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ABSTRACT

Flyover and static noise data from several engines are presented that
show inlet fan noise measured in flight can be lower than that projected
from static tests for some engines. The differences between flight and
static measurements appear greatest when the fan fundamental tone due to
rotor-stator interaction or to the rotor alone field is below cutoff.
Data from engine and fan tests involving inlet treatment on the walls
only are presented that show the attenuation from this treatment is sub-
stantially larger than expected from previous theories or flow duct ex-
perience. Data showing noise shielding effects due to the location of
the engine on the airplane are also presented. These observations suggest
that multiringed inlets may not be necessary to achieve the desired noise
reduction in many applications.

INTRODUCTION

The route to low noise turbofan engines consists of increasing engine
bypass ratio to 'reduce jet velocity and thus jet noise, applying low noise
features to the fan stage design and incorporating acoustic treatment in
the engine inlet and exhaust ducts. The success of these measures is
demonstrated by the reduced noise levels of the wide-body aircraft whose
engines employ these features. Further demonstration to even lower fan

noise levels was achieved in the NASA Quiet Engine Programl',2,'3; however,
not without significant performance penalties due to the use of acousti-
cally treated rings in the engine inlet and exhaust ducts.

Head, Acoustics Section; Member AIAA
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Low noise fan stage design features that have been used are: dele-

tion of inlet guide vanes; use of single stage fans; wide spacing between

rotor and stator; and selection of rotor and stator blade numbers to
provide cutoff of the fan fundamental tone due to rotor wake-stator

interaction as described by Tyler and Sofrin . These features are specifi-
cally predicated on rotor wake-stator interaction as the source of fan
noise, as are several other ideas such as leaned stators and serrated
leading edges on rotor blades. The benefit of these features is limited
to operating tip speeds of the fan below that at which significant multi-
ple pure tone or buzz-saw noise is encountered.

Static tests of fan stages with these features uniformly show the
presence of the fan fundamental tone in far-field noise data even during
operation at low subsonic tip speeds. The explanation for this observa-
tion currently receiving wide acceptance is that unsteady or distorted
inflows exist in static testing and that these inflow disturbances inter-

act with the rotor to produce sound in propagating modes 4 ' 5 ' 6 ' 7 ' . Other
experiments have shown a dramatic influence of the static test installa-
tion configuration on source noise where the effect was presumed to be

due to inflow distortion and was analyzed as such 9

The most significant effect, however, appears to be that observed
during forward flight. Comparisons of ground static data with flight

data for the RB211 engine 5 and the JTl5D enginel0 show that the fan
fundamental tone can be as much as 15 dB less in flight than in static
testing. To confirm and further explore this flight effect, the first
part of this paper presents and discusses data comparing flight noise
with ground static noise obtained for the JT3D engine installed on a
DC-8 aircraft and for the CF6 and JT9D engines installed on a DC-10
aircraft.

The effectiveness of acoustic treatment in reducing the noise radia-
tion from engine inlet and exhaust ducts has been demonstrated in numerous
experiments. For example, in one of the earlier programs, the Douglas
Aircraft Company was able to demonstrate a noise reduction of 10.5 EPNdB
at the FAR Part 36 approach condition for the DC-8 aircraft with nacelles
consisting of a single splitter ring plus wall treatment in the inlet and

a short treated fan exhaust duct l l . In the same experimental program, The
Boeing Company demonstrated a noise reduction of 15.5 EPNdB at the FAR
Part 36 approach condition for the 707 aircraft with nacelles consisting
of two splitter rings plus wall treatment in the inlet and a long treated

fan exhaust duct (exit plane coplanar with the primary nozzle) 1 2 . In the
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later NASA Quiet Engine Program, a noise reduction of about 9 EPNdB based

on projections of static data was achieved for engine "A" with a nacelle

consisting of a three-ring inlet and a single-ring exhaust duct . In this

latter program, the baseline engine was some 20 EPNdB quieter than the

JT3D engine used in the previously mentioned programs. More recently, a

21 PNdB noise reduction was demonstrated statically in a STOL technology

program on the TF-34 engine using a nacelle consisting of three inlet

13
rings and two exhaust duct ringsl3

The foregoing illustrations give ample evidence of the ability of

acoustic treatment to reduce engine component noise. The studies also

revealed the associated appreciable performance losses that, result from

the extensive use of acoustic treatment, particularly from inlet splitter

rings. These results point to the need for increased efficiency of the

acoustic performance of treatment to retain the acoustic benefits but

with smaller penalties. In particular, it is desired to reduce or elim-

inate the need for inlet splitter rings.

