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The rotary subwoofer is a novel acoustic transducer capable of projecting infrasonic signals at high
sound pressure levels. The projector produces higher acoustic particle velocities than conventional
transducers which translate into higher radiated sound pressure levels. This paper characterizes
measured performance of a rotary subwoofer and presents a model to predict sound pressure levels.

PACS numbers: 43.20.Rz, 43.28.Dm, 43.28.Hr, 43.38.Ja

I. INTRODUCTION

While considerable technological progress has focused
on infrasound sensors, signal processing and propaga-
tion effects, fundamental physical barriers have hindered
the development of a controllable infrasound source1.
Classic audio transduction technology such as voice-
coil activated diaphragms, piezoelectric resonators, and
magneto-resistive sheets lack either the large spatial di-
mensions or vibratory displacements required to effec-
tively radiate high-intensity infrasound.

The literature (as far as is known to the authors) pro-
vides no clear demonstration of an efficient, controllable
infrasound source; though inventors have explored the
limits of conventional loudspeaker technology. For ex-
ample, the ’hydrosonic subwoofer’ used fluid coupling
to impedance match infrasound to enclosure vibrations2,
while optimization of a driven Helmholtz resonator also
demonstrated infrasound generation3. However, these
devices have peculiar needs such as fluid bladders or
require physical changes to tune alternate frequencies.
Explosive sources (including air guns) do generate suf-
ficient acoustic pressures, however, they are relatively
uncontrollable in amplitude and duration, and are not
amenable to continuous-wave sound projection. Such de-
vices also entail a host of environmental and safety issues.

An alternative technology has been recently developed
(patent pending) by Eminent Technology4,5, a home &
commercial audio speaker manufacturer based in Talla-
hassee Florida. The projector consists of a baffled fan
with dynamically controlled blade pitch and is referred
to as the TRW (Thigpen Rotary Woofer). An electric
motor rotates the hub at a constant frequency Ω while
the blade pitch is dynamically controlled by a signal s(t)
at frequency ωs (figure 1.) In the non-radiating state,

a)Electronic address: jpark@isla.hawaii.edu

blade pitch is zero with minimal air displacement. In
the radiating mode the blade pitch is actively modulated
according to the input signal and the resultant pulses of
air create high amplitude coherent oscillations in a con-
trolled manner.

Ro

Ri

ωsΩ
BL

BW

FIG. 1. The rotary subwoofer consists of a hub of radius Ri

rotating at a fixed rate of Ω with blades of length BL and
width BW modulated in pitch by signal s(t) with frequency
ωs.

Classic transduction techniques are limited by poor
radiation resistance at small values of ka where k is
the wavenumber and a the characteristic dimension of
the radiator. For example, a uniformly oscillating pis-
ton in a rigid semi-infinite baffle operating at ka << 1
has a radiation resistance Rr that is close to zero. Effi-
cient radiation doesn’t occur until higher frequencies are
reached (ka > 4) where Rr ≈ 1. This paper demon-
strates that the TRW overcomes this limitation by ef-
ficiently projecting relatively high sound pressure levels
(SPL) even though the source is compact (ka << 1). We
speculate that the rotary woofer creates an effective Rr
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even though ka << 1 beacause it changes the radiation
impedance from reactance (mass loading) dominated to
resistance (fluid displacement) dominated by virtue of
increased particle velocities.

This paper has three main goals: to introduce the
rotary subwoofer as a controllable infrasound generator
to the acoustics community, to present measurements
and performance characterization of the device, and to
present a simple theoretical model for the source. The
paper is organized as follows: section II provides a physi-
cal description of the source and it’s installation, section
III details the measurements and their results. Char-
acterization of the speaker enclosure is explored in this
section to explain increased amplitudes of farfield radia-
tion. Section IV presents an acoustic model of the source
based on an effective particle velocity distribution. Re-
sults of the model are compared with measurements in
section V, and discussion of the results are provided.

II. SPEAKER DESCRIPTION AND INSTALLATION

The TRW pitch mechanism uses a conventional elec-
tromagnetic voice coil assembly driven by an audio am-
plifier to pitch the blades in response to the applied signal
s(t). The voice coil longitudinal oscillations are converted
to blade axis rotary motion within the hub. The tested
configuration consisted of 5 equally spaced blades, each
approximately Bw=10.2 cm (4 in) in width by BL=15.3
cm (6 in) in length. The outer diameter of the hub is
approximately 20.4 cm (8 in) so that the annular region
of radiation has inner and outer radii of Ri=10.16 cm (4
in) and Ro=25.40 cm (10 in). The axis of the rotor is
approximately 61 cm (24 in) above the ground.

