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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 realistically 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 impuise 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 ncise transmission’ charac-
teristics of selncted 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 trends,where noted,are discussed as fully as possible, supported both
by physical and analytical arguments.
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1. 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 technigues for these sources have resulted in notable noise
reductions. However, the predicted model scale or measured static noise
reductions have not in fact bee&:r fully realized when tested in full-scale
flight situations. |In scme 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 full-scale flight 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 conducted 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 velocity profiles
and determine ic; noise transmission characteristice from a well~defined
internal noise source.

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
validation of the technique ultimately selected. Finally, following the
successful completion of developing and validating a test methodology, a
coaxial test rig and coannular nozzles were designed 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
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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 piocedures 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 QUTLINE 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 toc 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 was to be
extended beyond the secondary nozzle exit by a distance, L, equal to 1, 3
and 5 times the cecondary nozzle annulus width, h, {see fig. 2.1). In
addition, based on test frequency considerations, appropriate size con-
straints were imposed. 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 engines, the radius ratio r;/r, 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 fig. 2.1,

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

Quter Stream Mach No. 0.6 <My, 21.5
Inner Stream Mach No. 0.4 zMy) 1.2
Mach No. Ratio Mjc/Mgy » 1.0

Stagnation Vemperature Ratio 1.0:7,/Tys3.0

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 225. The upper limit of this
frequency requirement corresponded to a frequency of 100 KHz based on the
gecmetric data given in figure 2.1.

(&) 1t was required Lo produce the acoustic transmission character-
istics, but:
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Figure 2.1

Relevant geometric parameters for coaxial nozzle system.




(a) a definition of acoustic transmission coefficient for
the nozzle system was unspecified;

{(b) a method for determining the intarnal 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 classified as listed below:

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

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

(3) Data Analysis: The data analysis method is also interrelated to
the above two problems, but must also be capable of rejecting extraneous
noise both from inside the noczle duct system and from externally generated
jet noise.

[n 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 preliminary investigation. This investigation,

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 preliminary investigation. First, it was necessary, based on
data measurement consicerations, to define the most logical measure of nozzle
transmission coefficient {NTC). Following this, in line with the NTC
definition, the source type and test technique had to be developed. Then,
based on these considerations and constraints, the measurcment procedures
had to be established. Finally, the data analysis techniques necessary for
determination of NTC had to be specified and developed, where required.




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 is
required. It is always necessary to specify a source distribution in duct
acoustics studies. 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 distribution 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 that equal energy
should be assigned to all propagating modes.

Whatever the decision on source specification for analytical studies, it
s2ems 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 is 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 probes 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 that, 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 transmission coefficient, based on
the ratio of radiated power* to incident power (Wijhc) in the duct, is:

2
4mR2 B
NTC = (TT Eac w-l , (2-1)
pc amb inc

where aiad is far-field microphone mean square pressure measured at radius Rp
from the duct exit and oC is the characteristi~ impedance.

*From gtandard texts (ref. 2.4) acoustic power is defined as the surface
integral of far-field acoustic mean square pressure normalized to
characteristic impedance (pc).



This is cquivalent to the ratio of the measured acoustic intensity to that
produced at the measured point by an acoustic point monopole source of eguiva-

lent power equal to Wijpc and located at the nozzle exit (see section 3.3.5)..

With this decisicn on the definition of NTC, it is now possible to
evaluate the potential types of source excitation, measurement technigues and
data analysis methods. All three aspects are interrelated. Once the source
type is chosen, the options remaining for measurement are reduced. Following
the selection of source type and measurement option, the data analysis choices
are minimized. However, the following criteria were applied in making the
choices: simplicity, speed, and accuracy. The following 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 amplitude and linearity of the source, and (3) its environmental
characteristics. The source had to be capable of producing sound within
either the inner or outer nozzle duct-work up to the environmental test
limits, i.e. greater than 207 KN/m¢ stagnation pressure and 900 K
stagnation temperature.

Three basic source types were considered, namely broadband, discrete
tone and impulsive. Implicit in the following discussion of ull three types
is the fact that, as the nozzle transfer function is defined in terms of some
ratio of transmitted wave to incident wave parameter, some means must be
available to remove or isolate the ffects of any nozzle reflected wave from
the in-duct measurement.

2.2.2.1 Broadband Excication. -A brocdband source has the obvious
advantage that, since all irequencies are present, a ones tine measurcment of
NTC should be sufficient, leading to minimized cxperimental time. However,
the time average vcnergy in any one narrow frequency band is relatively low
and signal-to-noise problems will occur in far-field measurements at high
velocity jet conditions.,

The high=freguency requirement of 100 KHz cetfectively ruled out
coiventional electro-dynamic or electro-pneumatic driver systems. The primary
candidate was a system of intersecting air jets.

Before attempting to build a high-frequency random acoustic noise
generator, the problems of using random sound were evaluated by conducting
lower freguency tests in an existing duct/nozzle syetem,  In order to realis-
tically evaluate the random noise test technigue for determining NTC. it was
necessary 1o choose the most suitable data analysis method,  Since 1t was
Cetermined that incident sound power is the most meaninaful quantity to usce
in describing the source characteristics upstream of the nozuie, it wis
necessary to develep a technique for elimingting reflected energy trom
incident energy.

[t i+ Gbvious that a single point in-ducl measurement would enduiipagss
tne incident as well as the retlected enersy This 15 the situation whether




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

In the ideal situation in free space, a two-point correlation of band-
unlimited white noise produces an ideal 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 reflected wave energy could be devised. In

principle, this idea could be developed aone step further by considering a
cross-correlav: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 earlier one should
corresoond 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 cross=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 limited noise in a r2al duct, the situation is some-
what different. The ideal impulsive cross-carrelation 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 limited. 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 will set up a sound field
containing all 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 seriousiy considered, a
modal analysis should strictly be performed. This would require that a large
number of in-duct microphones be spaced circumferentially, radially and
axially and simultaneously recorded for cross-spect-m analysis. This
apprcach was not considered feasible in this work.

2.2.2.2 Discrete Tone Excitation. - Continuous tone excitation has one
majcr advantage over random noise excitation in that the amount of source
power available in a narrow frequency band is much greater, thus correspond-
ingly raducing any signal-to-noise problems within that band. However, 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 within the duct still require
z complex modal analysis in order to determine the incident sound energy,
as mentioned above.
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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. Conseguently,
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 acoustic impuise. A major advantage of this type of source is its
broadband spectral content. 1If 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
nozzlie is 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 2.2 shows the effect on spectral content of rectangular pulses of
varying widths. To achieve the 100 KHz freguency requirement, the optimum
compromise would be a pulse-width of about 7 usec. However, an acoustic
impulse from practical sources, even though of finite width, is not
rectangular,

Spark Source vs. Gun Shot. - Two practical sources were investigated, a
biank gun shot and an electriczl 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
cantent.

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 consecutive shots.




TTEERIEET A TR T e s e

€1

dB

SPL SPECTRUM,

150

130

120

10

100

90

80

L] v L |

" SPECTRUM, 300 Hz BAND FOR

- PULSE AMPLITUDE OF 164.3 dB !

PULSE WIDTH, u SEC.

3.28
6.56
a.84
: 13.12
: 82.00

Vi W N =

90 120

FREQUENCY, KHZ

Figure 2.3 Effect of pulse width on ideal impulse spectrum shape.

150




e 'W;;‘,-s;‘;.-:;zfrtm‘aﬁ!w;f.ﬁ;4 f-‘:‘ﬂ';‘af*‘ TR N e e e e
r ®
E
|
PEAK LEVEL =164.8 dB
(RE. 0.0002 u BAR)
§
|
GUN SHOT

LINEAR PRESSURE AMPLITUDE
¢

PEAK LEVEL = 154.5 dB
(RE. 0.0002 u BAR)
PAR OURCE
Py $ K SOURC
R
H“-‘ 1 m' '}
m r—————
Figure 2.4 Free field pressure signal time histories
from spark socurce and gun shot.
1h

&




" (RPIMpIRq ZH 00€) STeubTS 95Tnd 3o Bqoads TdS §°Z 24nbyy

(ZIDD)  XONANOERLY
ozt S0t 06 SL 09 Sh 0t St 0
v LJ L ] ¥ L ) Qm
L - 06

-1 001

1021

o C T R R e R T
A RS T leea, o ro T e R

/. o€l
A A A A

v

m'yiil\;!(.f.pll - e
>

m

.

15

(8P) Tanmy DANSSId ANNOs



Y S TR O PTENE S e £ R N e e v e b ———

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 suitability of
a spark discharge as the most practical impulsive source.

In~Duct Wave Structure from Point Impuleive 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. Ffigure 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 is 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
apert in a duct of diameter D, will arrive at At seconds after the direct
ray such that ’ :

n2p?
2x Cq

At =

it can be seen from figure 2.7(a) that as the angle of incidence, ¢ is in-
creased, the number of reflectiors, n, for the corresponding ray also increases,
which in turn increases the value of At. 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' 8 _ of the test duct. This reduction
can however be optimized by proper selection of the absorption material and
the length ""¢!' of absorbent lining downstream of the impulsive 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 = 60D 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-dinensional 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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Figure 2.6 Characteristic effects of source/microphone position
on measured time histories.
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Figure 2.7 (a) Structure of pressure time-history from point impulsive

source. (b) Effect of absorbent duct lining around the source.
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Figure 2.8 In—duct time history for 10 am diameter duct
at zero flow.
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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 each
pulse is propagating at approximately the ambient speed of sound, pulse 1
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 accurately defines the geometric location 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, then 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 measurement technique is obviously appealing and the
preliminary investigation thus concentrated on establishing the conditions
under which such a situation would be valid.

Test Configuration. - To confirm the suitability 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 ¢m 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, 68.5 cm upstream of the termination. The termination options
ircluded 10 cm, 5 cm and 2.5 cm conical nozzles. In addition, 0.64 cm
(/4 in.) diameter far-field microphones were spaced on a 2.44 mete- radius
at 10° intervals of polar angle from the axis (zero degrees) to 120°.

Initial Problems with the Test Confij.uration. - Initial measurements of
the pulse confirmed that within the test duct, a wave structure with peak
amplitudes in excess of 2000 Pa (160 dB re. 20 uPa) could 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 nonlinearities. Each time the spark was discharged,
the electromagnetic radiation from the gap, and its connecting leads was

found to saturate mizrophones with temporary D.C. voltage shifts, to cause
cable ‘'ringing', to overload signal conditioners and even blow-out fuses of
certain other electronic equipment in the laboratory. The problam became more
severe the closer to the spark gap the pulse detection svstem was, Various
combinations of instrumentation grounding and :hielding 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 built~in amplifier minimized the E. M. pickup to acceptable
levels, however, the lower limits of sensitivty of this transducer was con-
siderably larger than that of the microphone, the smallest detectable signai
being about 120 dB (re. 20 uPa). The E.M. interference could not be completely
eliminated but owing to its rapid rate of decav, it decayed long before the
acoustic pulse reached the in-duct transducer or the far-field microphones.

2.2.4 Data Analysis

From the above discussion, it was obviously not practical to conduct
modal analyses 35 part of the 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
pulse pattern was taken as plane.

Based on this assump*tion then, only one in-duct pressure transducer is
required to represent the pressure field across the entire duct. This
situation is obviously desirable in the practical sense since (1) in-duct
space is limited, (2) access 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, the nozzle
reflection coefficient is of interest in the context of validating the
impulse method by direct comparison with results from other methods. Second,
the nozzle transmission coefficient is the fundamenta! property defining far~
field radiation for the nozzle systems of interest. In this context »-zan”.
tnwemisgion scertaden, given by equation (2-1), has been defined in terms
Qf 8 npzzic tramofer Jwietion between Lisfiont in-duct sounc and Tairerioli

transmitted sound. Specifically, the measured property of interest is the

transfer function in mean-squarc rrccsunrc terms between far field and in-duct
incident sound.

Thus, with reference to figure 2.11, the nozzle transmission coefficient
is referred to hereafter as the nozzle transfer function and is defined by

Lb*'.R;n (:E)duct 1
{

NTF = pr.g4(0) — ~
rad AD 5;‘ VC}amb (1 “'Hg)‘

(2-2)
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where Prad(8) is the mean square far-field pressure at polar angle 6. Ry is
far-field radius, Ap is nozzle duct area, and 5i2is incident mean square

in-duct pressure. Here, Mp is the duct Mach number and 5i2/(55)

(1 +MD)2
is the incident acoustic power Wipc.

duct

Three basic characteristics are implicit in this definition:

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

(2) The far-field mean square pressure is azimuthally axisymmetric.