Data from several experiments are presented in the second part of

this paper to show the performance of inlet suppressors without rings.

The results are then discussed and interpreted with respect to duct

propagation theories.

The final discussion deals with engine installation effects,

particularly those related to the acoustic shielding of engine inlets

by the airplane structure. Data are presented that show that shielding

also can be a significant factor influencing inlet fan noise radiation

and treatment requirements during approach.

EFFECTS OF FORWARD VELOCITY

The flight noise data presented were measured by the Douglas Aircraft

Company. The measuring technique employed included a series of ground

microphones and sophisticated techniques for tracking the aircraft flight

path including the airplane position and speed relative to the observation

point. Engine corrected speed was carefully controlled and atmospheric

weather conditions were monitored. A more detailed discussion of the

measurement procedures followed is found in reference 14.

The static noise data were measured on an engine test stand with

far-field microphones located at 100 intervals on a 150-foot radius.

In order to compare static data with flight data, it was necessary to

project the static data to the flight conditions. The procedures used

accounted for the number of engines, aircraft flight path, air speed

and altitude, atmospheric absorption, Doppler shift and acoustic path

length. Appropriate corrections were also applied to the jet noise

component of the spectra to account for the effect of relative velocity

on this noise component.



Comparisons of Flight and Static Noise Levels

The comparisons made in this section are at the FAR Part 36
approach measuring point with the aircraft engines at the appropriate
approach thrust levels.

JT3D Engine. - Flight data for the JT3D engine were obtained on a
DC-8 installation where the engine nacelles have fixed geometry inlets
and no acoustic treatment. Figure 1 compares the tone corrected perceived
noise level (PNLT) histories obtained from flight data with static data
projected to the flight condition. The two sets of data were aligned
along the time axis so that the times of maximum PNLT were matched. It
can be seen that flight and projected static data agree to .within 1 to 4
PNdB. A spectral comparison of inlet engine noise at an inlet angle of
about 750, about 1.5 seconds prior to the time of maximum PNLT, is shown
in Figure 2. The comparison shows reasonable agreement between the two
spectra. each having the same general spectral content and levels. Al-
though not shown, similar spectral agreement was observed at the maximum
PNLT values. The maximum PNLT values occurred after the aircraft passed
overhead and they therefore are associated with aft-radiated engine and
fan noise. For the JT3D engine, the data thus show that reasonable agree-
ment exists between flight data and static noise prediction.

CF6 Engine. - Flight data on this engine were obtained on a DC-10
installation where the nacelles have fixed geometry inlets and acoustic
treatment on the cowl walls. A comparison of flight and projected static
PNLT time histories is shown in Figure 3. For this engine, the flight
data are 3 to 12 PNdB less than the static projection depending on the
time or position at which the comparison is made. Figure 4 shows a spec-
tral comparison of these data at an inlet angle of about 700 corresponding
to the peak inlet fan noise. While the static data clearly reveal the
presence of the fan fundamental tone, it is absent in the flight data.
At frequencies higher than the fan fundamental frequency, the projections
from the static data remain higher than the flight data. A similar over-
prediction was observed for the JT3D flight-static comparison in Figure 2.

The trends of Figure 4 were also observed when the spectra were
compared at the maximum PNLT values. The maximum values correspond to
aft-radiated noise for this engine just as for the JT3D engine. Thus,
for the CF6 engine, a major difference between flight and static data
is the absence of the fan fundamental tone in the flight data. The ab-
sence of this tone probably accounts for a significant part of the reduc-
tion in flight PNLT values relative to the static projections.

