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SUMMARY

As part of a program to investigate combustor and other core noises,
simultaneous measurements of interaal fluctuating pressure and far field
noise were made with a JT15D turbofan engine. Acoustic waveguide probes,
located in the engine at the combustor, at thé turbine exit and in the core
nozzle wall, were used to measure internal fluctuating pressures. Low fre-
quency acoustic power determined at the core nozzle exit corresponds in level
to the far-field acoustic power at engine speeds below 65% of maximum, the
approach condition. At engine speeds above 657 of maximum, the jet noise
dominates in the far-field, greatly exceeding that of the core. From coherence
measurements, it is shown that the combustor is the dominant source of the low
frequency core noise. The results obtained from the JT15D engine were compared

with those obtained previously from a YF102 engine, both engines having reverse

flow annular combustors and being in the same size class.

*Aerospacc Engineer, Fluid Mechanics and Acoustics Division



INTRODUCTION

In the past several years considerable progress has been made in reducing
the noise generated by subsonic CTOL aircraft gas turbine engines. The two
largest scurces of engine noise, the fan and the jet exhaust, can be reduced
sufficiently to comply with federal noise regulations. Further reductions of
these sources may not reduce the overall engine noise because a new acoustic
threshold has been reached. This threshold level is composed of noise generated
from heretofore inadequately understood sources within the engine core. One
of the most likely sources of far field noise originating from the engine core
is the combustion process where large amounts of chemical energy are released.

At the NASA Lewis Research Center, an extensive program is being conducted
to determine the sources and characteristics of combustion noise and its propa-
gation through the enrgine core to the far field. In part, the experimental
phase of this program has been conducted with a Lycoming YF102 turbofan engine
(Ref. 1). Results obtained from direct internal and external spectral meas-
urements indicate that below a lJimiting condition (60% of maximum far .peed for
this engine), low frequency core noise contributes significantly to the far
field noise (Ref. 1). Furthermore, it has been shown by use of correlation and
coherence techniques that the combustor is the source of this low frequency core
noise (Refs. 2 and 3). In another investigation, acoustic measurements with
an auxiliary power unit (APU) produced similar results, showing the combustor
to be a contributor to the far field noise at frequencies below 400 Hz (Ref. 4).

The NASA is conducting an inter-center program to better understand the
effects of forward velocity on fan noise (Ref. 5 & 6). As part of this program,
the Lewis Research Center is conducting static tests on a Pratt & Whitney JTIS5D
turbofan engine. This is a production engine frequently used in general avia-
tion aircraft such as the Cessna Citation, In addition to the fan noige

studies, experiments have been conducted with this engine to determine the



characteristics of combustion and other core noises and their propagation
through the engine core to the far field. The overall objective of these
experiments was to measure the noise in the combustor at various engine opera-
ting speeds and determine its propagation downstream (1) through the turbine
(2) through the core nozzle, and (3) to the far field.

It is the purpose of this paper to describe the engine acoustic measure-
ment program and to present some of the results obtained. The results consist
of single point spectral data measured within the engine core, and two point
coherence measurements between various internal engine locations and the
acoustic far field. The results obtained from the JT15D measurements are to
be compared with those obtained previously from a YF102 engine, both engines

having reverse flow annular combustors and being in the same size class.



ENGINE, INSTRUMENTATION, AND DATA PROCESSING
Engine

The Pratt & Whitney JT15 is a bypass ratio 3.3, two spool, turbofan
engine with a rated thrust of 9800 newtons. The engine core consists of a
compressor in the form of a l6-bladed impeller, a reverse flow annular combustor,
and a three stage turbine. The single stage compressor is driven by the high
pressure turbine stage, while the fan is directly driven by two low pressure
turbine stages. The fan has twenty-eight blsdes and is 0.534m in djameter.

