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PRELIMINARY EXPERIMENTS ON THE NOISE GENERATED
BY TARGET-TYPE THRUST REVERSER MODELS
by Orlando A. Gutierrez and James R. Stone

Lewis Research Center

SUMMARY .

A series of experiments is reported herein on the noise generated by target-type
thrust reversers. '"'V''-gutter and semicylindrical thrust reversers were tested with a
5.24-centimeter-exit-diameter nozzle; a 7. 78-centimeter nozzle was also tested with a
cylindrical reverser. The ratio of reverser frontal area to nozzle area ranged from
2.45 to 7.01. The spacing between reverser and nozzle was varied from 0 to 1. 61 noz-
zle diameters. The reverser orientation was also varied. Nozzle pressure ratio
ranged from 1.25 to 1.72.

Considerably more noise was generated when the thrust reversers were used than
with the nozzle alone, indicating that thrust reversal can be a significant noise problem
for jet short-takeoff-and-landing (STOL) aircraft. In addition, reverser noise levels
were much more uniform in regard to directivity than those of the nozzle alone. This
would increase the time of exposure to sideline noise in excess of a particular level for
a jet STOL aircraft landing with thrust reversers.

The measured maximum overall sound pressure level varied with the sixth power of
the nozzle exit velocity. X

INTRODUCTION

Since the ability to land in short distances is a requirement for STOL aircraft, jet
thrust reversers may be necessary both for reducing the ground roll after landing and
for steepening the approach flightpath. In STOL configurations such as the augmentor
wing concept described in references 1 and 2, high engine speeds would be required
during approach, thus almost necessitating at least partial thrust reversal. At the same
time, because of the required capability to operate from airports in heavily populated
areas, STOL aircraft will have to meet much more severe noise limitations than conven-
tional aircraft.



There have been many studies on the aerodynamic performance of small-size thrust
reversers of diverse types, such as those reported in references 3 to 7. Reports are
also numerous on the behavior of full-scale reversers as described in references 8 to
11. Design reports, such as references 12 to 14, are also available in the literature.

In addition, reports on applications of thrust reversers to commercial aircraft are
available (refs. 15 to 17).

As indicated by the many references and applications cited, the aerodynamic behav-
ior of thrust reversers has been extensively studied and documented. However, this
has not been the case with regard to the noise generated by thrust reversers. For
future STOL aircraft, noise will need to be considered. Thus, the present study was
undertziken at the Lewis Research Center, and noise data on thrust reversers are pre-
sented nherein.

The objective of this study was to determine the gross effects of reverser shape,
size, spacing, orientation, and flow rate on the noise produced by target-type reversers.
Target-type reversers were chosen for this study, primarily because of their simplic-
ity. They can be built in many variations, as shown in figure 1. The noise data re-
ported herein were obtained by using the ''V''-gutter with cover plates (fig. 1(d)) and
the semicylinder configurations (fig. 1(f)). The noise data reported cover a range of
flow rates, reverser-frontal-area-to-nozzle-area ratios and spacing-to-nozzle-diameter
ratios.

APPARATUS

Two separate flow systems were used to obtain the experimental data. The main
system was an acoustic apparatus, designed to minimize internal noise and instrumented
to obtain detailed acoustic data. A flow apparatus was used to obtain aerodynamic data
and qualitative noise data prior to running the acoustic program. This preliminary
screening of operating conditions was useful in setting up a proper test program with
minimum operating time on the acoustic apparatus. The test configurations were ob-
tained by various combinations of two different-sized nozzles with three small-scale
reversers. The position of the reversers relative to the nozzles was varied through use
of an adjustable mounting stand.

Acoustic Apparatus

The acoustic apparatus is shown in figure 2. Compressed air from a 1000—kN/m2
abs source was supplied to the test nozzles at ambient temperature by a 10-centimeter-



nominal-diameter pipe. This pipe was equipped with an orifice for flow measurement,

a 10-centimeter-diameter flow control valve, acoustic mufflers, and a straight section
ending at the nozzle. The test reversers were mounted on an independent stand near the
nozzle exit. The airflow system was set on a horizontal plane 122 centimeters above
ground level. Details of this facility are given in reference 18.

The noise data were measured by eight condenser microphones with individual wind
screens. The microphones were located on a 3. 05-meter-radius semicircle centered
on the nozzle outlet. The microphone circle was at the same elevation from the smooth
asphalt ground surface as the nozzle centerline (122 cm). The microphone angular loca-
tions 8 were measured from the upstream nozzle axial centerline. The microphones
were located at 10°, 30°, 500, 65°, 800, 100°, 130°, and 160° for most of the config-
urations tested. (Symbols are defined in the appendix. ) -

Figure 3 is a detail of the air supply system near the nozzle, showing the mounting
flange located approximately 50 centimeters upstream of the nozzle. This detail also
shows dimensions of the two test nozzles used.

Flow Apparatus

The flow apparatus is shown in figure 4 and described in detail in reference 19. It
was located in a relatively small chamber, and any noise measurements taken in this
facility had value only as relative comparisons between one run and another. A portable
sound level meter was placed 86 centimeters from the nozzle exit at a 90° angle to its
axis to obtain the relative noise data. No thrust measurements were made.

Thrust Reversers

The small-scale reversers used in this experimental program are illustrated 1n
figures 5 and 6. As indicated before, two different types of target reversers were
studied: semicylindrical and V-gutter with cover plates.

Semicylindrical reversers. - Two semicylindrical thrust reversers were used, the
only difference between them being the distance between side plates. The conversion
from one to the other was made with removable inserts next to the side plates. The
smaller semicylindrical reverser is shown in figure 5(a). The inserts along the side
plates are very noticeable. The larger semicylindrical reverser is shown in figure 5(b).
The significant dimensions for both reversers appear in figure 5(c). A nut welded to
the rear of the cylindrical wall allowed mounting of the reversers to a threaded rod.




V-gutter- with- cover-plates reverser. - Only one variation of this reverser, herein
called the V-gutter, was studied. Figure 6(a) shows the V-gutter, with the side plates
mounted at 90° to each other and the cover plates. The reverser was connected to a
threaded rod by means of a threaded plate at the rear of the reverser. Figure 6(a)
shows the cover plates overlapping the side plates. This overlap was 1.9 centimeters.
Figure 6(b) is a sketch of the V-gutter, giving pertinent dimensions.

