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CORE NOISE MEASUREMENTS ON A YIF-10Z TURBOFAN ENGINE
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National Aeronautics and Space Administration
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ABSTRACT

Core noise from a YF-102 high bypess retio turbofan engine was
investigated through the use of simultanecus measurements of internal
flucbuating pressures and far field noise. Acoustic waveguide probes,
located in the engine at the compressor exit, in the combustor, at the
turbine exit, and in the core houzle, were employed bto measure internal
fluctuating pressures. Spectra showed that the internal signals wvere
free of tohes, except at high frequency where machinery noise was
present, Data obtained over a wide range of engine conditions suggest
that below 60% of maximum fan speed the low frequency core noise con-
tributes significantly to the far field noise.

INTRODUCTION

In the past several years considerable progress has been made in
-yreducing the hoise generated by jet-aircraft engines. 7lhe two largest
sources of englne noise, the fan and the jet exhaust, have been signif-
icantly reduced, TFurther treatment of these sources may not reduce the
overall engine noise because an acoustic threshold mey have been reached.
This threshold consists of nolse generated by heretofore poorly under-
stood sources within the engine core. Ore of the more likely sources of
far field noise origina“ing from the engine core is the combustion process
where large amounts of chemical energy are released.

Recently, many theoretical and small scale experimental studies
concerned with airecraft engine core noise have been conducted with
particular emphasis on the low frequency noise caused by combustion.
However, because of the effort and expense involved, only a few experi-
ments have been made with aircraft engines and reported in the literature,
Two such experiments aimed ab studying low frequency core noise were per-
formed with microphones pleced outside the engine only (refs. 1 and 2).
Tn both cases the exhaust nozzles were oversize to reduce the primary
jet velocity and the associated jet exhause noise, thus allowing the core
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noise to be detected in the far field, Two other investipations combined
both internal and external measurements for the determination of core
engine noise (refs., 3 and 4), However, their results were limited be-
cauge only two probes were placed in the engine core,

At the NASA Lewis Research Center, tests have been conducted to
determine the characteristics of combustion and other core noises and
their propagation through the engine core to the far field using an
AVCO-Lycoming YF-102 high bypass ratio turbofan englne, The overall
objective of the program was to measure the nolse in the combustor at
various engine operating speeds and to determine its propagation (1)
upshream to the compressor exit, (2) downstream through the turbine and
core nozzle, (3) to the near field, and (4) to the far field. The
results indicatie the range of engine operabing conditions where the
combustor or other ccre engine noises influence or dominate the far
field acoustic signal.

It is the purpose of this paper to deseribe the engine test
program and to present some of the results obtained. A separate
‘paper (ref, 5), reports the use of cross-correlation and coherence
techniques on the present dats in order to delermine acoustic sburce
propagabion through the engine core to the far field.

ENGINE, INSTRUMENTATION, AND DATA PROCESSING
Engine

-~ . The AVCO-Lycoming YF-102 engine is a bypass ratio 6, two spool,
turbofan engine with a rated thrust of 33 kN, The engine core consists
of an eight stage compressor, & reverse flow annular combustor and a
" four stage turbine. fThe compressor, conslsting of seven axial and
one centrifugal stapge, is driven by the first two (high pressure)
sbages of the turbine. The fan and supercherger are driven through
a 2.3 to 1 speed reduction gear by the last two (low pressure) turbine
stages.

All tests were conducted at an outdoor engine test stand with the
engine cenberline 2.9 m above a hard surface ground plane, The engine
was configured with a bellmouth inlet and separate core and fan exhaust
nozzles, The core and fan nozzle areas were 0,138 and 0.36l square
meters, respectively. A photograph of the engine mounted on the test
stand and a cutaway of the engine are shown 1ln figure 1, .

Measurements were made at eight fan speeds between 30% and 95%
cf meximum speed (7600 rpm). A summary of the test conditions, includ-
ing pressures and temperatures in the core engine, 1s presented in
table I.




Internal Probes

Dynemic pressure prohes were placed in the engine core abt seven
different locations (fig, 2) as follows: two just downstream of the
compressor exit sbout 2 cem apart; one at the combustor entrance, two
within the combustor at the same axial locabion but separated 90°
circumferentially; and two within the core nozzle, one just downstream
of the turbine at the turbine exit and one close to the nozzle exit
plane,

The transducers used were conventional 0,635 cm diameter pressure
response condenser microphones, To avoid direct exposure of the micro-
phones to the severe environment within the core, they were mounted
outside the engine and the fluctuebting pressure in the englne core was
communicated to the transducers by "semi~infinite" acoustic waveguides.