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

Above this frequency, higher modes will be reflected from the nozzle and will
also contribute to the far-field pressures even thcugh the incident wave may
be plane. Thus, nozzle reflection and transmission coefficients cannot
rigorously be ascribed to any one 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 m mory channels are loaded with the same input of figure 2.8.
Channel A is then modified to remove all signals except the ineident time
history and Channel B8 is similarly modified to remove all except the
reflected 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)]l.
The termination impedance of the duct can be computed from the relationship
(see standard texts e.g. ref. 2.4) Zg=[1+0(f)]/[1 -c(f)]. This relationship
holds for any point in the paralle! 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 IMPULSE TECHNIQUE

in this section experimental results obtaineu 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 sampia was then placed in a BEK 10 cm diameter impedance
tube apparatus. The impedance tube data were acquired by the classical
standing wave measurement technique up to the first cross 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 kRp=0.2 up to kRp =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 remarkabl; accurate out to kRp =3. Above
this frequency the experimental data are contaminated by the first radial
mode cut-on frequency. The amplitude comparison is not quite as good, with
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 impuise 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 kRp ~ 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 less than one dB out to kRp=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 measurements 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. {n 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 after 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 kRp=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 impuise technique for the measurement of acoustic transmission,
reflection and absorption characteristics.
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2.4 APPLICATIONS: ACOQUSTIC PROPERTIES
OF CONICAL NOZZLES

Having established that the acoustic impulse technique is a valid
experimental tocl, » series of tests similar to that described for the un-
flanged straight pipe was conducted for two conical nozzles., Two tests were
conducted: First, without jet flow to establish the effects of nozzle
geometry, and gecond with (unh=ated) jet flow, over a range of Mach numbers
varying from 0.38 to 92.81. Three types of acoustic data are presanted under
each test. These are: (1) the nozzle reflection coefficient, (2) the
radiation impedance, and (3) radiation directivity.

From the measurements of incident and reflected pulses in the 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 spectrum 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. However,
an exact expression for nozzle exit impedance for a duct-nozzle system in
combination is not possible to formulate with and without the mean flow. A
numerical method was, therefore, developed by Mungur (ref. 2.8) 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 flow gradients into account. The mathematical details
of this method are given in Appendix A.

2.4.1 Effect of Nozzle Geometry

Two conical nozzles of 5 ¢cm and 2.5 ¢m exit diameter with corresponding
convergence angles of 5,7° and 6.0°, respectively, were used in {hese 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 pressire time histories, shown in figure 2.20, for
each nozzle. For the 10 cm straight duct case, ali the reflecticn occurs at
the termination, with the rounding of the sharp edges showing loss of high
frequencies. For the 5 cm 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 portion
of the signal is thus closer in time to the incident pulse. In addition,
the reflected pulse '"tail’ is elongated due to the propagation of the open

-
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Figure 2.20 In-duct time histories for 10 am, 5 cm and 2.5 Cam
diameter nozzles at zero flow velocity.
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end reflection back up the nozzle contraction. Since these pressure-time

history segments are the effects of nozzle gzometry 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 amplitudes 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 amplitudes and phases are shown in figure
2.21 for three nozzle configurations. The 10 ¢m pipe reilection 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 raflection are
involved. The reflection of the nozzle contraction is in the form of a
compression wave, in phase with the incident wave, whereas e reflection
from the open termination is out of phase with the inciden: -ave. These
reflections tend to cancel at very low frequencies, giving a sma': reflection
coefficient.

The termination impedance is shown in figure 2.22. Considerable
differences are observed in the impedance values between 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 scaied on exit diameter,
then some similarity should be observed. Second, there would be another
component of nozzle impedance, due to nozzle contraction shape, that is ,
independent of the exit diameter. The reactance values colliapse when the
nondimensional frequency is scaled based on nozzle exit radius, up to a value
kR ~0.8. 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 kRy, and it is seen that the radiation field
directivity shapes do indeed collapse uniformly. The amplitude of the 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 vs. 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 radiaticn 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 Directivity. -~ 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/sinBy, where r is the spherical radial coordinate
measured from the virtual origin, and R 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 of finite 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
cmyand length 26 cm). 4

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 radiation
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 respective 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 6°
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. This is somewhat surprising, for one would have expected a
greater mismatch between 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 5.7° and 6.1°) and seem
to confirm the trends predicted by the numerical anaiysis.
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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. 1€ 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 ¢m conical nozzie
with exit flow velocities up to a Mach number of 0.81 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. C(lose examination of the reflected pulse shapes of
figure 2.26 show that, as Mach number increases, the reflected pulse leading
edge flattens, indicating more high-frequency sound transmitted outside. 1

i

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 nondimensional 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 for 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 number 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 20 degrees and 90 degrees. 1t 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 20° 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 discussion of nozzle diameter variations. kR
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 60° increases with increasing flow velocity. This off-axis increase is
a result of energy being refracted from the cone-of-silence region. It
should be noted also that levels in the forward arc decrease with velocity.
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These 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
pular 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 frequencies. 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) tne appropriate
signal analysis procedure.

Within this framework, the conclusions were:

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

(2)  The in-duct measurements would be performed by a single point
transducer placed in such a way that the pulse reflected from the nozzle can
be separated in time from the incident pulse. This single measurement point
is an approximate indicator of the tota! 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 represent the far~field
pressure produced by a point source of equivalent in-duct power. This
transfer 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 nozzie system were conducted in the Lockheed
anechoic facility. This facility has been used extensively in the past to
make measurements of noise from single jets. 1In 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 fur 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 108 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 stream is then directed through a set of diffuser/
muffler systems to minimize 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 correspondina 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 associated with the likely temperature differentials between
primary 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
Quter Nozzle Designations
Nozzle No. Angle, Deg. L/h L, Cm
i 20 i 1.373
2 20 3 5.124
3 20 5 11.295
4 4o i 1.373
5 Lo 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
serarated by 0.1 cm to 0.2 cm wide air gaps. The spark source for the primnary
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 front 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 photocraohic 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 3.5(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, were 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 cabies such that all of them fired
simultaneously. Unlike the electrodes for the primary pienum, where the two
electrodes faced zach other, the secondary-plenum electrodes had an incliuded
] angle of about 20°,

Each electrode was 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 3.2 Illustration of core and fan nozzles N; to Ng.
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To determine the effect of the presence of the tource-section upon far-
field jet noise, a short facility validation exercise was 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 V,/€ =0.9 and 8 =90° 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 the 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 best met when the two coaxial nozzles are
coplanar and the lip thickness of the primary nozzle approaches zero. In the
present nozzle combination, L/h=1 configuration (outer nozzle diameter =
10.98 cm) was closest to being coplanar. The corresponding far-field spectra
measured with both jets operated at M;=0.9 is compared in figure 3.8 with
that predicted for the equivalent single jet by SAE method. Once again,
except for frequencies beiow 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 wF)
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,

t 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 as the discharge currents (~2,000 amp)

] induced local ground potential shifts, with resultant digital equipment
malfunctions.

3.2 TEST PLAN

The nozzle system consists of a primary and secondary (fan) nozzle, each
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 1, 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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Table 3.2
Nozzle Test Summary
Quter Nozzle Location Jet
No. of Source Condition
1,2,3,4,5 and 6 Fan Unheated
1,2 and 3 Primary Unheated
1 and 2 Fan Heated
Table 3.3
Unheated Nozzle Test Conditions*
Run
No. My, PR, (KPa) My, PR, (KPa)
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
é 1.2 140.1 1.4 140.1
7 0.0 0.0 1.2 140.1

*Since Mach number is the only svecified parameter, the
gtagnation temperatures and pressures may vary slightly
from those gtven due to atr suppod temperature and
atmospheric presaure varitationg of a day-to-day nature.

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 938 KPa. Variation of y with temperature
has been taken into account in culculating the operating pressures for heated
jets.

The heated jets were tested over twelve operatirg conditions and are
given in Table 3.4.




Table 3.4
Heated Nozzle Test Conditions® :

Run Primary Nozzle Fan
No. My, TR, (K) PR, (KkPag) My, TR, (K) PR, (KPag)
1 0.8 294 51.6 0.9 600 67.3

2 0.8 294 51.8 0.9 759 66.5

3 0.8 294 51.5 0.9 900 66.0

4 0.8 450 51.5 0.9 600 67.3

5 0.8 562 51.1 0.9 759 26.5

6 0.8 675 50.7 0.9 900 66.0

7 0.8 294 51.5 1.2 600 139.4

8 0.8 294 51.5 1.2 759 138.0

9 0.8 294 51.5 1.2 900 136.9

10 0.8 459 51.5 1.2 600 139.4

" 0.8 562 51.1 1.2 759 138.0

12 0.8 675 50.7 1.2 900 136.9

[¥3
-

shtly from those siven du:
ric pressure varations c¢j

be

*Since Mach number ie the onlu srecifie
temperature and pressures may vary 8li
to air supply temperature and atmosphe
a day-to-day nature.

rarameter, the stugratic:
(%4

3.3 DATA ACQUISITION AND ANALYSIS

3.3.1 Facility Instrumentation

The :n-duct signals were measured by a Mode! 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 the primary nozzle exit plane. The transducer was mounted in an
elect 1cally 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 BEK 4135) in conjunction with BEK cathode
followers (BEK 2619). Measurements in the far-field were made in the polar
angle range 0° to 120° at inteirvals of 10°.

The basic test procedures consisted of firing the spark at the desired
operating flow conditions and simultaneously recording the signals, both
in-duct and the far-fields, on a ll-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 signais. The system schematic is shown in figure 3.10.

67




89

IN-DUCT TRANSDUCER

o CHARGE o
; g AMPLIFIER "
FAR-FIELD %
M1CROPHONES 1 1A _ 3:
| B S — _ —
— | PowER E— —_ ;
— | SuPPLY _ ¥
. e & —_— — 3
T | awes R — T e R
. —_— .. 3 3
I _ , —_ \ y
28-TRACK | — 1 !
_— TAPE - i
e - — RECORDER i i
Y B
RECORD ' PLAYBACK B A H i

TRANSIENT CAPTURE
DIGITAL FFT
TRANSFER FUNCTION
ANALYZER

Figure 3.10 Instrumentation layout.
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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 corresponding far-field pulse. Little attention was paid to
the pulse reflected back from the nozzle exit plane.

Using the transient capture capability of the digital FFT signal analyzer
(Spectral Dynamics SD360), 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 editing and relative time
translation (rotation). With the exception of the two highest Mach numbers .
(1.2 and 1.4) where jet noise levcis are quite high, the far-field pulse was
easily 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 i
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 each
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.

FAR-FIELD TIME HISTORY

IN-DUCT TIME HISTORY

UNEDITED SIGNAL
------ EDITED SIGNAL

{NCTDENT
PULSE

0 TIME, MS ~ 10

Figure 3.11 An example of the editing process used in the evaluation
of incident and transmitted power spectra.
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3.3.3 CLalibrations of Far-Field Microphones with
Respect to the In-Duct Transducer

in order to obtain a true measure of the transfer function B/A, 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. The 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 of one with respect to .he other. Using the in-
duct transducer as the reference, the calibration of each micruphone was thus .
obtained and incorporated as a frequency response correction. A typical
frequency response is shown in figure 3.13.

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 I
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 fuaction 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 4istinguish between the effect of any nozzle
operating parameter, such as 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

_ F (1)
= e -1
F Xtam = Xt-m FB )
where
Fi(1) =-§-—{F(l-m) + GF(i-m+1) + 2F(I~-m#2) + LF(1-m+3) +
veee + 2F(14m=2) + 4F(14m-1) + F(l+m)} s (3-2)

X{ = coordinate of (th point ,
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Figure 3,12

Illustration of microphone/
using the spark source.
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B

H = difference between the coordinates of two successive points ,
2m+1 = number of points used for averaging »

and n= 2met,

In the smoothing procedure, the number of points n has been varied with
respect to frequency. The number n is chosen such that it becomes equal 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/v2 (rounded up) < 31,
(If n comes out to be even, then it is increased 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 caleulated from the values in figures
3.14(a), and (b) are plotted in figure 3.14(c).