The speaker is installed at the Infrasound Laboratory
with the rotor hub and blades flush with a heavy sound
board baffle that is clamped inside an exterior door open-
ing with dimensions 91.4 cm (3 ft) x 213.4 cm (7 ft.)
The projector radiates into free space outside the build-
ing, while the building interior forms the back volume.
Figure 2 shows a photograph of the installed source.

The building dimensions are approximately 9.14 m (30
ft) x 18.3 m (60 ft) x 4.3 m (14.2 ft). There are no
structural partitions within the building. Construction
consists of a bolted steel frame, with W and S-shape
I-beams used as columns and beams. Corrugated steel
panels are screwed to the frame to form exterior walls and
roof. The result is a building with considerable structural
compliance compared to a concrete block design. When
the rotary woofer is in operation the exterior wall panels
are easily observed to oscillate.

III. MEASUREMENTS

Measurements were conducted with calibrated Cha-
parral Physics Model 2.2A infrasound microphones6.
Data were recorded and digitized on a RefTek Model
130-01 at a sample frequency of 100 Hz. Input signals
were generated by an EZ Digital FG-8002 function gen-
erator. The blade actuation signal s(t) was a sine wave

a)

b)

FIG. 2. Photograph of the installed source. a) view inside
the building showing the function generator, amplifier, motor
controller and motor, b) view from the exterior showing the
main rotor hub and blades.

with constant amplitude and frequency ωs for any given
measurement. Minimum record lengths for each mea-
surement were 120 s. Spectral processing used a 50%
data overlap with 1024 point Welch’s averaged modified
periodogram method and a minimum of 25 averages.

Figure 3 plots the spectrum of sound pressure levels for
signal frequencies fs = ωs/2π = 2, 4, 8, 16 Hz recorded
on-axis at a range of 1 m with a fan rotational frequency
of F = Ω/2π = 17 Hz (1020 RPM). Significant harmonic
contributions are evident at the lower drive frequencies.
It is clear that the source as installed is far from a linear
device in the near field at infrasonic frequencies. The
primary harmonic generation mechanisms have not yet
been identified.
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FIG. 3. Acoustic power spectra at a range of 1 m with fan
rotation frequency of F =17 Hz, and blade pitch modulation
frequencies of fs =2,4,8,16 Hz.
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Owing to the small atmospheric absorption of in-
frasound (less than 0.005 dB/km for frequencies be-
low 16Hz)7, we were able to easily detect the TRW at
considerable distance. Figure 4 shows on-axis spectra
recorded at a range of 1820 m for signal frequencies of
fs = 4, 8, 12, 16 Hz with a constant fan rotation of F = 17
Hz. Figure 4a shows the fs = 4 and 8 Hz results recorded
in the morning with light winds and lower noise levels.
The fs = 4 Hz signal produced the harmonic at 12 Hz.
Figure 4b plots the results at fs = 12 and 16 Hz during
a period of higher winds and higher background noise.
During the noisier measurement period the 4 Hz signal
would not have been detectable without filtering. Even
at a range of 1.8 km, there is impressive signal-to-noise
ratio exceeding 20 dB for the 12 and 16 Hz projections.
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FIG. 4. Acoustic power spectra measured at range of 1820m
with fan rotation frequency of F = 17 Hz. a) shows signal
frequencies of fs = 4 and 8 Hz, b) fs = 12 and 16 Hz.

Figure 5 shows measurements of SPL loss from 1 m for
five signal frequencies compared to spherical spreading
loss (solid line.) The lack of amplitude fluctuations in-
dicate that there are no nearfield pressure effects, as one
would expect for a projector with kRo < 0.15.
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FIG. 5. SPL loss versus range referenced to a distance of 1m
at the five signal frequencies fs = 1.5, 5, 8, 10, 16 Hz. The
solid curve represents spherical spreading loss.

