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THERMOACOUSTIC CONVERTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/291,738 entitled “Delta Con-
vertor: Double-Acting Extremely Light Thermo-Acoustic

Convertor with No Hot Moving Parts, Maintenance, Lubri-
cation, or Electric Feedback Required™ filed on Feb. 5, 2016.

The entirety of the above-noted application 1s incorporated
by reference herein.

ORIGIN

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefor.

BACKGROUND

Currently, power generation from an external or internal
heat source using thermal energy conversion technologies
such as solid-state thermionics and thermoelectrics or
dynamic conversion with Otto, Stirling, Brayton, or Rankine
technologies are fundamentally limited 1n their maximum
specific power due to eirther their low etliciency and/or
operating Irequency. The solid-state technologies are low
voltage and hence produce a high DC current which restricts
their minimum geometry to approximately 4 A/mm~ to avoid
over-heating. Hence, high power implementations of this
technology class are inethicient, large, and heavy.

In addition, the dynamic technologies are limited to
approximately 400 Hz because of two different reasons.
First, the oscillating piston engines such as Stirling and Otto
technologies require a force on the piston that grows expo-
nentially with frequency, which 1s diflicult to achieve above
400 Hz with reactive springs or rods. Second, the rotating

machines such as Brayton are also limited in frequency of

operation because above 24,000 RPM (400 Hz) the rotor tip
speed either becomes supersonic or places too much stress
on the rotor due to centrifugal forces. Hence, today’s space,
terrestrial, and proposed aircrait power systems are unnec-
essarily large and heavy for the power level they provide.

SUMMARY

The following presents a simplified summary of the
innovation in order to provide a basic understanding of some
aspects of the innovation. This summary 1s not an extensive
overview of the inovation. It 1s not intended to i1dentily
key/critical elements of the mnovation or to delineate the
scope of the mnovation. Its sole purpose 1s to present some
concepts of the mnovation 1 a simplified form as a prelude
to the more detailed description that 1s presented later.

In one aspect, the innovation disclosed herein comprises
a thermoacoustic convertor that includes an enclosed tubular
structure having a continuous closed loop path defined 1n an
interior thereof, a plurality of thermoacoustic stages dis-
posed 1n series i the mterior of the tubular structure, and a
piston disposed 1n the tubular structure 1n series with plu-

rality of thermoacoustic stages, wherein 1nitial movement of

the piston 1n a first direction creates a sound wave in the
continuous closed loop path 1n the first direction on a first
side of the piston, and wherein as the sound wave passes
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2

through each of the plurality of thermoacoustic stages, the
sound wave 1s amplified based on an amplification factor
thereby creating an amplified sound wave.

In another aspect of the mnovation, an engine that
includes an enclosed tubular structure having a continuous
closed loop path defined 1n an interior thereof, at least one
cold heat exchanger disposed 1n the tubular structure, at least
one hot heat exchanger disposed 1n the tubular structure, at
least one regenerator disposed between the at least one cold
heat exchanger and the at least one hot heat exchanger, a
piston disposed 1n the tubular structure 1n series with the at
least one cold heat exchanger, the at least one hot heat
exchanger, and the at least one regenerator, wherein 1nitial
movement of the piston 1n a first direction creates a sound
wave 1n the continuous closed loop path in the first direction,
and wherein as the sound wave passes through the at least
one regenerator, the sound wave 1s amplified based on an
amplification factor thereby creating an amplified sound
wave.

In still another aspect of the innovation, a method of
operating a thermoacoustic engine 1s disclosed that includes
providing cold heat exchangers, hot heat exchangers, regen-
crators disposed between the cold heat exchangers and the
hot heat exchangers, and a piston all of which are disposed
inside hollow interconnecting tubes, providing a power to
the piston, moving the piston 1n a first direction, creating a
sound wave 1 the hollow interconnecting tubes on a first
side of the piston in the first direction, shifting a phase of
wave components of the sound wave to align the phases of
the wave components as the sound wave travels through the
cold heat exchangers, amplifying the sound wave as the
sound wave travels through the regenerator thereby creating
an amplified sound wave, creating a subsequent sound wave
on the first side of the piston in the first direction, and
extracting another portion of the power from the sound wave
via a transducer.