JT9D Engine. - This engine was also flight tested on a DC-10 air-
craft with fixed geometry inlets and acoustically treated cowl walls.
Following the presentation sequence established, Figure 5 compares PNLT
time histories for the flight and static projection cases. As in the
case of the CF6 engine, the flight data are less than the static projec-
tion, in this case by 3 to 8 PNdB. The inlet noise spectral comparison,
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shown in Figure 6 at an inlet angle of 600, shows trends similar to those
for the CF6 engine; however, for the JT9D engine, the flight data reveal
the presence of the fan fundamental and second harmonic tones but at
appreciably reduced levels compared to the static projection values.
Trends similar to those in Figure 6 were observed at the maximum PNLT
values which again correspond to aft-radiated noise. Thus, although fan
tones were present in the flight spectra of the JT9D engine, they were
at reduced levels compared to static spectra and the lower levels probably
also account for much of the reduction in flight PNLT values.

The data presented thus far have been for an engine thrust or rpm
setting and the corresponding aircraft weight conditions that would be used
for a landing approach under FAR Part 36 conditions. For the JT9D engine,
data were obtained at other engine rpm settings that, with the proper
aircraft weight and trim conditions, could also be used for landing approach.
Thus, Figure 7 shows the variations of PNLT with engine rpm for flight
and static projection to flight for a JT9D-powered DC-10. The comparison
is for inlet engine noise again at the FAR Part 36 approach measurement
location. As can be seen, the flight values are less than the static
projections at all values of engine rpm setting shown. The data also
indicate that the difference decreases as engine rpm is increased. A
similar behavior was observed for the RB211 engine as indicated by meas-

urement of the fan fundamental tone . For that engine, at fan blade tip
Mach numbers somewhat greater than unity, the tone levels in flight and
static data were nearly the same.

In the following section, possible interpretations and explanations
for the behavior of these data (Figs. 1-7) will be discussed.

Fan Noise Theory

In order to interpret or explain the observed behavior of and dif-
ferences between the flight and static noise data, it is appropriate
to briefly review the noise sources and generation models that are usually
considered for fan noise.

Noise Sources and Generation Models. - For the noise radiated forward
of the engine, it is reasonable to consider that the source is inlet fan
noise. Further, the differences between the flight data and the projected
static data generally are at the fundamental fan tone and higher frequencies
in the spectra, and the sources therefore are those that cause fan tones
and broadband noise. At the approach engine condition for low relative
tip Mach numbers, multiple pure tone or buzz-saw noise is not a significant
source.
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Figure 8 summarizes the sources of pure tone and broadband noise in
an axial flow fan stage. Pure tones may arise from the rotor-alone field.
They are also caused by stationary inflow distortions or large scale

inlet turbulence interacting with the fan rotor or by the periodic com-

ponent of rotor wakes interacting with the stators. Broadband noise is
caused by small scale inlet turbulence or vortex shedding interacting with
the rotor or by the random unsteady component of rotor wakes interacting
with stators.

Two models have been developed to account for the sound generation.
In the often discussed dipole model, the unsteady flows interact with the
blades to produce unsteady lift forces resulting in dipole noise. In the
quadrupole model, these same unsteady flows interact with the potential
flow field around the blades to produce unsteady Reynolds stresses result-

ing in quadrupole noisel
5

Tyler-Sofrin Cutoff Theory. - An additional noise feature included
in some fan stage designs is the selection of rotor and stator blade num-
bers such that the fundamental tone due to rotor-stator interaction does
not propagate. The theory for this phenomena was developed in references 4
and 6. The criteria establishing whether the tones from this mechanism
propagate or decay in a cylindrical hard-walled duct with uniform axial
flow is given by the cutoff ratio m as

M
=  m (1)

M - M2
m x

where M is the tip Mach number of the spinning pattern, M is its
m m

cutoff Mach number, and M is the axial flow Mach number. This equa-
x

tion applies for a spinning mode of order m and the first radial mode.
Propagation of the pattern occurs if the cutoff ratio 'm, is greater

than unity and decay occurs if m is less than unity.

The tip Mach number of the pattern in terms of blade and vane num-
ber and rotor tip Mach number is. given by

nBM
M = (2)
m nB + kV

where n is the harmonic number, B and V are the numbers of rotor and
stator blades respectively, Mt is the rotational tip Mach number of the

rotor and k is an integer taking all positive and negative values. For
k = 0, the equations describe cutoff for the rotor-alone sound field.