The acoustic model presented in the following sec-

tion decomposes the particle velocities at the face of the
blades into two components. The first is produced by
the rotational velocity of the fan about the main hub at
frequency F , the other from the rotational velocity of the
blade about it’s actuation axis at frequency fs. The com-
ponent produced from main hub rotation at frequency F
will increase in proportion to the frequency F , the ra-
dius of the hub, and the outer radius of the blades. The
component related to fs is controlled by the amplitude
of the signal s(t), and the rate of blade actuation fs. As
the amplitude of s(t) increases the blade pitch actuation
increases driving the blade through larger displacements
and higher velocities.

Figures 6 and 7 quantify changes in SPL as a function
of the three parameters F , fs, and |s(t)|RMS . To esti-
mate the SPL at a particular signal frequency, a time-
series analysis was used. A bandpass filter of 1Hz was
centered on the signal frequency, the computed variance
provides an estimate of the signal power and is converted
into dB.

Figure 6 presents estimates of projector SPL measured
at 1 m with a constant F = 11 Hz (660 RPM). Values
of root mean square (RMS) input signal voltage ampli-
tude (Vin = |s(t)|RMS) are denoted next to each estimate.
It is clear that at this fan rotation frequency the signal
frequencies of fs = 4, 8 Hz produce a more efficient re-
sponse than the lower or higher signal frequencies. It can
also be observed that for a specific signal frequency that
an increase in signal amplitude (blade pitch actuation)
produces an increase in projected SPL.
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FIG. 6. Estimated source SPL from measurements at 1m with
F = 11 Hz versus signal frequency fs. RMS voltage amplitude
of the drive signal is denoted next to each measurement.

Estimates of SPL at 1 m with F = 17 Hz are shown
in figure 7. Compared to the F = 11 Hz results, we
find significant increases in SPL. Data represented by
solid symbols were recorded at a range of 1 m, while the
open symbols were recorded at a range of 1820 m and
corrected to 1 m based on spherical spreading loss. Peak
levels measured at 1 m were 28.1 dB re Pa2/Hz (122.2
dB re 20µPa2/Hz).

The estimates at 12 and 16 Hz from the range corrected
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FIG. 7. Estimated source SPL from measurements at 1m and
1820m with F = 17 Hz versus signal frequency fs. RMS
voltage amplitude of the drive signal is denoted next to each
measurement.

1820 m measurements are unexpectedly high. Two possi-
ble mechanisms for this could be changes in the propaga-
tion channel, or resonant coupling from the baffle/back
volume. It is known that changes in temperature profile
and wind conditions can produce a profound impact on
the local (<50km) propagation of infrasound8. The mea-
surements at fs = 12 and 16 Hz were performed with a
southwest (040o) wind of approximately 4 m/s aligned
with the direction with the projector axis (032o), while
the fs = 4 and 8 Hz measurements were collected earlier
in the day with little or no wind.

Resonant coupling could arise from forced oscillation
of the building close to it’s natural modes. For a rect-
angular enclosure of dimensions lx, ly, lowest axial mode
eigenfrequencies in Hz are ωn = c/πlx and ωm = c/πly,
which evaluate to fn=9.4 Hz (lx=18.3m) and fm=18.8
Hz (ly=9.14m). When the enclosure is driven at fre-
quency ω, the axial modes can be described by:

Pnm =
Anm cos knx coskmy√

(1/Qnm)2 + (ω/ωnm − ωnm/ω)2
(1)

where Anm is determined by the source and Qnm the
quality factor governed by boundary losses9. The second
term in the denominator describes an amplification (α)
factor that maximizes Pnm when ω = ωn. At a signal
frequency of fs = 12 Hz and building eigenfrequency of
fn = 9.4 Hz, the value of αn = 2.03. With fs = 16
Hz, fm = 18.8 Hz, αm = 3.19. This suggests that signal
frequencies of 12 and 16 Hz are close enough to modal
frequencies of the building that there is potential for am-
plification of building panel oscillation at the drive fre-
quencies. It is therefore possible that the building itself
is acting as an extended radiator when driven at signal
frequencies of 12 and 16 Hz.

