nozz le  N1 ( a - 2 0  Deg., L / h = l ) ,  
M J ~ ~ O . ~ , M J ~ = O . ~ , T R ~ = ~ O O K .  CODE: T R ~ .  





Figure 4.48 shows the d i r e c t i v i t i e s  f o r  nozzle conf igurat ion N1 f o r  a 
low cond i t ion  o f  (0.8, 0.9) f o r  the three representat ive frequencies 

khx0 .5 ,  2 and 8, respect ive ly .  I t  can be seen tha t  except i n  the peak 
rad ia t i on  region o f  60 t o  70 degrees po la r  angle, l i t t l e  eq,idence o f  a 
co l lapse can be seen. The on ly  p o s i t i v e  i nd i ca t i on  o f  a parameter normali- 
za t ion  is the s i m i l a r i t y  i n  the kh =O.S case [ f i g .  4. ' -3(a)]  between the 
d i rec t  i v i  t i e s  o f  core and fan temperature combinat ions o f  (450K, 7 5 0 ~ )  
( r a t i o -0 .6 )  and ( 6 7 5 ~ ,  900K)(rat io=0.75).  

Figure 4.49 shows the same comparisons f o r  a v e l o c i t y  cond i t ion  o f  
(0.8, 1.2). Again, data co l  lapse i.s observed i n  the 60 t o  70 degree reg ion. 
Th is  h igh v e l o c i t y  t e s t  cond i t ion  produced such po0.r s ignal- to-noise r a t i o s  
t ha t  p o s i t i v e  pulse i d e n t i f i c a t i o n  i n  the far  f i e l d  could on l y  be achieved 
over a l i m i t e d  range o f  po la r  angles. Thus, the t e s t  data po in ts  shown 
represent confirmed, no t  i n f e r red  data. 

One feature of both v e l o c i t y  condi t ions i s  the dominance o f  the core, 
fan temperature case of (563K. 750K) a t  h igh angles above 80 degrees f o r  a1 1 
frequency regimes. There appears t o  be no physical  explanat ion as yet  f o r  
t h i s  e f fec t .  

4.4.4 Summary 

The e f f ec r s  of  heat ing both core and fan streams on the fan  NTF can be 
summarized as fol lows: 

( 1  ) For fan temperature a t  750K: 

o As core temperature increases, the NTF increases. 

o As frequency increases, the NTF increases. 

o As core temperature increases, the peak rad ia t i on  angles 
reduce f o r  the (0.8, 0.9) f l ow  condi t ion  and increase 
fo r  the (0.8, 1.2) flow condi t ion.  

o Var ia t ions o f  NTF w i t h  L/h a re  minimal. 

( 2 )  For fan temperature a t  900K: 

o As core temperature increases, the  peak rad ia t i on  angles 
I ncrease. 

o A t  low and mid frequencies the increase i n  NTF w i t h  core 
temperature i s  minimal above 70' degrees po la r  angle. 

o Var ia t ions o f  NTF w i t h  L/h are minimal. 



Figure 4.48 Nozzle t rans fe r  function d i r e c t i v i t y  f o r  various temperature 
condit ions.  Source a t  fan, nozz le  N1 ( a x 2 0  Deg., L / h = l ) ,  
Mjl =o.8, MJ, x i  . 9 .  CODE: TR1 TR2 
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(3) Temperature r a t i o  comparisons: 

o For a l l  frequencies, the NTF above 70' po la r  angle i s  
minimized f o r  (450K, 7 5 0 ~ )  temperature condi t ion.  

o For a1 l frequencies, the NTF below 60' po la r  angle i s  
minimized f o r  (675K, 9 0 0 ~ )  temperature condi t ions.  

o The peak rad ia t i on  angles a re  observed i n  60-70' po la r  
angle reg ion f o r  a l l  condi t ions,  

4.5 CONCLUSIONS 

The var ious aspects studied i n  t h i s  program have already been summarized 
a t  the end o f  each subsection and w i l l ,  therefore,  not  be repeated here. I t  
i s  considered necessary, however, t o  po in t  ou t  t ha t  w i t h i n  the cons t ra in ts  
o f  the cont ract  requirement the data cou.ld be s tud ied o n l y  i n  a g lobal  sense. 

By t h i s  po in t ,  the reader has probably become q u i t e  aware o f  the f a c t  
t ha t  the NTF d i r e c t i v i t i e s  by themselves i n  the present p l o t t e d  form do not  
necessar i ly  show a cons is tent  trend. One o f  the major reasons f o r  t h i s  i s  
t ha t  the t e s t  p ldn d i d  not adequately r e f l e c t  the complexity o f  the problem. 
Th is  r e a l i z a t i o n  i s  due t o  the lack o f  past fundamental work i n  t h i s  f i e l d .  
For example, there i s  a lack o f  s u f f i c i e n t  i n f o r va t i on  about a proper 
normal iz ing frequency parameter. I n  the absence o f  s u f f i c i e n t  gu ide l ines,  
the data has been p l o t t e d  as a func t ion  o f  normalized frequency represented 
by kh o r  kR4. kRj i s  probably a co r rec t  parameter f o r  source i n  the core 
because o f  i t s  use i n  o ther  s tud ies i n  the past on s i ng le  nozzles, and.as 
a l so  estab l ished i n  our primary inves t iga t ion .  Use o f  kh as a proper 
parameter f o r  normalized frequency i s ,  however, subject  t o  debate and 
f u r t he r  conf i rmat ion.  

I t  i s  worth po in t i ng  out  here tha t  i n  a l l  cases where k i t h e r  o f  the 
coax ia l  streams was operated a t  supe rc r i t i ca l  pressure r a t i o s ,  the r e s u l t s  
fo l lowed a t rend completely d i f f e r e n t  from tha t  obtained a t  s u b c r i t i c a l  
pressure r a t i o s .  A t  these condi t ions the j e t s  were underexpanded and, 
:herefore, were character ized by Prandt 1 +eyer expans ions a t  the nozzle e x i t  , 
fol lowed by a complex shock s t ruc tu re  w i t h i n  the coax ia l  j e t .  The present 
r e s u l t s  c e r t a i n l y  i nd i ca te  the need f o r  fundamental research on the in te rac -  
t i o n  o f  sound w i t h  shocks and propagation o f  sound through f low conta in ing 
shocks. 