Nozzle-Reverser Combinations

Th.e three small-scale reversers were each mounted behind one of the two inter-
changeable nozzles by an adjustable mount which allowed easy substitution of reversers
and quick adjustment of the spacing between nozzle and reverser, as well as change in
the angular position of the reverser. Figure 7 shows both the V-gutter and larger semi-
cylindrical reversers mounted in the horizontal (o = 0°) and vertical (o = 90°) attitudes.
The smaller semicylindrical reverser was tested with both the 5.24- and the 7.78-
centimeter-diameter nozzles, giving reverser frontal-area-to-nozzle-area ratios
Af/An of 5.63 and 2.55. The larger semicylindrical and V-gutter reversers were
tested only with the 5. 24-centimeter-diameter nozzle, giving area ratios Af/An of
7.02 and 2. 43, respectively. The area ratios and other dimensionless relations of the
nozzle-reverser combinations appear in table I.

PROCEDURE
Program

The shapes of the reversers were chosen for simplicity. Their size, as indicated
by the1r frontal-area-to-nozzle-area ratio Af/A was selected to fall within the zone
of maximum reverse-thrust ratio as determined by Povolny, Steffen, and McArdle
(refs. 3and 7).

The effect of the reverser-to-nozzle spacing on the aerodynamic performance of
target-type reversers was also determined in reference 3. For any given configuration
the maximum efficiency was obtained at the closest possible spacing that did not de-
crease the mass flow through the nozzle. Decreasing the spacing from this value sharp-
ly decreased the reverser efficiency. Increasing the spacing decreased the efficiency
only very slightly if at all.

The range of spacings needed for noise testing of the present small-scale reversers
was determined experimentally. A series of tests were run on the flow apparatus to
determine the effect of spacing on flow rate at constant values of nozzle inlet pressure.
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The results of these tests are given in table II. In addition to the flow, pressure, and
spacing data, noise indications from the 20-kilohertz scale of a portable sound meter
were also recorded. The spacing of the reversers from the nozzle x was selected as
the distance from the nozzle exit to the free edge of the reverser side plates for all
cases. Spacing ratio was defined as the ratio of this distance to the diameter x/Dn.
Based on the results of these tests, the program for the acoustic tests was established.
In addition to the spacing effects, the effects of velocity and orientation were studied on
the acoustic apparatus.

The effect of velocity was studied by varying the nozzle pressure ratio through the
manually operated 10-centimeter-diameter throttle valve. Nozzle pressure ratio
Pn/Pa was defined as the ratio of nozzle inlet total pressure to atmospheric pressure.

The effect of orientation was studied by rotating the reversers 90°. With the rever-
sers on the horizontal plane (a = OO), the reversed air jets were on the same plane with
the nozzle, pipe system, and microphones. With the reversers vertical (o = 900), the
reversed jets were in a plane at 90° to the microphone plane.

The conditions for each of the tests run on the acoustic facility are listed in table III,
along with some of the major results. In addition to the 21 reverser tests, two runs
(1 and 19) were made with the 5.24-centimeter-diameter nozzle with no reverser.

Experimental Procedure

Except for the angular locations of the eight microphones, which were varied slight-
ly from one running date to the other (as shown in the appropriate tables and figures),
the experimental procedure was the same for all acoustic tests. The nozzle-reverser
combination was set for the proper spacing and orientation. Flow of unheated com-
pressed air was established and regulated by the hand-operated throttle valve. The con-
trolled parameter was the nozzle inlet pressure Pn' After flow conditions were stabi-
lized, flow parameters and atmospheric conditions were recorded and three noise data
samples were recorded for each microphone location. Noise data were analyzed directly
by a 1/3-octave-band spectrum analyzer. The analyzer determined, for each micro-
phone and sample, the sound pressure level (SPL) on each 1/3-octave band from 50 to
20 000 hertz. This information was placed on tape for computer processing.

The microphones were calibrated at the start of each day's operation with a stand-
ard piston calibrator. The data acquisition and analysis system was further checked as
indicated in detail in reference 18.



Noise Data Analysis

Details of the analysis procedure used in processing the noise data are presented in
reference 18. Mainly, the procedure makes corrections to the spectral data from the
analyzer for the microphone-cable system, when necessary, and for atmospheric losses.
The corrected SPL from all three samples are then compared (ref. 18) for reliability
purposes and averaged arithmetically if found compatible. The averaged values of SPL
are then analyzed to obtain the OASPL for each microphone. The spectral sound power
level (PWL) and the total sound power level (DAPWL) were calculated by using the SPL
values. The PWL for each 1/3-octave band is obtained by integrating over a hemisphere
with a radius equal to the microphone circle radius. This assumes that all radiated
sound impinging on the ground is reflected into the hemisphere. This also implies that
all the SPL's reported are 3 decibels above free-field values. In addition, the spectral
values have not been corrected for discrete reinforcements and cancellations. With the
microphones set on a 3. 05-meter-radius circle and 122 centimeters above ground, can-
cellations should occur in the 200-, 630-, and 1000-hertz 1/3-octave bands. Reinforce-
ments should appear on the 400- and 800-hertz 1/3-octave bands.

RESULTS AND DISCUSSION

The data obtained are tabulated in tables II to IV. These data are also presented in
graphical form in figures 8 to 23. No wind speed data are recorded as it never exceeded
2 meters per second.

Reversed flow patterns obtained during the tests were observed; for all reversers,
the flow exited along the side plates. Only an insignificant amount of flow left the V-
gutter reverser along the cover plates or the cylindrical reversers along the edges of
the cylindrical wall. All nozzle flow was captured and reversed for all reverser con-
figurations tested.

Effect of Spacing on Flow and Noise Indication

The results obtained from the flow apparatus in determining the proper spacing for
the reversers are presented in table II and figure 8. The effect of spacing on flow is
shown as a reverser flow parameter W/Woo plotted against spacing-to-nozzle-diameter
ratio x/Dn. The reverser flow parameter is defined as the ratio of flow rate with the
reverser to flow rate without the reverser at the same nozzle pressure ratio. The noise
indication from the 20-kilohertz scale of the portable noise meter is also plotted against
the spacing-to-nozzle-diameter ratio.
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The results for both cylindrical reversers with the 5. 24-centimeter-diameter noz-
zle are shown in figure 8(a). There is no difference in the effect of spacing between the
two cylindrical reversers, either on flow or noise indication. The effect of spacing on
flow does not start until after the reverser overlaps the nozzle exit, that is for values
of x/Dn less than 0. The noise meter readings, however, indicated a significant de-
crease (5 dB) in noise level when the spacing ratio was decreased from 0.6 to 0. 3.
Above x/Dn of 0.6 the noise level did not change appreciably. At low values of X/Dn’
which affected the flow, the noise level decreased slightly, possibly reflecting the
change in flow. For reference, the line labeled ''point of contact'' is the location at
which the nozzle inside diameter, if projected, would contact the reverser.