Figure 8 plots a composite transfer function of the out-
put acoustic power at a range of 1 m to the input voltage
signal power Vin. There are 4 distinct transfer function

spectra plotted in figure 8, a separate measurement at
each of the four drive frequencies fs = 1, 4, 8 and 16
Hz, with a constant fan rotation frequency of F = 11
Hz. Portions of each spectra were plotted only if the in-
put/output coherence was greater than 0.98. Interpret-
ing the coherence as a metric of input/output linearity,
we can see that as the drive frequency increases the spec-
tral band over which the assumed linear response is valid
increases, though in none of the measurements does it
cover the entire spectrum. A possible reason is that as
the drive frequency decreases the increasing compliance
of the diapraghm may decouple the input/output.

Turning attention to the amplitude of the transfer
functions, the TRW exhibits maximal power conversion
over the 3 to 8 Hz band at this F . This is consistent with
the measurements presented in figure 6. A notable result
of figure 8 are the relatively large amplitudes (> −4dB),
which indicate a high transduction efficiency despite the
low value of kRo.
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FIG. 8. Composite signal transfer function with values of
coherence >0.98.

A five-point angular response of the projector at a
range of 1 m is shown in figure 9. At the low wavenum-
bers and small radiator dimensions (kRo < 0.15) of the
TRW, the radiation field of a baffled simple source should
be monopole. The data show a persistent reduction of
approximately 2 dB on-axis for all measurements, with
similar results at a range of 10 m. Reasons for this depar-
ture from the expected omnidirectional radiation are not
clear. Evaluation with the source model discussed below
indicate that radiation from the wall/baffle is capable of
reducing the on-axis pressure.

IV. ACOUSTIC MODEL

The TRW relies on the rotary motion of the hub and
blades to generate significant particle velocities, while the
dynamically controlled blade pitch creates the fluctuat-
ing signal pressure pulses. These two components are
similar to those found in cooling/turbo-machinery fans
and helicopter rotor blades, both of which have been ex-
tensively studied. There are however some differences.
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FIG. 9. Angular response measured at a range of 1m for the
drive frequencies fs=4, 8, 16 Hz. Data are SPL in units of
Pa2/Hz. The axis of the fan is aligned at 0o.

Fan studies are typically assessed with inclusion of duct
or strut interactions, the authors are not aware of cases
where the blade pitch is dynamically modulated to pro-
duce a desired output signal. Fans have been shown
to generate discrete tones as the blades encounter in-
gested turbulence leading to uneven pressure distribu-
tions across the blade10–13, which is analogous to the con-
trolled fluctuations of the TRW. Helicopter rotors con-
spicuously generate discrete sound from turbulence or
vortex interactions11,14, though the main rotors are not
baffled and the blade pitch is not modulated at a signal
frequency.

An in-depth analysis of the TRW radiation might
employ the Ffowcs Williams-Hawkings extension of
Lighthill’s acoustic analogy applied to sources in
motion14,15, or, evaluation of Kirchoff’s integral for mov-
ing surfaces16,17. In the case that the blades can be
considered point sources in the low-frequency limit, the
method of Morfey could be applied18. All of these meth-
ods require significant resource investments for success-
ful application. Instead, we will use Rayleigh’s integral
based on an effective particle velocity to estimate pres-
sure distributions of the projector.

Considering the baffled fan as a planar radiator pro-
ducing an effective annular surface normal velocity
Un(S), a Green’s function form of the Rayleigh integral
may be used to represent the pressure at the field point
x.

p(x) =
iωρ

2π

∫
Un(S)

ejkr

r
dS (2)

where ρ is the atmospheric density and r the magnitude
of the position vector from the center of the fan to the
field point.

With the fan rotational frequency Ω greater than the
blade modulation frequency ωs, we assume that the net

result of forcing on the surrounding air is production of
coherent annular rings of pressure pulses. The effective
particle velocity of the ring is modeled by assuming su-
perposition of the blade rotational velocity, UΩ, with the
particle velocity Uω induced by the dynamically adjusted
blade pitch.

Figure 10 depicts velocity distributions of the blade
along the transverse and longitudinal directions. The
velocity along the length of the blade (dimension BL in
figures 1 and 10) is UΩ(R) = Ω(Ri + R), where R is the
radial distance from the hub center and takes values in
the range [Ri, Ro]. An effective velocity evaluated at the
centroid of the distribution gives: UΩ = Ω[Ri + 2(Ro −
Ri)/3]. Across the width of the blade (dimension BW) the
velocity is ωRw, with Rw ∈ [0,±BW/2], and an effective
value can be specified as Uω = ±ω2BW/3.