To the accomplishment of the foregoing and related ends,
certain 1llustrative aspects of the mnovation are described
herein in connection with the following description and the
annexed drawings. These aspects are indicative, however, of
but a few of the various ways 1n which the principles of the
innovation can be employed and the subject imnnovation is
intended to include all such aspects and their equivalents.
Other advantages and novel features of the mnovation will
become apparent from the following detailed description of
the mmnovation when considered in conjunction with the
drawings.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

FIG. 1 1s a perspective view of an innovative thermoa-
coustic convertor 1 accordance with an aspect of the
innovation.

FIG. 2 1s a cross-section, perspective view of the 1mno-
vative thermoacoustic convertor 1n accordance with aspects
of the innovation.

FIG. 3 1s a block diagram 1llustration of the operation of
the 1nnovative thermoacoustic convertor in accordance with
an aspect of the innovation.

DETAILED DESCRIPTION

The mnovation 1s now described with reference to the
drawings, wherein like reference numerals are used to refer
to like elements throughout. In the following description, for
purposes ol explanation, numerous specific details are set
forth 1n order to provide a thorough understanding of the
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subject nnovation. It may be evident, however, that the
innovation can be practiced without these specific details.

While specific characteristics are described hereimn (e.g.,
thickness, orientation, configuration, etc.), it 1s to be under-
stood that the features, functions and benefits of the 1nno-
vation can employ characteristics that vary from those
described heremn. These alternatives are to be included
within the scope of the mmnovation and claims appended
hereto.

While, for purposes of simplicity of explanation, the one
or more methodologies shown herein, e.g., 1n the form of a
flow chart, are shown and described as a series of acts, 1t 1s
to be understood and appreciated that the subject innovation
1s not limited by the order of acts, as some acts may, 1n
accordance with the innovation, occur 1n a diflerent order
and/or concurrently with other acts from that shown and
described herein. For example, those skilled 1n the art will
understand and appreciate that a methodology could alter-
natively be represented as a series of interrelated states or
events, such as 1n a state diagram. Moreover, not all 1llus-
trated acts may be required to implement a methodology in
accordance with the innovation.

As mentioned above, many power systems grow substan-
tially 1n size and weight as their power level increases due
to limitations in their achievable current flow, required
reactive force, or excessive centrifugal force. For example,
solid-state energy conversion systems tend to be low volt-
age/high current devices and require many pairs 1n series for
higher power. And while turbines and motors scale up to
very high power, they are limited 1n their specific power by
the high centrifugal forces as their rotational speed
increases. In addition, oscillating piston engines require
exponentially growing reactive piston forces as the Ire-
quency increases hence, their power density 1s limited as
well.

In order to overcome these and the aforementioned dis-
advantages, a new thermoacoustic engine technology 1is
disclosed herein that overcomes these limitations by oper-
ating at a much higher frequency than 1s conventionally
achievable. The mnnovative thermoacoustic engine 1s based
on a double-acting push/pull piston engine in which an
acoustic wave pushes both sides of a single piston. This
configuration eliminates the need for large springs while
requiring only a single piston and engine to operate. In
addition, the mnovative configuration enables an order of
magnitude 1mprovement 1n specific power compared to
conventional engines.

Referring now to the drawings, FIG. 1 1s a perspective
view and FIG. 2 1s a cross-section view of a thermoacoustic
convertor (engine) 100 1n accordance with an aspect of the
innovation. The thermoacoustic convertor 100 creates a
sound (acoustic) wave 110 that has an 1nitial imnput mechani-
cal power and amplifies (increases) the mmput mechanical
power of the sound wave 110 to generate a mechanical
output power, which 1s then converted to usable electrical
power. A linear alternator or other type of transducer 200 1s
connected to the thermoacoustic convertor 100 and 1s used
to provide the mitial input power and to convert the ampli-
fied output power to usable electrical energy. The thermoa-
coustic convertor 100 has a simple tubular geometry and
construction, 1s extremely light 1n weight, and 1s a double-
acting convertor that can achieve higher than 400 Hz opera-
tion. At that frequency the thermoacoustic convertor 100 can
produce approximately four times more power than conven-
tional engines operating at 100 Hz.