A t  a l l  h igh j e t  v e l o c i t y  condi t ions,  p a r t i c u l a r l y  a t  small angles t o  the 
exhaust ax is ,  j e t  noise was found t o  dominate i n t e rna l  noise rad ia t ion .  Th is  
was despi te  the f a c t  tha t  the in te rna l  noise leve ls  a t  the e x i t  plane were of 
the order o f  140 dB. The imp1 i ca t ions  are the re fo re  tha t  i n  the f u l l  scale, 
engine i n t e rna l  noise r a d i a t i o n  w i l l  no t  make a s i g n i f i c a n t  con t r i bu t i on  t o  
f a r - f i e l d  noise leve ls .  

As a f i n a l  note, the NTF as used may not  be the beet measure o f  the 
transmission cha rac te r i s t i c s  o f  the inver ted ve loc i  : p r o f i l e  coax ia l  



nozzles. NTF was taken t o  be the ra t  l o  o f  the measured f a r - f  i e l d  in tensi  t y  
and that from a monopole acoustic source located a t  the nozzle e x i t  w i th  
t o t a l  power equal t o  the incident power. First, the incident power i s  
r e a l i s t i c a l l y  not equal t o  the t o t a l  transmitted power and second, i t  does 
not radiate as a monopole. 

I n  short, the engineering approach taken i n  t h i s  work i s  inappropriate 
from the standpoint o f  a fundamental research invest igat ion i n  that  individual 
e f fec ts  could not be investigated i n  a rlgorous manner. The present resu l ts  
should, therefore, be interpreted w i t h  the caution that  they are appl icable 
only  t o  s im i l a r  nozzle conf igurat ions and f low condit ions, 



APPENDIX A 

RADIATION IMPEDANCE OF CONICAL NOZZLES WITH MEAN FLOW 



I n  t h i s  sect ion,  a method t o  evaluate the r a d i a t i o n  impedance o f  a 
con ica l  nozzle e x i t  w i t h  and wi thout  mean f low using the complex r e f l e c t i o n  
c o e f f i c i e n t  a t  the shoulder o f  the duct-nozzle system i s  presmted.  The 
s i t u a t i o n  considered here i s  tha t  where acoust ic waves, i n  the fundamental 
mode, a re  genrrated by an "impulse source" i n  a con ica l  r i g i d -wa l l ed  f l ow 
nozzle (see f i g .  A-1) where the ax i a l  mean f low may vary. The acoust ic 
processes i n  the nozzle a re  assumed t o  be one-dimensional and i sen t rop ic  even 
though small r a d i a l  f l ow grad ients  a re  present i n  t h i s  system. 

INCIDENT PULSE **. - - -  - - .  :> 0 
C 

P r t  
REFLECTED PULSE 

R 
I I u 

DYNAMIC PRESSURE TRANSDUCER r 2  

Figure A-1 A Duct Nozzle System 

The l i nea r i zed  conservation equations f o r  axisymmetric f low f i e l d  can 
be w r i t t e n  as fo l lows:  

Cont inu i ty :  

DO - aur 
2 u 

dii 2Q 
- + p  D t (-+J) a r r + P ( ~ + ~ )  = o 

Momen t um : 

Energy: 

The barred and unbarred quan t i t i e s  describe the steady and unsteady s ta te  
var iab les,  respect ive ly .  I t  can be shown t ha t  equations (A-1) through (A-3) 



reduce t o  the f o l l ow ing  equations f o r  t ime harmonic per turbat ions:  

- - 
and pcu, - a ( r ) ~ '  +6 ( r )P1  (A+) 

where 2 - 1  E l  5" 
a ( r )  = ; + f (M,M' ,Mi' , - -' - k) 

For a constant area duct a l l  the de r i va t i ves  o f  mean f l o w  var iab les,  w i t h  
respect t o  r vanish and since the v i r t u a l  o r i g i n  "0" s h i f t s  t o  i n f i n i t y ,  a l l  
I/r terms vanish (see f i g .  A-1) . Therefore, equations (A-4: and (A-5) become: 

and - - ( 1  - M2) 9 
P6ur ' 'P - - l r r  dx 

So lu t ion  o f  Eq. (A-10) i s  g iven by 

where x i s  an a r b i t r a r y  coordinate i n  the same d i r e c t i o n  o f  r. Therefore, 
the t rans fe r  impedance a t  any loca t ion  ins ide  the duct i s  g iven by 



where a - ( B / A ) ~  -2jkx'(1-n2), the complex r e f l e c t i o n  coe f f  i c i c n t .  Assigning 
a coordinate r 2  t o  the shoulder o f  the duct-nozzle system (see f i g .  A-1) 
and apply ing equation (A-1 3 )  , the t rans fe r  impedance a t  the shoulder can 
be r ew r i t t en  as fo l lows:  

l + o  z(r2)  - - ,E (A- 1 4) 

Equation (A-4) can be expressed I n  the  f o l l ow ing  form: 

form 

' P  

P '  

The transmission ma t r i x  can be expressed as fo l lows:  

The rnatr ix [ ~ ( r ) ] ,  can be determined i n t eg ra t i ng  eouation ( A - 1 7 )  numerical ly.  
Lcc t ing  r l  t o  be the r a d i a l  coordinate o f  nozzle e x i t  and using equation 
(A-16), the osc i  I l a t o r y  pressure and i t s  d e r i v a t i v e  a t  r l  can be expressed 
i n  terms o f  o s c i l l a t o r y  pressure and i t s  d e r i v a t i v e  a t  r2  as fo l lows:  

and a so l u t i on  can be w r i t t e n  using the transmission ma t r i x  i n  the fo l low ing  

P 

PI 

Using Equations (A-13) and (A-5) , pi ( r )  can be expressed as 

(A-1 5) 



Using equation ( A - 2 l ) ,  equations (A-18) and (A-19)  can be w r i t t e n  as: 

and 

f 22 1 - a( rz ) } ]  P ( ~ z )  

where 

ZR = radiat ion impedance a t  the nozzle e x i t ,  and 





8.1 INTRODUCTION 

I n  determining the transmission and r e f l e c t i o n  of sound from a m u l t i -  
layer  media, two re levant  quan t i t i e s  a re  the t ransmit ted-to- incident-ampl i tude 
r a t i o  and the angle o f  emergence o f  t t e  sound f i e l d  as a func t ion  o f  the angle 
o f  incidence of the beam and the rear: aerodynari~ic and thermodynamic 
parameters o f  the d i f f e r e n t  layers.  