For a given rotational Mach number, Mt, these relations show that the

cutoff ratio can be decreased by decreasing M which is accomplished
m

by introducing a large number of stator vanes V relative to the number
of rotor blades B. The use of the first radial mode in the criteria is
conservative, since if the pattern involving the first radial mode is
cutoff, all higher order radial modes are also cutoff. It has also been
found that a constriction in the duct or the presence of soft walls will
tend to decrease the cutoff ratio relative to the uniform hard walled

duct value1 6

Interpretation of Flight/Static Noise Data

From the discussion of theory, it is necessary to establish whether
the fan tones due to either rotor-alone or rotor-stator interaction were
above or below the critical cutoff ratio of unity in the preceding engine
tests. For the JT3D engine (Figs. 1 and 2) these tones from either source
are well above cutoff even at approach power. Their presence in any
spectrum, flight or static, could therefore be expected. As was shown
in Figure 2, this was the case. The reasonable agreement observed between
the flight data and the projection of static data to flight for the JT3D
engine suggests that the controlling source mechanisms were the same in
both flight and static testing. While the data do not directly reveal
the mechanism, both rotor-alone and rotor-stator interaction are possible
sources from theoretical considerations.

The CF6 and JT9D engine data (Figs. 3-6) require a different inter-
pretation. Cutoff ratios of the first three fan harmonics for these
engines are shown in Figure 9 as functions of fan rotor speed. The cut-
off ratios were calculated assuming a hard-walled cylindrical duct with
uniform axial Mach number. For the fan fundamental tones, the cutoff
ratios plotted are due to the rotor-alone. Cutoff ratios for this tone
due to rotor-stator interaction are less than the rotor-alone values for
both engines at all rotor speeds. Thus for both engines, the rotor-alone
is the most likely source of a fundamental fan tone. As Figure 9 also
shows, the higher harmonics of the fan fundamental tone are well above
cutoff for both engines. The source of these tones is rotor-stator
interaction.

Data for the CF6 engine, Figures 3 and 4, were at a rotor speed of
2579 rpm. At this speed, Figure 9 shows that the fundamental tone is
cutoff and therefore should not propagate. The flight data suggest that
cutoff of this tone was realized since it did not appear in the flight
spectrum. Its presence in the static data suggests that it had to be
produced by a different noise source during static testing. The source,
as has been suggested, is thought to be inflow distortion or atmospheric

turbulence 5 ,6,7,8
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Data for the JT9D engine exhibited trends similar to the CF6 data.
The JT9D, Figures 5 and 6, were for a rotor speed of 2666 rpm. Figure 9
shows the fundamental fan tone to be very near cutoff at this speed.
Thus, the decreased level of the fundamental tone in the flight data could
be due to the tone being cutoff since it is very close to the critical
cutoff ratio of unity. As mentioned earlier, the effect of a constriction
in the inlet tends to decrease the cutoff ratio. If this effect were
included in the cutoff calculations, the tone should appear to be cutoff.
As was mentioned earlier, the tone does not appear in flight data at lower
rotor speeds and thus it appears that cutoff was also realized for this
engine in flight. The presence of the tone in static test data is
believed due to the same cause as for the CF6 static test data; namely,
the presence of inflow distortions or atmospheric turbulence reacting
with the rotor. In general, the flight/static behavior observed for
the CF6 and JT9D engines was similar to that observed for the RB211

engine 5 and the JT15D engine10

The absence or reduced in-flight level of the fan fundamental tone
at approach rotor speeds seems to indicate that in flight (1) the cutoff
condition can be realized, and (2) inlet inflow conditions are sufficiently
"clean" and free of disturbances that they do not present a significant
noise source.

For the static data, an interpretation consistent with that for flight
data, suggests that unsteady inflows exist. Sofrin, et al, recognized
ground vortices and free stream atmospheric turbulence as candidate noise

sources in their early work . More recent studies point to atmospheric

turbulence as the source7 1 7 1 8 . The evidence seems to point to very
elongated eddies, formed by drawing large-scale atmospheric turbulence
into the inlet, that result in fan tone noise because of their large
axial scale.

Aside from the disturbing conclusion that static fan or engine data
are to some degree unreliable because of the presence of unsteady inflows,
the important conclusion from flight data is that these unsteady inflows
are minimized and that cutoff can be realized to yield noise levels sub-
stantially less in flight than would be expected from projection of the
static data to flight.