The average value of the transfer function at the Ith_Frequency point fs
obtained by summing the smoothed transfer function data  F between the fre-

quency points 1//2 to I xvZ and dividing the sum by the corresponding
number of frequency Points, as described below.

let  n; = 1/V2 (rounded)

N, = I x/2 (rounded)

J*nz ' %
F(1y = | S (FL)2/ (ny =0y +1)] . (3-3)
J=n;
where ?(l) = Average transfer function at yth frequency point.

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

3.3.5 bData Normalization

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 the absolute
frequency to nond imensional frequency based on the parameter 2n2/%, where ¢
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 sound (A «1/E), which is a function of temperature (& «/T).
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 dota was the
transformation of the transfer functions to the standard directivity index or
N.T.F. presentation. 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 +Mp)2 p;2 « Ap/(52) g ct Where Ap is
duct cross-section and (f€)q4,ct IS the characteristic in-duct acoustic
impedance.

The intensity at one meter from the equivalent in-duct source is
Pi? Ap(1 + Mp)?

. | (3-4)
0 " Y (58) duct

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

F.’rad(e) Ré

Ga).r (3-5)

lrad =

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

Prad(®) ““R% (58 guce 1

NTF = —— . .
Pi? Ap (5€) amb (1 +Mp)?

This further simplifies to

PZad(8) bmry2 /T
AR IRy 50
Pi Ap duct (1+Mp)
‘ The NTF in dB terms is

-2 2
prad(e)} {hme [Tamb _1 )

NTF)4g = 10 lo {——:——-— + 10 log; )

(NTF) 4p 910 5; 2 910 1 Ap Tduct (1+Mo)zf
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4, TEST RESULTS

The tgsg‘qggylts pre ented in this section are the outcome of the test
plan specffied by NASA'wH%?h‘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 proceduras described
earlier 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 discus-
sion 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. 4.1).

It should also be noted that for some Tlow 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 B~5 of Appendix B, based on a simple ray theory analysis.

In all discussions 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).

%* . + - - I,
The zero and 10 degree polar angles were not measured for all flow conditions
above My =0.8 due to excessive microphone flow noise.
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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 degrees. The configurations were
identified as N1, N2, and N3, respectively.

For the source in the core, the nondimensional frequency parameter is kR;
(k being wavenumber and R) the nozzle exit radius), the conversions to
absolute frequency being shown in Table 4.1. Three representative kR) vaiues
are used for discussion: 1, 8 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-
tivities for nozzle configuration N1, 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)] are shown in figure 4.1. Two characteristics
are immediately obvious. Tr. first is the effect of refraction, at angles
less than 40 degrees, as evidenced by the reduction of the transfer function
with respect to the zern 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~dimens:onal frequency conversion to real frequency
for source in core (Ry=7.62 CM, Temperature 295K)

NON-DIMENSIONAL FREQUENCY REAL FREQUENCY
(kR ) (f, Hz)
0.5 713
1.5 1,426
2.0 2,852
h,0 5,70k
8.0 11,408
16.0 22,816
32.0 45,633

At kRy=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

i
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evoking little change at hijher angles. This is a consequence of a deeper
and wider refraction valley below 50 degrees, redistributing energy to the
60° region. Similar behavior is observed at kRy; =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 littlie change at larger

angles compared to the (0.8, 1.2) case. Similarly at kR; =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 Le shown that it is possible to obtain a
secondary lobe at high angies of incidence. - It is attributable o
diffraction from the core nozzle tip.

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 kR, increases, the transfer function values which are always lower
than the zero %low case at kR;=1.0 increase to values always greater than the
zero flow case (above 60° polar angle) at kR;=8.0. At kRj;=32.0, these
values increase by some . co '0 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 reduced as is the higher angle 1ift.

It is interesting to consider the spectra at the peak angle of 60° 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 kR; =3.0, while at 90° the peak
level occurs in a t ‘oad band centered around kRy=24. For nozzle configura-
tion Ny (L/h=3), the directivity trends, as shown in figure 4.4 is similar
to that of configuration Ny. Physically, the difference between the two
configurations is an increase in annulus height, with this annulus being
further upstream from the core exit plane. Thus, the fan jet flow
surrounding the core at the exit plane will be both thicker and slower. An
increase in thickness would enhance refraction, while a reduction in velocity
would reduce it. Thus, tittle change in refraction characteristics would be
expected: vhich, in fact, is observed.

Spectral behaviour at polar angles of ANC and 90° was similar to that of
.he N1 configuration. For all velocity combinations the peaks in the spectra
occurred at kR =3.0 for 60° and around kRjy =24 for 90°.

With noczzle configuration N3 (L/h=5) (fig. 4.5) it proved impossible to
cun the high flow cases of (0.8, 1.2) and (0.8, 1.4) as the increase in
annulus area created air supply demands greater than the system capability.
However, for all other cases tested, refraction ef :cts with increasing
velocity showed trends similar to those for nozzle Ni1. A notable exception
can be seen in fig-. e 4.5(a) for kRy;=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 rot seen in the Nj, Ny nozzle data.
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4.1.2 Effect of L/h Ratio

At any one velocity combination the effect of L/h variations (i.e.
differences between nozzles Ny, Na 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=1 to L/h=3,.
at 20°, the transfer function reduces 5 dB, while from L/h=3 to L/h=5
the reduction is in excess of 15 dB.

8 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 1ifting the NTF
at the higher angles, particularly in the L/h= 5 case. The slight 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 same nozzle at (0.8, 1.2) does not show this effect). The special flow
case of (0.0, 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 8.

In the mid-frequency region (kRy =28) 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.
L.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 12 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
1ift which appears to be more dominant for the L/h=1.0 case.

In the high frequency region (kR; =32 for zero flow [fig. 4.8(a)], and
the (0.4, 0.6) flow case [fig. 4.8(b)], the directivity is similar in both
shape and level to that at kRj =8.0. However, at (0.8, 0.9) [fig. 4.8(c)]
L/h=5 now appears to transmit minimum energy at polar angles less than 80°,
in sharp contrast to the uniform collapse shown at lower frequencies [see fig.
L.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 L/h= 5 case radiates levels some
5 to 7 dB below tiose of the L/h= 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 strougly evident and shows both velocity
and frequency dependence.

o As flow is increased at polar angles outside the refraction valley,
high frequency energy is transmitted more svrongly.

o At the flow condition of (0.0, 1.2) all frecuencies exhibit greatly
increased NTF over the zero flow case at all angles outside 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=1 shows the highest NTF's at high
frequencies while L/h=5 shows the maximum NTF's at low
frequencies.

4,2 SOURCE IN FAN

The frequency parameter used for these tests is kh where h is the
annulus height. Thus, nozzle configurations N;, Ny, 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 foliow. It should be noted also that nozzle ccnfigurations
N., N5 and Ng are identica! to Ny, N2 and N3 with the exception that fan
nozzle outer wall convergence angle is 40° for Ny, Ng and Ng rather than 20°.
Thus in the discussion below the representative frequencies will be limited
to kh vaiues of 0.5, 2, and 8. These are considered as typical low, mid and
high-frequency regimes of operation.

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 N;.
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

L O . W R T TR P R UM TR Y 2 e AT ke . ase e

NOND IMENS | ONAL REAL FREQUENCY, f Hz E
FREQUENCY, kh 295K (AMB) 600K 750K 900K
L/h=1 (h=1.373 cm)
0.25 990 1,419 1,587 1,738
0.5 1,980 2,838 3,173 3,476
1.0 3,961 5,677 6,347 6,953
2.0 7,922 11,354 12,693 13,908
4,0 15,844 22,708 25,386 27,81
8.0 31,688 45,416 50,772 55,621
16.0 63,376 90,832 101,545 111,242
L/h=3 (h=1.708 cm)
0.25 793 1,1 1,275 1,397
0.5 1,586 2,282 2,551 2,794
1.0 3,173 L,56h 5,102 5,589
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
L/h=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

(0.8, 1.2) flow case.

gk

1.2) flow case results.

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

Further, at kh=8.0 (fig. 4.10(c)] for angles less than 70 degrees the
transfer function exceeds the (0.8,
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.

The inference

For nozzle configuration N, the only discernable effect of velocity ot
kh=0.5 [fig. 4.11(a)] is the unexpected small refraction valley.

Otherwise,

the directivities are remarkably uniform, in fact, almost omnidirectional.
At kh=2.,0 [fig. L4.11(b)] the effect of refraction is clearer anu 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)] the characteristic beamlng 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 1ift) 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 3 12(b)] for al) 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 nozzie).

For kh=2.0 (fig. 4.13) 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. Ffor the flow condition of (0.8, 0.9), the directivity
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 exhaust 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 N; and N3 nozzles, respectively. 't is interesting to
note tnat the kh values of the spectral peaks (viz. kh=2.2, 12.5) correspond
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-Degree Convergence Angle. - It is apparent from the
discussion of nozzles Ny, N, and N5 in the previous section that a trend
exists. Figure 4.16(a) shows the effect of velocity for nozzle N; at a kh of
0.5, which fits in quite well with this established trend. Small angle
reductions and mid-angle lifts due to refraction are clearly defined, as are
also generalized increases with velocity in the transfer function at high
angles (above 30°). 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 by 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)] the nozzie becomes
a more efficient radiator, and the on-a:is beaming phenomenon becomes more
apparent. The now familiar 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
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Figure 4.13 Nozzle transfer function directivity for various flow conditions.
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much higher, almost omnidirectional, NTF with some evidence of a second
peak near 100°,

Figure 4.16(c) shows the velocity effects at kh=8. It is evident that
above 40° any increase in velocity increases the radiated level with the
special case of (0, 1.2) showing dramatic level increases (some 25 dB at 90°).

- The cause of this behavior is not clear, but the possibility exists that the
pulse is somehow reflected off the core/fan flow interface. For nozzle
configuration Ng at kh=5, 2.0 and 8.0 (fig. 4.17) all trends with increasing
velocity are consistent with configuration N, with the exception of the
(0.8, 1.2) and (0.0, 1.2) flow conditions. With all previous nozzles the
(0.0, 1.2) flow condition,NTF has been measured to be essentially omni=-
directional with levels of about 10 dB higher than the zero flow case at the
same frequency. However, in figures 4.17(a) and 4.17(b) the (0.0, 1.2)
levels at kh=0.5 and 2.0 are comparable to the zero flow case, while at
kh=8.0 [fig. 4.17(c)] the levels above 60° are 10 dB or more higher for no
apparent physical reason.

Nozzle configuration Ng behaves quite rationally at all frequencies as
jet velocity increases. The significant points in figure 4.18 are (1) the
epparent high angle reduction in low frequency radiation efficiency of the
(0.4, 0.6) flow case over the zero and (0.8, 0.9) flow cases and (2) the
marked increase in high frequency transmission at mid angles (some 10 dB
at 60 degrees).

4.2.1.3 Summary. - The effects of velocity on the NTF can be summarized
as follows:

(1) For the 20° nozzle series:
o Strong refraction effects are observed.
o For nozzle configurations Ny and N, (L/h=1, 3) as velocity
and frequency increases the NTF increases at angles above
30 to 40 degrees.

o For nozzle configuration N3y (L/h=5)

o As velocity increases a low frequency increase in NTF
is observed.

o At high frequencies an increase in NTF is seen only
above 60° at high velocities.
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(2) For the 40° nozzle series:
o Refraction effects are observed.

o For all nozzle configurations (N,, Ng, Ng corresponding
to L/h=1, 3, 5).

o At low and mid frequencies velocity effects are negligible.

o At high frequencies a small increase in NTF is observed
above 40°,

o The flow case of (0.0, 1.2) is characterized by much higher
output than other velocity combinations at all angles above 40°.

4,2.2 Effect of L/h Ratio

4,2,2.1 Twenty-Degree Convergence Angle. - Figures 4.19 and 4.20 show
the effect on the NTF of nozzle configurations Ny, Nz and N3 at kh=0.5 for
increasing flow conditions. At zero flow, the L/h=3 (N, configuration) is
almost 10 dB higher than for L/h=1. However, a further increase of L/h to
5 shows a 3 to 5 dB increase, the inference being, that the N3 configuration
is less efficient than Ny. At the (G.4, 0.6) velocity condition, this
difference vanishes as the L/h=3 and L/h=5 directivities [in fig. 4.19(b)]
are identical. The next velocity condition (0.8, 0.9) reveals that an orderly
trend of increasing NTF with L/h exists with some 8 dB difference between Nj
and N3. Figure 4.20 shows the high velocity (0.8, 1.2) and (0, 1.4)
comparisons for L/h=1 and 5 (the data for L/h =3 proved, on analysis, to be
irrecoverable due to a spark pulse system malfunction). In spite of the data
scatter, it is obvious that L/h=1 is the least efficient transmitter of
sound at this frequency.