The angles o f  emergent sound f i e l d  a re  f i r s t  evaluated i n  terms of  the 
angles o f  incidence f i e l d .  Th is  i s  described i n  Sect ion 8.2. Transmit ted t o  
inc ident  amplitude r a t i o s  a re  then evaluated i n  Section 8.3. This involves 
matching of the f l u c tua t i ng  pressure and displacement f i e l d s  a t  the i n t e r -  
faces. The c o n t i n u i t y  o f  displacement f i e l d  must be imposed because of the  
r e l a t i v e  motion on e i t h e r  s ide  o f  each interface. 

B.2 ANGLE CHANGES ACROSS MULTI -LAYER 
FLOW FIELDS 

A necessary requirement f o r  acoust ic  t ransmission across a system o f  
plane p a r a l l e l  i n te r faces  w i t h  d i f f e r e n t  f lows between any two in ter faces,  i s  
t h a t  the component o f  the  wave number along the f low d i r e c t i o n  be a constant 
and independent of the coordinate t ransverse t o  the f low d i r e c t i o n .  Th is  
can be e a s i l y  proven from the c o n t i n u i t y  o f  acoust ic  pressure across each 
in ter face.  I n  a 2-0 system ( ~ i ~ u r e  B-I) ,  l e t  

I 
I +-jkxx + j o t  

PI (x,~,.) = F (y)  e 

+-jk;lix + j o t  
~ " ' ( x , ~ , w )  = ~ " ' ( y )  e 

I n  the above, the x-coordinate i s  chosen t o  be i n  the f l ow d i r ec t i on .  
F 1 ( y ) ,  F I ~  (y ) ,  F l l l ( y )  represent the ampl.itude v a r i a t i o n  o f  the sound f i e l d  
across each layer  and can be represented by a p a i r  o f  p o s i t i v e  and negat ive 
going waves along the y -d i rec t ion  and when combined w i t h  the x and t depend- 
ent terms represent an inc iden t  and a r e f l ec ted  wave. I n  each reg ion a 
separate k, i s  i n i t i a l l y  assumed, but as shown below i s  found t o  be constant 
and independent o f  the region. A necessary cond i t i on  i s  t ha t  the above 
expressions be continuous across each in ter face,  and fo r  a r b i t r a r y  values o f  
x. Thus, a t  y =yl f i r s t  in ter face,  



Figure 0.1 Acoustic transmission across a system of plane parallel 
mu1 ti-layer flow f ie1d.s. 



Also P I  (x +hx,yl,w) = P I '  (x + A X , Y ~ , ~ )  (B-5) 

Pl(x+Ax,yl,w) and Pi l (x+Ax, yl,w) can be expanded i n  terms o f  t h e i r  
values a t  x. Thus 

Subs t i t u t i ng  (B-I), (8-2) and (8-4) i n  (8-6), i t  can be shown t h a t  

S i m i l a r l y  a t  y =yp, i t  can be shown t h a t  

I I kj kx = + j kx  I l l  

Thus, i t  has been shown t h a t  

The negat ive s ign r e f e r s  t o  propagation along f low d i r e c t i o n  and p o s i t i v e  
s ign r e f e r s  t o  propagation against  f l ow  d i r ec t i on .  The wave-vector component 
are re la ted  by the d ispers ion equation which va r i es  from reg ion t o  region. 
Thus, i n  

2 -2 
reg ion I : k ~ + k ~ 2 = k l ( l - ~ l k x / k 1 ) 2 = k l  (say) (B-9) 

2 2 - 2 
region I I :  k x + k ~ 1 2 = k 2 ( l - ~ 2 k ~ / k 2 ) 2 = k 2  (B-10) 

2 " l2 = k i ( 1  - ~ ~ k x / k ~ ) ~  = - k3  2 and region I l l :  kx + ky (B-1 1 ) 

From equations (0-9), (B-10) and (8-1 1 )  , angles 8 i , Bt and 8, can be 
def ined, such t ha t  (see Figure B-1) 

- - - 
kx = klsin8i = k2sinet = k3sin0, (8- 1 2 )  

and corresponds t o  Snel l 's  law. ( ~ o t e  k l  and k2 a re  Doppler rnodif ied wave 
numbers. ) 



From equation (8-1 1) , (k,/k3) can be expressed i n  terms o f  0, and M3, namely 

S i m i  l a r l y ,  k,/k2 = s inQt / ( l   sine^) (8- 14) 

and kx/kl = s i ne i / ( ' l   sine^) (8-1 5) 

From equations (8-9) and (8-12) , i t can be shown t h a t  

sine, C3 (1 + ~ ~ ~ i n e ~ )  
-= = -  
s inQi L3 cl (1 +Mlsinei) 

and sine, can be solved f o r  w i t h  the f o l l ow ing  r e s u l t s  

(c3/c1) s ine;  
sine, = 

1 +(MI - M 3  c3/c1) s inei  
' 

Thus, the angle o f  emergence i s  a  f unc t i on  o f  MI, M3, (c j /c l ) ,  and angle 
o f  incidence 0 i .  Although equation (8-16) al lows eva luat ion o f  8, as a  
f unc t i on  o f  Q i  f o r  spec i f i ed  vaices o f  (c3/cl), M3 and ' M ~ ,  0 i  i s  bounded 
by O i c ,  the c r i t i c a l  angle o f  incidence. Sound inc iden t  a t  angles greater  
than e i c  w i l l  be t o t a l l y  i n t e r n a l l y  re f lec ted .  B i C  can be computed by us ing 
equation (8-12) and equat ion (8- lo) ,  from which i t  can be shown t ha t  

sine, c 3  ( 1   sine,) 
= :  
s inet  ( )  (1 + ~ ~ s i n e ~ )  

I t  f o l l ows  t h a t  

3 s inet  = {(c2/cl) s i n e i } / { l  + (ttl - M 2  -1 ~ i n e i l  (8-1 8) 
C l  

Thus 0, i s  now a func t ion  o f  €It, c3 / cz ,  M2 and M 3 .  e t  i s  not  an 
independent-var iable and i s  a  func t ion  o f  c2/cl, M1, M2 and s i .  However, t o  
ob ta in  the c r i t i c a l  angle 0 and e i c  above which t o t a l  i n t e rna l  r e f l e c t i o n  
takes place, B t  i s  set  t o  +7:/2) f o r  downstream propagation. One then 
ob ta ins  

Corresponding t o  t h i s  c r i t i c a l  emergence angle, there ex i s t s  a c r i t i c a l  
incidence angle which i s  obtained by so lv ing f o r  8 i  from equation (8-16) and 
i f  t h i s  i s  done, one obta ins 



Thus, f o r  0 i  > 8 i c r  t o t a l  i n t e rna l  r e f l e c t i o n  takes p lace from &nek layer  
(see Fig.  8-2). 