BW

BLω

Ω RoωB W/2 Ω Ri

ΩUω
UΩ

FIG. 10. Blade velocity distributions from the blade pitch
modulation frequency ω and the fan rotation Ω.

As the blade varies its angle of attack (θ) according to
the signal s(t), the normal component of UΩ will vary as
n̂UΩ = sin(θ)UΩ, as shown in figure 11. The composite
particle velocity normal to the blade is then

Un = Uω + n̂UΩ. (3)

ω θ UΩn·UΩ^
Uω

BW

FIG. 11. Effective particle velocity normal to the blade is
modeled as the sum of the normal component of fan rotational
velocity n̂UΩ with the effective velocity from the blade pitch
modulation Uω.

The maximal value of n̂UΩ will correspond to the
largest excursion of blade pitch θ = θmax during ap-
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TABLE I. Blade pitch angles θmax in degrees as a function of
RMS input signal voltage Vin.

Vin 2 3 4 5 6 7 8 9 10 11
θmax 25.0 28.8 32.5 36.3 40.0 43.8 47.5 51.3 55.0 58.8

plication of the signal s(t). Since we are interested in
pressure amplitude we will evaluate n̂UΩ at θmax with
the assumption that the maximal particle velocity is the
primary contributor to the pressure maxima.

Equation 3 is used in equation 2 to compute the ra-
diated pressure of the fan. Equation 2 is numerically
evaluated over a grid covering the annular area between
the fan hub and baffle. The grid consists of 732 elements
of area 2.32 cm2 each.

The only variable of the model that is not precisely de-
termined is θmax. This value is directly dependent on the
amplitude of the input signal Vin. While we were able to
measure Vin, we did not have access to instrumentation
that could quantify θ under operating conditions. Ob-
servation of the blades indicated that typical values of
θmax varied between 25-60o with Vin in the range of 2-
11 VRMS. Based on this observation we assume a linear
relation between Vin and θmax with values listed in table
I.

V. RESULTS AND DISCUSSION

A. Model Results

Results of equation 2 compared to measured data at
a fan rotational frequency of F = 17 Hz are shown in
table II. Model results are within 2 dB of measured data
at drive frequencies of fs = 2, 4 and 8 Hz. However at
16 Hz the pressure is overestimated by 11 dB. The mea-
sured data follow the trend of the transfer function such
that the output at fs = 16 Hz is about 3 dB down from
the output at fs = 8 Hz, while the model predicts a 6
dB increase. This could indicate that the blade actua-
tion component of the particle velocity Uω is higher in
the model than in the physical system, or that the linear
combination of the blade rotation and actuation veloc-
ities is no longer a valid representation of the particle
velocities.

TABLE II. Model results for a fan speed of 17 Hz (1020 RPM)
compared to measured values (SPL) at a range of 1 m. Data
and model SPL are dB re Pa2/Hz.

fs(Hz) Vin θmax Ω/ωs UΩ/Uω SPL Model
2 11 58.8o 8.5 57.5 18.3 17.7
4 11 58.8o 4.3 28.7 25.1 23.8
8 10 55.0o 2.1 13.7 28.1 29.8
16 10 55.0o 1.1 6.9 25.6 36.4

Examination of the ratio of fan rotation frequency to
blade actuation frequency, Ω/ωs, and of UΩ/Uωs , re-

veals that the model breaks down when Ω/ωs < 2 or
UΩ/Uω < 10. This indicates that our assumption for
model validity, that the fan rotational frequency Ω should
be greater than the blade modulation frequency ωs to
produce coherent pressure pulses that can be modeled
with an effective velocity distribution was off by a factor
of 2.

Model results compared to measured data with F =
11 Hz are presented in table III. At signal frequencies
of fs = 1 and 4 Hz the predicted and measured values
are within 5 dB, however at the higher frequencies the
pressures are severely overpredicted. These results follow
the conditions observed above where the model breaks
down for Ω/ωs < 2 or UΩ/Uω < 10..