It 1s to be understood, that the thermoacoustic convertor
100 can be any polygonal or non-polygonal geometric shape
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4

based on the application, such as but not limited to a triangle,
square, trapezoid, toroid, oval, coaxial, an 1rregular shape,
ctc. For sake of illustration, the example embodiment
described herein and 1llustrated 1n the figures has a triangle
shape and 1s referred to as a Delta thermoacoustic convertor.
Thus, the example thermoacoustic convertor 100 described
herein and 1illustrated 1n the figures 1s for illustrative pur-
poses only and 1s not mtended to limit the scope of the
inovation.

The thermoacoustic convertor 100 1s comprised of mul-
tiple thermoacoustic (heat exchanger) stages, a first stage
120A, a second stage 120B, and a third stage 120C (collec-
tively 120A-C), and a piston 140 arranged 1n a series
configuration. The stages 120 A-C and piston 140 are housed
in an enclosed tubular structure comprised of hollow, inter-
connecting tubes 160 that are connected at junctions 162.
The interconnecting tubes 160 are connected to each other
such that they form a closed loop and are made from metal,
such as but not limited to steel, stainless steel, copper, eftc.
Thus, a continuous, closed loop path 1s defined 1n an 1nterior
of the thermoacoustic convertor 100. The closed loop path
and hence, the thermoacoustic convertor 100 1s filled with
gas, such as but not limited to hydrogen, helium, etc. It 1s to
be understood that the number of thermoacoustic stages can
vary based on the application of the thermoacoustic conver-
tor. Thus, as mentioned above, the example thermoacoustic
convertor 100 described herein and illustrated 1n the figures
1s for 1llustrative purposes only and 1s not itended to limait
the scope of the mnovation.

The first thermoacoustic stage 120A includes a first (cold)
heat exchanger 122A, a second (hot) heat exchanger 124 A,
and a first regenerator 126A that are all made from metal,
such as but not limited to steel, stainless steel, copper, eftc.
The second thermoacoustic stage 120A includes a third
(cold) heat exchanger 122B, a fourth (hot) heat exchanger
1248, and a second regenerator 126B. The third thermoa-
coustic stage 120C includes a fifth (cold) heat exchanger
122C, a sixth (hot) heat exchanger 124C, and a third
regenerator 126C.

The piston 140 oscillates 1n a back and forth motion as
indicated by the double arrow A 1n FIG. 2. In order to
achieve the push-pull action on the piston 140, the piston
140 1s located at the beginning of one thermoacoustic stage
and at the end of another thermoacoustic stage. In the
example embodiment disclosed herein, the piston 140 1is
located at a beginning of the first thermoacoustic stage 120A
and at the end of the third thermoacoustic stage 120C. Thus,
since the interior of the thermoacoustic convertor 100 1s a
continuous loop, the forces generated by the thermoacoustic
stages 120A, 120B, 120C create a push-pull action on the
piston 140 thereby creating a single double-acting piston
140. In other words, the thermoacoustic stages 120A-C are
designed such that when the piston 140 moves it simulta-
neously creates an acoustic wave on one side while receiv-
ing acoustic power on an opposite side. The pressure forces
from the thermoacoustic stages 120A-C push and pull on
both sides of the piston 140, which enables much higher
forces on the piston 140 than 1s possible it the typically
one-sided power pistons are used with only a bounce space
on the opposite side.

The cold heat exchangers 122A, 1228, 122C are config-
ured to remove heat from the gas iside the thermoacoustic
convertor 100 and expel it into the environment via con-
vection. The hot heat exchangers 124A, 124B, 124C are
configured to increase the temperature of the gas. Thus, a
temperature gradient 1s formed from the cold heat exchanger

(first) side of each regenerator 126 A, 126B, 126C to the hot




US 10,227,950 Bl

S

heat exchanger (second) side of each regenerator 126A,
126B, 126C. As the sound wave 110 travels through the
regenerators 126A, 1268, 126C, the temperature gradient
amplifies the sound wave 110 (1.e., increases the mechanical
power of the sound wave). The amplification 1s based on an
amplification factor, which 1s a ratio of the increase 1n heat
to the gas by the hot heat exchangers 124 A, 1248, 124C to
the heat expelled from the thermoacoustic convertor 100 by
the cold heat exchangers 122A, 122B, 122C at each ther-
moacoustic stage 120A, 120B, 120C. In other words, the
amplification factor 1s the slope of the temperature gradient.