Now, if the sound i s  inc iden t  such t ha t  i t  propagates and emerges 
upstream, as 0  i reduces from 0 t o  -8 i, e t  ( ] 8  1 < 18 i 1 ) reduces from 0 t o  -Bt 
and 8, ( 1 ec  1 > 10 1 ) reduces from 0 t o  -0,: When 8, = -71/2, e t  = -atC and 
€li ' - O i c .  

Thus, f o r  upstream propagation ( 8 i  < 0) , the c r i t e r i o r :  f o r  t o t a l  i n t e rna l  
r e f l e c t i o n  i s  8,s-s/2. From equat ion (8-16), 

and 

For angle e t  <Bt,, t o t a l  i n t e rna l  r e f l e c t i o n  takes p lace a t  the outer layer .  

l NC l DENCE 
O < B i  < ~ / 2  

Figure 8.2 Schematic representat ion o f  rays f o r  upstream and 
downstream incidences. 



I , 
Table 8-1 shows v a r i a t i o n  o f  8,, and Bi, f o r  a  f i x e d  secondary f low 

M2=1.4 w i t h  v a r i a t i o n  o f  the pr imary f l ow MI. For t h i s  case the temperatures 
are assumed t o  be the same so t ha t  c l  = C Z  =c3 =344.5 m/s, and outer-most 
layer  i s  assumed t o  be s ta t ionary  (M5 =0), 

TABLE B-1 

Table 8-2 shows a  v a r i a t i o n  of 8,, and O i c  f o r  a  f i x e d  primary f l ow  
M I  '0.8 and a  va r i ab l e  secondary f l ow  M2. Again, i t  i s  assumed t h a t  
c1 =c2 =c3 =344.5 m/s and M3 -0. 

TABLE 8-2 

In  Table 8-3, O E c  and O i c  a re  computed fo r  a  set  o f  M 1  and M2 f o r  
constant temperatures o r  ad iaba t i c  speed o f  sound w i t h  cl = c2 = c3 = 344.5 m/s 
and Mg = 0. 



TABLE 8-3 

Table 8-4 shows the var ia t ion  o f  8, as a function o f  B i ,  for a set  o f  
values for MI. Again, the f low i s  assumed t o  be a t  ambient temperature w i th  
c3 =CI ~ 3 4 4 . 5  m/s. 

TABLE 8-4 VARIATION OF 8, WITH Qi  

In  each column, the zones of  s i lence a r e  indicated by hatched areas. 



I 
Table B-5 shows the values o f  8,, and 01, ( r e fe r red  t o  the downstream 

ax is )  f o r  a l l  the t e s t  condi t ions covered i n  the present t e s t  program. I t  i s  f 

7 
t o  be noted tha t  fo r  constant Mach number and temperature o f  the primary j e t ,  I 

the e f f e c t  o f  increasing the secondary Mach number o r  temperature i s  t o  
I 

increase the value o f  eEc.  Changing the temperature o f  the primary j e t ,  
however, a f f e c t s  on l y  O i c *  

TABLE 0-5 8 ic AND eEC VALUEP FOR THE TEST CONDITIONS 
OF THE PRESENT PROGRAM 

294.5 
600.0 
758.9 
goo. 0 
600 .0  
758.9 
goo. 0 

;'z With respect to  jet axis. 

8 . 3  AMPLITUDE AND PHASE CHANGES ACROSS 
MULTI-LAYER FLOW F I E L D S  

To determine the t ransmi t ted c o e f f i c i e n t ,  t h a t  i s  the r a t i o  o f  the 
amp1 i tude and phase o f  the emergent f i e l d  i n  terms o f  the amp1 i tude and 
phase o f  the inc ident  f i e l d ,  a matching of  the pressures and normal displace- 
ments a t  the in te r faces  i s  necessary. 



Since the normal v e l o c i t y  i n  any region o f  the f l u i d  f low i s  given by 
the substant ia l  de r i va t i ve  of  the normal displacement, i t  fo l lows  t ha t  

I and A!/A! i s  the r e f l e c t i o n  c o e f f i c i e n t  a t  the inner layer,  namely y e y l  
see (Figure 8 .1 ) .  

S i m i l a r l y  i n  region l l and II I 

4b1 1 . . j $ 1 1  /k: 
and 

e - j k b ' I ~  - j.kxx + jut 

P ~ C ~  ( 1  - ~ ~ k ~ / k ~ ) ~  

A t  y - y 1  the inner interface, the c o n t i n u i t y  of pressure and normal 
p a r t i c l e  displacement lead t o  

I I 

and - A,u e 
I1 Il - j k y  Y1 

where 

and 



Simi la r ly  a t  y  = y 2  

and 

where 

From equations (8-30) and (0-31) 

and 

then 

Substi tut ing (8-34) and (8-35) i n  (8-26), one obtains 

where h  = y p - y 1 .  

S imi la r ly  subst i tut ing (8-34) and (8-35) i n  (8-27) one obtains 



The amp1 i tude o f  the emergent sound f i e l d  A!' can be solved fo r  i n  
terms o f  the amplitude of the incident sound f i e l d  by e l iminat ing the 
r e f  1 ected amp1 i tude A!.. 

This i s  done by mul t ip ly ing  equation (8-36) by o '  and then adding 
equation (8-28) which then y ie lds  

where 

and 

I a + a " '  
f l  - I cos k i l  h 

u 

olulll + o l ~ o l l  
f 2  I s i n  k l l  h 

,I 0'1 Y 

Equation (8-38) expresses the amp1 i tude and phase o f  the emcr~ent sound f i e l d  
i n  terms o f  the amplitude and phase o f  the incident f i e l d  and i n  terms o f  i t s  
d i r e c t i o n a l i t y  and frequency and the Mach numbers o f  the intermediate layers, 

Evaluation o f  fl, f 2  and ky 
I I 

From equat ion (8-28) 

Now 

Since k, =kl(l -Mt,/kl) sinei, i t  fol lows that  

then 



and 

S i m i  l a r l y ,  i t  can be shown that 

Thus 

, 1 1 1  
f l  ( 1  + -) cos k l l h  

0 I  Y 

and 

O1 I1  0 I  I  I  I  
f2 = (-iT- + --) sink h 

a 0 
I Y 

Let 
2 1 3  " I t  

Q j ~ 3 2 k 3  Q l c 3  Y 3  '1 

Simi  i a r l y  z23 = E f i  
y 3 'T 2 

and 212 % f i f i  
~2 71 

[ l  + M 3 s i n e E ) )  
then fl = {I + L L 3  - 

corei ( 1   sine;^,/ cos k!,' h 



- ___* ---- 
in. -. 

