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Abstract

The jet noise. contribution to the far-field
sound from a 1.83-meter- (6-ft-) diameter fan has
been determined for two simulated nacelle configu-
rations. One nacelle had hard walls, while the
other had acoustic liners on the wall and on inlet
splitter rings. The jet velocities, typical of
high-bypass-ratio fan engines, varied from 137 to
223 meters per second (450 to 730 ft/sec). The re-
sults of the study show that the acoustic liners
effectively eliminate low-frequency noise from in-
ternal sources. Data from the lined configurations
were found to be in good agreement with the eighth-
power dependence on jet velocity. Data from the
hard-wall configurations, because of the influence
of internally generated noise, show higher noise
levels and a weaker velocity dependence. The data
are also sbout 6 decibels less than predicted by
extrapolation of the SAE curve to the velocities
present. This result maey be due to the contribu-
tion of Jjet density in the SAE correlation, where
Jjet density appears to the second power. The data
were in better agreement with a correlation obh-

The shape of the meas-
ured spectra agreed well with the spectra published
by the SAE when annulus height of the nozzle was
used as the characteristic dimension in the
Strouhal number. The directivity of the Jet noise
was examined and was found to be in good agreement
with published results.

Introduction

For high-bypass-ratio fan engines opersting at
subsonic fan exhaust velocities, there has been
considerable interest in the level of jet noise and
its dependence on velocity. Theoretical studies of
Jjet noise show that it should follow an eighth-
power dependence on velocity (e.g., Refs. 1 and 2).
This result is supported by experimental studies at
high velocities in general and also at low veloc-
ities with simple nozzles where the flows are rel-
atively free from upstream turbulence and flow noise
(Refs. 1 and 3); however, engine data at low veloc-
ities generally show higher noise levels and a
weaker velocity dependence than these nozzle ex-
periments (Refs. 3 and 4). This behavior has been
attributed to the emergence of other noise sources
at low exhaust velocities (Ref. 5). There it was
shown that increasing the turbulence level of the
flow through a nozzle results in a significant in-
crease in the noise, coupled with a decrease in its
velocity dependence from eighth power to sixth or
even fourth power. Since noise floors for an engine
are generally assumed to be set by the jet noise
level, it becomes important to know how to estimate
the jet noise. This is especially true when one
considers the weight and size penalities associated
with engines designed for low exhaust velocities.

In the present report, far-field sound data
from a 1l.83-meter-diameter (6-ft-) diameter fan have
been analyzed for jet noise content for two nacelle

configurations. One of the nacelles had hard
walls, while the other had acoustic liners on the
walls and on inlet splitter rings. The exhaust,
velocity of the fan jet was varied from 137 to 223
meters per second (450 to 730 ft/sec). The experi-
mental results are presented in several forms and
are compared with correlations from the literature.
The fan design detalls may be found in Ref. 6, while
complete acoustic and aerodynamic data are given
in Refs. 7 and 8 for the hard-wall and acousti-
cally lined nacelle configurations, respectively.

A nozzle area, mé; ft2

co atmospheric speed of sound, m/sec;
ft/sec

OASPLm maximum sideline overall sound pres-
sure level (referenced to 2x10-5
N/w?), 4B

OASPLy, D maximum polar overall sound pressure

= level (referenced to 2x10-5 N/m2),

dB

? sound power, W

R radial distance, m; £t

Tisa international standard atmospheric
temperature, °K; °R

To atmospheric temperature, °K; OR

v velocity, m/éec; ft/sec

o jet density, kg/m®; 1bfft3

Piga international standard atmospheric
density, kg/mS; 1b/et3

Py atmospheric density, kg/m3; 1b/ft3

Apparatus and Procedure

The data used here were cobtained during testing
of a full-scale fan at the Lewis Research Center.
The design of the fan and facility are described in
Ref. 6. The fan tests included both hard-wall na-
celles and nacelle configurations with inlet and
exhaust duets that had been acoustically treated to
absorb a portion of the internally generated noise.
These two nacelle treatments, hard and lined, and
the corresponding data are described in Refs. 7
and 8, respectively. Two nozzle areas were also
tested. A summary of the nacelle and nozzle ar-
rangements is given in table 1. The test facility
consisted of the fan with a 1.83-meter- (6-ft-)
diameter inlet duct mounted in a simulated engine
cowl on g concrete pedestal. The fan centerline was
5.79 meters (19 ft) above ground level. The fan
nozzle had an annular cross section with a conical
centerbody extending approximately 1.52 meters
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{60 in.) beyond the end of the outer wall as shown
in Fig. 1. The design area of the nozzle was 1.28
square meters (13.56 £t2),

The acoustic liners (configurations 10 to 13,
-table 1) consisted of aluminum honeyconb panels
faced with perforated aluminum sheets. The inlet
liners were placed on the outer wall and on both
sides of three splitter rings.
geometry and the liner parameters. As shown in
table 1, two inlet lengths were tested to vary the
length of acoustic treatment. 1In the exhaust duct,
the centerbody and outer wall were lined.