All tests were conducted using aua outdoor engine test stand with the engine
centerline 2.9m above a hard surface ground plane. The engine was configured
with an inlet control device attached to a flight inlet and separate core and
fan exhaust nozzles. The core and fan nozzle areas were .0558 and .0876m2,
respectively. The inlet control device was used to reduce fan tones bty pro-
viding a cleaner and more uniform inflow than is normally obtained under static
test conditions (Ref. 5). A photograph of the engine mounted on the test stand
is shown in figure 1.

Measurements were made at ten fan speeds between 33% and 97% of maximum
speed (15,840 rpm). A summary of the test conditions, including mass flow,

pressures and temperatures in the core engine, is presented in table 1.
Internal Acoustic Probes

Dvnamic pressure probes were placed in the engine core at seven different
locations (Fig. 2} as follows: one in t-- combustor; three at the turbine exit,
at various circumferential locations; one in the core nozzle entrance; and two,
90o apart, in the core nozzle exit plane.

The transducers used were conventional 0.635 cm diameter pressure response

condenser microphones. To avoid direct exposure of the microphones to the severe



environment within the core, they were mounted outside the engine and the
fluctuating pressur: in the engine core was communicated to the transducers

by "semi-infinite" acoustic waveguides. These waveguide probes are described
in detail in reference 1. A photograph of the engine with the probes in place

is shown in figure 3.
External Microphones

The far field microphones consisted of an array of sixteen 1.27 cm diameter
condenser microphenes on a 30.5 m radius circle centered on the exhaust plane
¢t the core nozzle. The microphones were spaced 10° apart from 10° to 1600 from
the engine inlet axis, and were mewnted at gro ad level to minimize the problems
associated with ground reflections,

A near field microphone was placed on a stand at the engine centerline
height (2.9 m), 1.65m downstream of the nozzle exit plane and offset 0.95m from

the enpgine centevline,
Data Acquisition and TProcessing

The signals from the internal probes and far field microphones were FM-
recorded on magnetic tape in three-minute record lengths for later processing.
The internal probes and far field microphones were calibrated with a pistonphone
prior to and at the end of each day's running. The data were analyzed on
narrow band and one-third octave band spectrum analyzers which determined pres-
sure level spectra referenced to ZXlO-SPa.

Tne coherence and correlation results given in this paper were obtained
by off-line processing of the tape-recorded data on a two-channel fast Fourier
transform digital signal processor with built-in analog to digital converters
and 120 dB/octave anti-aliasing filters. The processor was capable of direct

computation of up to 4096 ensemble averages of a 1024 point forward or inverse



5
Fourier transform to yield either frequency domain (coherence, amplitude and

phase spectra, and transfer function) or time domain (dorrelation) information.

RESULTS & DISCUSSION

The acoustic data were obtained by simultaneous measurements from probes
located inside the engine core and microphones placed in the far field. The
results are separated into three main categories: 1) single point spectral
data measured within the engine core, 2) two point coherence and correlation
measurements between various internal engine locations and also between the
engine and far field and, 3) a comparison betweer the JT15D and an earlier
tested YI'1l02 engine. Although the engine was operated at ten rotational speeds,
data are presented only for several speeds that are considered representative

of various conditions in the engine operating cycle.

Single Point Spectral Data

Internal dynamic pressure measurements were made in the combustor, turbine
exit and core nozzle exit, and sound pressure levels were measured in the far
field of the JTI5D engine. Typical one-third octave band dynamic pressure level
spectra at these locations are presented in figure 4 for two engine fan speeds,
40% and 87% of maximum, These spectra indicate the magnitude of each signal
progressively from one location to another and exhibit the broadband nature of
the signal at the lower frequencies, and the tonal content due to the rotating
machinery at the higher frequencies. However, these data by themseives do not
indicate the origin or the propagation characteristics of the broadband signals
and the tones, nor do they indicate whether the probes are measuring acoustic
pressure, hydrostatic pressure fluctuations, or some combination of the two.
T. explore these points, the data for each component will be examined separately