and 

cost3, / 1  +H?sin, cosOt { I  +M;.sinet I I 11 s i n  ky  h (8-54) 
f 2  i223 ;OF ii + ~ ~ s i n 0 t j  + '12 % 11 +n ls i *e i  J 

Note i f  0 .  = tr/2, cor0.  - 0 k t  - 0 o r  0 '  0 and f 1  and f7  su f fe r  a 
s i n g u l a r i ( y  a t  0, = t n h .  For r a l c u l a t i o n  purposes s i n g u l a r i t y  i s  avoided 
by mak!ng B i  no t  e x a c t l y  +n/2, 

Now Bc and B t  can be computed i n  terms of 9 from equat ions (8-16) and 
(8-17) KI 1 i s  eva iuated from: i 

Y 

S i m i l a r l y ,  

and 
K3 cost3 

,‘I11 c 
Y ( I  4 I$ sine T 

6 

Thus, f l ,  f 2  and kai k "  I I I 
I *  Y D k Y  

can be evaluated i n  terms of  e., M, Hz, 
I 

(cz/cl ) and (c?!cl). Hence, A:' ' /A ; ,  

Ef fec ts  o f  vary ing M2 f o r  f i x e d  values o f  MI ,  namely 0.4, 0.8 and 1.2 on 
as c a l c u l a t e d  from equat ion (6-38) a r e  p l o t t e d  i n  f i g u r e  8.3. Both 

reams a r t  assumed t o  be unheated. (harp decrease i n  the values o f  & I I I / A ~  
a t  low and h i g h  values o f  8;  i s  caused t y  the t o t a l  i n t e r n a l  r e f l e c t i o n  E. 

phenomena. f o r  values o f  up t o  5 . c  80° ( w i t h  respect  t o  the j e t  a x i s )  n e i t h e r  
M I  nor M 1  appear t o  have a s t rong t7n f luence  on the t ransmi t ted  t o  i n c i d e n t  
r a t i o .  For values o f  e s120° ( w i t h  the j e t  a x i s ) ,  however, tnese r a t i o s  a r e  
almost independent o f  t4;-but decrease cans iderab!  y w i  t h  increas ing values of 
MI. Also, no te  tha t  i n  the reg ions of t o t a l  i n t e r n a l  r e f l e c t i o n  the  above 
r a t i o s  have f i n i t e  values ins tead of being zero as expected from ray  acoust ics ,  
The sound reaching the  zone of s i l e n c e  i n  th ! s  case i s  a c t u a l l y  due t o  
d i f f r a c t i o n ,  and hence has a f i n i t e  value.  

I n  the  a n a l y s i i  presented so f a r ,  the sound rays  c rass  two i n t e r f a c e s  
before reaching l aye r  I  I I .  Thus, the r e s u l t s  f o r  amp1 i tude changes a r e  
s t r i c t l y  a p p l i c a b l e  f o r  the  case when the  source i s  located the ? ( l ~ a ( J  i n  
our coax ia l -nozz le  system. To extend the a n a l y s i \  t o  source located i n  the 
;*,m, whereby the sound rays cross o r l y  one in te r face ,  a l l  parameters I n  the 
l aye r  I  arc  made equal t o  the corresponding parameters i n  layer I  I ( i  . e .  
H, = H e ,  TI = T- and h = y ,  - yl i s  made equal t o  zero. I t  i s  found t h a t  the 
expres;iw A ' ~ ~ ~ A ~ I I  i s  then g i ven  by 

G 







APPENDIX C 

ANALYTICAL STUDIES OF THE ACOUSTIC 
PROPERT I ES OF CONVERGING CONICAL NOZZLES 

IN THE ABSENCE OF MEAN FLOW 



C. 1 INTRODUCTION 

The acoust ic  p roper t ies  o f  a  con ica l  nozzle l i k e  those o f  a  s t r a i g h t  pipe 
can be character ized by parameters such as the f a r - f  l e l d  d i r e c t i v i t y ,  the 
r ad ia t i on  impedance and the r e f l e c t i o n  c o e f f i c i e n t  spectra. Such acoust ic  
p roper t ies  can be inf luenced by the mean f low and i t s  grad ients  as we l l  as 
the nozzle geometric p roper t ies  such as the convergence angle eO, the e x i t  
r ad i us  which can be combined w i t h  the sound frequency i n  the form o f  a  non- 
dimensional frequency parameter kRJ, and the r a t i o  o f  the nozzle length t o  the 
nozzle radius.  

O f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  study i s  the in f luence o f  the angle of 
convergence on a l l  th ree  o f  the above mentioned acoust ic parameters. Except 
i n  the case o f  no mean f low,  the nozzle angle o f  convergence e f f e c t  cannot be 

- e x p l i c i t l y  i so la ted  f o r  i t  a lso  a f f e c t s  the mean f low f i e l d ,  which i n  t u r n  
a f f e c t s  the acoust ic  proper t ies .  This analysis i s  restricted t o  the case of 
no mean f tow. 

For nozzles w i t h  small angles o f  convergence, i t  may be expected t h a t  
the acoust ic  p roper t ies  w i l l  no t  d i f f e r  markedly from those o f  a  s t r a i g h t  pipe 
which have been studied i n i t i a l l y  by Levine and Schwinger ( r e f .  2.5) and Ando 
( r e f .  2.7). The analys is  described below makes use of an extension o f  the 
method o f  spher ical  harmonics. Th is  i s  then used t o  study the e f f e c t s  o f  
angle o f  cocvergence on the acoust ic  near- and f a r - f  i e l d s  by comparing the 
f a r - f i e l d  d i r e c t i v i t y ,  the acoust ic  r a d i a t i o n  impedance and the r e f l e c t i o n '  
c o e f f i c i e n t  f o r , t h r e e  nozzles w i t h  angles o f  convergence equal t o  6, 10, and 
20 degrees. These r e s u l t s  a re  a lso  compared w i t h  data der ived from the 
measurements described i n  e a r l i e r  sect ions o f  t h i s  repor t .  