There was an appreciable difference in the results obtained for the cylindrical re-
versers when the 7. 78-centimeter-diameter nozzle was used. Figure 8(b) shows that
with this combination of nozzle and reversers, the flow is affected at a spacing ratio as
large as 0. 8 for both reversers. For x/Drl less than 0.8, the smaller cylindrical re-
verser shows a bigger drop in flow ratio for a given spacing ratio. The noise indication
does not show the sudden decrease in noise level without change in flow noticed in fig-
ure 8(a). The noise level reduction for x/Dn less than 0. 8 seems to be the effect of
the lower flow rate.

The difference in behavior between the cylindrical reversers with the 5.24- and
7.78-centimeter-diameter nozzles can be attributed to the different area ratios. As
shown in table I, the area ratios Af/An for both reversers with the 5. 24-centimeter-
diameter nozzle are large (5.63 and 7.02). For the 7. 78-centimeter-diameter nozzle
the area ratios are much smaller (2.55 and 3. 18 for the smaller and larger semicylin-
drical reversers, respectively).

Results for the V-gutter reverser and 5. 24-centimeter-diameter nozzle are shown
in figure 8(c) for two different pressure ratios Pn/Pa of 1.70 and 1.42. The reverser
spacing ratio affects the flow rate starting at a x/Dn of about 0.8. An appreciable
transition in flow characteristics is apparent between x/Dn of 0.3 and 0.5. This effect,
evident at both pressure ratios, occurred when the edge of the cover plate was in the
same plane as the nozzle exit (x/Dn = 0.36). The noise meter indicated about the same
noise level throughout the range of spacings that did not affect the flow. Noise levels
were lower for the spacings that reduced the flow.

The results from the flow apparatus set the optimum spacing ratios for the different
reverser-nozzle combinations. These optimum values were x/D h = 0 for both cylindri-
cal reversers with the 5. 24- centimeter-diameter nozzle; x/Dn = 0.85 for the cylindri-
cal reverser with the 7. 78-centimeter-diameter nozzle; and x/Dn =0.85 as well for
the V-gutter reverser and 5. 24- centimeter-diameter nozzle. The data showed that the
minimum x/Dn for full flow increases with decreasing area ratio. In the range ap-
proaching minimum spacing for full flow, the noise decreased with decreasing spacing.



This indicates that the minimum spacing for full flow represents an optimum in terms of
lower noise, as well as in terms of thrust reversal as previously indicated.

Effect of Thrust Reversal on Noise

Thrust reversers are an important source of noise, as indicated by table III and
figures 9 to 12. They produce higher noise levels with less directivity than the bare-
nozzle jets they deflect. The reverser noise peaks at higher frequencies than that of the
nozzle alone and has near-peak noise levels over a wider frequency range. The rever-
ser noise level appears to be a function of the sixth power of the velocity, rather than
having the eighth power relation typical of subsonic jets.

The flow from the cylindrical reversers was always attached to the nozzle air sup-
ply pipe. The ninth column in table III shows the angles at which the reversed jets in-
tersected the microphone semicircle (3. 05-m radius). With the 5. 24- centimeter-
diameter nozzle the flow was turned approximately 170° (8. = 100) for most runs. With
the 7.78-centimeter-diameter nozzle the flow was turned more than 170° (8, < 100) so
none of the microphones were in the jet. With the reverser set in the vertical plane
(a = 900), the jets were not in the microphone plane.

For the V-gutter reverser, the flow was turned between 115° and 130° (9, of 65° to
500, table III) as determined at the intersection of one of the jets with the microphone
circle. The turned jets very nearly follow the angles of the side plates (6 = 450). Again,
for the V-gutter operating in the vertical plane (@ = 900), the jets were not in the micro-
phone plane. Shown in figures 9 and 10 is a comparison between the bare nozzle and the
smaller semicylindrical reverser with the 5. 24- centimeter nozzle at the optimum spac-
ing x/Dn of 0 and at a pressure ratio Pn/P0 of 1.72.

The effects of thrust reversal on noise directivity pattern and noise level are shown
in figure 9 as polar plots of overall sound pressure level (OASPL) against angular posi-
tion. The bare-nozzle jet yields a maximum OASPL of 107 decibels at the 160° angle.
Its directivity is very pronounced, with a difference of 12 decibels between maximum
and minimum OASPL. The noise level decreases by 5 decibels over the 30° increment
between the peak noise (9 = 1600) and the noise at 6 of 130°. In comparison, the noise
pattern for the reverser appears nearly uniform: its maximum OASPL is 113 decibels,
which is 6 decibels higher than that of the bare nozzle; its minimum OASPL value is
109 decibels, which is 2 decibels higher than the maximum level for the bare nozzle.
While the maximum OASPL occurs at an angle 8§ of 100, there is only a 4-decibel decay
in OASPL around the whole semicircle.

Figure 10 shows the effects of thrust reversal on the spectral distribution. The
sound pressure level (SPL) is plotted against the 1/3-octave-band center frequency f e
at two different microphone angles (10o and 1600). These are the angles of maximum
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OASPL for the reverser configuration and the nozzle only, respectively. With the bare
nozzle the dominant noise occurs at a center frequency of 1250 hertz for the direction of
maximum OASPL (4 = 1600), while on the back lobe (at 9 = 10°) the maximum SPL ap-
pears over a broader band (between 2000 and 6300 Hz). The difference in front and back
noise level at frequencies below 2000 hertz is much larger than at frequencies above
2000 hertz. For example, the difference in SPL at the 800-hertz 1/3-octave band is
about 24 decibels, as compared with 9 decibels at 3200 hertz and 5 decibels at 8000
hertz. The effect of angular position on the noise spectrum for the reverser is much
smaller, as was the directivity pattern. The differences in SPL for the two angular
positions are fairly uniform over the whole frequency range, and the peak frequencies
change only from 8000 hertz to 5000 hertz. It should be noted that for the bare nozzle
the peak frequency shifts to higher values as the angle shifts away from the maximum
OASPL direction, whereas with the reverser the shift is in the opposite direction (the
peak frequency becomes lower). The shape of the bare-nozzle-only spectrum at 6 of
10° (fig. 10) is similar to the reverser curves at 6 of 10° and 160° but is lower by

16 decibels.