PERFORMANCE OF ACOUSTICALLY TREATED INLETS

The effectiveness of acoustic treatment, as was discussed in the
INTRODUCTION, has been demonstrated in many experimental programs. In
the following sections, data showing the performance of acoustic treat-
ment when it is used on the inlet cowl walls only, as well as on cowl
walls and inlet splitter rings, will be presented and compared with
suppressor theory.
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Suppressor Performance With and Without Splitter Rings

The three-ring inlet described in reference 19 was tested with and
without the rings in two experiments. The first experiments were per-
formed with fan "C" of the NASA/GE Quiet Engine Program in the Lewis
Full-Scale Fan Facility. The other experiments were performed with
engine "A" of the same program by the General Electric Company. Data
from these experiments are presented in some detail to illustrate the
behavior of the different inlet configurations. In the final comparison
of theory with experiment two other sets of data are included. One set
was performed with the three ring inlet under discussion using a fan

stage designated QF-320. The other set was obtained for the JT8D engine
for an inlet consisting of only a treated cowl wall and an inlet with

treated cowl wall, extended bullet and two splitter rings 2 1

Suppressor Configurations. - The inlet suppressor tests included a
baseline configuration, a configuration involving inlet treatment only
on the cowl walls, and finally the fully treated cowl wall plus three-
ring configuration. Figure 10 shows sketches and some dimensions of
the treated configurations used in the engine "A" tests. Detailed
descriptions of the treated sections are given in references 1 and 19.
Figure 10(a) shows the baseline configuration consisting of multiple
degree of freedom (MDOF) "fan frame" treatment. Figure 10(b) shows
the configuration involving the inlet walls, formed by adding a second
short section (20 inches) of MDOF treatment and a larger section (58 inches)
of single degree of freedom (SDOF) treatment. This larger section was

the outer wall of the three ring inlet19 . These sections were both de-
signed to provide maximum attenuation, nominally, of the fan fundamental
tone. The MDOF treatment should also provide some additional attenuation
at higher frequencies in the range of the fan second harmonic tone. For
this configuration a treated section including a splitter was added to
the fan exhaust duct.

Figure 10(c) shows the addition of the three splitter rings in
the inlet. As described in reference 19, the opposing walls of the
passages formed by these splitter rings were designed to attenuate at
two different frequencies such as the fan fundamental and second harmonic
frequencies. This design feature thus provides a broader attenuation
bandwidth. The lining designed for the higher of the two frequencies
was on the outer or convex surfaces of the splitters while that for the
lower was on the inner or concave surfaces of the splitters and on the
cowl wall.

The configurations for the fan "C" experiments were similar to those
just described for engine "A", except that all aft fan duct configurations,
including the baseline, consisted of extended wall treatment and a splitter
as shown in Figures 10(b) or (c). Also, the fan "C" inlet was 20 inches
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shorter because the additional section of MDOF treatment shown in the
inlet in Figures 10(b) or (c) was not used. While the configurations
for engine "A" and fan "C" were not identical, they serve to show the
important differences as the inlet configuration was changed.

Fan "C" Inlet Suppressor. - Figures 11(a) and (b) show the variation
of perceived noise level with angle from the inlet axis at 90% and 60% of
the fan "C" design speed, respectively. At an inlet angle of 500, the
peak forward angle for the baseline configuration, attenuations of about
6.5 to 7 PNdB were observed when the walls were made soft and further
attenuations of 4.5 to 5 PNdB were observed when the rings were added.
Since, as was discussed, the same aft suppression was used in each of
these configurations, the levels for angles greater than 900 were all
about equal.

Inlet sound pressure level spectra are shown in Figure 12 for these
three configurations. Figure 12(a) shows sound pressure levels at 90%
of fan design speed. At this speed, the fan is operating supersonically
and the spectrum for the baseline configuration shows the significant
presence of multiple pure tone or buzz-saw noise in the frequency range
from 500 to 1600 Hz. In the frequency range up to about 1600 Hz, it
can be seen that the soft wall configuration provided a large attenuation
with little further contribution by the three rings. At frequencies
greater than about 1600 Hz, the attenuation by the wall-only configuration
diminished with increasing frequency, while the rings provided a signif-
icant contribution.