A drawing of e typical acoustic waveguide probe is shown in Tigure
3., The microphone was flush mounted in the acoustic waveguide through
a support block and housed in a pressure chamber, Abtached to the
block was & 5/8 cm diameter sensing tube on one end and a coil of
tubing of the same diameter, 30 m long, on the other. The sensing
tube of each probz was flush mounted at each of the measuring locations
within the engine core. A regulahbed nibrogen purge flow was main-
tained in the sensing line to protect the microphone from hot core
gases. Static pressure was balanced across the microphone by means of
a small vent hole connechbing the pressure chamber and sensing line,
A schematic diagram of a typicel core probe installation is shown in
figure 4,

The frequency response of the probes (phase and amplitude) were
determined by comparison with a mierophone identical to the one used
in the probe using a symmetric placement wibh respect to the axis of
a loudspeaker. The input to the loudepesker was a signsl from a white
noise generator low pass filtered ab 10 kiz,

The frequency response for a typieal probe is shown in figure 5,
The results indicated that the amplitude response of the probes was
flat within +2 dB from 50 Hz to 1500 Hz, Similarly, the phase res-
ponse of the probes was flat within about 5° up to 1500 Hz after
accounting for the phase lag associated with the length of the sen-
sing tube of each particular probe, Between 1500 Hz and aboubt 3500
Hz the response was generally flat within +4 dB and +10°, Limi-
tations of the calibration facility prevented accurate determination
of response characteristics beyond 3500 Hz, With the exception of
high frequency tones generaled by the compressor and turbine, the
core noise associeted with this engine was confined to a frequency
range well within the ucceptable 1esponse reglon of the probes,

The effect of the nitrogen purge flow on probe response was
also determined. The pseudosound generated by the nitrogen purge



flow through the probe was found to be a minimum of 20 dB below the
core fluckuating pressure at the highest purge flow rate required in
the engine tests.

The probe sensing tubes were required to cross the fan flow stream.
In order to minimize flow-induced nolse in the probe sensing tubes
from the impinging fan stream flow, ailrfoll shaped struts attached to
the core engine cowl and surrounding the tubes were used, A photo-
graph of the engine with the probes and struts in place is shown in
fipgure 6,

Bxternal Microphones

The far field microphones consisted of an array of sixteen
1.27 om diameter condenser mlcrophones on & 30.5 m radius circle
centered on the exhaust plane of the core nozzle, The microphones
were spaced 10° apart from 10° to 160° from the engine inlet axis,
and were mounted at ground level to minimize the problems associated
with grownd reflections,

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

Data Acquisition and Processing

The signals from the internal probes and far field microphones
ware FM-recorded on megnetic tape in two-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 deta were analyzed on narrow band and one-third octave
band. spectrum analyzers which determined pressure level spectra re-
ferenced to 2x107° Pa,

The present one-third octave band spechra represent an arith-
mebic average of three independent samples taken within the two minute
record length with corrections applied after averaging. The spectra
measured by the internal probes were corrected for frequency response
of the probes and ambient pressure., The error due to frequency re-
sponse was desceribed in the section Internal Probes. The level of
the static smbient pressure within the test duet affects the sensi-
tivity of the microphone cartridge. Corrections to the measured
gspectra of between +1 dB at the lowest engine speed and +4 dB at the
highest were necessary to compensete for this effect. The sound
pressure level spectra obtained from the external microphones were
corrected for atmospheric absorption and the far field daba were cor-
rected to fréee field, The narrow band daba reported herein are given
as measured without any correction,
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RESULTS AND DISCUSSION

Nerrow band, one-third octave band, and cross correlation data
were obtained by simulitaneous measurements from probes located inside
the engine core and microphones placed in the near and far field. The
results are geparated into two main categories: the first consists of
internal measurements where the data from each engine component are
presented separately, and the second consists of the relationships
between inkernal measurements and the near and far field acouctic sipgnals,
Although the engine was tested at elgh® rotatlonal speeds, for sim-
plicity, data are presented for only four speeds: 30, 43, 60, and 85% of
maximum, These data are consldered representative of various conditions
in the engine operating cycle.