In order to optimize the amplification of the sound wave
110, however, the sound wave 110 must have an optimal
phasing. The sound wave 100 1s comprised of a pressure
wave component and a velocity wave component. A phase
ol the pressure wave component and a phase of the velocity
wave component of the imitial sound wave are shifted (e.g.,
0-90°) with respect to each other. In order to optimize the
power output by the thermoacoustic convertor 100, the
phase of the pressure wave component and the phase of the
velocity wave component must be 1n sync or match as close
as possible as the sound wave travels through each regen-
erator 126 A, 1268, 126C of each thermoacoustic stage
120A, 120B, 120C.

Many factors aflect the phase shift of both the pressure
and velocity wave. These factors may include the geometry
of the thermoacoustic convertor, the diameter of the inter-
connected tubes, the material of the thermoacoustic conver-
tor, etc. Thus, another function of the cold heat exchangers
122A, 1228, 122C and the hot heat exchangers 124A, 124B,
124C 1s to adjust the phase shiit of both the pressure and
velocity waves to align (synchronize) the phasing between
the two waves as close as possible before entering the
regenerators 126 A, 126B, 126C. Consequently, the design of
the cold and hot heat exchangers 1s crucial to the optimized
operation of the thermoacoustic convertor.

In the example embodiment disclosed herein, the first
regenerator 126 A amplifies the sound wave 110 by a ratio of
the 1ncrease 1n heat by the second heat exchanger 124 A to
the expelled heat by the first heat exchanger 122A. Similarly,
the second regenerator 1268 amplifies the sound wave 110
by a ratio of the increase 1n heat by the fourth heat exchanger
124B to the expelled heat by the third heat exchanger 122B.
Finally, 1n the example embodiment disclosed herein, the
third regenerator 126C amplifies the sound wave 110 by a
rat10 of the increase 1n heat by the sixth heat exchanger 124C
to the expelled heat by the fifth heat exchanger 122C.

For example, 11 the increase in heat at the hot heat
exchanger 1s 600 K and the expelled heat at the cold heat
exchanger 1s 200 K, then amplification factor is the ratio of
increase 1n heat to expelled heat, which 1s 600 K/200 K=3.
Thus, the mechanical power of the sound wave 110 1is
increased by a factor of three. For example, 11 the mechani-
cal power of the sound wave 110 1s 10 kw, as the sound wave
110 travels through the regenerator, the mechanical power of
the sound wave 110 leaving the regenerator will be 30 kw.
This amplification occurs at every thermoacoustic stage
120A, 120B, 120C 1n the thermoacoustic convertor 100. As
a result, by the time the sound wave 110 loops back to the
piston 140, the sound wave 110 has been amplified numer-
ous times based on the amplification factor at each thermoa-
coustic stage.

This mechanical power 1s then recouped by the alternator
200 and transformed into usable electrical power (output
power). Thus, 1f the amplification factor at each regenerator
126A, 1268, 126C 1s 3 and the 1nmitial input power 1s 10 kw,

the mechanical power of the sound wave 110 as it loops back
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to the piston 140 will be approximately 270 kw. In this
example, since the mput power 1s 10 kw, the output power
removed via the alternator 200 will be approximately 270
kw—-10 kw=260 kw.