in this section, and then by component pairs in the following section.
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Cowbustor - The pressure level spectra presented in figure 5 were obtained
by a probe flush mounted in the combustor liner (Fig. 2). 1In figure 5(a), one-
third octave band combustor pressure spectra are presented for five engines
speeds at frequencies up to 2000 Hz. The shapes of the spectra are similar
for all speeds and as would be expected, the pressure level increases with
increasing engine speed. Narrow band spectra for the same speeds and frequency
range are shown in figure 5(b). The spectra at all speeds are generally broad-
band in nature, however, at 40X of maximum speed and higher there are strong
tones of varying magnitude. The frequencies of these tones correspond to the
rotational speeds and multiples thereof of the turbomachinery (fan, turbine,
etc). A narrow band spectrum taken at 40% of maximum speed and at a fréquency
range of 0 to 10,000 Hz is shown in figure 6. At 4916 and 9832 Hz respectively,
there appear to be two tones of very large magnitude. These tones correspond
to the blade passage frequency and second harmonic of the 16 bladed impeller
of the centrifugal compressor which are passing through the combustor. This
phenomenon is discussed in more detail in reference 7.

In reference 8 it is suggested that combustion noise is directly related
to and a prime function of the combustion heat release rate, Q, associated with
the combustion process. A plot of the acoustic power as a function of the
heat release rate for the JT15D is presented in figure 7. The combustor heat

release rate, Q, in this report is determined from the relationship

Q = wCy(AT) (1)

where
w combustion air flow rate
CP specific heat of air

AT temperature rise due to combustion

The overall acoustic power levels used herein were inferred from measured



fluctuating pressures obtained within the combustor using the method and
assumptions of reference 8., The ten engine operating conditions produce a

range in heat release rate that span a factor of six between minimum and

maximum. By empirical observation, the data fall into two categories, the

first, at the low heat release rates, shows the acoustic power to behave as
approximately Q2, and the second, at the higher heat release rate shows the
acoustic power to behave approximately as Q to the first power. The data

shown in figure 7 follow the same trends as the data obtained from many different
combustors and reported in reference 8.

Core nozzle exit - Pressure level spectra obtained by probes flush mounted

in the core nozzle exit are presented in figure 8. In figure 8(a), one-third
octave band ccre nozzle exit pressure spectra are presented for representative
speeds at frequencies up to 2000 Hz. Narrow band spectra for the same speeds
and frequency range are shown in figure 8(b). The spectra at all speeds are
generally broadband in nature, however, at selected speeds there are strong
tones of varying magnitude. The frequencies of these tones as in the combustor,
correspond to the rotational speeds and multiples thereof of the turbomachinery.
A narrow band spectrum taken at 40% of design speed but at a much wider fre-
quency range, 0 to 10,000 Hz, is shown in figure 9. There are strong tones in
evidence which correspond to the blade passage frequencies of the impeller,
turbine and fan. In addition, there are some oscillations between 7000 and 9000
Hz which remain vet to be explained.

Far field - Directivity oatterns taken from existing data for low fre-
quency core engine noise indicate a maximum in the vicinity of 120° from the
engine inlet (Ref. 2). Far field acoustic spectra at this angle are presented
in figure 10, In figure 10(a), one-third octave band sound pressure level
spectra are given for five engine speeds. A constant band-width spectrum to

10,000 Hz at 40% of design speed as shwon in figure 10(b) indicates the presence



ot many tones. These tones are the fundamentals and harmonics of the blade
passage frequencies of the fan, the impeller and the turbine, At 87" of

design speed, the far field sound pressure level spectrum shown in figure 10(c)
contains a region of multiple pure tones, and three distinct tones. All of
these tones are caused by the fan. The three distinct tones correspond to

the fan blade psssage frequency and its second and third harmor cs. The
multiple pure tones may be caused by a combination of phenomena such as inlet
flow distortion and rotor stator interaction,