As kh is increased to 2.0, the zero flow directivities [fig. 4.21(a)]
are similar to those observed at kh=0.5, but with reduced amplitude differ-
ences between each L/h case. At the velocity condition of (0.4, 0.6) [fig.
4.21(b)], the L/h=3 nczzle still dominates above both L/h=1 and 5, the most
interesting feature being the fact that L/h=5 is apparently slightly less
efficient at all angles than the L/h=1 case. The high velocity condition of
(0.8, 0.9) {fig. 4.21(c)] shows a reverse trend from the kh=0.5 case in that
for all angles up to 80° the L/h=1 configuration dominates with little
difference noted between N, (L/h=3) and N3 (L/h=5). For the two highest
flow conditions (0, 1.2) and (0.8, 1.2) in figure 4.22, little difference
between the two nozzles is observed at all angles.

For kh =8, at zero flow [fig. 4.23(a)) again nozzle N2 dominates with
N, being the least efficient. At (0.4, 0.6) [fig. 4.23(b)] N, remains
dominant, hosever now N3 is the least efficient in this case by a dramatic
10-12 dB helow the N3 nozzle configuration. Figure 4.23(c) [flow condition
of (0.8, 0.9)] shows that L/h=1 now dominates over all angles. This effect
is a combination of a reduction in L/h=3 directivity in conjunction with an
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increase in L/h=1 directivities. The high flow conditions in figure 4.24

show considerable scatter, however, a trend is discernable in that below 60° s
L/h=5 is the minimum radiation condition whereas above this angle L/h=1 is

the minimum condition.

4.2.2.2 Forty-Degree Convergence Angle. - At kh=0.5, the zero flow
comparison [fig. 4.25(a)] shows the L/h =3 NTF dominating by about 10 dB above
L/h=1 and about 2 dB above the L/h =5 nozzle configuraiion. An increase in
filow velocity to (0.4, 0.6) reduces this difference markedly such that in
figure 4.25(b), the L/h=1 and 5 directivities are almost identical with the
L/h =3 case. p

The next velocity condition of (0.8, 0.9) [fig. 4.25(c)] shows a more
orderly directivity in that for all angles above 50°, the NTF increases with
L/h; that is, the higher the L/h, the more energy out. For the special flow
condition of (0, 1.2) [fig. 4.25(d)], little difference is seen between L/h =1
and 3 (the L/h=5 data for this case was invalid due to a spark pulse cable
defect).

As kh is increased to 2, figure 4.25(a) shows that at zero flow, little
difference between each L/h directivity exists. Similarly at the flow condi-
tion of (0.4, 0.6) [fig. 4.26(b)] although the experimental scatter is
greater, the basic directivity shapes are identical. At (0.8, 0.9) [fig.
4.26(c)] nozzle configurations N, and N5 (i.e. L/h=1 and 3) remain identical
but the Ng (L/h=5) configuration now shows increased transmission of energy
of about 3-6 dB at polar angles larger than 50°. For the special flow case
of (0.0, 1.2) [fig. 4.26(d)] the minimum radiation condition is for L/h=3,
some 8 dB difference on average being observed over all angles. The
interesting point to note is the second directivity peak in the 100 to 110
degree region.

Figure 4.27 shows the L/h comparisons for kh=8. At zero flow [fig.
4.27(a)], L/h=1 is the minimum radiation configuration with L/h=3 the
maximum. As velocity is increased to (0.4, 0.6) [fig. 4.27(b)] the differ-
ence between L/h=1 and 5 appears minimal with L/h=3 dominating the
directivity by 2 or 3 dB at all angles above 50°. At (0.8, 0.9) velocity
condition [fig. 4.27(c)] L/h=5 now dominates the radiation with L/h=3 the
minimum radiation condition at the peak angles of 50 and 60 degrees. The
flow condition of (0.0, 1.2) [fig. 4-27(d)] shows lit:le difference between
L/h=1 and 3, the apparent lower values of L/h=3 at mid angles being within
experimental error and thus the trend is questionable.

4.2.2.3 Summary. - The effects of L/h variations on the NTF can be
summarized as follows:
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(1) For the 20° nozzle series:
o Nondimensional frequency comparisons on kh appear valid.

o The nozzle configuration for minimum level conditions of NTF
are defined by both frequency and velocity conditions.

o At low frequencies, low velocities, the minimum-obse:rved NTF
occurs with L/h =1 nozzle.

o At mid frequencies, for all velocities L/h=5 is the minimum
NTF configuration

o At high frequencies, high velocities, NTF is minimum for
L/h =5 configuration and maximum for L/h=1.

(2). For the 40° nozzle series:

o At low- and mid-frequencies and low velocities little
difference in NTF is observed between L/h=1 and 3.

o At low and mid frequencies and high velocities the maximum
NTF is observed for L/h=5 nozzle configuration.

o At high frequencies and velocities the minimum NTF
configuration is L/h=3.

4.2.3 Convergence Angie Effects

For the purposes of this discussion, only L/h=1 nozzles will be
considered. However, the trends are similar for L/h=3 and L/h=5, and the
basic data for these nozzle configurations are given in the accompanying data
report. At zero flow for kh=0.5, little visible change between 20 and 40
degree fan convergence angle tests was observed. Figure 4,28(a) shows a
comparison at kh=0.5 which illustrates the typical scatter of the direc-
tivities, which is well within experimental error. As the velocity condition
is increased to (0.4, 0.6) [fig. 4.28(b)], some divergence can be seen in the
refraction valley at 20 and 30 degrees (the N; nozzle being more efficient)
with all other angles comparing excellently. As the velocity condition is
increased to (0.8, 0.9), the measurement scatter has increased but the trends
are clearly similar. The special flow case of (0.0, 1.2) [fig. 4.28(d)) shows
marked dijfferences of some 10 dB or more between the directivities with 20°
convergence angle being the minimum condition.

At kh=2.0 for zero flow [fig. 4.29(a)] the directivities are virtually
identical. As flow increases to (0.4, 0.6) [fig. 4.29(b)] the 40° convergent
nozzle is clearly a less efficient transmission system. This trend continues
until at (0.8, 0.9) {fig. 4.29(c)] the 20° convergence angle nozzle stands
out higher by almost 10 dB. The parallel nature of the two curves was such
that a plotting error was suspected. However, the data was verified as
correct, and the cause for such large amplitudes is not yet understood. In
figure 4.29(d) [the special flow case of (0.0, 1.2)], it can be seen that the
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40 convergence angle now dominates. This does not imply that the 20° nozzle
NTF has reduced but that for the 40° nozzle has increased in level. This
flow situation is the only one at low and mid frequencies for which the 40°
nozzle dominates.

In the high-frequency regime (kh=8.0, fig. 4.30) the trends are similar
to kh=2.0 with the exception that at the flow condition of (0.0, 1.2) the
40° nozzle dominates only above 60° polar angle, unlike the lower frequencies
which showed dominance at all angles.

For the L/h ratios of 3 and 5, similar trends were observed, although
some individual features are worthy of comment. For example, for L/h=3 at
kh=2.0 in figure 4.31, the directivity plots for each nozzle angle are
almost parallel being separated by 7 to 10 dB. Similarly, for L/h=5 (fig.
4.32) the directivity plots are also parallel but separated now by no more
than 2 or 3 dB. (Thus, the inference is clearly that for this frequency,
directivity collapse could be achieved by inclusion of an L/h efficiency
parameter.)

4.2.3.1 Summary. - The effects of convergence angle on the NTF are
summarized as follows:

o At low velocities a frequency dependence is observed such that
the 40° convergence angle shows slightly higher NTF at low
frequencies while the 20° nozzle configuration shows the
maximum NTF at high frequencies.

o As the velocity conditions increase the 20° nozzle configuration
dominance of NTF increases at mid and high frequencies.

. 0 At the special flow case of (0.0, 1.2) the minimum NTF
configuration is the 20° convergence angle.

o No significant trend differences are observed between L/h
configurations of 1, 3 and 5.

4.3 COMPARISON OF SOURCES IN CORE AND FAN

This directivity comparison will be restricted to the 20° nozzle series
only, that is, N;, Ny and N3. For nozzle configuration Ny, figure 4.33
shows the comparison at kR=kh=0.5 for three velocity configurations: zero,
(0.4, 0.6) and (0.8, 0.9). The zero flow case shows the fan NTF to be scme
10 dB less than that of the core but still having the same angular distribu~
tion. As the velocity increases to (0.4, 0.6) [fig. 4.33(b)], the fan NTF
lifts considerably at polar angles less than 50° and reduces at high angles,
with the peak reduction occurring at 80°.

For kRy =kh =2.0, the trends are similar to the low frequency case, but
the absolute differences are considerably less. Figures 4.34(a) and &.34(b)
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show the similarities of shape for the two lowest velocity conditions. At the
veiocity condition of (0.8, 0.9) [fig. 4.34(c)], the fan directivity now tends
to collapse everywhere except in the 80° region.

As frequency is increased to kRy=kh=8.0 in figures 4.35(a) and 4.35(b)
consistent trends similar to the lower frequency data can be seen with high
angle divergence again observed in the (0.4, 0.6) flow case. The high flow
case of (0.8, 0.9) [fig. 4.35(c)] shows the situation of the fan NTF now
exceeding the core NTF over both low and high angles by almost 10 dB, with
the 60 and 70 degree angle values of core and fan NTF being almost identical.

From the above observations a pattern emerges. The similar shape of
the directivities is indicative of a potential data collapse as well as a
positive indicator of the validity of comparison of kR and kh as nondimen-
sional frequency parameters. A fan velocity dependence is also indicated in
that its NTF increases from below that of the core at zero velocity, to a
reasonable collapse at (0.4, 0.6), to exceeding the core NTF at (0.8, 0.9).
This trend is observed at all frequencies.

The probable cause of these amplitude differences lies in the basic
definition of the NTF which considers only incident energy. |f the fan
reflects more energy than the core, then the transmitted sound is correspond-
ingly lower. Collapse would only then be expected if the NTF was defined as
transmitted sound to far-field measured sound directivity ratio.

Nozzle configuration N, (L/h=3) shows the best example of similarity
of NTF for all nozzle configurations. The trends with velocity still exist
but are so subdued that they appear to be of the same order of magnitude as
the data scatter. For kh=kR;=0.5, figure 4.36 shows remarkable similarity
at all angles. Similarly for kh=kR;=2.0 ffig. 4.37) a good data collapse
is evident. These data also show a trend of a relative fan NTF amplitudes
increase with increasing flow velocity. The high frequency regime (fig.
4.38) shows this trend to be even more accentuated with the fan NTF exceeding
the core NTF by some 3 to 5 dB.

The L/h=5 nozzle configuration (N3) reverts to the relative amplitude
trends noted for L/h=1. For kh=kR;=0.5 at zero flow [fig. 4.39(a)] the fan
NTF is now 12 dB below the core NTF. However, as the velocity is increased to
(0.4, 0.6), not only does the fan NTF rise relative to that of the core, but
the shape changes slightly such that the refraction valley is less than that
of the core, while the high angle drop-off is more severe. This character-
istic is retained at the flow condition of (0.8, 0.9) [fig. 4.39(c)] with the
additional modification of high angle 1ift above 80 degrees.

At kh=kRj;=2.0 (fig. 4.40) the trends observed for the low frequency
case are more accentuated. Figure 4.40(b) is a clear example of the refrac-
tion effect. Here, it is obvious that the core source is refracted much more
than the fan source. This is expected, since the core source sound pressure
must propagate through a much thicker shear layer than that of the fan source.
The high frequency regime (kh=kRj=8.0) in figure 4.41 exhibits similar
characteristics to those observed for the (kh=kR;=2.0) case.
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L.3.1 Summary

The comparison of NTF effects between the source in the core and fan
ducts can be summarized as follows:

o Nondimensional frequency scaling comparisons on kR (for core)
and kh (for fan) appear to be valid.

o As velocity increases, the collapse between core and fan improves
at low and mid frequencies. At high frequencies the fan NTF is
lower than the core at zero flow but exceeds the core at high
velocities.

o Little difference between NTF directivities is observed with
changes in L/h.