The variation in maximum OASPL with velocity is shown in figure 11. This figure
includes all the reverser combinations tested at their optimum spacing ratio. In addi-
tion, the bare-nozzle datum point is included for comparison. The noise level data for
all the reversers at optimum spacing follow a sixth-power-of-velocity relation very
closely. All the cylindrical reverser configurations fall nearly on the same line. The
V-gutter noise level is approximately 6 decibels higher. For the same operating con-
ditions the magnitude of the maximum OASPL was about the same, whether measured
on the plane of the jet flow or at 90° to it.

An eighth-power relation, as indicated in reference 18, was drawn through the bare-
nozzle datum point. This indicates that at 294-meter-per-second velocity the quietest
of the target-type reversers has a maximum OASPL 6 decibels higher than that of the
bare nozzle. At lower velocities this difference increases due to the slopes of the sixth-
and eighth-power relations.

These same data are replotted in figure 12 in terms of effective overall power level
(OAPWL). The effect is the same as with the maximum overall sound pressure level:
the overall power level for the target-type reversers is a function of the sixth power of
the jet velocity leaving the nozzle. The plots differ only in that at the 294-meter-per-
second velocity the difference in OAPWL between the bare nozzle and the quietest rever-
ser is now approximately 11 decibels. The larger difference in OAPWL as compared
to the maximum QASPL is the result of the integration of the near-uniform noise direc-
tional pattern of the reversers as opposed to the highly directional pattern of the bare-
nozzle jet.

The OAPWL is only a measure of true sound power level for an omni-directional
sound source. The values of OAPWL obtained by integrating the sound pressure level



in the same plane or at 90° to the direction of the jets agree with each other. Minor
differences are discussed in the following section.

Effect of Thrust Reverser Variables Upon Noise Directivity Patterns

The results of various thrust reverser variables examined (pressure ratio (veloc-
ity), type of target, area ratio, orientation, and spacing) are shown in figures 13 to 20
as plots of OASPL against angular position. The most important result obtained through
the range of variables examined is the near-uniform noise pattern produced by target-
type reversers, provided that the nozzle flow is not affected by the reversers. These
variables are discussed individually.

Effect of pressure ratio on noise directivity. - The noise directivity pattern at opti-

mum spacing for the smaller semicylindrical reverser and the 5. 24-centimeter-
diameter nozzle is shown in figure 13(a) at three values of nozzle pressure ratio. The
equivalent data for this reverser and the 7. 78-centimeter-diameter nozzle are shown in
figure 13(b), and those for the V-gutter reverser and the 5.24-centimeter-diameter noz-
zle in figure 13(c). In none of these cases is there any variation in the noise directivity
pattern with a change in pressure ratio (or nozzle jet velocity). The data for the larger
semicylindrical reverser and the 5. 24-centimeter-diameter nozzle are not shown, as
under all conditions its performance was identical (within 1 dB) to that of the smaller
semicylindrical reverser with the 5. 24-centimeter-diameter nozzle.

Effect of area ratio on noise directivity. - The effect of area ratio on directivity is

minor for the semicylindrical reversers. Comparison of figures 13(a) and (b) shows
this effect for the smaller semicylindrical reverser. For both cases the minimum
OASPL occurs on the back lobe of the reverser. The maximum OASPL occurs at 6 of
10° and 30° for Af/An of 5.63 and 2.55, respectively. However, the significance of
this shift is obscured by the fact that the microphone at 10° is in the jet path for the
case where Af/An is 5. 63.

Effect of orientation on noise directivity. - The effect of thrust reverser orientation
on the noise pattern was checked by rotating the reversers 90° with respect to the

microphone-nozzle plane. This was done for both the smaller semicylindrical and
V-gutter reversers using the 5.24-centimeter-diameter nozzle. The maximum OASPL
and total power (OAPWL) were the same with the reversed flow at a of 0° or 90°.
This was shown in figures 11 and 12. The noise directivity patterns were altered as
shown in figures 14(a) and (b). The biggest change was in the location of the maximum
OASPL.

Figure 14(a) shows that the maximum OASPL for the smaller semicylindrical re-
verser shifted from a microphone angle 6 of 10° with the jets in the same plane as the
microphones (a = 0°) to 50° for the jets blowing in a plane at a right angle to the micro-
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phone plane (@ = 900).

The effect of orientation @ for the V-gutter reverser is shown in figure 14(b). A
similar shift occurred, with the maximum OASPL moving from 0 = 10° to 6 =50°.
In addition, a change in distribution occurred on the back lobe, causing the minimum
OASPL to shift from 6 = 80° for the 0° orientation to 6 = 160° for the 90° case. In
effect, for the jets in a plane at 90° to the microphones the directivity patterns of the
smaller semicylindrical and V-gutter reversers were very similar.

It should be kept in mind that these changes are relatively small and that in either
plane the directivity pattern is very uniform when compared to the bare jet.

Effect of reverser spacing on noise directivity. - The noise meter readings from

the runs made in the flow apparatus, presented in table II and figure 8, showed in a
qualitative way that the spacing of the reversers affected the noise levels. This effect
was studied further by varying the spacing on all three reversers with the 5. 24-
centimeter-diameter nozzle in the acoustic facility, as shown in figure 15.

The data for the smaller and larger semicylindrical reversers are shown in fig-
ures 15(a) and (b), respectively. These two sets of data are directly comparable, as
there was no difference in the performance of the semicylindrical reversers with the
5.24-centimeter-diameter nozzle. The spacing x/Dn was increased from the optimum,
0, to 1.61 (larger reverser only). Except for the screech at an x/Dn of 1. 61, there
was little effect of the spacing on noise level, except in the range 0.3 = X/Dn = 0.6,
where the increase in noise with increasing spacing was appreciable. In all cases, the
directivity was unaffected.