Acoustic Power - The variation of low frequency acoustic power as a

function of jet exhaust velocity is shown in figure 11, The acoustic power
level was ccmputed from signals between 50 and 2000 Hz, the region where
broadband core and jet nolse propagate to the far field. The far field acous-
tic power was computed in the usual manner from the microphone data. The
acoustic power at the core nozzle exit was computed, on the assumption of an
acoustic plane wave, as the product of the acoustic intensity and the area of
the duct at the probe location. The intensity, I, for a moving stream is

expressed in reference 9 as:

2
1 =B
v (1 + M) (2)
where
2
o local mean square pressurc {luctuation

o] local density

c local speed of sound

M local Mach numbe:r

The core nozzle exit acoustic power level shown in figure 1l was computed
from the following equation which is a product of a transformation of eq. (2),

and the ~ore nozzle exit area

PWL = SPL + 47.58 + 10 log10

55"3- (1 + M) (3)



where

PWL sound power level, dB, ref. 10713 vatts

SYL sound pressure level measured by probe, dB, ref. 2x10-5 Pa

A area (square meters)
T temperature { K)
P pressure (pascals)

The effective jet exhaust velocity, VE’ given in figure 11 is arbitrarily
defined for convenience as a simple measure of engine operating condition. It
is a weighted velocity which accounts for the differences in mass flow and

velocity of the fan and core at each engine condition, and is defined as:

v. = BPR * VF + Vo

E BPR + 1 (4)

where

VF fan velocity

Ve core velocity

BPR engine by-pass ratio

It can be seen in figure 11 that in the low velocity region (up to approxi-
mately 175 m/sec) the power level calculated at the core engine exit is in
close agreement with the power level calculated in the f.r field at 30.5 m.
However, above 175 a/sec the power level in the far field becomes considerably
greater (10 dB at 300 m/sec) than the level in the nozzle exit region. Also,
above an effective jet exhaust velocity of 175 m/sec the far field acoustic
power behaves approximatcly as velocity to the eighth power which is indicative
of jet mixing noise. This suggests strongly that below a critical engine
operating condition (65% of design speed in this case) where the jet noise is

not significant, noise emanating from the engine core is a significant if not

dominant contributer to the far field noise.
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Coherence Measurements
In order to better understand the dynamic pressure characteristics within
the engine core, two point coherence functions were made “etween internal and
far field engine measurements, and between pairs of internal measurements.
The ccherence function is essentially a normalized cross-spectrum and is
defined for random signals as (Ref. 10)

2
| cab(f)l

_lCab 7 (5)
Gaa(f) be(f)

2
Y2,(6) =

where [Gab(f)l2 is the square of the ensemble averaged cross-spectral density
between a and b; and Gaa(f) and be(f) are the averaged autospectral densities
at a and b, respectively. The coherence function must hava a value between
zero and one, with high coherence at a particular frequency, f, meaning high
correlation at that frequency.

Herein, the coherence function will be usfed primarily to describe the
pairwise frequency characteristics of the fluctuating pressure within the JT15D
engine. The magnitude of the coherence function will be referred to in rela<ive
terms and will be used mainly for comparison purposes. For the engine
presented in this paper the coherence is virtually zero above 1000 Hz. re-
fore, for the sake of uniformity, coherence measurements will be presented only
between 0 and 1000 Hz, and analyzed with a resolution bandwidth of 2 Hz. All
bias errors due to time delay between intermal and far field measurements were
corrected acvording to the methods presented in reference 3. Bias errors due
to time delay between internal measurements are negligible.

Combustor - The measured coherence functions between pressure in the com—
bustor and several downstream stations for an engine speed of 40% are slown in
figure 12. As discussed in the previous section and shown in figures 5‘b; and
8(b) there are tones in the engine whose frequencies correspcnd to turbomachinery

rotational speeds., These tones retain their coherence between the various
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measuring stations insjde and outside of the engine, and appear as highly
coherent ''spikes' in the measured coherence functions. For clarity, they
have been edited out of the figures. In figure 12(a) the measured coherence
between the fluctuating pressure in the combustor and the turbine exit station
i. shown. There is a single distinct region of coherence between 0 and 250 Hz
and negligible coherence above 250 Hz. The magnitude of the coherence function
reaches a peak at approximately 140 Hz, 1In figure 12(b), the measured coherence
between combustor and core nozzle exit is showa to have similar characteristics.
In addition, figure 12(c) shows the measured coherence function between the
fluctuating pressure in the combustor and the far field acoustic pressure at
a microphone located 120° from the engine inlet. As can be seen from the figure,
the coherence between the combustor pressure and the far field acoustic pres-
sure is limited to the region below 250 Hz, the same as between pressures within
the engine.