C.2 A N A L Y T I C A L  APPROACH 

The acoust ic  r e f l e c t i o n  c o e f f i c i e n t  o f  a  nozzle, l i k e  tha t  o f  a s t r a i g h t  
p ipe o r i f : ce ,  i s  a  measure o f  the r e l a t i v e  mismatch between the acoust ic  
p roper t ies  ( inc lud ing boundary cond i t ions) ins ide  and ou ts ide  the nozz 1 e. 
Ins ide a con ica l  nozzle the r i g i d  con ica l  surface const ra ins the sound f i e l d  
i n  such a manner t ha t  a "plane" inc ident  wave propagates w i t h  a  curved (seg- 
ment o f  a  spher ical  surface) wave f r on t  w i l l  arnpii fy as the wave propoqates t o  
the nozzle e x i t ,  fo l l ow ing  inverse square law (from v i r t u a l  o r i g i n )  r e l a t i o n -  
ship. A t  the nozzle e x i t ,  r e f l e c t i o n  back i n t o  the nozzle and d i f f r a c t i o n  t o  
the f a r  f i e l d  take place. The d i f f r a c t e d  near- and f a r - f i e l d  i s  a func t ion  
o f  the outer surface cond i t i on  o f  the nozzle and i t s  angle o f  convergence as 
we l l  as the phase v a r i a t i o n  across the nozzle e x i t  plane o f  the inc iden t  
wave. 

The present ana lys is  i s  a  study o f  the inf luence o f  the nozzle conver- 
gence angle, €I,, on the d i f f r a c t e d  f i e l d ,  and the rad ia t i on  impedance. The 
"plane" r e f l e c t i o n  c o e f f i c i e n t  i s  computed from the corresponding rad ia t i on .  



r ad ia t i on  impedance tak ing i n t o  account the angle o f  convergence o f  the inner 
surface o f  the nozzle. 

Consider an i n f i n i t e  convergent con ica l  nozzle o f  h a l f  angle 8, as shown 
i n  F igure 12.1. 

Figure C . l  Nozzle geometry and the coord inate system. 

I f  a spher ical  surface of rad ius rS=RJ/sine0 (where RJ i s  the nozzle e x i t  
rad ius)  i s  drawn w i t h  center a t  the v i r t u a l  o r i g i n  o f  the nozzle, three 
acoust ic  regions can be d is t ingu ished.  The inc iden t  and re f l ec ted  sound f i e l d  
are r e s t r i c t e d  t o  region I l l .  Region I I  corresponds t o  an intermediate region 
i n  which the input  sound f i e l d ,  (IT - 0 , )  < + < I T ,  i s  rad ia ted  and d i f f r a c t e d  t o  
f a r  f i e l d  i n  the  range 0 < + <  (n - E l 0 ) .  

The sound i n  each o f  the three regions can be advantageously expressed 
by a modif ied form o f  spher ical  harmonic analys is  due t o  the f ac t  t ha t  the 
nozzle surfaces ( inner  and ou te r )  a re  co inc ident  w i t h  those o f  a spher ica l  
coordinate system. For example, i n  regions I, I1 and I l l ,  assuming the 
sound f i e l d  t o  be axisymmetric, the temporal Four ier  t ransform o f  the acoust ic  
pressure can be expressed i n  t he  f o l l ow ing  forms. 

jut 
P I  1 1  (r,$,o) = L EL Q,, (2) h ( 8 p ~ )  e (C-3) 



I n  equation (c-1) above, n(qm$) represents the t ransverse d i s t r i b u t i o n  
o f  the pressure f i e l d  i n  the nozzle; n(qm($) + Jo(qm$) (Bessel func t ion  o f  
zero order)  as the nozzle inner surface angle o f  convergence tends t o  zero; 
and the dev ia t ion  between n(qm$) and Jo(qmi) i s  very s l  i g h t  even f o r  e0 as 
h igh as 20'. Fc,r plane waves, qo=O. The f i r s t  term ins ide  the bracket o f  
equat ion (c-1) corresponds t o  a plane spher ica l  wave converging towards the 
nozzle e x i t  and represents the inc iden t  wave. The r e f l e c t e d  waves a re  
represented i n  general by a set  o f  non- integral  Hankel funct ions,  except f o r  
the plane wave (qo = 0 ) .  The func t ion  ~ ~ ( $ 1  i n  equation (c-2) i s  the Legendre 
polynomial of i n t eg ra l  order,  f o r  i n  region I I ,  the sound f i e l d  extends i n  
the range 0 <J,<lr. Also, because reg ion II contains the v i r t u a l  o r i g i n ,  
j k  (z) i s  the spher ical  Bessel f unc t i on  expressing the r a d i a l  v a r i a t i o n  of the 
round f i e l d .  a I n  region I I I, since 0 i s  r e s t r i c t e d  t o  0 < )  < (n - e 0 ) ,  A ( B ~ $ )  
i s  a modif ied form o f  Legendre polynomial and QEe i s  a correspondingly 
modif ied form of  non- integral  Hankel funct ion.  

I n  the above equations (C-1) through (C-3), the amp1 i tude c o e f f i c i e n t  A. 
i s  assumed spec i f i ed  and the other  amplitude c o e f f i c i e n t s ,  namely B,, Ok and 
E need t o  be determined i n  terms o f  AO. The o ther  func t ions  J~(~,$) and 
L 4 B ~ + )  are  funct ions o f  on ly  the nozzle inner and outer  angles o f  convergence 
and f o r  a given nozzle can therefore be computed once f o r  a i l .  

Equations (c-1) through (c-3) a re  subject  t o  the fo l low ing  two sets o f  
boundary cond i t i ons  a t  i n te r faces  o f  the three regions: 

and 

By making use o f  the orthogonal p roper t ies  o f  L ~ ( $ )  and A ( B L i )  i n  t h e i r  
respect ive ranges, the r a t i o  o f  Ok/Ao and E&/Ao and Bk/Ao have been 
computed. subs t i t u t i ng  these values back i n  equations (c-1) through (C-3) 
a l l o w s e x p l i c i t e v a l u a t i o n o f ~ ~ ~  andP\\',$), t h e a c o u s t i c n e a r a n d  f a r  
f i e l d s  respec t i ve ly  i n  terms o f  the inc iden t  wave. On i n t eg ra t i on  o f  p l l ( r s , $ )  
over the nozzle e x i t  plane al lows eva luat ion of the r a d i a t i o n  impedance. 
Such evaluat ions have been ca r r i ed  ou t  f o r  three nozzles and a re  discussed 
next. 

C.3 NUMERICAL RESULTS 

D i r e c t i v i t y  

The three nozzles used i n  the numerical study have the fo l low ing  geometric 
proper t ies .  The length-to-nozzle-exi t  r a t i o  i s  assumed i n f i n i t e  i n  each 
case, t ha t  i s ,  there i s  no j unc t i on  w i t h  a s t r a i g h t  pipe. The h a l f  angles 



o f  convergence a re  6.1z0, 10' and 20'. The f a r  f i e l d  i s  computed a t  
k r = 6 k R ~ / s i n € 1 ~ ,  where r i s  the spher ica l  r a d i a l  coordinate measured from 
the  v i r t u a l  o r i g i n ,  and RJ i s  the nozzle e x i t  radius. 