For the V-gutter reverser (fig. 15(c)), the spacing was decreased from the optimum
rather than increased. The changes in noise directivity patterns are pronounced. The
noise levels cannot be compared directly as the total flow rate is smaller at x/Dn of
0. 42 and 0. 18 than at the optimum x/D h of 0.85. Extrapolated by a sixth-power law on
the basis of equal flows, the noise level for the 0.18 spacing ratio would be higher than
for the optimum point. The difference between maximum and minimum OASPL's for the
x/Dn = 0.18 configuration is about 11 decibels, and it peaks at 20° to 30° from the di-
rection of the emerging jets.

Effect of Thrust Reverser Variables on Noise Spectra

The spectral values of sound pressure level (SPL) at a 3. 05-meter radius as well
as the integrated values of effective sound power level (PWL), are listed in table IV for
all the configurations tested. Figure 16 shows graphically the effects of thrust reversers
upon the spectral distribution of PWL. The effects of other variables on the SPL are
shown in figures 17 to 22.

11



Effect of different types of target reversers on effective sound power level spec-
trum. - The spectral effective sound power levels (PWL) for three of the reverser con-

figurations are plotted in figure 16 against the 1/3-octave-band center frequency f c
Also shown are equivalent data for the bare nozzle. All four curves are for the same
nozzle size (5.24 cm diam) and pressure ratio Pn/Pa (1.72). The reversers have a
much higher sound power level than the bare nozzle. This difference becomes larger
at the higher frequencies. Of the three reverser configurations shown, the smaller
semicylindrical reverser at optimum spacing has the lowest PWL, followed by the same
reverser at larger-than- optimum spacing (x/D h =0 6). The V-gutter has the highest
PWL of the three reverser configurations shown, even though at optimum spacing.

Effect of pressure ratio, area ratio, and shape on sound pressure level spectrum. -
The effect of pressure ratio (or velocity) on the SPL at a 3. 05-meter radius at optimum
spacing is shown in figures 17 and 18. In all these figures the frequencies for cancel-
lations and reinforcements due to ground reflections assuming a point source are labeled
on the abscissa as Cl’ CZ’ C3 and RI’ R2, respectively.

Figure 17(a) shows the SPL spectra for the smaller semicylindrical reverser and
the 5. 24-centimeter-diameter nozzle ata 6 of 100, the direction of maximum OASPL
for this configuration. At this angular position an additional reinforcement seems to

appear in the 2. 5-kilohertz 1/3-octave band. This frequency yields the apparent maxi-
mum SPL for the two lower nozzle pressure ratio curves. If the peaks at 2.5 kilohertz
are disregarded, the frequency for peak SPL does not appear to shift much with pressure
ratio (velocity). However, as the velocity decreases, the peak SPL is flattened out.
Figure 17(b) shows the SPL for the same three cases but ata 6 of 50°. The ground
effects at fc less than 1. 25 kilohertz are the same for 0 =50° as for 6 = 10°. How-
ever, the effect noted at an fc of 2.5 kilohertz is not present here. Actually, the data
in table IV show that only two angular locations 6 indicate this apparent reinforcement,
10° and 160°. The frequency for maximum SPL decreases with decreasing pressure
ratio (velocity), from 6.3 kilohertz to 2 kilohertz at Pn/Pa of 1.72 and 1. 25, respec-
tively, as Stroubal-number reasoning would predict. These peaks agree also with the
frequencies at which the PWL are maximum, as shown in table III.

The pressure ratio effects on spectral distribution of SPL are shown in figure 18(a)
for the smaller semicylindrical reverser and the 7. 78- centimeter-diameter nozzle at
optimum spacing anda 6 of 300, the direction of maximum OASPL. The peak fre-
quency fm shifted from 2 kilohertz at Pn/Pa = 1.36 to 1.2 kilohertz at Pn/Pa = 1.17.
This change is almost directly proportional to the velocity change, which would make it
agree qualitatively with the Strouhal relation (S__ =f D n/ V)

The SPL spectra for the V-gutter and the 5.24-centimeter-diameter nozzle at opti-
mum spacing (x/Drl = 0. 85) at three pressure ratios (velocities) are shown in figure 18(b)
for the maximum OASPL angle (9 = 10%). The spectral distribution is considerably dif-
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ferent from that of the semicylindrical reversers. The SPL rises more steeply at the
lower frequencies but falls more slowly at higher frequencies. The reinforcement pre-
viously apparent at an fc of 2.5 kilohertz in the 6 = 10° direction is not present. The
frequency for maximum SPL is constant at the 1.25-kilohertz band, apparently unaf-
fected by velocity. Nor was this a directional effect; this peak appeared at all micro-
phone locations. No ''screech'' was evident either.

Effect of orientation on SPL spectrum. - The effect of reverser orientation upon the
spectral distribution of SPL is shown in figures 19(a) and (b) for the smaller semicylin-
drical reverser with the 5.24-centimeter-diameter nozzle. This effect is shown as a

comparison of the spectrum at two different pressure ratios for the reverser exiting jets
in the plane of the microphones (o = 00) and the exiting jets at 90° to the microphone
plane (@ = 90°). Figure 19(a) presents the comparison for the angular position where
the maximum OASPL occurs for the reversed jets blowing in the microphones plane

6 = 100). Figure 19(b) is the comparison at the angle of maximum OASPL for the jets
blowing at 90° to the microphone plane (9 = 50°). The variations in SPL which cause the
shift in maximum OASPL from 10° to 50° with change in reverser orientation are shown
to occur only at high frequencies (f > 1.6 kHz). The lower frequency range is unaltered
by the shift in orientation. The apparent reinforcement at an £ c of 2.5 kHz still ap-
pears at the 10° direction even with the rotated reverser. For the o =90° orienta-
tion, the frequency for peak SPL does not seem to shift with pressure ratio (velocity) at
the maximum OASPL direction (9 = 500). It shifts appreciably at the 10° microphone
angle if the apparent reinforcement at 2.5 kHz is discounted. These results are the
same as those obtained with the reverser blowing in the plane of the microphones.

There is actually no difference in the effective sound power level spectrum (PWL) and
effective overall sound power level (DAPWL) obtained by assuming either set of SPL
values as constant over the corresponding portions of the integrating surface.