Using the coherence measurement as a guide, a filtered cross correlation
function between the combustor pressure and the acoustic far field has been
measured (Fig. 13), This filtered correlation exhibits che property of being
symmetric about a negative peak and therefore cannot be associated with pure
time delay. A correlation function with these same characteristics was
obtained between ccabustor and far field on a YF 102 engine in an earlier
experiment (Ref. 2). It has been shown in reference 2, that for the frequency
range where the fluctuating combustor pressure is coherent with the far field
acoustic pressure, the combustor is a source region for far field noise.

In summary, combustor related noise measured in the JT1SD engine and in
the far field is limited entirely to the frequency range below 250 Hz with a

peak between 1.5 and 150 Hz,
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Turbine exit - The measured coherence function between pressure in the
turbine exit and two downstream locations ior an engine speed of 40% of maxi-
mum is shown in figure 1l4. 1In figure 1l4(a), the coherence between the fluctu-
ating pressure in the turbine exit station and the core nozzle exit station is
shown. There are three regions of coherence between 0 and 1000 Hz: one
between 0 and 250 Hz; a second between 250 and 500 Hz; and a third between 500
and 1000 Hz. 1In figure 1l4(b), which shows the measured coherence between the
fluctuating pressure in the turbine exit and the acoustic pressure in the far
field, the third region of coherence has diminishe! almost to zero while the
two lower frequency regions of coherence are still very strongly in evidence.
Because the region of coherence above 500 Hz is weak between the turbine exit and
the core nouzzle exit and almost zero between the turbine exit and the far
field, it will not be discussed in this paper. The low frequency region of
coherence, between 0 and 250 Hz, is most likely caused by the combustor
related noise propagating through the engine to the far field (Fig. 12). The
second region of coherence, between 250 and 500 Hz, must be originating at
some point downstream cf the combustor. The three stage turbine is downstream
of the combustor and just upstream of the turbine exit station. It is the
most likely source of noise in this coherence region.

Core nozzle exit - The measured coherence function between pressure in

the core nozzle exit and the 1200 far field microphone is shown in figure 15
for two engine speeds. In figure 15(a), the coherence between the fluctuating
pressure in the core nozzle exit and the far field location is showm for an
engine speed of 40%. There is one continuous region of coherence between 0
and approximately 700 Hz. Within this coherence range there are included the
previously discussed combustor noise (0 to 250 Hz) and turbine noise (250 to
500 Hz). 1In addition, in the region above 200 Hz, based on the magnitude of

the coherence function, there are additional noise sources which most likely




#y H

g gt e e -

13
occur upstream of the core nozzle exit. These additional sources may be caused
by the struts in the turbine exit duct and scrubbing in the core nozzle. In
figure 15(b), coherence between pressure in the core nozzle exit and far field
is shown for an engine speed of 87%. At this high engine speed, the coherence
is very low in value at all frequencies, This low level of coherence is due
to contributions to the far field noise from sources other than those within
the core nozzle. Specifically, these other contributions are the mixing noise
from the core and fan exhausts which occur downstream of the core nozzle exit.

In summary, based on these coherence measurements, noise sources within
the core nozzle make a significant contribution to the far field at low engine
speed and a negligible contribution at high engine speed. These coherence data,
at buth speeds, are in agreement with the results of the acoustic power calcula-

tions presented in figure 11.

