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Abstract — Loudspeakers developed by Kronos Air Technologies use the same physical
phenomenon as an electrostatic fluid accelerator (EFA). This ionic wind technology provides
virtually inertialess air oscillations by applying a force directly to the air without the use of a
membrane and creates high linear displacement. As a result, Kronos EFA loudspeakers
deliver accurate sound production across a wide acoustical range.

I. INTRODUCTION

A loudspeaker is a device that converts electrical signal to acoustic waves, i.e. sound.
There are different types of loudspeaker. The most popular and widely used is a moving
coil type. This type itself has many variations such as electrodynamic, permanent
magnet, and horn speakers. A coil is attached to a diaphragm or cone and is placed in a
magnetic field created by an electro- or permanent magnet. An electric current through
the coil forces the diaphragm to move back and forth generating acoustic waves.
Electrostatic speakers have a thin charged membrane placed between two conductive
stationary panels. An electric potential proportional to the acoustic signal is applied
between the panels and membrane, creating electrostatic forces that induce movement in
the membrane. Advantages of electrostatic speakers include a low mass membrane and
the resulting flat frequency response expecially at high frequencies [1]. The planar-
magnetic type speaker is similar to the electrostatic one except that it uses a very thin
metal ribbon placed between two magnets where magnetic forces between the ribbon and
magnets are controlled by electric current through the ribbon.

All of the above described loudspeakers have some fundamental limitations related to
their method of electrical to acoustic transduction. One common limitation is the
presence of a diaphragm or membrane that has non-zero mass, limited maximum
displacement, and suspension stiffness. In contrast, plasma loudspeakers do not have a
membrane or moving parts. In plasma speakers, acoustic waves are excited by partially
ionized gas that works as a transducer. The ionization is created by a gas discharge,
which is generally produced by application of high voltage between electrodes with
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different curvatures. A good review of plasma loudspeakers as well as principles of
operation and applications can be found in [2,3].

Plasma loudspeakers can be divided into two classes: “hot-plasma” and “cold-plasma”
[3]- Hot-plasma loudspeakers use heat as an acoustic source and are based on thermal
expansion of the gas surrounding the plasma to produce acoustic waves. The plasma
induced heat is generated by the interaction of ions with neutral molecules, allowing for
rapid heating of the gas. High voltage varying with radio frequency is applied between
electrodes and modulated with an acoustic frequency signal. The gas temperature
changes with time according to the acoustic signal, leading to changes in gas pressure
and thus generating acoustic waves. One of the first loudspeaker based on this
operational principle was developed by S. Klein in 1954 [4]. Originally it was called
“lonophone”, later it was commercially produced and sold as the “Ionovac” [5].
Ackerman et. al. built “hot-plasma” speaker for animal research that could generate
sound pressure levels up to 132 dB at 3 kW power [6].

Cold-plasma speakers use Columbic force as an acoustic source and are based on
momentum transfer between ions and the fluid medium. Their principle of operation is
the same as one of electrostatic fluid accelerators [7]. In the case of cold-plasma
speakers, also known as EFA or ionic wind speakers, dc high voltage is applied between
electrodes arranged such that resulting corona discharge creates ions moving from the
high curvature corona electrode to the low curvature collecting electrode. On their way
ions collide with neutral gas molecules creating a net gas flow in some particular
direction or so-called “ionic wind”. Modulation of high voltage with acoustic frequency
creates forces changing with the applied frequency, which act on neutral gas molecules
and generate acoustic waves. Although the cold-plasma loudspeaker has been
investigated more intensively than the hot-plasma loudspeaker [2] with many different
models describing its operation [2,3,8-11] no EFA loudspeaker has been produced
commercially to date.