Figure 12(b) shows sound pressure levels at 60% of fan design speed.
At this speed the fan is operating subsonically and the baseline spectrum
is dominated by the fan fundamental tone and its harmonics. It can be
seen that the wall-only treatment was very effective in attenuating the
fan fundamental tone and broadband noise in the frequency range up to
about 3150 Hz. The rings were effective at frequencies greater than
2000 Hz which includes the harmonics of the fan fundamental tone.

The data in Figure 12 show that the wall-only treatment was effective
at the lower frequencies covering a range which includes multiple pure
tones, the fan fundamental tone, and broadband noise. The effectiveness
in this frequency range corresponds to the design frequency range of the
treatment. The effectiveness of the rings in the higher frequency range,
likewise corresponds to the higher frequency treatment designed into these
surfaces.

Engine "A" Inlet Suppressor. - The variation of perceived noise level
with angle from the inlet is shown in Figures 13(a) and (b) at 90% and 60%
of the fan design speed, respectively. At the peak inlet angle of 500, the
soft wall configuration provided 7 to 8 PNdB of attenuation, while the
rings provided a further attenuation of 1.5 to 2 PNdB. It will be recalled



from the sketches of Figure 10, that this inlet included an extra 20 inches

of MDOF treatment on the cowl wall to give approximately 1/3 more treated

length than the inlet for fan "C". When this extra length is accounted for,
assuming the same effectiveness per unit length of treatment, these amounts

of suppression compare closely with the results from fan "C".

Sound pressure level spectra for engine "A" at an inlet angle of 500
are shown in Figure 14(a) and (b for 90% and 60% of the fan design speed,

respectively. Since the fan in engine "A" was designed for a subsonic

tip speed, the baseline spectra are dominated by the fan fundamental tone

and its harmonics at all power settings. These spectra show the cowl wall

treatment to be very effective throughout the frequency range. This behavior

is perhaps partly accounted for by the additional length of MDOF treatment.

The contribution of the rings, while less than for fan "C", occurred in
the higher frequency range above 2000 Hz. As was observed in the data for

fan "C", these data also show that the fan fundamental tone was very effec-

tively attenuated by the cowl wall treatment.

Comparisons with Theory

The interpretation of the experimental suppressor behavior may be

best accomplished from the vantage point of the available theory, which

was the procedure followed earlier for the interpretation of forward

flight effects on fan source noise.

Suppressor Theory. - The essential ingredients of the suppressor

attenuation problem are outlined in Figure 15. For a prescribed duct

geometry, flow field, duct termination and input wave, the wave equation

for axial propagation is solved with an impedance boundary condition on

the duct walls. A second practical part of the problem is to express

the complex wall impedance in terms of the wall construction.

One of the earliest studies of wave propagation in a soft-walled
22

rectangular duct was performed by Cremer . In a later study, Rice

determined the optimum wall impedance and the associated maximum possi-

ble attenuation rate for a plane sound pressure wave propagating in a

soft-walled cylindrical duct of infinite length 2 3 . The plane pressure

wave was closely approximated by combining the first ten axisymmetric

radial duct modes. This work was later extended to the rectangular

duct case for a plane wave input. Numerous other cases are now in

the literature accounting for such effects as sheared flow, finite duct

length, and employing other input wave descriptions such as the least
attenuated mode that was studied by Cremer.

Figure 16 illustrates some results from reference 23. In this

figure the maximum possible sound power attenuation calculated from the
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theory is shown as a function of a frequency parameter, fa/c, where f
is the sound frequency, a is the duct cross-sectional dimension given
by the diameter for a cylindrical duct and by duct height for a rectangular
duct, and c is the speed of sound. Curves are shown for both the
cylindrical and rectangular duct for a value of L/a = 1. The rectangular
duct theory has been used as an approximation for the annular passages
formed by adding splitter rings to an inlet.

The significance of the curves is that at each value of the fre-
quency parameter, the wall impedance is determined to yield the maximum
possible sound attenuation from this theory. It can be seen that the
primary difference between the rectangular and cylindrical duct curves
is that the attenuation values for the rectangular duct are about half
those for a cylindrical duct. Both curves show the same rapid decrease
in attenuation as the frequency parameter is increased. It is this
decrease coupled with large attenuation goals, that led to the use of
splitter rings in inlets and also fan exhaust ducts. The effect, at a
given frequency, is to reduce the duct cross-sectional dimension (a)
which should result in increased attenuation for a given duct length.
In the next section, theoretical results in the form of Figure 16 will
be compared with experimental results.