Comparisons with YF102 Engine

The results obtained from the JT15D measurements are compared now with
those obtained previously from a YF102 engine (Refs. 1 to 3), both engines
being in the same size class. The YF102 engine is used to power the NASA Quiet
Shorthaul Research Aircraft (QSRA) and is the earlier version of the AVCO/
Lycoming ALF 502 which powers general aviation aircraft such as the Canadair
Challenger. Both engines have reverse flow annular combustors of very similar
size, but have compressors, turbines and core nozzles which are different in
design. The JTI15D engine has a single stage compressor and a three stage
turbine whereas the YF102 has an eight stage compressor and a four stage turbine.

A comparison of combustor acoustic power level as a function of heat release
rate for the JT15D and the YF102 combustors is presented in figure 16. The
ordinate, acoustic power level, has been normalized to account for the seven

percent difference in cross sectional area between the two combustors. All of
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the YF102 combustor data, including that obtained at its lowest engine operating
point, are above the two megawatt heat release rate and the acoustic power
behaves approximately as Q to the first power. The acoustic power levels are
in excellent agreement with the present JT15D combustor data for comparable
heat release rates.

Measured coherence functions between pressure in the combustor and the
far field, at 1200, for both engines at comparable speeds (approximately 40%)
are shown in figure 17. 1In both cases, there is a single distinct region of
coherence between 0 and 250 Hz and negligible coherence above 250 Hz. The
magnitude of the coherence function reaches a peak between 125 and 150 Hz for
both engines.

In figure 18 are shown measured coherence functions between dynamic pres-
sure in the core nozzle exit and the far field at low speed for both engines.
In the region below 200 Hz, there is very good agreement in the measured data
between the two engines. However, above 200 Hz, based on the coherence meas-
urements, the JT15D engine propagates a much greater signal to the far field
than the YF102 engine. The agreement below 200 Hz can be accounted for by the
strong similarities between the two combustors, and the disagreement above
200 Hz is probably due to the differences in design of the turbine,struts and
core nozzle. For both engines, at high speed, the coherence level between
core nozzle exit pressure and far field signal is very low at all frequencies.
This low level of coherence is due to contributions to the far field noise
from sources other than those within the core nozzle, specifically, jet mixing

noise.

SUMMARY OF RESULTS
Core noise from a JT15D turbofan engine was investigated using simul-

taneous measurements of internal pressure and far field noise. Acoustic wave-
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guide probes were located in the combustor, at the turbine exit and in the
core nozzle.

From direct internal and external measurement, low frequency acoustic
power determined at the core nozzle exit corresponds in level to the far field
acoustic power at engine speeds below 65% of maximum. At engine speeds above
65X of maximum, the jet noise dominates in the far field, greatly exceeding
that of the core. Pairwise coherence measurements between core nozzle exit
and far field at low frequency corroborate that acoustic sources within the
core nozzle make a significant contribution to the far field noise at low
engine speed and a negligible contribution at high engine speed. At high fre-
quencies, above 2000 Hz, core tones and their harmonics from the impeller and
turbine are very evident in the far field at low engine speed. At high engine
speed, the far field noise is dominated by sources originating at the fan,
multiple pure tones and blade passage frequencies, and the core tones are hardly
noticeable.

From internal and far field coherence and correlation measurements, it has
been determined that the combustor is the dominant source of the low frequency
core noise and is limited to the region below 250 Hz with a peak tetween 125
and 150 Hz. A second region of coherence originating downstream of the combus-
tor, between 250 and 500 Hz, is most likely associated with the turbine.

Within the combustor it has been shown that the acoustic power behaves as
approximately heat release rate, Q, to the second power at low values of Q
and as heat release rate to the first power at high values of Q.

The results obtained from the JTI5D measurements have been compared with
those previously obtained from a YF102 engine. The combustor related meas-
urements, both internal and those propagating to the far field, are very similar
for the YFI02 and JTISD enpines. The good agreement is most probably due to

the similarity in combustor design between the two engines. On the other hand,

o emies
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based on coherence measurements, there is poor agreement between the two engines

at low operating speed in the frequency range where combustor noise does not

dominate (above 200 Hz). This disagreement is most likely due to the different

characteristics of the engine components downstream of the combustor. At high

engine speed, jet mixing noise dominates the far field signal for both engines.