For each nacelle configuration aercdynamic and
far-field acoustic data were taken in 5-percent
speed increments between 60 and 90 percent of the
sea~level standard-day fan design speed. The
standard-day conditions were 282.2 K (518.7° R),
1.013x10° newtons per square meter (2118,2 1b/£t2),
and 70 percent relative humidity. At each speed,
three independent date samples were taken and sub-
sequently averaged.

Aerodynamic data consisted of rake measure-
ments of total temperature, total pressure, and
static pressure. These data were used to compute
velocity and density profiles in the nozzle exit
plane., Acoustic data consisted of microphone
measurements of sound pressure level at 10° inter-
vals in the horizontal plane through the fan axis.
The microphone locations are shown in Fig. 2, The
microphone outputs were analyzed with standard
1/3-octave band filters with center frequencies
from 50 to 10% hertz. Sound pressure levels were
also "corrected" to the standard-day conditions.
The random error in sound pressure level was esti-
mated in Ref. 7 to be 1.7 decibels,

Anglysis of Data

Aerodynamic Data

Typical velocity profiles in the nozzle exit
plane are shown in Fig. 3(a) for the hard-wall con-
figuration. Similar profiles are shown in
Fig. 3(b) for a lined configuration. From these
figures it is evident that the profiles for the two
cases are similar and that the peak velocities are
within 8 percent of the mass-averaged velocities
obtained by integration over the annulus areas. The
mass-averaged values were used in correlating the
jet noise,

Determiation of Jet Noise

The far-field sound measured by the micro-
phones comes from inside the fan nacelle and from
the jet mixing region. Exesmination of typical
sound pressure level spectral and directivity dis-
tributions gave the basis for separation of the Jet
noise from the total measured sound.

As indicated by the SAE curve correlating jet
noise spectra (Ref. 9), the maximum sound pressure
level due to jet noise should occur at about
100 hertz for jets of the size and speed of the
present case. By contrast, the internally gener-
ated noise associlated with the fan occurs predomi-
nantly at higher frequencies in the range of the
blade passing tone. For the present fan, this fre-
quency varies from gbout 2000 to 3000 hertz depend-
ing on the fan speed. Figure 4 shows typical sound

Figure 1 shows this

pressure spectra for several fan speeds at an angu-
lar microphone position of 160°. The two sound
level maxima decribed can be seen, separated by a
relative minimum. The location of the minimum
varies somewhat with fan speed; however, it gene-
rally occurs at 1000 hertz. Therefore, the noise
below 1000 hertz was attributed to the jet, and
that above was attributed to sources inside the

fan nacelle. For noise following the SAE spectrum
mentioned earlier, the contribution of the sound
pressures outside of +3 octaves from the peak value
to the overall sound pressure level is less than
1/2 decibel, The selected upper frequency of 1000
hertz is more than 3 octaves above the peak and
therefore should include nearly all the jet noise.

Although the jet noise radiates in all direc-
tions, a dominant portion of its power radiates
through a limited range of angles. In order to
determine this range, polar .distributions of the
sound. pressure at the frequency associated with the
peak value of jet noise were examined on a 30.5--
meter (100-ft) radius. These data are shown in
Fig. 5, where the sound pressure level at 100 hertz
is plotted against angular position for both hard
and lined configurations. The curves are charac-
terized by high levels at large angles and by rel-
etive minima at approximately 70°. Thus total
sound power for the jet was calculated over the
angular positions from 70° to 160°., Because of the
much higher sound pressure levels at larger angles,
the precige selection of 70° did not have a criti-
cal effect on the calculated value of jet sound
power, The noise from 0° to 70° is associated with

the inlet.