Ring Performance. - Figure 17 compares experimental data for ringed
inlets with rectangular duct theory. Theoretical curves are shown for a
plane wave and for the least attenuated mode entering the duct. The plane
wave curve is shown for a duct length to height ratio of four, since this
was approximately the value for the data. The experimental attenuation
values for the ringed inlet were corrected for that portion of the outer
wall that was unopposed by the rings. The correction was determined with
the assumption that the attenuation by the outer wall treatment varied
linearly with length. The data are at the frequency where this corrected
attenuation value peaked. This frequency was generally greater than that
of the fan fundamental tone.

The resulting data points in Figure 17 are a factor of two or more
below the plane wave theoretical curve. This result is not surprising
because the theoretical curve was developed for a duct with the opposing
walls treated for the same frequency and with the optimum wall impedance
to yield the maximum possible attenuation for this propagation model.
The experimental data, on the other hand, were for a duct with the opposing
walls treated for two entirely different frequencies to yield a broader
bandwidth attenuation.

In addition to this important reason, there are other reasons that
could contribute to the experimental data falling below the theoretical
curves. For example, the experimental data were determined using the
length of the outer splitter and the height of the outer passage. This
seems to be a reasonable approximation but it may be incorrect because
the resulting value of L/H may be larger than the true effective value.
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Another factor is that the wall impedance was probably different that the
optimum value of the theory and any off-optimum value would reduce the
theoretical attenuation.

It should also be pointed out that the theory is developed on a
power spectral density basis. Thus, the use of third-octave data may
impact the measured attenuation, not so much for the baseline configur-
ation where fan tones may dominate a third-octave band, but in the sup-
pressed configuration where this is not necessarily the case. The atten-
uation determined from third-octave data would thus be less than the more
correct narrowband attenuations. It is also possible that the measured
attenuation was limited by the presence of a noise floor due to another
source. Two candidate sources are the noise generated by flow over the
acoustic surfaces and aft-radiated fan and jet noise.

There are thus several factors that could explain why the experi-
mental data fall below the ideal maximum possible attenuation described
by theory. Experimental data obtained from flow ducts where the condi-
tions of the theory are closely approximated are generally quite well-
described by this theory.

Wall-only Performance. - Figure 18 compares experimental data with
cylindrical duct theory for inlets with walls-only treated. Theoretical
curves are shown for a plane wave and the least attenuated mode entering
the duct. The plane wave curve is shown for a duct length-to-diameter
ratio of one, since this was about the value for the data. The data
shown are at the frequency of peak attenuation which was generally at
the frequency of the fan fundamental tone. For the fan "C", 90% speed
point, the peak attenuation occurred at 800 Hz and was for multiple pure
tone or buzz-saw noise. In the case of engine "A" data, the extra 20
inches of MDOF treatment was considered as an additional length having
the same effectiveness as the main section. The appearance of these data
in relation to the total data seems to support this assumption.

As shown by Figure 18, the experimental attenuation was a factor
of from four to eight times greater than the theory predicts. This
result is in striking contrast to past estimates, based on similar
theoretical results, that indicated astronomical length requirements
for effective attenuation by cowl walls. It should be pointed out that
the experimental attenuations may be less than they could be for the
same reasons discussed for the ring inlet attenuations. In the present
case, however, it seems certain that the lack of agreement between theory
and experiment is due to the inappropriateness of the theory.

Spinning Mode Theory. - Consideration of the large differences
between the measured acoustic performance of the wall and the widely used
theoretical predictions leads one to consider spinning sound modes for
the input wave rather than the radial or simple transverse modes normally
used. The propagation of spinning waves in soft-walled ducts has been
recognized in the literature, but no generalized results have been
published to the authors' knowledge.
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An analysis to yield optimum wall impedance and maximum attenuation
rate for spinning modes propagating in a soft-walled cylindrical duct with
zero flow has been performed concurrently and independently by E. W. Ritzi
at the Douglas Aircraft Company and E. J. Rice at the NASA-Lewis Research
Center. Figure 19 shows some of their unpublished results, in the form
of Figure 18, with the spinning mode number m as a parameter. The
calculations were for the first radial mode for each spinning mode. The
lower curve for m = 0, is the least-attenuated-mode curve shown in
Figure 18.