Referring to FIG. 3, operation 300 of the innovative
thermoacoustic convertor 100 will now be described. At
302, a thermoacoustic convertor 100 1s provided that
includes cold heat exchangers, hot heat exchangers, regen-
erators, and a piston 140. The cold and hot heat exchangers
expel heat and increase heat respectively thereby creating a
temperature gradient along the regenerators. At 304, an
clectrical mput power 1s applied to the alternator 200
whereby the electrical power 1s converted to mechanical
power. At 306, the mechanical power 1s applied to the piston
140 thereby moving the piston 140 1n a direction as indicated
by the arrow Al. At 308, movement of the piston 140 creates
the sound wave 110 on one (first) side 142 of the piston 140
that moves 1n a direction indicated by the arrow A2. At 310,
the sound wave 110 travels through the first heat exchanger
122A which causes the phase of both the pressure wave
component and the velocity wave component to shift in
order to align the phasing of both waves as described above.
At 312, as the sound wave 110 travels through the first
regenerator 126 A, the temperature gradient amplifies the
sound wave 110, as described above. At 314, 310 and 312
are repeated for any subsequent thermoacoustic stages in the
thermoacoustic convertor 100. At 316, the sound wave 110
loops back to an opposite (second) side 144 of the piston
140. The sound wave 110 1s now amplified and 1s a high
power sound wave 110A, where at 318, some of the power
applies a pressure or force to the second side 144 of the
piston 140, which facilitates increasing the frequency of the
piston 140 and to create a subsequent sound wave on the first
side 142 of the piston 140. At 320, the rest of the power 1s
extracted from the moving piston 140 via the linear alter-
nator 200 and 1s converted to usable electrical energy. The
output power ol the thermoacoustic convertor 100 1s con-
trolled by managing an amplitude of motion of the piston
140.

The use of a high frequency double-acting piston via a
thermoacoustic push-pull configuration with a single engine
driving both sides of the piston 1s very unique. Conventional
double-acting piston engines require multiple pistons and
are often connected and driven by linkages and the piston
speed 1s limited to below 400 Hz. In other configurations
multiple engines are used to move the piston.

The 1mnovative thermoacoustic convertor, on the other
hand, uses a single engine to push and pull a single piston
from both sides. This unique capability enables a high
frequency motion while also forming a very compact foot-
print with a very simple control scheme. Moreover, unlike
other thermoacoustic technology that requires electronic
teedback, this technology mechanically provides feedback
directly through the piston from expansion space to com-
pression space. In addition, multiple thermoacoustic stages
can be employed to increase the power density further while
still using a single piston regardless of the number of
thermoacoustic stages employed.

In other words, using the thermoacoustic stage’s reactive
forces on the single double-acting piston, eliminating the use
of hot moving displacers, and using multiple thermoacoustic
stages for acoustic wave phase adjustment, the piston can
oscillate at over 400 Hz without using heavy springs. At this
high frequency, output current can be minimized and the
specific power can be maximized. Moreover, since the
thermoacoustic convertor 1s essentially an empty tube filled
with a gas, heat exchangers, regenerators, and a single
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non-contacting oscillating piston, the thermoacoustic con-
vertor requires no maintenance, 1s extremely reliable, 1s low
cost, and 1s light-weight.

An 1mportant key to this mnnovative technology 1s estab-
lishing the proper heat exchanger and regenerator configu-
ration so that the pressure wave component and the velocity
wave component phases are matched properly on both sides
of the single double-acting piston. The proper phasing
achieves two things. First, the engine must amplify an
acoustic wave by mnsuring the pressure and velocity are 1n
phase within the regenerators while simultaneously extract-
ing and inserting power into the engine from both sides of
the same piston. Second, the piston dynamics must be
matched so that the motion of the piston can be driven by the
pressure waves on both sides of the piston coming from the
engine. This enables tuning of the engine for maximum
reactive power at the piston faces to achieve high frequency
motion without requiring heavy springs. Since the engine
itself has no hot moving parts it 1s straight-forward to
generate high frequency acoustic waves throughout the tube.
Thus, this technology enables a new class of light-weight
power systems that are 1deal for small aircraft, camping, or
micro-cogeneration since 1t i1s small, quiet, light-weight,
cllicient, and essentially maintenance free.

What has been described above includes examples of the
inovation. It 1s, of course, not possible to describe every
conceivable composition, article, or methodology for pur-
poses ol describing the subject innovation, but one of
ordinary skill in the art may recognize that many further
combinations and permutations of the mnovation are pos-
sible. Accordingly, the innovation 1s intended to embrace all
such alterations, modifications and variations that fall within
the spirit and scope of the appended claims. Furthermore, to
the extent that the term “includes” i1s used in either the
detailed description or the claims, such term 1s itended to
be inclusive 1n a manner similar to the term “comprising’ as
“comprising” 1s iterpreted when employed as a transitional
word 1n a claim.