Figure C.2 shows the e f f e c t  of nozzle convergence angle B0 on the 
computed f a r - f i e l d  d i r e c t i v i t y  f o r  a nondimensional frequency o f  kRJ "1.85. 
The corresponding d i r e c t i v i t i e s  for  sound rad ia ted from a ba f f led  and an 
unbaf f led s t r a i g h t  p ipe based on K i r c h o f f ' s  and Levine and Schwinger's 
ana lys is  a re  a l so  shown. The main observat ion i s  tha t  as the angle o f  nozzle 
convergence increases, the SPL a t  any angle does no t  drop ( r e l a t i v e  t o  t ha t  
on the ax is )  as much as tha t  f o r  the unbaf f led s t r a i g h t  pipe. I n  o ther  words 
the beam w id th  increases w i t h  nozzle angle. I n  the rear  a r c  (0 - 90°), the 
SPL radiated;hy the 6O nozz1.e i s  s i m i l a r  t o  the unbaff1.d s t r a i g h t  p ipe  t o  
w i t h i n  h a l f  a dec ibe l .  I n  the forward arc,  the dev ia t ion  i s  of the order o f  
one decibel .  These dev ia t ions increase as the nozzle angle of convergence 
increases. A1 though the d i r e c t i v i t y  fo r  the ba f f led  s t r a i g h t  p ipe should no t  
s t r i c t l y  be used f o r  comparison f o r  reasons discussed l a t e r ,  i t  does appear 
t o  provide an upper l i m i t .  

F igure C.2 shows the f a r - f i e l d  d i r e c t i v i t i e s  f o r  these three nozzles f o r  
three o ther  frequencies, namely kRJ ~ 2 . 5 ,  1.4 and 0.5. For the two higher 
frequencies the e f f e c t s  o f  nozzle convergence angle i; s i m i l a r  t o  those f o r  
the case o f  kRJ =1.85 already discussed above. For the low frequency case, 
the e f f e c t  seems t o  suggest the existence o f  a c r i t i c a l  frequency a t  which 
s e n s i t i v i t y  t o  nozzle convergence i s  unimportant. 

Compar i son W i t h  Measurement 

Although the analys is  does no t  account f o r  the e f fec t  o f  a shoulder 
( j unc t i on  w i t h  a s t r a i g h t  pipe) on the acoust ic f a r  f i e l d ,  a comparison w i t h  
a set  of measured d i r e c t i v i t i e s  f o r  nozzles o f  f i n i t e  lengths may no t  be too 
inappropr iate.  Figure C.4 shows two sets  of data corresponding t o  r ad ia t i on  
from a s t r a i g h t  p ipe and a 6' convergent conical  nozz!e ( rad i  i 4 and 2 inches 
and length 10.25 inches). As ind icated e a r l i e r ,  the di f ference between an 
unflanged s t r a i g h t  p ipe and a 6' nozzle i s  very small espec ia l l y  i n  the rear  
arc.  Although t h i s  comparison i s  good but i s  not  adequate t o  conf i rm the 
trends p red ic ted  by the numerical ana lys is .  

Rad i a t  ion Impedances 

Figures C-5 and C-6 show the in f luence o f  nozzle angle on the r a d i a t i o n  
reactance spectra. The corresponding spectra f o r  the r ad ia t i on  impedance 
from a b a f f l e d  and an unbaff led s t r a i g h t  p ipe are a lso  included for cornoarison. 
One observat ion i s  tha t  i n  the low frequency range the radiation res i s tance  
is significantly increased compared t o  tha t  o.f an unbaff led s t r a i gh t  p ipe .  The 
b a f f l e d  s t r a i g h t  pipe spectrum seems t o  be higher i n  the low frequency range 
and i n  the r e l a t i v e l y  higher frequency range seems t o  be lower than the 10- 
and 20-degree nozz les . 
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ANGLE e FROM 'NOZZLE OR P IPE A X I S  

Figure C.2 Effect of nozzle convergence angle 8, on far-f i e l d  SPL (numerical 
analysis) and comparison with baffled and unbaffled straight pipe 
solutions. 
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NONO l MENS l ONAL FREQUENCY, kRJ 

Figure C . 5  Computed e f f e c t s  of conical  nozz le  convergence angle on 
the acoustic rad ia t ion  res istance spectrum o f  nozz le  o r i f i c e  
and comparison w i t h  corresponding solut ions f o r  b a f f l e d  and 
unbaff led s t r a i g h t  pipes (Ki rchoff  and Levine & Schwinger, 
respect ive ly ) .  
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F igure  C . 6  Computed e f fec ts  of conical  nozz le  convergence ang!e on 
the acoustic ruciation reacsznce spectrum o f  nozzle o r i f i c e  
and comparison w i t h  corresponding solut ions f o r  b a f f l e d  and 
unbaf f led pipes ( ~ i  rchof f and Levi ne and Schwinger , 
respect i v e l y j  . 



L i ke  the f a r - f i e l d  d i r e c t i v i t y  p l o t ,  one would have expected the b a f f l e d  
p ipe  r a d i a t i o n  res is tance t o  be the upper l i m i t  as the nozzle angle i s  
increased. The expectat ion i s  u n j u s t i f i e d  f o r  the simple reason t ha t  i n  the 
con i ca 1 nozz 1 e case, the ve loc i t 3  f Zuctuaticn a t  the nozzle ex i t is d i s t l l i -  
buted acme8 a cuwed surface whose o r i g i n  i s  the nozzle v i r t u a l  o r i g i n ;  i n  
the b a f f l e d  s t r a i g h t  p ipe case, the v e l o c i t y  f l u c tua t i ons  a re  p a r a l l e l  and 
along the p ipe ax is .  The curved v e l o c i t y  d i s t r i b u t i o n  i n  the nozzle case 
apparent lymust  g i v e  r i s e  t o  some form o f  focussing. I n  the near field, t h i s  
focussing e f f e c t  i s  opposed by acoust ic  spreading due t o  d i f f r a c t i o n .  On 
the other  hand, i n  the  far  f i e l d  ( i n  the present i v a l y s i s ,  t h i s  i s  s i x  times 
the foca l  length which may be def ined as the d i s t a t ~ c e  from the nozzle e x i t  
plane t o  the v i r t u a l  o r i g i n ) ,  the two e f f ec t s  ad(, together g i v i n g  r i s e  t o  
increased spreading as a l ready shown i n  f i gu res  5.2 and C.3. 