4.4 EFFECTS OF HEATING IN CORE AND FAN

These tests were conducted on two nozzle confnguratlons only, N;
(L/h=1) and N; (L/h=3). The source was located in the fan annulus and the
test velocities were restricted to two flow conditions, namely Mach number
combinations of core and fan of (0.8, 0.9) and (0.8, 1.2).

Two major difficulties were encountered in these tests. The first was
a signal-to-noise problem in the far-field microphones due to the high jet
noise levels arising from the high jet velocities as a result of jet heating.
The time history of jet noise showed amplitude spikes of a similar nature to
that. of the pulse which made its detection and editing difficult. Thus, in
the NTF directivity, when no data point is shown (particularly at small
angles to the jet axis), it should be assumed that no reliable signal could
be detected.

The second difficulty encountered was far-field signal contamination
due to undetected (at that time of the test) external firing of the spark at
the cable connection points to the source section. This condition appeared
to occur only at elevated temperatures. As a consequence, the 600K data
points for nozzle Ny with the source in the fan were invalid. For nozzle N2
the 900K fan condition could not be reached due to mass flow limitations of
the air supply system.

In the next two subsectlons, the effect of heating the core for a fixed
Mach number combination (MJ . MJ and for a fixed fan temperature are pre-
sented first. It should be noteé that in this mode of operation, even
though the core Mach number M;, is fixed, the core velocity changes because
of heating the core. NTF's as a function of constant core-to-fan temperature
ratio are presented. Wherever possible, the ambient temperature no-flow case
is shown for reference.
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4. 4.1 Fan Temperature 750K

Figure 4.42 shows the effect of increasing core temperature on nozzle
configuration N, at fixed Mach number flow conditions of (0.8, 0.9) for
three nondimensional frequencies (kh=0.5, 2, and 8) representing low,
medium, and high frequency regimes, respectively, At kh=0.5 [fig. 4.42(a)]
two points are immediately obvious. First, as the core temperature
increases, the transmission coefficient increases, i.e. more sound energy is
escaping. Second, refraction is minimized as the core tenperature increases,
moving the radiation peak inward from 70° to 60° from the exhaust axis. In
addition, at the highest core temperature case (563K) a significant high-
angle NTF increase is observed, such that radiation at angles greater than
50° appears almost omni-directional,

For kh=2.0 [fig. 4.42(b)] similar directivity trends can be seen except
that now the highest core temperature case (563K) does not rise as much in
the mid-angle region. |In fact, at 60°, the radiation level at 450K exceeds
that of the 563K case. In terms of defining a peak radiatic. angle, the
high temperature case is indeterminate due to the flat directivity above 70°.
At both lower temperatures (ambient and 450K), however, the radiation peaks
are well defined, being 70° for the ambient and 60° for the 450K cases.

Mid-angle dominance of the 450K core temperature case is also observed
in a more marked manner in figure 4.42(c) (kh=8.0) where in fact the level
exceeds the 563K level by at least 5 dB. Again the trend at polar angles
greater than 80° is such that the increase in NTF level due to heating from
ambient (about 290K) to 450K is far less than that observed in heating from
450K to 563K. It is evident that the whole tharacter of sound radiation has
undergone a significant change in the highest temperature regime.

For the case of nozzle configuration N, (L/h=3.0) at the flow condition
of (0.8, 0.9), data at angles less than 60° could not be obtained for two
basic reasons: (1) this larger area nozzle produced higher jet noise levels
than configuration N, and (2) the pulse signal levels reduced sharply due to
refraction which made detection difficult. However, it is possible to say
from figure 4.43 that an increase in core temperature from ambient to 450K
reduces the radiation. This reduction is small at kh=0.5 but increases to
some 5 or 8 dB at the higher frequencies. In addition, the relationship of
these levels to the no-flow cases shows that at low and mid frequencies, the
levels are of the same order and only in the high frequency regime of

kh=8.0 [fig. 4.43(c)] do the NTF directivity levels exceed those of the
no-flow ambient case.

An increase in fan velocity to a Mach number of 1.2 for nozzle configu-
ration N; has the effect that core temperature changes do not induce major
changes in directivity. Signal-to-noise problems are most severe and
definitive data points at small angles are lacking (particularly for the
L50K core temperature case). Figure 4.44 shows the measured directivities
at kh=0.50, 2.00 and 8.00, respectively. The major point to note is the
relative omni-directionality at high angles with correspondingly less sharp
refraction valleys. One significant trend, however, does emerge. At kh=0.5
the ambient core temperature directivity dominates the directivity over
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almost all angles, while at kh=8.0 [fig. 4.44(c)] the ambient core
temperature case is the minimum energy radiator,

Nozzle configuration N, (L/h=3.0) at the flow condition (0.8, 1.2)
shows some significant differences from the Ny case. The first observation
from figure L.45 is the frequency dependence of core heating with respect to
the ambient no-flow directivity. At kh=0.5, heating the core to 450K
results in little level change over all angles, while at kh=2.0 a marked
hump of 10 dB at 803° can be seen which then falls to the ambient no-flow
levels some 20° to either side. This hump persists at kh=8.0 [fig. 4.45(c)]
but the peakiness is now more diffused, such that omni-directionality is
almost achieved. The behavior of the ambient core temperature case also
shows frequenc. - -pendence in that it represents the minimum radiation
condition at kh +=0.5 snd the maximum radiation condition at kh=8.0.

4. 4,2 Fan Temperature 900K

The flow condition of (0.8, 0.9) for nozzle configuration N, is shown in
figure 4.46. At kh=0.5 the peak radiation occurs at 60°. Above this angle
the effect of core temperature appears minimal with data collapse within
+2 dB. Below this angle, data is limited due to a rapid drop in signal
amplitude, however the 450K directivity appears to be the minimum radiaticn
condition. As frequency is increased to kh=2.0, the data shows remarkable
coliapse, i.e. !ittle core temperature dependence, with peak radiation now
at 70°. The high frequency regime [kh=8.0, fig. 4.46(c)] shows the radia-
tion peak now to be between 70 and 80 degrees. In addition, the ambient
core temperature directivity shows considerably reduced radiation (by almost
10 dB) at all angles greater than the peak.

An increase in fan Mach number to 1.2 (fig. 4.47) can be seen to produce
a general broadening of directivity at all frequencies. Data scatter is
considerable, being a direct consequence of poor signal-to-noise ratios due
to contamination by radiated noise from.the very high velocity jets at these
operating conditions. Peak radiation for 450K and 675K core temperatures
can be positively identified to be in the 60 to 70 degree region with the
ambient core temperature case far less clear due to the existence of similar
levels over the 50 to 80 degree polar angles. The 675K case is particularly
interesting in that it radiates less efficiently than the ambient or 450K
case at larger angles at all frequencies.

4,4,3 Constant Temperature Ratio Comparisons

This comparison was made in order to determine what, if any, collapse
could be expected based on constant temperature ratios between core and fan
but with differing fan (or core) temperatures. The directivities plotted
are for three cases, two of which are for the design temperature ratio of
0.75 for core to fan. These temperature values for core and fan, respec-
tively, are (563K, 750K) and (675K, 900K). The third case shown is for a
temperature ratio of 0.6 {(core to fan of 450K, 750K) as the data for the
0.75 ratio case (450K, 600K) proved invalid due to external pulse firing
problems on that run.
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Figure 4.48 shows the directivities for nozzle configuration N; for a
.low condition of (0.8, 0.9) for the three representative frequencies
kh=0.5, 2 and 8, respectively. |t can be seen that except in the peak
radiation region of 60 to 70 degrees polar angle, little e idence of a
collapse can be seen. The only positive indication of a parameter normali-
zation is the similarity in the kh=0.5 case [fig. 4.-3(a)] between the
directivities of core and fan temperature combinations of (450K, 750K)
(ratio=0.6) and (675K, 900K)(ratio =0.75).

Figure 4.49 shows the same comparisons for a velocity condition of
(0.8, 1.2). Again, data collapse is observed in the 60 to 70 degree region.
This high velocity test condition produced such poor signal-to-noise ratios
that positive pulse identification in the far field could oniy be achieved
over a limited range of polar angles. Thus, the test data points shown
represent confirmed, not inferred data.

One feature of both velocity conditions is the dominance of the core,
fan temperature case of (563K, 750K) at high angles above 80 degrees for atl
frequency regimes. There appears to be no physical explanation as yet for
this effect.

o

L.4.4 Summary

The effects of heating both core and fan streams on the fan NTF can be
summarized as follows:

(1) For fan temperature at 750K:

o As core temperature increases, the NTF increases.

o As frequency increases, the NTF increases.

0 As core temperature increases, the peak radiation angles
reduce for the (0.8, 0.9) flow condition and increase
for the (0.8, 1.2) flow condition.

o Variations of NTF with L/h are minimal.

(2) For fan temperature at 900K:

0 As core temperature increases, the peak radiation angles
increase.

o At low and mid frequencies the increase in NTF with core
temperature is minimal above 70° degrees polar angle.

o Variations of NTF with L/h are minimal.
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(3) Temperature ratio comparisons:

\ o Ffor all frequenéies, the NTF above 70° polar angle is
minimized for (450K, 750K) temperature condition.

o For all frequencies, the NTF below 60° polar angle is
minimized for (675K, 900K) temperature conditions.

o The peak radiation angles are observed in 60-70° polar
angle region for all conditions.

4.5 CONCLUSIONS

The various aspects studied in this program have already been summarized
at the end of each subsection and will, therefore, not be repeated here. It
is considered necessary, however, to point out that within the constraints
of the contract requirement the data could be studied only in a global sense.

By this point, the reader has probably become quite aware of the fact
that the NTF directivities by themselves in the present plotted form do not
necessarily show a consistent trend. One of the major reasons for this is
that the test plan did not adequately reflect the complexity of the problem.
This realization is due to the lack of past fundamental work in this field.
For example, there is a lack of sufficient information about a proper
normalizing frequency parameter. 1In the absence of sufficient guidelines,
the data has been plotted as a function of normalized frequency represented
by kh or kRJ. kRy is probably a correct parameter for source in the core
because of its use in other studies in the past on single nozzles, and: as
also established in our primary investigation. Use of kh as a proper
parameter for normalized frequency is, however, subject to debate and
further confirmation.

It is worth pointing out here that in all cases where either of the
coaxial streams was operated at supercritical pressure ratios, the results
followed a trend completely different from that obtained at subcritical
pressure ratios. At these conditions the jets were underexpanded and,
therefore, were characterized by Prandtl-Meyer expansions at the nozzle exit,
followed by a complex shock structure within the coaxial jet. The present
results certainly indicate the need for fundamental research on the interac~
tion of sound with shocks and propagation of sound through flow containing
shocks.

At all high jet velocity conditions, particularly at smal) angles to the
exhaust axis, jet noise was found to dominate internal noise radiation. This
was despite the fact that the internal noise levels at the exit plane were of
the order of 140 dB. The implications are therefore that in the full scale,
engine internal noise radiation will not make a significant contribution to
far-field noise levels.

As a final note, the NTF as used may not be the ~ect measure of the
transmission characteristics of the inverted veloci - profile coaxial
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nozzles. NTF was taken to be the ratio of the measured far-field intensity
and that from a monopole acoustic source located at the nozzle exit with
total power equal to the incident power. First, the incident power is
realistically not equal to the total transmitted power and second, it does
not radiate as a monopole,

In short, the engineering approach taken in this work is inappropriate
from the standpoint of a fundamental research investigation in that individual
effects could not be investigated in a rigorous manner. The present results
should, therefore, be interpreted with the caution that they are applicable
only to similar nozzle configurations and flow conditions.
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APPENDIX A

RADIATION IMPEDANCE OF CONICAL NOZZLES WITH MEAN FLOW
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In this section, a method to evaluate the radiation impedance of a
conical nozzle exit with and without mean flow using the complex reflection /
coefficient at the shoulder of the duct-nozzle system is precanted. The
situation considered here is that where acoustic waves, in the fundamental
mode, are genzrated by an 'impulse source'' in a conical rigid-walled flow
nozzle (see fig. A-1) where the axial mean flow may vary. The acoustic
processes in the nozzle are assumed to be one-dimensional and isentropic even

though small radial flow gradients are present in this system.