As Figure 19 shows, a very wide range of attenuations is possible
depending on the spinning mode number. It can also be seen that spinning
mode theory can indeed account for the levels of the experimental data.
Unfortunately, just as the radial or transverse modes were not known for
the earlier theory, the spinning mode description is also not known for
application to this theory. In static testing with the presence of both
rotor-stator interaction and rotor-inflow distortion noise sources, a
large number of propagating spinning mode patterns could be generated.
The magnitude of the attenuation by a given suppressor therefore could
be different in flight testing because of the differing inflow conditions
and the resulting changes in modal structure that do occur between the
two situations. Thus, there remains a deficiency with regard to the input
wave structure which appears to be of great importance. The important
conclusion, however, is that treatment on the cowl wall only is consider-
ably more effective than had been thought. Needless to say, this is an
area that needs more investigation, because of the implications with
regard to the elimination of splitter rings and their attendant performance
loss.

EFFECT OF WING SHIELDING

On some aircraft, the engine inlets are located relative to the wing
such that favorable shielding of noise from ground observers occurs.
For example, a sketch of the engine-wing relations on a DC-9 aircraft
with JT8D engines is shown in Figure 20. As shown by the figure, with
the flaps down in the approach setting, the shielding area is significant
and should provide some benefit. It should also be possible to locate
the engine over-the-wing and obtain some shielding of either inlet or
exhaust noise depending upon the location of the engine with respect to
the wing.

Figure 21 shows an approach PNLT time history for the DC-9 as ob-
served from flyover data. Also shown is a time history projected from
static data. The data show the shielding effect that occurs at forward
angles in the flyover. Figure 22 shows a comparison of the flight and
projected static spectra at an inlet angle of 600. It can be seen that
both spectra have the same general shape but that the flight spectrum is
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appreciably lower than the projected spectrum at the higher frequencies
associated with inlet fan noise. For JT8D engines, as in the case of the
JT3D engine, tones from the rotor alone or from IGV-rotor and rotor-stator
interaction are well above cutoff and should propagate. Therefore,
without the shielding effect of the wing, one would have expected these
data to appear as those of Figure 2 for the DC-8 aircraft where no wing
shielding occurred.

Experiments on engine-over-the-wing shielding have been performed
at NASA-Lewis using a model wing with the baseline unsuppressed engine
"C" of the Quiet Engine Program. Figure 23 shows the PNLT time history
calculated from static tests for the approach flight condition. Data
are shown with and without the wing present. The wing position relative
to the engine inlet is shown by the insert sketch. It can be seen that
the presence of the wing reduced the inlet noise at the observer by
about 10 PNdB.

These data indicate the benefit to be derived from locating the
engine where shielding of the inlet is possible. Shielding appears to
be effective for inlet noise reduction and would not introduce the
performance penalties associated with the application of inlet splitter
rings.

CONCLUDING REMARKS

Three recent aspects of the inlet fan noise problem have been dis-
cussed in this paper: (1) the beneficial effect of forward velocity on
inlet fan noise; (2) the better-than-anticipated performance of inlet
treatment on the cowl walls; and (3) the beneficial effect of wing shielding
on inlet radiated fan noise.

The forward velocity effect points to the need for further research
into the nature of fan noise generation with regard to the differences
between flight and static testing. It also appears that knowledge of the
modal structure of the sound field under both static and flight conditions
should be a research goal if acoustic treatment is as sensitive to modal
structure as analysis indicates. This information is important for static
evaluation of acoustic treatment.but even more important for the flight
case where the amount and the performance of the treatment is critical.

For design applications, the data presented suggest that, in a
flight environment, the use of inlet splitter rings may not be necessary
if only moderately high noise reduction is needed. While it appears that
inlet fan noise can be alleviated without undue penalty, there remains
the problem of engine aft radiated noise. Even though inlet noise can
be suppressed, effective perceived noise levels will not be greatly im-
pacted unless the aft radiated noise is also reduced.
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