Results and Discussion

The criteria used to separate Jjet noise from
the total noise measured were described in the pre-
vious section. In this section the results are
presented and compared with other results from the
literature. The data of sound power are presented
first, followed by a comparison of the measured
spectra given by the SAE. Peak values of overall

‘sound pressure level are presented and compared

with correlations from the literature, and finally
typical directivity patterns are presented and com-
pared with results from the literature.

Correlation of Jet Sound Power

Jet sound power in watts is shown as g function
of the Lighthill parameter p,AV8/c3, also in watis,
in Fig. 6. Data from both hard and lined configura-
tions are shown. It is evident that there are two
distinct patterns of behavior displayed by the two
sets of data. A least squares fit of the data from
the lined configurations gave

g\L-0
pOAV
P = 2.3x107°

(1)

o

The values of p and c are given in table 2.
The dats from the lined configurations thus corre-
late well with the Lighthill parameter. The coef-
ficient in Eq. (1) is given in Fig. 15 of Ref. 1
as 5x10-5 and in Ref. 2 as 3x10-5.

As previously noted the fan nozzle had an an-
nular cross section with a conical center body.



Noise results from this type of nozzle may not be
directly comparable with those from circular noz-
zles. This difference may account, in part, for
the deviation of the measured coefficient from the
literature values. Additional work is required to
determine geometry effects on noise generation.

The data from the hard-wall configurations, in
contrast, lie above the lined configuration data
and have a weaker dependence on the Lighthill )
parameter. A possible explanation for this result
is that there is low-frequency noise generated
within the fan nacelle and that this noise is ef-
fectively removed by the acoustic liners. The
possibility that low-velocity jet noise may be
dominated by internally generated noise has been
suggested previously, for example, in Refs. 3
and 5. In Ref. 5, it is shown that the velocity
dependence of the internal noise sources is less
than the usual eighth-power dependence found for
free jets. Thus, as the velocity is decreased,
other sources having a lower velocity dependence
become more important contributors to the sound
power. This effect could cause the larger sound
pover and weaker velocity dependence observed for
the hard-wall data.

Correlation of Jet Noise Spectra

In Fig. 7, experimental octave spectra are
compared with spectra predicted by the SAE corre-

- lation of Ref. 9. Data are shown from a microphone
at the 150° position for a lined nacelle for sev-
eral fan speeds. The SAE correlation is based on
a dimensionless Strouhal number. In converting the
Strouhal number to frequency, use.of the annulus
height of the fan exhaust nozzle, rather than the
SAE-recommended equivalent diameter, gave improved
agreement between the measured and predicted
spectra and suggests that annulus height is the
better of the two choices for the present data.

The level of each predicted spectrum was determined
such that its overall sound pressure level was
equal to that of the measured spectrum. As shown
in the figure, the shapes of the predicted and
measured spectra agree reasonably well. The
largest differences occur at the higher frequencies
and at the lower fan speeds. This is probably due
to the increasing influence of the fan-dominated
portion of the spectrum that does not decrease as
rapidly with decreasing fan speed as does the jet
noise.

Correlation of Maximum Overall Sound
Pressure Levels of Jet Noise

The maximum values of overall sound pressure
level, OASPLy,, have been computed both on a 30.5-
meter (100 f+) sideline and on a 30.5-meter
(100-£t) radius. In general, the angular position
at which the sideline maximum was observed was
130° to 140° from the fan inlet. The polar maxi-
mum was obseved at 150° and 160° for the hard and
lined configurations, respectively.

In Fig. 8, the sideline data from both hard
and lined configurations are plotted in terms of
the SAE correlation parameter OASPLy, - 10 log
(pPA) as a function of jet velocity. The values
of p are given in table 2. For purposes of the
correlation, densities were used in units of 1b/ft3
and areas were used in ££2. As was true of the
sound power data, the hard-wall results are above

 kg/m3 (0.0765 1b/ft5).

the lined-wall results and have a weaker velocity
dependence. The same explanation applies here
also, namely, that the external effects of inter-
nal noise, present in the hard-wall configurations,

.are removed when the acoustic liners are installed.

A least squares curve is shown through the lined
configuration data. The velocity exponent found
for this curve fit was 8.3.

The SAE correlation curve does not extend to
velocities less than 305 meters per second )
(1000 ft/sec). The curve shown in Fig. 8 and at-
tributed to the SAE was obtained by linear extra-
polation of the SAE curve on the log plot, using
the trend established in the 305 to 610 meters per
second (1000 to 2000 ft/sec) range. As shown in
the figure, essentially all of the present data
lie below the extrapolated SAE curve. The curve
describing the present lined configuration data is
approximately 7 decibels below the SAE curve.