The effect of orientation of the V-gutter reverser with the 5. 24-centimeter-
diameter nozzle is shown in figures 20(a) and (b). The comparison is made between the
exiting jets at 90° to the microphone plane (& = 900) and the jets in the microphone plane
(a = 0°) at a pressure ratio of 1.72. Figure 20(a) compares the results at the direction
of maximum OASPL for the @ =90° orientation (6 =50°). Figure 20(b) shows the com-
parison at the direction of maximum OASPL for the « = 0° orientation (9 = 10°). For
this reverser it appears that changes occur throughout the spectrum. The effects in
magnitude of SPL are largest at frequencies above 1.0 kilohertz. At frequencies below
1. 0 kilohertz the effects are complicated by apparent changes in the effects of ground
reflections. Such changes are not surprising as the exiting jets from the reversers
leave at 45° from the axis and one jet is aimed at the ground.

Effect of spacing on sound pressure level spectrum. - An increase in spacing from
the optimum spacing increased the noise level on the smaller semicylindrical reverser
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with the 5.24-centimeter-diameter nozzle. This is shown in figure 21(a) for three dif-
ferent spacing ratios x/Dn: 0 (optimum), 0.30, and 0. 61 for otherwise equal condi-
tions. The change in SPL from 0 to 0. 30 was small; the change from 0. 30 to 0. 61
was larger. There was no significant change at frequencies above 8 kilohertz, and
only a slight increase in SPL at frequencies below 1 kilohertz. The bulk of the change
in SPL occurred between 1 and 6. 3 kilohertz. The center frequency for peak SPL
decreased with an increase in spacing (from 6. 3 kHz at x/Dn =0 to 2.0 kHz at

x/Dn = 0.61).

The effect on the larger semicylindrical reverser with the 5. 24- centimeter-
diameter nozzle as the spacing ratio x/Dn was increased from 0 (optimum) to 0.61 was
the same, as shown in figure 21(b). The SPL's in the frequency range of 1.0 to 6.3
kilohertz increased appreciably with increase in spacing, yet practically no change was
noted above 8 kilohertz and the change was small below 1. 0 kilohertz. The shift in peak
frequency was similar to that of the smaller semicylindrical reverser. However, an
attempt to increase the spacing to 1. 61 produced an appreciable "'screech. '" The only
real difference between the spectrum for 0.61 and 1. 61 is at the 2. 0-kilohertz 1/3 octave
band. A narrow-band analysis of this frequency range was made, as shown in figure 22,
and indicated the presence of a discrete tone at 2. 20 kilohertz.

Sideline Noise for Typical Full-Scale STOL Application

A calculated SPL spectrum for a reverser for a typical full-scale augmentor-wing
STOL airplane, such as discussed in references 19 and 20, is shown in figure 23. The
figure shows the noise spectrum for four 65. 5-centimeter-diameter nozzles in parallel
at a 152. 5-meter sideline position and a cold jet velocity of 295 meters per second.
The solid line is the spectrum for the four nozzles with reversers. The dotted line is
the spectrum for the four nozzles without reversers. These nozzles and velocities are
in the range of jet core magnitudes necessary for a 45 400-kilogram (100 000-1b) STOL
aircraft at landing approach condition. The perceived noise level (PNL) was calculated
from this spectral data using the procedure of SAE ARP 865A (ref. 20). It is obvious
that the estimated 112- PNdB noise level with reversers will present a noise problem,
as it is well above the design goal of 95- PNdB sideline noise at 152.5 meters (500 ft).
It is also 11 decibels louder than that obtained by scaling the bare-nozzle data.

Figure 23 was constructed by scaling 12% times the results of the smaller semicyl-
indrical reverser with the 5. 24-centimeter-diameter nozzle. The spectral distribution
was assumed to scale in a Strouhalian manner. The effect of the four engines was ac-
counted for by increasing the single-engine noise level by 6 decibels. Proper atmos-
pheric attenuation values were applied at the scaled frequencies. The scaling of results
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12% times introduced an uncertainty in noise levels at frequencies above 1. 6 kilohertz.
Above this frequency SPL's were obtained by extrapolation.

The variation of PNL along the 152. 5-meter sideline as a function of distance be-
hind the hypothetical aircraft is shown in figure 24. Because of the different directivity
patterns of the jet noise and the reverser noise, the position where the peak noise occurs
at the 152. 5-meter sideline position shifts. For the reverser it occurs ahead of the
aircraft; for the bare jet it occurs behind the aircraft. As figure 24 shows, a greater
distance along the sideline will be subjected to high noise levels at any one time for the
reversers than would be the case for a plain jet. This increase will tend to make the
reverser noise even more objectionable than the 11-decibel increase in PNdB above the
jet noise would indicate.

Due to the uniform directivity of the reverser noise, the considerations made about
sideline noise also apply approximately to flyover noise during landing approach.

SUMMARY OF RESULTS

This experimental investigation on the noise generated by target-type thrust rever-
sers covered two types of models: semicylindrical and V-gutter. Spacings between
reverser and nozzle were varied between spacing-to-nozzle-diameter ratios of 0 and
1.61. Nozzle pressure ratios ranged from 1.25 to 1.72. The main results of this in-
vestigation can be summarized as follows:

1. The small-scale semicylindrical and V-gutter target-type reversers were signi-
ficantly noisier than the nozzle alone by 5 to 15 decibels. Test results when scaled up
to conditions suitable for a 45 400-kilogram augmentor-wing STOL aircraft showed that
noise levels would be above the present design goal of 95- PNdB sideline noise if full
thrust reverse is used. This indicates that target-type thrust reversers for core flow
used during STOL-flights will constitute an important noise source.

2. The noise directivity patterns for target-type reversers are very uniform. No
more than 6 decibels variation in overall sound pressure level (OASPL) was encountered
among all the angular directions tested, either in the plane of the exiting jets or at 90°
to that plane. Maximum values of OASPL occurred between the angles of 10° to 15°
from the nozzle upstream axis, depending on the particular configuration. The uniform-
ity of the noise directivity extended to the spectral distribution. The SPL distribution
throughout the spectrum was nearly the same in all directions.

3. For all reverser configurations tested, the minimum noise level for a given jet
velocity occurred at the minimum spacing between nozzle and reverser that does not
affect the flow rate. Decreasing the spacing from this optimum decreased the flow rate;
increasing the spacing increased the noise level.
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4. The maximum overall sound pressure level (OASPLmax) at optimum spacing
followed a sixth-power relation to isentropic nozzle jet velocity Vn for each geometric

(OASPL) 10
configuration; that is, 10 ma);\/ o Vﬁ. The data for all cylindrical reversers

agreed well. The V-gutter reverser was noisier than the cylindrical reversers. These
results were the same with respect to the overall sound power level (OAPWL).