TABLE III. Model results for a fan speed of 11 Hz (660 RPM)
compared to measured values (SPL) at a range of 1 m. Data
and model SPL are dB re Pa2/Hz.

fs(Hz) Vin θmax Ω/ω V Ω/V ω SPL Model
1 2 25.0o 11 37.2 2.9 1.9
1 8 47.5o 11 65.4 10.3 6.7
4 4 32.5o 2.8 12.0 11.9 16.6
4 6 40.0o 2.8 14.1 17.7 18.0
8 5 36.3o 1.4 6.6 10.2 23.9
8 7 43.8o 1.4 7.6 15.4 25.1
16 6 40.0o 0.7 3.6 5.7 31.6
16 8 47.5o 0.7 4.1 10.0 32.4

B. Discussion

We have decomposed the effective particle velocity of
the TRW into two components, the blade rotational ve-
locity, UΩ, and the signal modulated blade pitch velocity
Uω. Comparison of the magnitude of these components
reveals that the electric motor that drives the hub and
blades at frequency Ω is the primary accelerator of the
particle velocity. For example, at F = 17 Hz and fs = 8
Hz the normal component of effective particle velocity
from the hub rotation is UΩ=12.3 m/s while the blade
actuation velocity is Uω=1.3 m/s. The majority of the
consumed power is used to drive the motor and rotate
the hub, on the order of 100 Watts, while the power con-
sumed by the signal actuating the blades is roughly 10
Watts. This relatively small value of signal power pro-
ducing high levels of acoustic power result in large trans-
fer function amplitudes and good transduction efficiency.

Measurements of radiated sound power found SPL lev-
els at a range of 1 m of 28 dB re Pa2/Hz (122 dB re
20µPa2/Hz). It was clearly demonstrated that increas-
ing the value of rotor velocity, or blade pitch actuation
produced increases in SPL. This is consistent with the
expectation that increased particle velocities are a con-
tributing factor to TRW performance. Measured values
of SPL at a range of 1820 m found significant signal-
to-noise ratio’s, indicating that detection ranges of the
TRW infrasound could exceed 2 km. Unexpectedly high
values of SPL were recorded at 12 and 16 Hz at a range of
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1820m. It is suggested that the building which forms the
back volume of the TRW is resonating at these drive fre-
quencies, which may increase the farfield SPL. Another
candidate mechanism for the increased levels are changes
in atmospheric propagation conditions. Further study is
warranted to research this discrepancy.

A coarse measurement of angular response found rea-
sonable agreement with monopole radiation as expected
for a baffled source with kRo << 1. However, a roughly 2
dB reduction in the on-axis response was observed at all
frequencies. Use of the Rayleigh integral model indicates
that radiation from the building wall may be contributing
to this, though reduction in SPL of 2 dB could not be re-
produced. This represents another area where additional
research is needed.

A simple model based on effective particle velocities
applied to Rayleigh’s integral was developed to predict
radiated pressures. The model assumes that the velocity
distribution can be considered a linear superposition of
effective blade velocities from the fan rotation and the
blade pitch actuation. Model results at F = 17 Hz were
within 2 dB of measured values at signal frequencies of
fs = 2, 4, 8 Hz, but overpredicted pressure by 11 dB at
fs = 16 Hz. Model values at F = 11 Hz were within 5
dB at fs = 1 and 4 Hz, but were too large by more than
10 dB for fs=8 and 16 Hz. It was observed that when
Ω/ωs < 2 the model results are poor. This may be an
indication that the effective particle velocity representa-
tion is no longer valid. A detailed model with improved
particle velocity distributions and analysis methods are
suggested to address this problem.

VI. CONCLUSION

The rotary subwoofer is a novel acoustic transducer
capable of efficiently generating controllable infrasound
signals at high sound pressure levels. It is suggested that
the TRW overcomes the canonical difficulty of conven-
tional transducers operating in the infrasound band, that
the radiation resistance is near zero since the radiation
impedance is dominated by mass-loading, by changing
the impedance to fluid displacement dominated by virtue
of increased particle velocities. Another unique aspect of
the rotary subwoofer is the high transduction efficiency
in terms of input signal power to radiated sound power.

The development of a controllable infrasound gener-
ator will likely find utility in several acoustic applica-
tions. For example, the field calibration of infrasound
arrays operated by the International Monitoring System
(IMS) of the Comprehensive Test Ban Treaty Organiza-
tion (CTBTO), and as a tool for assessing atmospheric
propagation studies. Other applications might include
the field simulation of geophysical or anthropogenic infra-
sound sources to assist in the development of infrasound
sensors and detection algorithms.
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