The main advantage of plasma loudspeakers is the absence of membrane and moving
parts, which makes them essentially inertia-free. This results in a near-perfect transient
response, i.e. the ability to instantaneously respond to an infinitesimally short pulse, and
frequency response free of resonance. The former allows creating acoustic generators
that can produce very short impulses with wide spectrum [12], and the later allows
creating acoustic generators with high fidelity output up to 150 kHz [9] and higher. In
addition, plasma speakers can be made very small in size and can work as true acoustic
point-source with uniform directivity curve [9,13,14]. However, there are also some
difficulties associated with plasma loudspeakers that limit their wide exploitation. The
main problems are the following: poor signal output at lower frequencies from devices
produced to date, ozone production as a byproduct of corona discharge, longevity of high
curvature electrodes, and low electric to kinetic transduction efficiency. The purpose of
this paper is to present a model of EFA loudspeakers that overcomes many problems
mentioned above while keeping all advantages of plasma loudspeakers.
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II. KrRONOS EFA LOUDSPEAKER

Schematic representation of the Kronos acoustic system using EFA loudspeakers is
shown in Fig. 1. The stereo system consists of two Kronos EFA loudspeakers powered
by a proprietary Kronos switching high voltage power supply (HVPS) connected through
an amplifier to an acoustic signal source such as CD player.

CD Player
|
Amplifier
\
+ HV + HV
HVPS
Ground Ground

Fig. 1. Schematic representation of Kronos acoustic system that uses two
Kronos EFA loudspeakers.

Kronos EFA loudspeaker is shown in Fig. 2. High curvature corona electrodes
consisting of an array of metallic wires are placed parallel to an array of attracting
electrodes made of hollow aluminum rods. High electric potential is applied at wires
while aluminum rods are kept at ground potential. The whole assembly of wires and rods
can be wrapped in a fabric or put in a box.

Dimensions of Kronos EFA loudspeaker shown in Fig. 2 (a) are 14” by 22” by 2”. The
geometry and the material choice of the loudspeaker have several advantages. First of all,
the loudspeaker is very light, weighting only 1.6 1b, and is comparatively thin. This
allows for flexible mounting options such as hanging it on a wall or to a ceiling. Second,
the loudspeaker has a high transparency, so it can be installed, for example, in a window
where both sun and air may come through the window. Third, Kronos EFA loudspeaker
can work simultaneously as an air purifier and/or an electrostatic fluid accelerator, i.e.
fan, as their geometry and principle of operation are similar. In addition, the loudspeaker
geometry makes it possible to change its directivity by controlling magnitude and phase
of high voltage applied to each wire according to concept of wave field synthesis that is
based on a Huygens principle on wave propagation.
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Fig. 2. Kronos EFA loudspeaker: (a) without enclosure and (b) put in a box
and wrapped in a fabric.

One of the main concerns associated with plasma loudspeakers is ozone generation as
a byproduct of corona discharge. Although the Kronos EFA loudspeakers produce a
small amount of ozone, it is possible to reduce ozone level to natural background level.
For example, Kronos EFA loudspeakers shown in Fig. 2 (b) retain majority of ozone
produced within their enclosure, where it is allowed to naturally decay back to oxygen.

For the following experimental results a high voltage of 14 kV was applied to the
corona electrodes and a time dependent acoustic modulated HV signal was applied to the
collecting electrodes with maximum amplitude of approximately 3 kV. During operation
of Kronos EFA loudspeaker, the electric potential difference between arrays was
bounded by the corona onset voltage and corona breakdown voltage.

III. RESULTS AND DISCUSSIONS

Kronos EFA loudspeakers produce high fidelity crisp sound. It is currently possible to
achieve a sound level of 130 dB measured in the near field without audible distortion or
spark evens. The acoustic signal from each speaker has a maximum intensity along its
centerline.

Frequency response of Kronos EFA loudspeaker is shown in Fig. 3. Acoustic signal
was measured at a distance of 1 ft from the speaker. One can see that frequency response
is almost flat over a full range up to 24 kHz.

Frequency response of a waterfall test is shown in Fig. 4. Again, one can see an almost
abrupt decay of the signal, when compared with results from the same test conducted
with a generic moving coil-type speaker.
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Fig. 3. Frequency response of Kronos EFA loudspeaker.