5. The variations in nozzle pressure ratio (velocity), area ratio, and orientation
for both semicylindrical and V-gutter reversers had very little effect, if any, on noise
directivity patterns. The variation in shape from semicylindrical to V-gutter reverser
shifted the location of minimum OASPL from the back lobe to the sideline of the rever-
ser. Variations in spacing above the optimum had no effect on directivity, but varia-
tions below the optimum had a marked effect on directivity.

6. No common peak Strouhal number based on nozzle size and velocity was obtained
for all the reversers tested at optimum spacing. However, an increase in character-
istic dimension, such as area ratio, spacing, or nozzle diameter, tended to decrease
the frequency for maximum SPL for the semicylindrical reversers. The variation of
peak frequency with velocity tended to be Strouhalian also. The V-gutter configuration
yielded a fixed peak frequency that did not vary with velocity (for all reverser conditions
that did not back pressure the nozzle).

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 10, 1972,
764-12,
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APPENDIX - SYMBOLS

Af reverser frontal area, m2

An nozzle area, m2

Dn nozzle-exit diameter, m

f frequency, Hz

f. 1/3-octave-band center frequency, Hz

f m 1/3-octave-band center frequency exhibiting highest sound pressure
level, Hz

{ D 1/3-octave-band center frequency exhibiting highest sound power level,
Hz

H reverser height, m

Ahor orifice differential, m (water)

OAWPL effective overall sound power level, dB re 10~ 13 w

OASPL overall sound pressure level, dB re 20 LLN/m2

(OASPL)max maximum overall sound pressure level, dB re 20 uN/m2

P, atmospheric pressure, N/m2 abs

P, nozzle inlet total pressure, N/m2 abs

P orifice upstream pressure, N/m2 abs

PNL perceived noise level, PNdB

PWL effective sound power level, dB re 10" 13 w

Smax Strouhal number at peak frequency, men/ v,

SPL sound pressure level, dB re 20 uN/m2

Ta ambient temperature, K

Tn nozzle inlet temperature, K

T or orifice inlet temperature, K

Vi, nozzle jet velocity, m/sec

w mass flow rate, kg/sec

W mass flow for nozzle with no reverser (infinite spacing), kg/sec

X spacing between reverser and nozzle, m

Z reverser width, m
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reverser orientation (angle of reverser to horizontal), deg
microphone angle from nozzle upstream axis, deg
angle from nozzle axis at which flow occurs on microphone plane, deg

angle from nozzle axis at which maximum OASPL occurs
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(a) Conical V-umbrella (ref. 13).

(c) Longitudinal V-qutter {ref. 13). (d) V-gutter and cover plates - current
test configuration (ref. 13).

(e) Hemisphere (refs. 3 and 13). {f) Semicylinder - current test
configuration (ref. 3).

(g) Annular target (ref. 12).

Figure 1. - Target-type thrust reverser configurations.
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2.1 B
5.9— 29.5
22.9-cm — 33
) _~Support flanges ~ L1 (iﬁ_

—

A 11.4

foot——

10. 2-inside-diameter pipe -~ Pressure tap .~
connector—"

1 / 17U \
11. 4-Outside-diameter, // f/_/‘J “Nozzle

Nozzle dimensions
Inside A B
diameter,
D
5.24 6.0/19.0
7.78 8.9120.0

Figure 3. - Detailed sketch (top view) of air supply system near nozzle.
(All dimensions are in centimeters.)
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(@) Smaller.

(b) Larger.

Figure 5. - Semicylindrical thrust reversers.
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# Cover plate

W |_-—Bottom cover
Side plates: height, plate
" H=6. 69/7
i

12.06

|_-—Nozzle
'axis

Z-7.9 - 1.90

-+

12.70

(b) Top view of V-gutter thrust reverser with top cover plate removed.
(All dimensions are in centimeters. )

Figure 6. - V-gutter thrust reverser.
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(b) V-qutter reverser at vertical position (a = 90°).

Figure 7. - Thrust reversers mounted at 5, 24-centimeter-diameter nozzle exit.

C-11-2917
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(c) Larger semicylindrical reverser at horizontal position (a = 0°).

(d) Larger semicylindrical reverser at vertical position (a = 90°).

Figure 7, - Concluded,
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Reverser Nozzle  Pressure Spacing Reverser
diameter, ratio, ratio, orientation,

Dy Pn/Pa x/Dp q,

cm deg

> None 5.24 1L.72 -- --
R Smaller semi- 524 .72 0 0

cylindrical
Tailed symbol denotes microphone in jet

\
2
Rer flow \ AS Pl%oﬂ\rﬁ Zﬁl\(l)/m I o

180°

Sgil
':’7 TRNozzle

<"'"~2’.{/{ \\ flow g’

-'With small

T indrical
Angle from . ol
nozzle axis, . ‘
>l ]

reverser
600

90°

Figure 9. - Effect of thrust reversal on noise directivity patterns. Comparison
of smalier cylindrical reverser and 5. 24-centimeter-diameter nozzle with bare
nozzle only; overall sound pressure level at 3. 05-meter radius.



Sound pressure level, SPL, dB re 2(JuN/m2

Reverser Nozzle  Pressure Spacing Reverser Angle from
diameter, ratio, ratio, orientation, nozzle axis,

Op Pa/Py x/0p a, 8,
cm deg deg
® Smaller semicylindrical 524 172 0 0 10
B Smaller semicylindrical 0 0 160
o] None l --- - 10
a None - -=- 160
110—
100f—
>~ Reverser
90r—
801— 0 N}
C{O \O ozzle only
Pog
L
70— ,O'O
Uo
601[LL|114_|I|||1||[||||L|
.1 .2 .5 1 2 5 10 20

1/3-Octave-band center frequency, f., kHz

Figure 10. - Effect of thrust reversal on noise spectrum. Comparison of smaller semicylindrical
reverser and 5. 24-centimeter -diameter nozzle with bare nozzle only at two angular positions.
Pressure ratio, Pn/P,, 1.72.
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Maximum overall sound pressure level, (OASPL)maX, dB re Zt)uN/m2