What 1s claimed 1s:
1. An apparatus comprising:
an enclosed tubular structure having a continuous closed
loop path, wherein the enclosed tubular structure is
filled with a gas;
a piston disposed within the enclosed tubular structure;
a transducer operably coupled to the piston configured to
move the piston 1n a first direction along the continuous
closed loop path to generate an acoustic wave within
the gas on a first side of the piston; and
a plurality of thermoacoustic stages disposed 1n series
within the enclosed tubular structure, wherein:
cach of the thermoacoustic stages comprises a cold heat
exchanger, a hot heat exchanger, and a regenerator,
as the acoustic wave travels through each of the ther-
moacoustic stages, the acoustic wave 1s first incident
on the cold heat exchangers,
the cold heat exchangers are configured to align phases
ol a pressure wave component and a velocity wave
component of the acoustic wave prior to the acoustic
wave reaching the regenerators, and
the acoustic wave 1s amplified 1n each of the thermoa-
coustic stages such that an amplified acoustic wave
1s incident on a second side of the piston to generate
an additional acoustic wave.
2. The apparatus of claim 1, wherein the enclosed tubular
structure comprises a plurality of segments interconnected
via a plurality of junctions, wherein the piston 1s disposed
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within a first segment of the plurality of segments and each
additional segment of the plurality of segments 1includes at
least one thermoacoustic stage.
3. The apparatus of claim 2, wherein one of the additional
segments mncludes more than one thermoacoustic stage.
4. The apparatus of claim 2, wherein the plurality of
segments comprises three segments forming a triangular
structure.
5. The apparatus of claim 1, wherein the transducer 1s
configured to capture a portion of mechanical energy of the
amplified acoustic wave and convert the mechanical energy
to electrical energy.
6. The apparatus of claim 35, wherein the transducer 1s a
linear alternator.
7. The apparatus of claim 1, wherein the piston i1s con-
figured to oscillate at over 400 Hz.
8. The apparatus of claim 1, wherein the gas 1s helium.
9. The apparatus of claim 1, wherein the enclosed tubular
structure 1s constructed from one of steel and copper.
10. The apparatus of claam 1, wherein there are no
acoustic signal generators disposed between any of the
thermoacoustic stages other than the piston.
11. A method comprising:
providing a structure enclosing a continuous tlow path,
wherein a piston and a plurality of thermoacoustic
stages are disposed 1n series within the structure,
wherein each of the thermoacoustic stages comprises a
cold heat exchanger, a hot heat exchanger, and a
regenerator:;
supplying power to the piston to cause the piston to move
along the continuous tlow path in a first direction to
generate an acoustic wave on a first side of the piston;

as the acoustic wave travels along the continuous flow
path, aligning phases of pressure and velocity compo-
nents of the acoustic wave within each of the cold heat
exchangers such that the phases are aligned prior to
reaching each of the regenerators to amplily the acous-
tic wave at each of the thermoacoustic stages and
generate an amplified acoustic wave; and

generating an additional acoustic wave as the amplified

acoustic wave 1s incident on a second side of the piston.

12. The method of claim 11, further comprising convert-
ing, via a transducer operably coupled to the piston, a
portion of mechanical energy of the amplified acoustic wave
to electrical energy.

13. The method of claim 12, wherein the transducer 1s a
linear alternator.

14. The method of claim 13, wherein the supplying of the
power to the piston 1s performed via the linear alternator.

15. The method of claim 11, wherein the structure con-
tains a gas that 1s one of helium and hydrogen.

16. The method of claim 15, wherein the structure com-
prises a plurality of tubular segments interconnected via a
plurality of junctions, wherein the piston 1s disposed within
a first tubular segment of the plurality of tubular segments
and each additional tubular segment of the plurality of
tubular segments includes at least one thermoacoustic stage.

17. The method of claim 16, wherein one of the additional
segments mncludes more than one thermoacoustic stage.

18. The method of claim 16, wherein the plurality of
tubular segments comprises three tubular segments forming,
a triangular structure.

19. The method of claim 11, wherein there are no acoustic
signal generators disposed between any of the thermoacous-
tic stages other than the piston.
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