8.
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TABLE I. - TEST CONDITIONS FOR THE JT15D CORE NOISE MEASUREMENT PROGRAM

Nominal | Fan Core Core | Compressor exit Combustor Core nozzle
engine | speed,; speed, | mass
speed, m rpm flow, | Pres- | Temper-| Pres- | Temper- | Pres~ | Temper-
% of kg/sec | sure, ature, | sure, ature, | sure, ature,
max imum kPa K kPa K kPa K
33 5195, 15 745 | 2.33 177 395 171 826 101 675
37 5 7851 17 230 | 2.50 196 404 190 849 101 682
40 0 305 18 435 | 2.73 214 413 208 869 102 087
44 6 9751 19 855 | 3.03 241 422 234 886 102 694
55 8 »65) 22 820 | 3.76 314 449 305 942 105 717
62 9 855 24 485 | 4.34 372 407 361 980 106 736
68 10 7921 25 675 | 4.82 420 482 407 1 021 109 154
73 11 590| 26 625 | 5.21 465 493 451 1 059 111 172
87 13 850{ 28 895 | 6.62 612 529 593 1 162 120 816
97 15 360( 30 650 | 7.79 729 556 707 1 257 128 878




Figure 1. - JT15D turbofan engine on test stand.
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Figure 2. - Core acoustic waveguide probe locations,
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Figure 3. - JTI5D turbofan engine with acoustic waveguide probes installed.

URIGINAL PAGE IS
OF POOR QUALITY




PRESSURE LEVEL, 38 RE: 107 Pa)

[~ COMBUSTOR-;

TURB!~E EX'T‘;

- CORE NOZZLE EXIT-

FAR FIELD, 12, - .. .n-)/\//\
- ~ \

gont el Lo b by boaa o lagl

150

140

130

120

(a) ENGINE SPEED, 40% OF MAXIMUM.

COMBUSTOR

-CORE NOZZLE EXIT

FAR FIELD, 12¢° AT 30,5 M -

7r1J11|11J111]11L1111ul¢111|J

50 100 200 500 1000 2000 5000 20, 000
FREQUENCY, Hz

{b) ENGINE SPEED, 87% OF MAXIMUM,

Figure 4. - JTI5D internal and far field pressure level
spectra,
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Figure 6. - Combustor pressure spectrum. Engine speed,
40% of maximum; filter bandwidth, 12,5 Hz,
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Figure 8, - Core nozzie exit pressure
spectra,
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Figure 10. - Far field acuustic spectra, Distance, 30.5 M; angle
from engine iniet axis, 120P.
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Figure 12. - Cohere.- .2 between fluctuating combustor pres-
sure and several dewnstream locations, Bandwidth, 2 Hz,
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Figure 13, - Cross correlation between combustor and far fieid signais. Engine speed, 40%
of maximum: data low pass filtered at 240 Hz; angle from engine iniet axis, 1200,
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Figure 14, - Coherence between fluctuating pressure at \he
turbine exit and two downstream locations. Bandwidth, 2 Hz,
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Figure 15. - Coherence between fluctuating pressure at the
core nozzie exit and the acoustic far field, Bandwidth, 2 HI;
angle from enaine inlet aus, 12(°,
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Figure 16, - Comparison of combustor acoustic power fevel
between the JT15D and YF102 reverse flow annular com-
bustors,
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Figure 17. - Comparison of combustor to far field coherence
between the JT15D and YF102 engines. Bandwidth, 2 Hz;
angle from engine inlet axis, 12,
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Fiqure 18. - Comparison of core nozzle exit to far field co-
herence between the JT150 and YF102 engines. Bandwidth,
2Hz; angle from engine inlet axis, 120°.