Reverser Nozzle  Spacing
diameter, ratio,

Dp. x/D,,
cm .
&) None 5.24 ----
130 (o] Smaller cylindrical  5.24 0
B o Smaller cylindrical ~ 7.78 .4
0 Larger cylindrical 524 0
A V-gutter .85
Open symbols denote 0° reverser orientation
Solid symbols denote 90° reverser orientation
OASPL
— 10
120 - V?]
OASPL
10— 10
o« Vrg]
100 (—
/
90 0 | I |
100 200 300 400

Nozzle jet velocity, Vv, m/sec

Figure 11. - Effect of nozzle jet velocity on maximum overall sound pressure
level at optimum reverser spacings.
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140—

Effective overall sound power level, OAPWL, dB re 10 By
o
(=]

Reverser Nozzle  Spacing
diameter,  ratio,

D, X0,
cm
[a) None 5.2 ——-
o Smaller cylindrical 5. 24 0
< Smaller cylindrical  7.78 .3
(m} Larger cylindrical 5.2 0
A V-gutter 524 .85

Open symbols denote (° reverser orientation
Solid symbols denote 90° reverser orientation

- /
120 ,
/
/
/
/
/
110 | / l { I
100 200 300 400

Nozzle jet velocity, V,, m/sec

Figure 12. - Effect of nozzle jet velocity on overall sound power level at
optimum reverser spacings.
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Reverser Nozzle  Area Pressure Spacing Reverser
diameter, ratio ratio ratio, orientation,

Do AA, PLIP, x/Dy a,
cm deg
o V-gutter 5.24 2.43 1.25  0.85{opt.} 0
o l l L 1.42
0o 1.72
2700

(c} V-qgutter reverser and 5. 24-centimeter-diameter nozzle.

Figure 13. - Concluded.
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Figure 15, - Concluded.



Reverser Nozzle  Area

diameter, ratio,
Dy, AdAg
cm
¢ None 5.24 ----
O Smaller semicylindrical 5.63
A Smaller semicylindrical l 5.63
<o V-gutter 2.43

—
£
(=]

p—
W
o

Effective sound power level, PWL, dB re 10 Bw
S
I

100 WoAITENT ENENE AR ENERER N AR N

Pressure Spacing Reverser

ratio, ratio, orientation,
Pn/Py x/0g a,
deg
172 ------ ---
0 {opt.) 0
.61 0
Y .85 (opt) 0

1 2 .5 1 2 5 10
1/3-Octave -band center frequency, f., kHz

Figure 16. - Comparison of effective sound power level spectra for different types of target

thrust reversers.

Reverser Nozzle Area Pressure Spacing Reverser
diameter, ratio, ratio, ratio, orientation,
Dy, Af/An Pn/Py x/Dy, o,
cm deg
O Smaller semicylindrical  5.24 5.63 1.25  Ofopt.} 0
m] L t 1.42 i l
a i 172
10— —
r
a
vy
s 00— —
2
®
=
Y
S E 90— —
- =
53
R
-8 80 —
3
s
= 0 -
=
a CaRpC5 CaRyCs
60!|| ||l| I A 1|| IIH L
.1 5 10 20 .1 5

1/3-Octave-band center frequency f

{a) Angle from nozzle axis, 8, 10°.

kHz

{b) Angle from nozzle axis, 8, 50°.

Figure 17. - Effect of pressure ratio on sound pressure level spectrum at different angular positions with small cylindrical reverser and 5. 24-
centimeter-diameter nozzle.
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Reverser Nozzle Area  Pressure Spacing  Reverser

diameter, ratio, ratio, ratio, orientation,
D,  AfA, PP XDy a,
cm deg
O Smalfer semi- 5.2 5.63 1.25 0 (opt.) 90
cylindrical
[ 125 0
AN 1.72 90
A 172 0
o~
& 10— —
=
3
o™~
S 100
J
o,
W
g
= 90
e
€
8
:L; 80—
e
2
d
3 70—
E l Ll
2 60l 11 i B
w .1 5 10 20 .
1/3-Octave-band center frequency, fo. kHz
(a) Angle from nozzle axis, 8, 10°. (b) Angle from nozzle axis, 8, 50°,

Figure 19. - Effect of reverser orientation on sound pressure level spectrum for small cylindrical reverser and 5. 24-centimeter-diameter nozzle.

Reverser MNozzle Area Pressure Spacing  Reverser

diameter, ratio ratio, ratio,  orientation,
Dy, AfA, P, /P, x/D, o,
cm deg

O  V-gutter 5 24 2.43 1.72  0.85(opt.} 90

° i i } { { 0
I
2 T
wy
E}
B Lo
Eeu
8 &
=3
& 100
[
L m
m-c
2
4 90—
= ‘) | C2R2C3
: | | i .
3 8oL 1 l [ | IJ 1 l i l | l

Bl .2 5 10 20 ot .2 5 10 20
1/3-Octave-band center frequency, ¢ kHz
{a) Angle from nozzle axis, 8, 50°. {b} Angle from nozzie axis, 8, 10°.

Figure 20. - Effect of reverser orientation on sound pressure level for V-gutter reverser and 5. 24-centimeter-diameter nozzle.
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Sound pressure levet at 3.05~m radius, SPL, dB re 2(11N/m2

120—

10—

100—

l I I | I |
L5 2.0 2.5 3.0

Frequency, f, kHz

O
=]

Figure 22. - Partial narrow-band spectrum showing screech obtained
with larger cylindrical reverser at spacing ratio x/D. of 161

59



Calculated sound pressure fevel, SPL, dB re ZQJN/m2

Perceived noise level on 152. 5-m sideline, PNL, PNdB

7(-}800 -600 -400 -200 0 200 400 600 800

100—

IOOF
Perceived
noise level,
90— ~— fl PNL,
Core flow reversers PNdB
o000
ol o7 Cooq
\xNozzIesonIy O~Q
70— o
d
\
\
60—
\
\
\
solo v by v by by g by by by b v g Lo gy
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Figure 23. - Calculated sound pressure level spectrum at 152. 5-meter {500-ft) sideline
for core flow reversers for typical STOL application (based on four 65. 5-cm nozzles
and cold jets at 295-m/sec nozzle velocity).
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Figure 24. - Perceived noise level along 152. 5-meter (500-ft) sideline for core flow reversers
for typical STOL application (based on four 65.5-cm nozzles and cold jets at 295-m/sec noz-
zle velocity).
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