INCIDENT PULSE

Pr
REFLECTED PULSE
n

U
DYNAMIC PRESSURE TRANSDUCER 2

Figure A1 A Duct Mozzle System

' The linearized conservation equations for axisymmetric flow field can

be written as follows:

Continuity:

au 2u - -

Do - r r du . 2uy, _ -

pe TP 5t ¢ O(dr * r) 0 (A1)
Momentum:

Ou - -

dU | = dU »p _1 op -
AR R (A-2)
p o

Energy

Do _ 1 Dp

t 62 t (A'3)

The barred and unbarred quantities describe the steady and unsteady state

variables, respectively.
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reduce to the following equations for time harmonic perturbations:

p'' + a(r)p' + b(r)p =0 (A-4)
and Eaur a a(r)p' +6(r)p! (A-5)
where a(r) =24 FL(M,M N Eé—’ ELELH (A~6)
r 6o € ¢
b(r) = K2 + fy(m v, B, B0 T k) (A-7)
o] [+ [+
alr) = f;(M,M', é}, k) (A-8)
[
B(e) = £, (MM, Sy K) (A-9) -
C

For a constant area duct all the derivatives of mean flow variables, with
respect to r vanish and since the virtual origin "0" shifts to infinity, al

1/r terms vanish (see fig. A-1). Therefore, equations (A-4} and (A-5) become:

2
dp 2jkM_dp- | k2 0 (
- — = A'lO)
a2 (1-w2) I TTNT)
and ( 2
bcu, = Mo - -t i (A=11)

Solution of Eq. (A-10) is given by

b = Ae Jkx/(1=M) g =ikx/ (148)
(A-12)

and . .
- k - -
s = _AeJ x/{1=M) + Be Jkx/ (14M)

where x is an arbitrary coordinate in the same direction of r. Therefore,
the transfer impedance at any location inside the duct is given by

i (A-13)
QCUr
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where o = (B/A)e 2jkx/(1-M ), the complex reflection coefficient., Assigning
a coordinate r, to the shoulder of the duct-nozzle system (see fig. A-1)
and applying equation (A-13), the transfer impedance at the shoulder can
be rewritten as follows:

2rp) = - =2 (A-14)

Equation (A-4) can be expressed in the following form:

p | o 1 P
- (A=15)
p! -b(r)-a(r) P!
and a solution can be written using the transmission matrix in the following
form
P
= 17(r) P
p | . (A-16)
r r P r)

Tihe transmission matrix can be expressed as follows:

-y

Tl = | o [T(r)]
r -b(r)- a(r) . r (A-17)

The matrix [T(r)], can be determined integrating eauation (A-17) numerically.
Letting r; to be the radial coordinate of nozzle exit and using equation
(A-16), the oscillatory pressure and its derivative at ry can be expressed

in terms of nscillatory pressure and its derivative at r, as follows:

p(ry) = Ty plr2) + Ty2p'(ry) (A-18)
Pl (ry) = Toyplry) + Toap' (1)) (A-19)

Using Equations (A-13) and(A=5), P‘(r) can be expressed as

P () = =y {zy - o)} PO (A-20)
fopira) = griy {grgy - o)} etea) (a-21)
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Using equation (A-21), equations (A=-18) and (A-19) can be written as:

T

P(r,) = [T“ + H%{R%Z-T - o.(rz)}} pira) (A=22)
and

T I'4

Pi(ry) = {721 + g(i—i)' {'Z‘(:,—ZT - a(rz)}] p(rz) (A-23)

. P(rl) 1

s Z(rl) - 5Eur(rl) p‘(rl)

a(r,) + 8(r;) m
or
1

e GV GO G (a-24)

where

IR = radiation impedance at the nozzle exit, and

T . Too 1 ( )}
ey | TR ey e
Piry ‘p(rl) = T, (A=25)

T+ el {Z_(JF;T - U(f'z)}
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APPENDIX B

ACOUSTIC TRANSMISSION ACROSS A SYSTEM
OF PLANE PARALLEL MULTI-LAYER FLOW FIELDS

) A e
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B.1 INTRODUCTION

In determining the transmission and reflection of sound from a multi-
layer media, two relevant quantities are the transmitted-to~incident-amplitude
ratio and the angle of emergence cof t*e sound field as a function of the angle
of incidence of the beam and the rean aerodynamic and thermodynamic
parameters of the different layers.

The angles of emergent sound field are first evaluated in terms of the
angles of incidence field. This is described in Section B.2, Transmitted to -
incident amplitude ratios are then evaluated in Section B.3. This involves
matching of the fluctuating pressure and displacement fields at the inter-
faces. The continuity of displacement field must be imposed because of the
relative motion on either side of each interface.

. B.2 ANGLE CHANGES ACROSS MULTI-LAYER
FLOW FIELDS

A necessary requirement for acoustic transmission across a system of
plane parallel interfaces with different flows between any two interfaces, is
that the component of the wave number along the flow direction be a constant
and independent of the coordinate transverse to the flow direction. This
can be easily proven from the continuity of acoustic pressure across each

; _ interface. In a 2-D system (Figure B-1), let

tjklx + jot

Pl (x,y,0) = F'(y) e (8-1)
ikl x + jet
P“(x,y,w) = F”(y) e S (B-2)
Y ,
+ik t
Pll‘(x,y,w) - Fl'l(y) e J X X + jw (B-3)

In the above, the x-coordinate is chosen to be in the flow direction.
Fl(y), Fli(y), Flil(y) represent the amplitude variation of the sound field
across each layer and can be represented by a pair of positive and negative
going waves along the y-direction and when combined with the x and t depend-
ent terms represent an incident and a reflected wave. |In each region a
separate k, is initially assumed, but as shown below is found to be constant
and independent of the region. A necessary condition is that the above
expressions be continuous across each interface, and for arbitrary values of
x. Thus, at y=y; first interface,
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Figure B.1 Acoustic transmission across a system of plane parallel
multi-layer flow fields.
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PI(X’Y1’“’) = P“("»Yla‘”) (B"L’)
Also PU(x+ax,y;,0) = PU(x +ax,y;,u) (8-5)

Pl (x +4x,y;,w) and Pl (x +ax, Y1,w) can be expanded in terms of their
values at x. Thus

ap|
PI(X’YI »w) + X (X,Yl,w) Ax = P“(":Yl w) + 'a_a; P“(X’YI »0) Ax (B-6) -
Substituting (B-1), (B~2) and (B-4) in (B-6), it can be shown that
ol = il -
£jk/ = sjk) (8-7)

Similarly at y=y,, it can be shown that

£jk)! = sjk)!!
Thus, it has been shown that
=k, = tk, (8-8)

The negative sign refers to propagation along flow direction and positive
sign refers to propagation against flow directiocn. The wave-vector component
are related by the dispersion equation which varies from region to region.

Thus, in
. 2 |2 2 2 _ ~2
region I: ke * ky = K] (1 =Mykx/k))? = k) (say) (B~9)
i 2 -
region 111 ka + ky!" = k3 (1 - Makx/kp)? = Ky (8-10)
2 -
and region 111: K + k'™ < k(1 - Mgkn/ky)? = k2 (8-11)

From equations (B-9), (B-10) and (B-11), angles 8;, 8, and 8. can be
defined, such that (see Figure B-1)

ky = kysing; = kpsine, = kssine, (B-12)

and corresponds to Snell's law. (Note El and ﬁz are Doppler modified wave
numbers. )
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From equation (B-11), (ky/k3) can be expressed in terms of &, and M;, namely

ky/ky = singg/ (i +Mgsing. ) : (B-13)
Similarly, kx/kz = sind,/(1 +Mysingy) (B=14)
and ke/k, = singi/(1 +M;sing;) (B~15)

From equations (B-9) and (B-12), it can be shown that

sinee El C3 (] +M3sinee)

SIN8; R, € (1+Mysing()
and sinfc can be solved for with the following results

. (c3/c;) sing;
smee = 1+‘(W1 'M3 C3/C1) Sinei (8—16)

Thus, the angie of emergence is a function of My, M3, (c3/c;), and angle
of incidence 6;. Although equation (B-16) allows evaluation of 6. as a
function of 8; for specified vaives of (c3/cy), M3 and M;, 8; is bounded
by 8;., the critical angle of incidence. Sound incident at angles greater
than 6;. will be totally internally reflected. 6;. can be computed by using
equation (B-12) and equation (B-10), from which it can be shown that

sing cy. (1 +M3sing.)
£ 3 € (8‘17)

sing, = (EZ) §] +M23inet5

it follows that

Sinat = ‘[(Cz/cl) Sinei}/{] + ('Hl - M, f:c_‘f_) sinei} (5‘18)

Thus 8¢ is now a function of 8., c3/cy, Mz and M3. 6, is not an
independent. variable and is a function of c¢,/cy, M;, My and A;. However, to
obtain the critical angle 6.. and 8;. above which total internal reflection
takes place, 8¢ is set to +?w/2) for dowmstream propagation. One then

obtains

- (c3/¢p)
S 3/¢2 -
e = Sin [l-+M2 =H, (C3/C2)} . (8-19)

Corresponding to this critical emergence angle, there exists a critical
incidence angle which is obtained by solving for g; from equation (B-16) and

if this is done, one obtains
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. sineEc
sindic = {cg/cy) + (M3 c3/c; = M) sinbg
1
- (Cz/CI)YI ‘*‘Mz) - Ml (B 20)

Thus, for 8 >8;i., total internal reflection takes place from <nuner layer
(see Fig. B-2).
Now, if the sound is incident such that it propagates and emerges
upstream, as 8; reduces from 0 to -8, 8¢{|6¢| <|8;|) reduces from 0 to -8,
C and 8. (]6¢|>|e¢|) reduces from 0 to -6... When 8, =-m/2, 8¢ ==8¢c and
: 6i=°9ic.

Thus, for upstream propagation (8; <0), the criterior for total internal
reflection is 6. =-n/2. From equation (B-16),

o -1 i
Sindic = TTe 7T+ My = Walcs/e) T (B-21)

and -1

[(Ca/CZ) + M, - M3(C3/Czﬂ

sinbpc = (B-22)

For angle 8¢ <Btco total internal reflection takes place at the ocuter layer.

| o f
| C3 lll -98 H/

L y

| ———

S —

i ! |
]
| €1 { / UPSTREAM
l DOWNSTREAM , INCIDENCE
INCIDENCE 0>6; >=1/2
0<@; < w/2

Figure B.2 Schematic representation of rays for upstream and
downstream incidences.
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Table B-1 shows variation of 8., and 9;. for a fixed secondary flow
M; =1.4 with variation of the primary flow M. For this case the temperatures
are assumed to be the same so that c; =c; =c3 =344.5 m/s, and outer-most
layer is assumed to be stationary (My =0).

TABLE B-1

Ml Mz egc eiC

0.0 1.4 24.,6° 24.,6°
0.2 1.4 24.6° 27.0°
0.4 1.4 24,6° 30.0°
0.6 1.4 24,6° 33.75°
0.8 1.4 24.6° 38.7°
1.0 1.4 24.6° 45.6°
1.2 1.4 24,6° 56.4°
1.4 1.4 24.6° 90.0°

Table B-2 shows a variation of 8., and 6j. for a fixed primary flow
M; =0.8 and a variable secondary flow M,. Again, it is assumed that
€] =cy =c3 =344.5 m/s and M3 =0.

TABLE B-2
My M2 Bec 8ic
0.8 0.0 90.0° --
0.8 0.2 56.4° --
0.8 0.4 45,6° --
0.8 0.6 38.7° --
0.8 0.8 33.75° 90.0°
0.8 1.0 30.0° 56.4°
0.8 1.2 27.0° 45,6°
0.8 1.4 24, 6° 38.7°

In Table B-3, 8., and 8j. are computed for a set of M; and M, for
constant temperatures or adiabatic speed of sound with c¢; =c, =c3 =344.5 m/s.
and M3 =0.
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values for M;.

Table B-U4 shows the variation of 8.

c3=c) =344.5 m/s.

