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The present results demonstrate that the normalized wake
growth behind a solid strip is much faster than behind a
porous strip with /3 = 0.425. According to the findings of
Castro, the wake of the solid strip is dominated by a vortex
street which does not form behind the /3 = 0.425 porous strip.
Taken together, these results indicate that the two-
dimensional far wake does depend on the shape of the wake
producing object insofar as the shape affects the formation of
large vortical structures.
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EVIDENCE has been accumulating which indicates that
the presence of vortex-driven acoustic oscillations may

provide a significant contribution to oscillating pressure levels
in segmented solid propellant rocket motors. Several years
ago, Flandro and Jacobs1 suggested that periodic vortex
shedding could interact with the chamber acoustics to
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generate pressure oscillations: Culick and Magiawala2 were
able to produce discrete acoustic oscillations in an open-ended
flow cavity using both pairs of obstructions and several
obstructions in the flow passage. A recent experimental study
by Dunlop and Brown3 indicated that restrictor pairs placed
in a choked internal flow can produce significant increases in
the magnitude of the pressure oscillations. Their results in-
dicated that not only is the position of the restrictor pair
relative to the acoustic mode structure an important
parameter, but that the restrictor spacing is also of im-
portance in determining the pressure oscillations produced by
vortex shedding and interaction.

This Note presents experimental results which indicate that,
for a fixed restrictor pair location and for a fixed restrictor
spacing, the primary acoustic oscillation is produced by
vortex interaction with the downstream restrictor pair and
that significant nonlinear coupling occurs between the in-
ternal shear layers produced by the forward restrictor pair and
the acoustic pressure field, resulting in resonant acoustic trios
of frequency.

The facility used for this study was a subsonic wind tunnel
with a test section 2.44 m in length and a cross section of
17.8 x 17.8 cm. The internal flow cavity consisted of two sets
of restrictor pairs as indicated in Fig. 1. The forward plane of
the flow cavity was located at a position 79% of the test
section length from the entrance to the test section. An X-
configuration, constant-temperature, hot-film anemometer
system was used to measure axial velocity frequency spectra
for various centerline velocities. Two TSI Model 1050
Constant Temperature Anemometers with two TSI Model
1055 Linearizers, together with a TSI Model 1015C Sum and
Difference Circuit were used for the velocity measurements.
Frequency spectra were obtained with a Hewlett-Packard
Model 3590A Wave Analyzer. Analog data acquisition and
digital processing were accomplished with a Hewlett-Packard
Model 2240A Measurement and Control Processor, a
Hewlett-Packard HP-85 Controller, and a Hewlett-Packard
Model 7225A Plotter. Figure 2 shows the velocity frequency
spectrum for a cavity centerline velocity of 17.6 m/s. The
anemometer sensors were located on the cavity centerline
directly between the edges of the forward restrictors.

As the velocity is increased, a variety of acoustic
frequencies are produced. Figure 3 presents Strouhal number
vs flow Reynolds number where the Strouhal number is
defined as

S=fL/U0 (D

where/is the frequency, L the length between restrictor pairs,
and U0 the velocity on the centerline between the edges of the
forward restrictor pair. Reynolds number is defined as

(2)

where D is the separation distance between the edges of the
forward pair of restrictors and v the kinematic viscosity. Two
broad categories of Strouhal number around the values 1 and
2 are readily apparent. However, specific patterns of Strouhal
number of each Reynolds number are also apparent. Figure 4
shows a velocity frequency spectrum for a flow Reynolds
number of 7.14x 104 indicating the frequencies giving rise to
the corresponding Strouhal numbers in Fig. 3. Note in Fig. 4
that the frequencies fall into the pattern

There are over 20 sets of Strouhal number in Fig. 3 which fit
into this pattern.

This type of relationship reflects a condition of resonance
produced by a nonlinear quadratic interaction between the
various modes of discrete oscillations. The upper and lower
shear layers serve as sources of oscillation energy coupling to
the pressure wave equation for the inviscid flow along the
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Fig. 1 Schematic diagram of internal flow cavity.
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Fig. 2 Velocity frequency spectrum for the axial velocity on the
cavity centerline between the edges of the forward restrictors
(velocity = 17.6 m/s, Re = 5.03E + 004).