Inbernal Measurements

As previously stated, internel dynamin pressure measurements
wese made in the compressor exit, combustor entrance, combustor, tur-
bine exit, and core nozzle exif, Typical one-third octave band dynamic
pressure level spechtra ab these locations for an engine fan speed of
43% are presented in fipgure 7. The spectra exhibit the broadband nature
of the signel below 5000 Hz end the tonel content due to rotabing ma-
chinery above 5000 Hz, However, these data by themselves do not in-
dicate the origin or the propagation characteristice of the broad-
band signals and the tones, nor do they indicate whether the prohes are
measuring acoustic pressure, hydrostatic pressure flucfuations, or
some combination of the two. To explore these polnts, the data for
each component will he exsmined separately.

Compressor exit., - The pressure spectra presented in figure 8
were obtained by the downstream probe at the compressor exit (fig, 2).
In figure 8(a), pressure level in the compressor exit is plotted as
a funcbion of one-third ochave hand center frequency for four engine
speeds, The shapes of the spectra are similar for all speeds and as
would be expected, the pressure level increases with increasing engine
speed,

A narrow banrd spectrum with a range up to 20 000 Hz is shown in
figure 8(b) for an engine speed of 43%, A% frequencies helow 6000 Hz,
there are no dominant tones present. However, the spectrum displays
an oscillatory nature over the entire frequency range. Above 8000 Hz
there are strong tones in evidence which are the fundemental and
harmonics of the blade passage frequencies of the various compressor
stages, The last (centrifugal) stage of the compressor is closest
to the probe and is responsible for the strongest tone (8235 Hz).

The sixth and seventh compressor stages have the same number of blades
and consequently generate a tone at a common frequency (11 438 Hz).
The fourth and fifth stages also generate a tone at & common fregquency
(10 980 Hz). Tones corresponding to the respective blade passapge
frequencies of the first. three compressor stages are not detected

by the probe,




Although the hipgh frequency tonea thus have been accounted for, the
low freguency pressure level osecillations have not., A normallzed cross
correlation of pressure fluctuation between the two probes placed 2,11
cm apart (fig. 2) near the compressor exit is shown in figure 9. The
two signals, which are low pass filtered st 2000 Hz, correlate quite
sbrongly at a positive time delay of 0,18 ms, The positlve time delay
means that the signal ls traveling downstream, i.e, from the compressor
to the combustor, Considering the distance between the probes, the

time delay for an acoustic signal to travel between them is celculated

to be 0,045 ms, The observed time delay is four times that., From this
it is coneluded that the low frequency signel is not the result of
acoustic pressure fluctuabion, bub is caused by some convection phe-
nomenon, possibly turbulenca,

Combustor. - Two probes, 90°% apart, were flush mounted in the com-
bustor liner downstresm of the ignibter in the region where the com-
bustion process comes to compleblon (fig, 2)., The pressure spectra
measured by one of these probes are shown in figure 10. In figure 10(a)
one-third octave band combustor pressure spectra are presented
for four engine speeds., At 30% speed there appsars %o be a tone near
the 400 Hz center frequency which does not appear at any of the higher
speeds,

Nerrow band pressure spsctrea up to 2000 Hz are shown in figure
10(b). At the lowest engine speed, 30%, there is a sharp tone ab
380 Hz which corresponds to the tone in the one-third octave band
spectrum (fig. 10(a)). At all higher engine speeds the combustor
spectra for this freguency range are free of well-defined tones., At
the higher frequencies, 7000 to 16 000 Hz {not shown), compressor
tones are noticeable but their levels are greatly attenuated. The
tones which appear in all the spectra at 60 Hz are due to electrical
noise.

Measurements at the combustor entrance below 2000 Hz, show a
spectrum similar in shape to that of the combustor but lower in
level (fig. 7). Furthermore, a cross correlation between combustor
and combustor entrance signals shows a positive time delay corre-
sponding to the local speed of sound. Therefore, it can be assumed
that the low frequency signal from the combustor is passing through
the liner +o the combustor entrance,

Core nozzle. - Two probes were placed in the core nozzle (fig. 2),
one at the turbine exit and the other at the core nozzle exit. Cne
third octave band pressure spectra oblained at these locetions are
presented in figure 11, again for four engine speeds. A strong tone
in the turbine exit (fig. 1l(a)) appears at 1000 Hz at the highest
fan speed presented (85%). However, downstream at the core nozzle
exit (fig. 11(b)) this tone is no longer evident.