This difference is probably related to the density
function appearing in the SAE correlation and per-
haps to differences in the mixing zones of annular
and circular exhausts. Other investigators have
found a weaker dependence of OASPLy on jet density
than the squared dependence given by the SAE cor-
relation. In Refs. 3 and 10, for example, the
first~power dependence was found, while in Ref. 11,
the total radiated power was found to be independ-
ent of jet density.

A typical jet engine exhaust density (such
as for the JT3~C, which is one of the engines in
the SAE test) 1s p = 0.423 kg/m3 (0.0264 1b/rt3).
The cold fan jet density was approximately 1.22
With a density exponent of
zero, there would be a 9 dB shift in the relative
positions of the SAE curve and the present data,
yielding a difference of approximately 2 dB be-
tween them; and of course an exponent of two would
leave the 7 dB difference already noted. Addi-
tional work is needed in order to ascertain the
influence of jet density .on noise generation.

A correlation similar to that of the SAE is
given in Ref. 2 for both engine data and cold
model jets. The correlation parameter, based on
the maximum polar value of overall sound pressure
level, is OASPLy , - 10 1og (paT2A)/(pf, T9caR)-
In Fig. 9 data from the hard and lined configura-
tions are plotted in this form as a function of
jet velocity. From the figure, it can be seen
that the data from the lined configurations are in
good agreement with curve A. Curve A was obtained
in Ref. 3 from nozzle experiments in which con-
siderable effort was expended to eliminate up-
stream turbulence and flow noise. Data from the
hard~wall configurations are somewhat above
curve B from Ref. 3. Curve B was obtalned from
tests of a simulated engine-nozzle rig in which
the combustor cans were removed from the upstream
piping. The flow in this case was relatively
"clean" or free of upstream turbulence or flow
noise. From these comparisons it appears that the
flow from the present fan nozzle is relatively
"clean," even in the hard-wall configuration of
the nacelle.

Finally, Fig. 9 also shows curve C from
Ref. 3. This curve represents data from a variety
of engine and model rig tests. If these data in-
clude the contribution of noise from internal
sources, 1t appears that acoustic liners might



offer the possibility of attenuating this noise
with the result that curve C could be moved toward
curve A or B. :

Directivity of Noise

Some representative polar jet noise direc=-
tivity patterns at a 30.5 m (100 ft) radius are
presented in Figs. 10(a) and (b) for lined and
hard nacelle configurations respectively. The
normalization of the OASPL to directivity index
collapses the data to a scatter band around a
single curve. ' However, Ref. 12 shows that Mach
number and jet temperature, if varied over a wide
range, would have a significant effect on Jjet
noise directivity. The present lined nacelle di-
rectivity results are in good agreement with those
of Ref. 12 for simple cold jets at Mach numbers
of 0.6 to 0.7, also shown in Fig. 10(a). The -
present hard wall configuration results between
10° and 50° are dominated by fan noise, and have
been omitted. There are additionally some minor
differences between the hard wall and lined wall
results which are unexplained.

The directional patterns of jet OASPL on a
30.5 m (100 £t) sideline are presented in Fig. 11
for configuration 13. The peak values of these
curves occur near 130°. The slight drop-off at
larger angles is a distance effect, and the rapid
drop~off forward of 80° is the result of the
greater distance and lower directivity index.

In summary the jet noise directivity results
are about as expected, with the peak directivity
index occuring at 1600 and a peak sideline OASPL
near 130°.

Summary of Results

The contribution of jet noise to the total
far-field noise from a full-scale fan model has
been determined for two simulated fan nacelles.
These were a hard-wall nacelle and one in which
acoustic liners were placed on the walls and on
inlet splitter rings. The data were obtained at
the low velocities, 137 to 223 meters per second
(450 to 730 ft/sec), typical of high-bypass-ratio
fan engines. The results may be summarized as
follows:

1. The acoustic liners effectively removed
noise from internal sources so that the lined con-
figuration data, either as sound power or as maxi-
mum overall sound pressure level, followed the
classical eighth-power dependence on velocity.

2. Similar data from the hard-wall configu-
rations had higher noise levels and displayed a
weaker velocity dependence than did the data from
lined configurations. This was due to a low-
frequency contribution to the sound from sources
inside the fan nacelle.

