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Nomenclature
a = speed of sound
D = nozzle exit diameter
/ = one-third octave center frequency
K = nondimensional constant
p2 = mean square acoustic pressure
r = radial distance to field point
U = nozzle exit velocity
6 = angle from jet upstream direction to field point
p - density

Discussion
THRUST reverser noise estimates are needed for STOL
aircraft because sideline noise from reversers at approach
power settings after touchdown might exceed the takeoff
sideline noise limit. There are no rigorous analytical
methods for predicting such noise. A partial correlation of
data for small cold jets with semicylindrical and V-gutter
target-type thrust reversers had been developed1'2 at
NASA Lewis Research Center. Because separate correla-
tion curves must be utilized for each direction angle, that
correlation is less useful than an approximate analytic ex-
pression would be.

Over-all sound power level (OAPWL) was found to vary
with jet velocity to the sixth power as expected for dipole
noise. At first glance, measured directivity patterns re-
sembled the cos2(0/2) variation predicted3 for noise
caused by turbulence flowing past one side of a sharp
trailing edge. It,, was found empirically that cos2(0/3) gave
a close approximation to directivity measured with semi-
cylindrical reversers. No analytical justification exists for
use of this trigonometric function. Also, from dimensional
analysis one would expect the mean square acoustic pres-
sure to be given by

J* = K(p2U*/a2)(D/r)2 cos2(0/3)
which, except for the directivity function, had been given
elsewhere.1'2 Numerical values for the constant would de-
pend on jet temperature; data for cold jets should be ap-
plicable to reversers for high bypass ratio fans.

Over-all sound pressure levels (OASPL) measured for
the smaller semicylindrical thrust reverser1 at three veloc-
ities and two reverser orientations are shown in Fig. 1.
Maximum OASPL for the nozzle without a thrust reverser
was less than the minimum value measured with a rever-
ser. Effects of velocity and direction angle on reverser
noise are closely estimated by the above equation with K
= 3 x 10~5. There was no consistent effect of reverser ori-
entation (horizontal or vertical). The V-gutter reverser
was about 6 dB louder and had a less smoothly varying
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Fig. 1 Calculated and measured OASPL directivity for semi-
cylinder reverser.

directivity pattern that was dependent on orientation.
Measured OASPL and values calculated with K - 1.2 x
10~4 are compared in Fig. 2. For both horizontal and ver-
tical orientation, magnitudes at most direction angles are
estimated with ±3 dB.

One-third-octave acoustic spectra measured at each di-
rection angle and different velocities, normalized with re-
spect to OAPWL, had been found2 to correlate with
Strouhal number fD/U. If spectra for each angle had been
normalized with respect to OASPL measured at the same
angle, they would also correlate for different direction an-
gles. Variations of these correlated spectra with reverser
size and orientation are within the spread of data. To il-
lustrate this additional result, normalized %-octave spec-
tra are plotted in Fig. 3 for the two different sizes of semi-
cylinder reversers at 10°, 80°, and 160° direction angles and
one exit velocity. Nozzle exit velocity and diameter are
constant for these data, so normalized SPL can be plotted
against frequency rather than Strouhal number. Except
for frequencies strongly affected by ground reflection, the
normalized spectra coalesce about a smooth curve with a
total spread generally less than 3 dB. Power spectral den-
sity seemed to vary directly with frequency for Strouhal
numbers less than 0.5 and inversely with frequency cubed
for Strouhal numbers greater than 2. Somewhat worse
correlation was obtained for spectra of V-gutter reversers.
These had relatively more acoustic energy at low frequen-
cies where the spectra were strongly affected by ground
reflection.
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Fig. 2 Calculated and measured OASPL directivity for V-
gutter reverser.
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PJ = nozzle -exhaust total pressure
p = static pressure
q - dynamic pressure
Subscripts
b = nozzle end
m - nozzle maximum
o = freestream
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Fig. 3 Normalized spectra for semicyUnder reversers.
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Introduction

AERODYNAMIC interference is a term often used to de-
scribe the interactions between closely spaced solid bod-
ies. But interference between solid bodies and plumes also
occurs. For example, jet-engine exhaust plumes can sig-
nificantly affect aerodynamic forces on nearby airplane
structure. In fact, this frequently happens. Studies have
shown that airplane drag, lift, and moments can vary if
plume conditions change.1'8

What complicates the prediction of plume interference
is that plumes, unlike solid bodies, create entrainment
effects as a result of viscous shear, or mixing, with the
surrounding flow. Yet plumes are also obstacles to the
surrounding flow, as are solid bodies. Therefore, plume in-
terference can be depicted as being a composite of two
constituents, plume entrainment and plume shape, which
iteracts with airplane flowfields.

Objectives and Methodology

Researchers using various techniques have examined
the fundamental case of jet interference on isolated ex-
haust nozzles.9'12 Changes in plume conditions, such as
different pressure ratios, can significantly change nozzle
external drag. These interference effects are more notice-
able during subsonic and transonic flight than during su-
personic flight. At supersonic speeds, disturbances can
transmit upstream, toward the nozzle, only through the
relatively small subsonic portion of the nozzle boundary
layer.

Exhaust plumes are represented in some analyses as
being solid bodies, often cylinders.13-16 This is obviously a
simplification of the true situation; nevertheless, it is an
approach sometimes used for pragmatic reasons. So that
such approaches may be evaluated, an objective of this
study was to compare, experimentally, flowing jets with
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Nomenclature

A = cross-sectional area
CD = drag coefficient, D/(goAm)
Cop = pressure drag coefficient, (I/A m)J*m CpdA
Cp = pressure coefficient, (p - po)/Qo
D = nozzle external drag
M = Mach number
NPR = nozzle pressure ratio,
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Fig. 1 Effects of solid-body plume simulators on nozzle pres-
sure drag.