TABLE 8-3

My M2 Sec bic
0 0 90.0° 90.0°
0 1.2 27.0° 27.0°
0.4 0.6 38.7° 56.4°
0.8 0.9 31.8° 65.4°
0.8 1.2 27.0° Ls,6°
0.8 1.4 24.,6° 38.7°
1.2 1.4 24.,6° 56.4°

TABLE B-4 VARIATION OF 6, WITH 6;

as a function of 6;, for a set of
Again, the flow is assumed to be at ambient temperature with

0; (8¢ (M;=0)| 8¢ (M;=0.2)| 8. (My=0.4) |8 (M1=0.8) |6 (M=1.2) (6 (My=1.4)
0° 0° 0° 0° 0° 0o 0°
10 10° 9.7° 9.3° 8.8° 8.26° 8.0°
20 20° 18.7° 17.5° 15.6° 14.0° 13.4°
30 30° 0, = 27.0° 24, 6° 20.9° 18.2° 17.1°
ko 4o° //// 6, =30° o, = 38.7° 21.3° 19.8°
50 50° / 1 23.5° 21.7°
60 | 60° 0., = 56.4° | 23.0°
70 70° 23.9°
80 | 80° /. 24,50
90 | 90 | / 24.6°
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Table B-5 shows the values of 0., and 8;. (referred to the downstream ;
axis) for all the test conditions covered in the present test program. It is i
to be noted that for constant Mach number and temperature of the primary jet, i
the effect of increasing the secondary Mach number or temperature is to
increase the value of 8... Changing the temperature of the primary jet,
however, affects only 6;¢.

TABLE B-5 ;. AND 6¢¢ VALUES* FOR THE TEST CONDITIONS
OF THE PRESENT PROGRAM

M M2 TR, TR, 8ic fec

(k) (K) (deg) (deg)

0.8 0.9 294.5 294.5 24.6 58.2

0.8 0.9 294.5 600.0 58.6 67.1

0.8 0.9 294.5 758.9 64.2 70.0

0.8 0.9 294.5 900.0 67.6 72.0

0.8 0.9 450.0 600.0 43.8 67.1

0.8 0.9 562.8 758.9 45.0 70.0

0.8 0.9 675.0 900.0 45,2 72.0

0.8 1.2 294,5 294.5 63.0 4 4

0.8 1.2 294,56 1080.0 63.2 69.5

0.8 1.2 294.5 1366.0 67.9 72.2

0.8 1.2 294.5 1620.0 70.9 761

0.8 1.2 810.0 1080.0 52.0 69.5

, 0.8 1.2 1013.0 1365.0 53.2 72.2
: 0.8 1.2 1215.0 1620.0 54.1 741
0.4 0.6 294.5 294.5 33.6 51.3

0.8 1.4 294.5 294.5 51.3 65.4

1.2 1.4 294.5 294.5 33.6 65.4

0 1.2 294.5 294.5 63.0 63.0

*With respect to jet axis.

B.3 AMPLITUDE AND PHASE CHANGES ACROSS
MULTI-LAYER FLOW FIELDS

To determine the transmitted coefficient, that is the ratio of the
amplitude and phase of the emergent field in terms of the amplitude and
phase of the incident field, a matching of the pressures and normal displace-
ments at the interfaces is necessary.
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Since the normal velocity in any region of the fluid flow is given by
the substantial derivative of the normal displacement, it follows that

| kkE
o1 (1 =Mk, /kyp)2

'I ' - ! -
-3k k. x + jut
(Al eI L yye T T

+jk
€

! (8-23)

and A}/A: is the reflection coefficient at the inner layer, namely y=y;
see (Figure B.1).

Similarly in region Il and 111

s b, 2 a1 . 1 . .
J ky, /k N =~iky'y +jk, y) -~ikx +jwt
g¢' = - > y *°2 > {At e Y - Ao Y } e X {B~-24)
poCo (I -MZkX/kZ)
1 2 i, o s
and g“l .. 3 ky /k3 A”l e Jky Yy = J.kxx + Jwt (5-25)
€
Y psed (1 -Mak,/ks)?

At y =y, the inner interface, the continuity of pressure and normal
particle displacement lead to

o . il o H
-k +jk -jk +ik,'y
abe Ty Tl ST sl Sl (8-26)
1 -ikly I 1 +iky Yy ool -jk;|y1
and Ajg'e Y1 o ac'e 4 =A 0 e
LI
+iky 'y
- Aol et (8-27)
2
(k)/K)
where st = Y ] (B-28)
pre1? (1 =Myky/k,)?
", 2
(ky /k,)
and oll = Y 2 (8-29)

92C22 (] 'Mzkx/kz)z
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Similarly at y=y,

[ ¥ +.kll s

sl
A::' e JkY

| 1
" Jky' y2 +jk -
I e Y R AII o“ e IRy Y, - A::Il oIlle Jky Y

and At 3 tr (8‘3])
HI
k
where ol Y
2 (8-32
03C32 ka (1 "Makx/k)z )
rrom equations (B-30) and (B-31)
Al A” [o“ - ol '.ik;,' 2y,
= e et— —
AR TR UIII] ¢ (8-33)
and
I, 1 T UL
ad = Attt oty Sily T ok v (B-34)
€ 2 I
o
then .y 11 I
n_ e =ik, +k. ) yg
Al o pll e o ey Y (8-35)
20
Substituting (B-34) and (B-35) in (B-26), one obtains
(NN L1
. ! It =jk Uy, + jk'h
A!e'jkyyl#A| e‘”kyyl-A||I z_*to e Y
i r £ 2 ]
o
I Il IEYPLE RN B
+altt o o eJky Y2 Jky h (8-36)
€ 2 i
o
where h = y2 - vy,
Similarly substituting (B-34) and (B-35) in (B-27) one obtains
bl =jkyy 01 4kl yr o e Tt ey
Aioe yl-Arce y1=‘l\e —_—— e~y - Y
o N
BRI LTt
€ 2 (8-37)
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The amplitude of the emergent sound field Aé" can be solved for in
terms of the amplitude of the incident sound field by eliminating the
reflected amplitude AL,

This is done by multiplying equation (B-36) by o! and then adding
equation (B-28) which then yields

, |
J(k,',“ Y2 ~ky ¥;)

(A /A =2 e [ (F1+F2) (8-38)

| i
where f, = 2 1 S cos k;'h (8-39)

[+

0'0“' +0“0||
Y

and f, = sin k;,' h (8-40)

ag

Equation (B-38) expresses the amplitude and phase of the emergent sound field
in terms of the amplitude and phase of the incident field and in terms of its
directionality and frequency and the Mach numbers of the intermediate layers.

Evaluation of f;, f, and k;'

From equation (B-28)
|

|
QU N A R 2 (8-41)
p1c1% k2 0162 Ky k)
Ky -
Now L= cos8;, k; =k (1 -Mlkx/kl) (B-42)
ki
Since k, =k (1 -fo/kl) sing;, it follows that
.k—x—s.—SEES-—_ lﬁ-l‘})
k1 1+Msing;
- { M, sing; k,
=k |1 = e = B-4k)
k=t by +Mlsnne;} 1+Msingg (
| 1 So%8i (1 + Mysingj)
then g m T 1510 (B-45)
Qlcl‘ 1
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Similarly, it can be shown that

I 1 cosoag

J

p2C22 ko
and Gl o 1 C0s88¢
03632 k3
Thus
gl "
f,= (1 + ) cos k' 'h
1 | y
0
. r] . °1°12 EL cose, 1 +M3sinecJ]
{ °3°32 ky cosé; (1 +M sing;
and

-,
[

f, = (ZT_+ =) sin kl'h

a

(1 +M,s5in8¢)

(1 +M3 sinee)

|
k' " h
cos y )

(B-46)

(8-47)

(B=48)

[ozczzkz cosfe l;*M3sin65 . pic
{P3c3 k3 cost,

1 +M25inet

Let plclzkl 01 /Yl /I
213 =. 2 = < xyY —y T—a—
p3C3cky P1€3 Y3 1

/Y. T
[ | rl z my - ——3—
Simila Y 23 Y3 TZ

/Y T2
and 212 = ‘—1 'T""
Yo 1

then f, = {1 + 23

cosd, (1 +M3singe)]

coss, (T+Mysing;; |

pacy? Ko cosB;

|° ki cosg, (1 +Mysing,
1 +Mys5ing;

cos k;' h

. Il
h
)Jsun ky

(8-49)
(8-50)
(8-51)
(B-52)

(B=53)
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and

r cosf, [l +M,sing cosfBy (1 +M;sing, T
f2 L 2 cosgy {1 *"25i"9g} * 112 555, \T+h;sing, } sin kg h o (B=54)

Note if 8. = +n/2, cos8, = 0 k' =0 or ol a 0 and f; and f, suffer a
singulari{y at ei = +n/%. For falculation purposes singularity is avoided
by making 8, not exactly +n/2,

Now 8 _ and 8, can be computed in terms of 8. from equations (B-16) and

(8-17). K;| is evaiuated from: ?
H [ 2 y2[d i (&-55)
Yy F k2 L(1 = Mok, fko) -k sk j =k 7T M23in6,)
I Ky cosai
Simitarly, k {B-56)

y T+ Mising.)

K4 coss
Y 3 SO0,

y R (R sine€7

and k

Thus, €y, f, and kf. k", k"' can be evaluated in terms of ei, M, My,

(ep/cy ) and (ca/cy).  Hence, Al'llA;.

0 Effects of varying My for fixed values of M;, namely 0.4, 0.8 and 1.2 on
A" /A, as calculated from equation (6-38) are plotted in figure B.3. Both
streams ars assumed to be unheated. Sharp decrease in the values of Alll/A.
at low and high values of 8. is caused by the total internal reflection £ '
phenomena. For values of up to 2.« B0” (with respect to the jet axis) neither
M; nor M, appear to have a strong'influence on the transmitted to incident
ratio. For values of 8.2120° (with the jet axis), however, these ratios are
almost independent of Mé but decrease considerably with increasing values of
M;. Also, note that in the regions of total internal reflection the above
ratios have Tinite values instead of being zero as expected from ray acoustics.
The sound reaching the zone of silence in this case is actually due to
diffraction, and hence has a finite value.

in the analysis presented so far, the sound rays cross two interfaces
before reaching layer 111, Thus, the results for amplitude changes are
strictly applicable for the case when the source is located =~ the »ure¢ in
our coaxial-nozzle system. To extend the analysis to source located in the
Jan, whereby the sound rays cross orly one interface, al) parameters in the
layer | are made equal! to the correcponding parameters in layer (1 (i.e.
My = M., Ty = T. and h = y- - y; is made equal to zera. It is found that the
expression Aé"/Aill is then given by
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* Tl

R B ] 4
AE B _Z_ ivs k3C0$5€ i ko COSGi 3 (3-56) |
ML o T+ tg coss_  T+M {Tne
i
1 Thus, the amplitude of the transmitted to incident sound is calculated from j
Ale'l ) ‘
€ __ = . (B~
T (e (8-57) )
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APPENDIX C

ANALYTICAL STUDIES OF THE ACOUSTIC
PROPERTIES OF CONVERGING CONICAL NOZZLES
IN THE ABSENCE OF MEAN FLOW
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C.1 INTRODUCTION

The acoustic properties of a conical nozzle like those of a straight pipe
can be characterized by parameters such as the far-field directivity, the
radiation impedance and the reflection coefficient spectra. Such acoustic
properties can be influenced by the mean flow and its gradients as well as
the nozzle geometric properties such as the convergence angle 8,5, the exit
radius which can be combined with the sound frequency in the form of a non-
dimensional frequency parameter kR s and the ratio of the nozzle length to the
nozzle radius.

0f particular interest in this study is the influence of the angle of
convergence on all three of the above mentioned acoustic parameters. Except
in the case of no mean flow, the nozzle angle of convergence effect cannot be
‘explicitly isolated for it also affects the mean flow field, which in turn
affects the acoustic properties. This analysis 18 restricted to the case of
no mean flow.

For nozzles with small angles of convergence, it may be expected that
the acoustic properties will not differ markedly from those of a straight pipe
which have been studied initiaily by Levine and Schwinger (ref. 2.5) and Ando
(ref. 2.7). The analysis described below makes use of an extension of the
method of spherical harmonics. This is then used to study the effects of
angle of corvergence on the acoustic near- and far-fields by comparing the
far-field directivity, the acoustic radiation impedance and the reflection’
coefficient for .three nozzles with angles of convergence equal to 6, 10, and
20 degrees. These results are also compared with data derived from the
measurements described in earlier sections of this report.