In addition, Kronos EFA loudspeaker was investigated for the potential application of
active noise cancellation device. Experimental setup for active noise cancellation tests is
shown in Fig. 5. A box with walls covered by sound absorption foam imitates a closed
volume where noise is to be eliminated. The dimensions of the box used were 3 ft by 2 ft
by 2 ft. One wall of the box was replaced by EFA speaker 2, which was used to cancel
sound generated by EFA speaker 1 placed outside of the box. Both speakers were
oriented such that generated airflow was directed toward into the box. The distance
between speakers was approximately 24 inches.

Both speakers were driven by a HVPS connected through a Yamaha amplifier to an
acoustic signal generator. Amplitude of the acoustic signal for both speakers was
independently controlled by the Yamaha amplifier. Time delay of the signal for the
second speaker was controlled by an AD 22d Audio Delay device. Sound level at
different locations inside the box was measured using a RS 232 Sound Level meter. The
background noise level was approximately 40 dB.

Cancellation of a simple sinusoidal wave was investigated for three individual
frequencies, 1, 2, and 3 kHz. The signal of the second speaker had an opposite phase
with respect to the first speaker. It was found that at all three frequencies proper time
delay and amplitude adjustment of the acoustic signal of the second speaker decreased
sound level by 20 dB, 27 dB, and 24 dB, at any point inside the acoustically insulated
box. By adjusting the time delay while maintaining the same amplitude of both speakers,
it was possible to provide sound level reduction by 14 dB at any point inside the box for
all three frequencies.
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(b)

Fig. 4. Waterfall test: (a) Kronos EFA loudspeaker and (b) generic moving
coil-type speaker.
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Fig. 5. Experimental setup for active noise cancellation tests.
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IV. CONCLUSION

Kronos has successfully demonstrated a proof of concept full range EFA loudspeaker
with near flat frequency response up to 24 kHz, and a maximum acoustic output of 130
dB. Future work will further characterize the Kronos EFA loudspeaker including
directivity curve and signal destruction analysis. Further work will also investigate the
developments in active noise cancellation and dynamic magnitude and phase to ray
directivity control.

REFERENCES

Quad ESL-989 Electrostatic Loudspeaker: Specifications,
http://www.stereophile.com/floorloudspeakers/720/index5.html, 2007.

M. S. Mazzola and G. M. Molen, "Modeling of a DC Glow Plasma Loudspeaker,"
Journal of Acoustical Society of America, vol. 81, no. 6, pp. 1972-1978, 1987.

P. Bequin, K. Castor, P. Herzog, and V. Montembault, "Modeling Plasma
Loudspeakers," Journal of Acoustical Society of America, vol. 121, no. 4, pp. 1960-1970,
2007.

S. Klein, Acustica, vol. 4, pp. 77-79, 1954.

http://www.ionovac.com

E. Ackerman, A. Anthony, and F. Oda, "Corona-Type Loudspeaker for Animal Studies,"
Journal of Acoustical Society of America, vol. 33, no. 12, pp. 1708-1712, 1961.

M. Robinson, "Movement of Air in the Electronic Wind of Corona Discharge," AIEE
Transactions, vol. 80, pp. 143-150, May 1961.

D. M. Tombs, "Corona Wind Loudspeaker," Nature (London), vol. 176, no. 4489, pp.
923, 1955.

F. J. Fransson and E. V. Jansson, "The STL-Ionophone: Transducer Properties and
Construction," Journal of Acoustical Society of America, vol. 58, no. 4, pp. 910-915,
1975.

G. Shirley, "The Corona Wind Loudspeaker," Journal of Audio Engineering Society, vol.
5, pp- 29-37, 1957.

K. Matsuzawa, "Sound Sources with Corona Discharges," Journal of Acoustical Society
of America, vol. 54, no. 2, pp. 494-498, 1973.

R.J. Wyber, "The Design of a Spark Discharge Acoustic Impulse Generator," I[EEE
Transactions on Acoustics, Speech, and Processing, vol. 2, pp. 157-162, 1975.

S. Klein, "Transducer for the transformation of electrical modulations into vibratory
modulations," United States Patent N0.4482788, 1984.

M. K. Lim, "Corona-Type Point Source for Model Studies in Acoustics," Applied
Acoustics, vol. 14, no. 4, pp. 245-252, 1981.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