Fig. 4 Velocity frequency spectrum for axial velocity at 25 m/s,
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Fig. 3 Strouhal number vs Reynolds number, with the velocity
sensors on the cavity centerline between the edges of the forward
restrictors.
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Fig. 5 Time-delay cross-correlation (separation distance d is 1.27
mm, axial flow velocity on the cavity centerline is 17.6 m/s.)
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center of the cavity. The early work describing the shear layers
as fluid sounding boards was done by Lighthill,4'5 Phillips,6

and Landahl.7 The nonlinear resonance coupling of a
quadratic nature leading to resonance of the type indicated in
Eq. (3) has been developed by Benney8 and Br ether ton.9

Recent discussions have been presented by Whitham10 and
Kimetal.11

These results indicate that in addition to restrictor spacing
and location relative to the acoustic modes of the overall flow
system, the presence of amplifying shear layers and reflecting
surfaces can produce resonant acoustic energy flows into
other frequencies governed by selection rules of the type
indicated in Eq. (3).

To determine the source of the primary discrete frequency,
such as that indicated in Fig. 2, time-delay cross-correlation
measurements were carried out for a single sensor and an X-
configuration probe located in the upper shear layer. These
results are indicated in Fig. 5. Phillips6 and Flandro12 have
shown that for vortex production in shear layers, the
frequency produced in the acoustic cavity is related to the
convective velocity of such vortex structures along the shear
layer. From Fig. 5, the conveetive velocity was determined as
approximately 74% of the local shear layer velocity, which
resulted in a local convective velocity almost equal to the
freestream velocity on the centerline at the forward edge of
the cavity. These results yielded a frequency as

f=yc/L = 17.33/0.102 =170 Hz (4)

which is the frequency obtained from the spectrum in Fig. 2.
To summarize, these results indicate that significant

nonlinear resonant energy transfer of a quadratic nature may
be present in internal cavity flows at flow conditions such that
the nonlinear frequency selection rules are satisfied. In ad-
dition, the primary discrete oscillations produced in such
cavity flows have frequencies that are equal in value to the
convective velocities of the vortex structures produced in the
shear layers divided by the cavity length.
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Introduction

THE use of satellite radiance measurements to determine
the atmospheric aerosol optical thickness has been under

investigation for several years.*"3 It has been shown that, over
ocean surfaces, a linear relationship exists between the up-
welling radiance in the visible regions and the aerosol content.
The aerosol content is defined in terms of the Elterman4

model vertical aerosol optical thickness, i.e., the aerosol
content is given by the ratio (measured aerosol optical
thickness at wavelength X to a model aerosol optical thickness
at wavelength X) xN. That is, a value of 2N for the aerosol
content indicates that the optical thickness is twice that of the
Elterman model. In the results reported here, measurements
of the aerosol optical thickness were available only at 0.5 jan,
so that all radiances measured by the different radiometers are
plotted against aerosol content, where N indicates an aerosol
optical thickness of 0.213 (the Elterman model value)
measured at 0.5 i*m.

Linear relationships between the upwelling radiance and the
aerosol content have been determined for Landsat I,1

Landsat 2,2 NOAA-5,3 GOES-1,3 and SMS-2. A global-scale
ground-truth experiment using NOAA-6 data was conducted
in 1980 to investigate the variability of the linear relationship
at different sites around the globe; no results are yet available.
The possibility of using this ocean technique over inland
bodies of water such as rivers, lakes, and reservoirs has been
investigated using Landsat 2 data.

Ocean Data
The relationships between radiance and the aerosol content

are found to be different for each satellite. This can be due to
the aerosol properties being different for each data set or due
to uncertainties in the radiometric calibrations of the satellite
sensors. The Landsat study5 found evidence of radiometric
calibration differences between Landsat 1 and Landsat 2, and
it is believed that similar calibration problems are mainly
responsible for the differences in the results given below.

Landsat Results
Data have been obtained at several sites for Landsat

overpasses,5 the largest data set being for the Pacific Ocean at
San Diego for Landsat 2 overpasses. These results are shown
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