I n  f i gu re  C.6 r e l a t i v e  t o  the r a d i a t i o n  reactance spectrum o f  an 
unbaf f led s t r a i gh t  pipe, the corresponding spectra f o r  the nozzles a re  higher 
i n  the low frequency range and lower i n  the h igh  frequency range. The 6 O  

nozzle spectrum i n  the low frequency range i s  i n  f a c t  i den t i ca l  t o  t ha t  o f  
the unflanged s t r a i g h t  pipe. Another po in t  of observat ion i s  tha t  a t  the 
higher frequency of kRJ -3.0, and f o r  the 20' nozzle, the r a d i a t i o n  reactance 
i s  negative. This could be due t o  a resonant e f f ec t  o f  the sound f i e l d  i n  
the imaginary spher ical  "cavity". A conf i rmat ion o f  t h i s  has no t  been made 
but could be done by computing the sound f i e l d  d i s t r i b u t i o n  ins ide  the c a v i t y  
and w i l l  be invest igated l a t e r .  

The Acoustic Re f lec t ion  Coef f i c ien t  

The r e f l e c t i o n  coe f f i c i en t ,  a, i s  r e l a ted  t o  the normalized rad ia t i on  
impedancs ZR. For a s t r a i g h t  pipe, the we1 I-known r e l a t i o n  f o r  plane wave 
r e f l e c t i o n  i s  given by 

I n  a conical  nozzle, when account i s  taken of  the v a r i a t i o n  o f  the 
amplitude dur ing propagation, i t  can e a s i l y  be shown t ha t  

Making use o f  the computed rad ia t i on  impedance spectra o f  f i gu res  C . 5  
and C.6,  the spectrum o f  the amplitude of  the r e l f e c t i o n  c o e f f i c i e n t  has 
been evaluated using equation (C-7) and are shown i n  f i g u r e  C.7. For 
comparison the r e f l e c t i o n  c o e f f i c i e n t  f o r  an unbr f f l ed  s t r a i g h t  pipe as 
computed by Levine and Schwinger ( r e f .  2.5) i s  a150 included. The on ly  
po in t  o f  observation i s  tha t  i n  the low frequency range the amplitude o f  the 
r e f l e c t i o n  i s  not  too sens i t i ve  t o  the convergence angle o f  the nozzle. 





C.4 CONCLUSIONS 

The p r i nc i pa l  r e s u l t s  are as fo l lows:  

(1) The f a r - f i e l d  d i r e c t i v i t y  rad ia ted from a 6' nozzle i s  s i m i l a r  t o  
t h a t  from a s t r a i gh t  p ipe  o r i f i c e  t o  w i t h i n  h a l f  a decibel  i n  the rear  a rc  
and about one decibel  i n  the  forward arc. 

(2 )  As the nozzle angle o f  convergence (eo) i s  increased the SPL 
r e l a t i v e  t o  tha t  on the nozzle ax i s  increases a t  a l l  frequencies except a t  
the lowest frequency case kRJ = 0.46. 

(3)  The l i m i  ted comparisons between the  pred ic ted and the measured 
acoust ic  f a r - f i e l d  d i r e c t i v i t i e s  a re  good. 

(4)  I n  the lowfrequency range, kRJ<2.25, the r ad ia t i on  resistance 
spectrum o f  the nozzle ( 6 ' ,  l o0 ,  20') i s  higher than tha t  o f  an unbaf f led 
i t r a i g h t  p ipe  and r i s e s  as go i s  increased. For frequencies higher than 
c r i t i c a l  values kRj >2.25 f o r  6' nozzle, kRj ~ 7 . 7 5  f o r  l o 0  nozzle and kRj >3.75 
f o r  20' nozzle, the ccrresponding rad ia t i on  res is tance i s  lower than t ha t  o f  
an unbaf f led s t r a i g h t  pipe. 

(5) The rad ia t i on  reactance spectrum f o r  the 6' nozzle i s  i den t i ca l  t o  
the unbaf f led s t r a i g h t  p ipe up t o  kRJ=l. l ,  and i s  lower a t  h igher frequencies. 
The corresponding values f o r  the  10' and 20' nozzles a re  higher than the 6' 
nozzle up t o  kRJ =2.4, \20° nozzle being h ighest ) .  A t  frequencies greater  
than kRJ = 1.7 f o r '  the 10° nozzle and kRJ = 1.9 f o r  the 20' nozzle, the 
t ad ia t i on  reactance o f  each nozzle i s  lower than t h a t  o f  the s t r a i g h t  pipe. 

( 6 )  The amp1 i tude o f  r e f l e c t  ion c o e f f i c i e n t  i n  the low frequency range 
i s  no t  very sens i t i ve  t o  the nozzle convergence angle. 

(7) Rela t i ve  t o  a s t r a i g h t  pipe. the nozzles r ad ia te  somewhat more 
acoust ic  power i n  the low frequency range and less a t  h igher frequencies. 



APPENDIX D 
SYMBOL LIST 

constants appearing i n  equation (A-12) 

duct area 

loca l  speed o f  sound 

stagnat ion speed o f  sound 

diameter 

frequency , Hz 

annulus he ight  

d = i  

wave number, 2nf/C 

wave. number based on Co, 2rf/Co 

1 ength 

mean f l ow  Mach number 

duct Mach number 

j e t  Mach number 

acoust ic pressure 

inc ident  pressure wave 

re f l ec ted  pressure wave 

fa r - f  i e l d  acoust ic pressure ( rad ia ted acocst i c  pressure) 

resistance 

duct radius 

nozzle e x i t  radius 

f a r - f  i e l d  measurement radius 

rad ia l  coordinate 



temperature 

time 

mean flow ve loc i t y  

ve loc i t y  per turbat ion along r 

acoustic power 

reactance 

ax ia l  coordinate 

t ransfer  impedance 

rad i a t ion impedance 

convergence angle f o r  the outer nozzle 

spec i f i c  heat r a t i o  

wavelength 

density perturbat ion 

mean f 1 ow dens i t y  

r e f  1 ect ion coe f f i c i en t  

f a r - f  i e l d  measurement angle (degrees) w i th  the j e t  ax is  

angle o f  impulse wave f ron t  t o  duct wal l  

nozzle convergence angle 

f i r s t  der iva t ive  w i t h  respect t o  r o r  x 

second der iva t ive  w i th  respect t o  r or  x 
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