, 3. The overall sound pressure levels from the
lined configurations were in good agreement with
a correlation for unheated jets, but about 7 deci-
bels less than would be predicted by extrapolation
of the SAE correlation for hot jets. It was ob-
served that the discrepancy was probably related
to the jet density exponent of 2 used in the SAE

correlation.

4, The shape of the sound pressure spectra
agreed well with the correlation given by the SAE
when annulus height of the nozzle was used as the
characteristic dimension in the Strouhal number.

5. The directivity patterns showed low noise
levels .in the upstream direction and high levels
in the downstream direction, with maxima at ap-
proximately 1300 and 160° for 30.5 m (100 £t) ra-
dius and sideline results respectively. .
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Configuration Inlet length Nozzle area,
. percent design
Hard | Lined

1 13 Short (1.524 m; 60 in.) 110

2 10 Short 97

3 11 Iong (2.54 m; 100 in.) 97

4 12 Long . 110

TABLE 1. - NACELLE CONFIGURATION
Configuration 1 2 3 4 10 11 12 13
Percent speed
Jet density, kg/m3
60 1.267} 1.245 |1.260 | 1.224 1.174 1.209 1 1.210( 1.174
65 1.269] 1.241 |1.256{1.210{ 1.171 ] 1.206 | 1.211} 1.171
70 1.266| 1.240 | 1.25411.219{ 1.168]11.203 | 1.211 | 1.169
75 1.264] 1.237 }1.253 | 1.202| 1.165} 1.200 | 1.205| 1.166
80 1.2591 1.232 }11.253 ] 1.197} 1.163 | 1.198 } 1.206} 1.185
85 1.25411.229 |1.251 | 1.262} 1.160| 1.195]1.200| 1.1863
20 1.243) 1.226 |1.251 ] 1.269} 1.168 | 1.193 | 1.198 | 1.158
Atmospheric density, kg/m3
A1l 1.283] 1.260 l.264| 1.244| l.lBZI 1.222 Il.ZSll 1.190
Atmospheric speed of sound,,m/sec
A1l z28 | 330 | 331 | 332 | 342 | 336 | 335 | 340
TABLE 2. - JET AND ATMOSPHERIC DENSITIES

AND ATMOSPHERIC SPEED OF SOUND




E-6124

0.502m 0.800m

0.940 m (37 IN.) (19%IN.) (31%|N.)
b 52 |
;I-—HCE—+L1 l = \
e

ACOUSTIC LINER CHARACTERISTICS

SURFACE | OPEN AREA [HOLE DIAMETER | BACKING DEPTH
RATIO, | ; X
PERCENT in. cm In. cm
1 2.5 0.03210.082 | 0.88 | 2.24
2 2.5 .032{ .082 20| .51
3 2.5 .032| .082 68| 173
4 8.0 .050| . 127 .88 | 2.24

Figure 1. - Cross-sectional sketch of acoustically treated inlet and exhaust
ducts for la_rge-scale fan. Plate thickness, 0.051 centimeter (0.020 in.);
0.953-centimeter (3/8—in.’) hexagonal honeycomb.

I

* i \*
MICROPHONES-

15 T 7*\130‘7

(4.6 m) '\\ \
MAIN DRIVE .j.. &° 100 FT (30.4 m) .\
QA&TL%TN 6 | - CENTERLINE , o0
b leF FAN ROTOR BLACKTOP AREA
_DRIVE | °
| MOTOR ras e
{E]ZJB]%-__—_{@ . ~TEST FAN NACELLE
] ACOUSTIC

}
. | INSULATION] ~GEARBOX

L CONTROL
ROOM

CD-10755-11

Figure 2. - Plan view of quiet fan facility area with microphone locations.
Microphones at fan shatt elevation, (5.8 m} 19 feet above ground. (Scale:
lcm=2.4m) lin. = 2.
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Figure 4. - Sopectra of sound pressure level. Radius, 30.5 meters
(100 ft) 160%; Configuration 1: short inlet, .110-percent nozzle,
hard wall.
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Figure 5. - Angular distribution of 1/3 octave sound pressure
level for short-inlet configuration at 100 Hertz. Radius, 30.5
meters (100 ft); speed, 90 percent design. .
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Figure 6. - Noise power as function of Lighthill parameter.
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OVERALL SOUND PRESSURE LEVEL, dB (RE 2107 NTIM)
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Figure 11. - Jet noise overall sound pressure
level as a function of angle on 230.5m
(100 ft) sideline. Configuration 13: Short
inlet, 110 percent nozzle, iined wall.

NASA-Lewis