Narrow band spectra to 2000 Hz from these probes at an engine
speed of 45% are presented in figure 12(a). At the turbine exit,



excluding the 60 Hz electrical nolse, there are spectrum peaks at
approximately 125, 500, 870, and 1240 Hz which do not sppear ac pure
tones but which are nobiceeble nevertheless., Downctreem, at the core
nozzle exit, these peaks are not npparent, At the present time 1t is
not clear whether these pesks are cauced by an acoustic or a flow con-
vection phenomenon. A narrowy band pressure spectrum to 2000 Hz mea-
sured at the turbine exit at an engine speed of 85% ip presented in
figure 12(b). At this high speed condltion (excepting the 60 Hz
electrical noise) & Lone appears at 250 Hz a: ° al every multiple
thereof in the spectrum, TFurthermore, at 1 } Hz the tone level is

a meximum. The dominant band that appears in the 1/3 octave band
spectrun of fipgure 11(a) contains this tone. A% this operating
condition the turbine speed ig 250 revolulilons pur cecond and is the
most probable source of the 250 Hz tone and ifts harmonics. At the
core nozzle exit, these toneu are przsent bub greatly atienusted,

Constant bandwidth spectra up to 10 000 Hz afi the turnine exit
and the core nozzle exibt at 45% engine speed are presented in figure
12(e). The data measured at the turbine exit indicate sharp tones at
the calculated blade passage frequencies of the last two turbine
stages, Downstream, at the core nozzle exit, bthese same tones oxist
relatively unchanged except for a slight reduction in amplitude,

A normalized cross-correlation bebtween the two probes in the
core nozzle is shown in figure 13 The two signals correlate at a
time delay of 0,55 msec. Considering the gag temperature {~ 640 K),
flow velocity (~ 90 m/sec) and distance between probes {34 cm), the
caleulated time deley for an acoustic signel to travel, between them
would be ,58 msec., This indicates that the signals being measured
are predominantly mcoustic,

Relationshlp of Internal to Far Field Measurements

Far field, - Directivity patierns taken from existing prediction
techniques for low frequency core engine noise indicate a maximum
at 120° from the engine inlet axis (ref. 6). Far field acoustic
spectra at this sngle are presented in figure 14, In figure 14(a),
one-third octave band sound pressure level spectra are given for four
engine speeds. A narrow band spechbrum to 10 000 Hz at 43¢ speed
as shown in figure 14(b) indicates the presence of many tones, These
tones are the fundementals and harmonics of the blade passage fre-
guencies of the fan and the turbine, When measured in the core englne,
the turbine tones appear sharp (fig. 12(c)); however, in the far field
they appear "haystacked". This broadening of the tone is most probably
due to propagation through the regions of high shear flow or turbu-
lence assocated with the fan and core jet mixing regions, At 85% speed,
the far field sound pressure level spechrum shown in figure l4(c)
contains four distinct tones. These tones correspond to the fan blede
passage frequency and three harmonies, At this enpgine speed, the third



and fourbh stages of the turbine pgenerate tones at 15 950 and 14 590 Hz
respectively., However, these turbine tones are not detected in the far
field spectra at high engine speed.

Relationsghip of internal end exbernal signalc, - In order to relate
the magnitude of each signal from location to location, one third octave
band dynamic pressure level spectra for the in-duet (shown previously
in fig., 7), near field, and fer field measurements at an engine speed
of 43% are shown in figure 15. There is an attenuation of about 15 dB
between the combustor and the turbine exit in the reglon below 2000 Hz,

The near field levels are mbout 25 dB below those at the nozzle
exit, and the far field levels are 50 dB below thenozzle exit, all at
frequencies below 2000 Hz. Above 2000 Hz, the near and far field spectra
are not broadband znd indicate the effects of fundamentals and hermenics
of tones emanating from the fan and burbine,

Crosg-correlation technigues were used to determine the character-
istics of the pressure signal propagation through the engine core to
the far field. Cross-correlation functions between the fluctuating
pressure at the core nozzle exit and the far field acoustic pressure at
120° from the engine inlet are shown in figure 16(a)., Correlations
between the fluctuabing combustor pressure and far field acoustic pres-
sure at the seame asngle are shown in figure 16(b). The time deleay of
the maximum or minimum correlation value, &8 appropriste, in each case
corresponds to the acoustie propagation time hetween the engine probe
and the far fleld microphone. The core nozzle exit to far field cross-
correlation can be identified as one associated with pure propagation,
but the combustor to far field cross-correlation cannot because of the
negative value.