C.2 ANALYTICAL APPROACH

The acoustic reflection coefficient of a nozzle, like that of a straight
pipe orifice, is a measure of the relative mismatch between the acoustic
properties (including boundary conditions) inside and outside the nozzle.
Inside a conical nozzle the rigid conical surface constrains the sound field
in such a manner that a ''plane’ incident wave propagates with a curved (seg-
ment of a spherical surface) wave front will ampiify as the wave propogates to
the nozzle exit, following inverse square law (from virtual origin) relation-
ship. At the nozzle exit, reflection back into the nozzle and diffraction to
the far field take place. The diffracted near- and far-field is a function
of the outer surface condition of the nozzie and its angle of convergence as
well as the phase variation across the nozzle exit plane of the incident
wave.

The present analysis is a study of the influence of the nozzle conver-
gence angle, 94, on the diffracted field, and the radiation impedance. The
iplane' reflection coefficient is computed from the corresponding radiation.
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radiation impedance taking into account the angle of convergence of the inner
surface of the nozzle.

Consider an infinite convergent conical nozzle of half angle 6, as shown
in Figure C.1.

(ryy,o)

Figure C.1 Nozzle geomeiry and the coordinate system.

If a spherical surface of radius rg=R;/sin6gy (where Ryis the nozzle exit
radius) is drawn with center at the virtual origin of the nozzle, three
acoustic regions can be distinguished. The incident and reflected sound field
are restricted to region I11. Region || corresponds to an intermediate region
in which the input sound field, (n -eo) <yY<m, is radiated and diffracted to
far field in the range 0 <y < {(m -8g).

The sound in each of the three regions can be advantageously expressed
by a modified form of spherical harmonic analysis due to the fact that the
nozzle surfaces (inner and outer) are coincident with those of a spherical
coordinate system. For example, in regions I, || and 111, assuming the
sound field to be axisymmetric, the temporal Fourier transform of the acoustic
pressure can be expressed in the following forms.

1 (ryvse) = {oh$) )+ T 8unfE) @) nlame) It (c-1)
m
[l P (ryy,0) =] Dl (e) jk(z) ed¥t (c-2)
k
P (r0,u) = [ €y Q (2) 2(Bgw) 3" (c-3)
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In equation (C-1) above, n(gqnV) represents the transverse distribution
of the pressure field in the nozzle; n{qu(¥) +Jo(qnv) (Bessel function of
zero order) as the nozzle inner surface angle of convergence tends to zero;
and the deviation between n(qm¥) and Jg(qmp¥) is very slight even for 8, as
high as 20°. For plane waves, qo=0. The first term inside the bracket of
equation (C~1) corresponds to a plane spherical wave converging towards the
nozzle exit and represents the incident wave. The reflected waves are
represented in general by a set of non-integral Hanke! functions, except for
the plane wave (qy,=0). The function Li(¥) in equation (C-2) is the Legendre
polynomial of integral order, for in region |1, the sound field extends in

the range 0 <y <w. Also, because region |1 contains the virtual origin,
Jjk (2) is the spherical Bessel function expressing the radial variation of the
sound field. - In region 111, since 8 is restricted to 0<¥<(n-85), AR ¥)

is a modified form of Legendre polynomial and Qez is a correspondingly
modified form of non-integral Hankel function. ' ’

In the above equations (C-1) through (C-3), the amplitude coefficient Ao
is assumed specified and the other amplitude coefficients, namely By, Dy and
Eq need to be determined in terms of A,. The other functions Jo(qpy) and .
2(Bgy) are functions of only the nozzle inner and outer angles of convergence y
and for a given nozzle can therefore be computed once for atl. i

Equations (C-1) through (C-3) are subject to the following two sets of
boundary conditions at interfaces of the three regions:

Plirg,0) + PU (rg,0) = P1 (e 0) (c-4)
) L |
and T (rat) + T (r¥) = E— () (c-5)

By making use of the orthogonal properties of L, (¥) and A(By¥) in their
respective ranges, the ratio of 0y /A, and Eg/A, and Bx/A, have been
computed. Substituting these values back jn equations (C-1) through (C-3)
allows explicit evaluation of P'L ¥) and Pyi' 4y, the acoustic near and far
fields respectively in terms of the ' incident wave. On integration of P"(rs,w)
over the nozzle exit plane allows evaluation of the radiation impedance.
Such evaluations have been carried out for three nozzles and are discussed
next.

C.3  NUMERICAL RESULTS

Directivity

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
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of convergence are 6.12°, 10° and 20°. The far field is computed at
kr =6kRj/sin6y, where r is the spherical radial coordinate measured from
the virtual origin, and Ry is the nozzle exit radius.

Figure C.2 shows the effect of nozzle convergence angle 8y on the
computed far-field directivity for a nondimensional frequency of kR, =1.85.
The corresponding directivities for sound radiated from a baffled and an
unbaffled straight pipe based on Kirchoff's and Levine and Schwinger's
analysis are also shown. The main observation is that as the angle of nozzle
convergence increases, the SPL at any angle does not drop (relative to that
on the axis) as much as that for the unbaffled straight pipe. In other words
the beam width increases with nozzle angle. In the rear arc (0-90°), the
SPL radiated.by the 6° nozzle is similar to the unbaffl~d straight pipe to
within half a decibel. |In the forward arc, the deviation is of the order of
one decibel. These deviations increase as the nozzle angle of convergence
increases. Although the directivity for the baffled straight pipe should not
strict!y be used for comparison for reasons discussed later, it does appear
to provide an upper limit.

Figure C.2 shows the far-field directivities for these three nozzles for
three other frequencies, namely kR;=2.5, 1.4 and 0.5. For the two higher
frequencies the effects of nozzle converyence angle is similar to those for
the case of kR; =1.85 already discussed above. For the low frequency case,
the effect seems to suggest the existence of a critical frequency at which
sensitivity to nozzle convergence is unimportant.

Comparison With Measurement

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 of finite lengths may not be too
inappropriate. Figure C.4 shows two sets of data corresponding to radiation
from a straight pipe and a 6° convergent conical nozzle (radii 4 and 2 inches
and length 10.25 inches). As indicated earlier, the difference between an
unflanged straight pipe and a 6° nozzle is very small especially in the rear
arc. Although this comparison is good but is not adeguate to confirm the
trends predicted by the numerical analysis.

Radiation Impedances

Figures C~5 and C-6 show the influence of nozzle angle on the radiation
reactance spectra. The corresponding spectra for the radiation impedance
from a baffled and an unbaffled straight pipe are also included for comparison.
One observation is that in the low frequency range the radiation resistance
18 significantly increased compared to that of an unbaffled straight pipe. The
baffled straight pipe spectrum seems to be higher in the low frequency range
and in the relatively higher frequency range seems to be lower than the 10-
and 20-degree nozzles.
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DIRECTIVITY = 20 logyg (P(8)/P(0)}

NONDIMENS IONAL FREQUENCY kR;=1.85

S \\\\\~\ BAFFLED STRAIGHT PIPE

nin KIRCHOFF) N
-6 |- \\\\ -
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S TN Ly -
\ ! )
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| 1 1 1 | ! ] 1
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ANGLE © FROM NOZZLE OR PIPE AXIS

Figure C.2 Effect of nozzle convergence angle 6, on far-field SPL (numerical
analysis) and comparison with baffled and unbaffled straight pipe
solutions.
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Computed effects of conical nozzle convergence angle on

the acoustic radiation resistance spectrum of nozzle orifice
and comparison with corresponding solutions for baffled and
unbaffled straight pipes (Kirchoff and Levine & Schwinger,
respectively).
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Computed effects of conical nozzie convergence angle on

the acoustic radiaction reactance spectrum of nozzle orifice
and comparison witih corresponding solutions for baffied and
unbaffled pipes (Kirchoff and Levine and Schwinger,
respectively).



Like the far-field directivity plot, one would have expected the baffled
pipe radiation resistance to be the upper limit as the nozzle angle is
increased. The expectation is unjustified for the simple reason that in the
conical nozzle case, the velocity fluctuaticn at the nozzle exit ig digtri-
buted across a curved surface whose origin is the nozzle virtual origin; in
the baffled straight pipe case, the velocity fluctuations are parallel and
along the pipe axis, The curved velocity distribution in the nozzle case
apparently must give rise to some form of focussing. In the near field, this
focussing effect is opposed by acoustic spreading due to diffraction. On
the other hand, in the far field (in the present cnalysis, this is six times
the focal length which may be defined as the distarce from the nozzle exit
plane to the virtual origin), the two effects adc together giving rise to
increased spreading as already shown in figures 2.2 and C.3.

In figure C.6 relative to the radiation reactance spectrum of an
unbaffled straight pipe, the corresponding spectra for the nozzles are higher
in the low frequency range and lower in the high frequency range. The 6°
nozzle spectrum in the low frequency range is in fact identical to that of
the unflanged straight pipe. Another point of observation is that at the
higher frequency of kR; =3.0, and for the 20° nozzle, the radiation reactance
is negative. This could be due to a resonant effect of the sound field in
the imaginary spherical ''cavity''. A confirmation of this has not been made
but could be done by computing the sound field distribution inside the cavity
and will be investigated later.

The Acoustic Reflection Coefficient

The reflection coefficient, o, is related to the normalized radiation
impedance Zp. For a straight pipe, the well~known relation for plane wave
retlection is given by

Jpipe = EE-;-T (c-6)

In 8 conical nozzle, when account is taken of the variation of the
amplitude during propagation, it can easily be shown that

. ] g=1+ ]2z sineo/kaJ
nozzle Zg *+1 - J Zg 5in8,/kR,

(c-7)

Making use of the computed radiation impedance spectra of figures C.5§
and C.6, the spectrum of the amplitude of the relfection coefficient has
been evaluated using equation (C-7) and are shown in figure C.7. For
comparison the reflection coefficient for an unbeffled straight pipe as
computed by Levine and Schwinger (ref. 2.5) is also included. The only
point of observation is that in the low frequency range the amplitude of the
reflection is not too sensitive to the convergence angle of the nozzle.
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Figure C.7 Influence of angle of convergence of conical nozzle
on acoustic reflection coefficient.
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C.4 CONCLUSIONS

The principal results are as follows:

(1) The far-field directivity radiated from a 6° nozzle is similar to
that from a straight pipe orifice to within half a decibel in the rear arc
and about one decibel in the forward arc.

(2) As the nozzle angle of convergence (6y) is increased the SPL
relative to that on the nozzle axis increases at all frequencies except at
the lowest frequency case kRj =0.46.

(3) The limited éomparisons between the predicted and the measured
acoustic far-field directivities are good.

(4) In the low frequency range, kR; <2.25, the radiation resistance
spectrum of the nozzle (6°, 10°, 20°) is higher than that of an unbaffled
straight pipe and rises as 8, is increased. For frequencies higher than
critical values kRy >2.25 for 6° nozzle, kRy>7.75 for 10° nozzle and kRj >3.75
for 20° nozzle, the ccrresponding radiation resistance is lower than that of
an unbaffled straight pipe.

(5) The radiation reactance spectrum for the 6° nozzle is identical to
the unbaffled straight pipe up to kR;=1.1, and is lower at higher frequencies.
The corresponding values for the 10° and 20° nozzles are higher than the 6°
nozzle up to kR;=2.4, (20° nozzle being highest). At frequencies greater
than kR; =1.7 for the 10° nozzle and kRj=1.9 for the 20° nozzle, the
tadiation reactance of each nozzie is lower than that of the straight pipe.

(6) The amplitude of reflection coefficient in the low frequency range
is not very sensitive to the nozzle convergence angle.

(7) Relative to a straight pipe. the nozzles radiate somewhat more
acoustic power in the low frequency range and less at higher frequencies.
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APPENDIX D
SYMBOL LIST

constants appearing in equation (A-12)
duct area

local speed of sound

stagnation speed of sound
diameter

frecuency, Hz

annulus height

/T

wave number, 2nf/C

wave number based on &,, 2nf/C,
length

mean flow Mach number

duct Mach number

jet Mach number

acoustic pressure

incident pressure wave
reflected pressure wave
far-field acoustic pressure (radiated acoustic pressure)
resistance

duct radius

nozzie exit radius

far-field measurement radius

radial coordinate
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temperature

time

mean flow velocity

velocity perturbation along r
acoustic power

reactance

axial coordinate

transfer impedance

radiation impedance
convergence angle for the outer nozzle
specific heat ratio
wavelength

density perturbation

mean flow density

reflection coefficient

far-field measurement angle (degrees) with the jet axis

angle of impulse wave front to duct wall

nozzle convergence angle

first derivative with respect to r or x

second derivative with respect to r or x
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