In reference 5, it was shown that for frequencies up to 250 Hz the
phase and amplitude relationship between combustor pressure and far-
field acoustic pressure involved a 180° phase shift (which accounts for
the negative correlation) end an emplibtude change proportional to fre-

guency squared, indicating the combustor is in an acoustic source
region., In contrast, a zero degree phase shlft and an emplitude change
independent of frequency were shown to prevail between the fluctuabting
pressure at the core nozzle exit and the far field acoustic pressure,
indicating pure propagation.

Power. - The variabion of low {requency acoustic power as a function
of jet cxhaust velocity is shown in figure 17. The acoustic power level
was computed from signals between 50 and 2000 Hz only, the main reglon
of interest for core engine noise, The far field acoustic power was
computed in the usual manner from the microphonhe 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 locabion. The intensity, I, for a moving
stream is expressed in reference 7 as:
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1= g.é. (L + 34) (1)

where

7 local mean square pressure fluctuetion
o locul density

¢ local speed of sound

M local Mach number

The core nozzle exli acoustic power level chown in figure 17 was
computed from the followinpg equation which Is a product of & transforma-
tion of eaq, (l), and the core nozzle exit areem

HL = SFL + 47,58 + 10 log AT (L+ M) (2)
10 7B
where

WL ocound power level, dB, ref, 10719 wetts

SFL  sound pressure level measured by probe, dB, ref, 2x1079 pa
A area {squarec meters)

T temperature { K)

D pressure (pascals)

The effective Jet exhaust velocity, Vy, piven in figure 17 is
arbitrarily defined for convenience as a simple measure of engine
operating condition. It is & weighted velocity which accounts for the
differences 1n mass flow and veloclity of the fan and core abt each enpine
condition, and is defined as;

v BPR‘VF'*'VQ
E” "7BR + 1

where

V@ fan velocity
Vo core velocity
BFR engine by-pass ratio

It is seen ln figure 17 that in the low velocity repion (up to 150
m/sec) the power level celculated at the core engine exit is in close
agreement with the power level calculated in the far field at 30,5 m,
However, above 150 m/sec, the power level in the far fizld becomes _
considerably pgreater (10 dB at 250 m/sec) than the level in the nozzle
exit region. Also, above a jet velocity of 150 m/sec, the far field
acoustic power behaves as velocity to the eighth power which is indicative
of jet mixing noise., This sSugpests sbrongly that below certain engine
operating conditions (60% maximum speed in this case) where the jet
noise is not significant, noise emanating from the engine core makes a
significant contribution %o the far field nolse,
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Figure 1. - YF-102 turbofan engine.

Figure 1. - Concluded.
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Figure 8, - Compressor exit pressure spectra.
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Figure 12. - Core nozzle narrow band pressure spectra.
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Figure 13. - Cross correlation between turbine exit
data low-pass filtered at 1600 Hz.

and core nozz'e exit pressures. Engine speed, 43
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Figure 14. - Far field acoustic spectra. Distance,
0.5 m; angle from engine inlet axis, 120°.
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Figure 15. - YF10. internal and externai pressure level
spectra. Engine speed, 4%,




Y o
E 0 %&W
-
=5
&
S ., ] | | 1 1 | l | | J
v 50 55 o0 65 0 5 80 85 % 9 100
e (a) CORE NOZZLE EXIT AND FAR-FIELD.
(= -
8
N
3
§ 0
o
S 1 | | | 1 | x | | |
50 60 70 80 9% 100 110 120 130 140 150
DELAY TIME, msec
{b) COMBUSTOR AND FAR-FIELD.
Figure 16. - Cross-correlation between internal and external signals. Engine speed 4% data low-pass filtered
at 1600 Hz.

——



PERCENT ENGINE SPEED

0 % 43 50 60 6875 8 9
N0 0 N G T e R

160 —
m
-
g 150 {—
57
e 140t
2 ga gr
o ‘\ . |
. - JET NOISE (V&)
i g€ 10 L ‘
g /7 CEARFIELD AT 0.5 m
/
al 1A 1 1 _—
0 9% 100 150 200 2% 10
EFFECTIVE JET EXHAUST VELOCITY, m/sec
Figure 17. - YF-102 low frequency acou stic power. Frequency
range, 50 to 2000 Hz.
NASA-Lewis
A.______;L -




	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A02.pdf
	0001A02_.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf

