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Abstract

Acoustic waves hold oscillations of pressure, dispinent and

temperature. The interaction of these effects im ¢Jase to a solid surface
generates thermoacoustic oscillations. Some prpestyof coolers are
being constructed using the principles of thermaestics nowadays. Even
though the coefficient of performance of thermoatiousystems is lower
than the conventional coolers, the concern on Hegrnhoacoustic systems
has been increased since these systems are chisgge @and do not use
harmful gases for the atmosphere and do not hawe rapving parts

compared to the conventional coolers. Thermoacousiblers are one of
the potential cooling technologies of the future.

KLAS IK SOGUTUCU ALTERNAT IFi OLARAK
TERMOAKUST IK SISTEMLER

Ozetce

Akustik dalgalar icerisinde basing, pozisyon vealdi& salinimlari
mevcuttur. Bu etkilerden dolay! gkan ve algkana temas eden kati ylzey
arasindaki 1sil etkildmler termoakustik olarak adlandirilir. Bu
etkilesimlerden faydalanilarak iga edilen 1s1 ve gmtma makineleri
prototip olarak gorinmeye bEamiulardir. Termoakustik sistemlerin,
maliyetlerinin diguk, yapilarinin basit olmasi, atmosfere zarar vegealar
kullanmamasi, hareketli parcalarinin bulunmamasi giebeplerle, klasik
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sogutma sistemlerine goére pratikteki verimleriningtih olmalarina rgmen
Uzerlerindeki ilgi artarak devam etgtir. Termoakustik sgutucular
gelecgin potansiyel sputma teknolojilerindendir.
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1. THE HISTORY AND APPLICATIONS OF THERMOACQOUSTICS

The studies on thermoacoustics have continuedusdyi for more than two

hundred years. Some part of heat that is transfeme a system in

appropriate conditions causes acoustical vibratiwhgch is a form of work.

Glass blowers sometimes observe emitted sound fjlass when the hot
glass sphere comes together with the cold cyliatirglass. Sondhauss
worked on the dimensions of this cylindrical glasel the frequency of the
sound emitted [1]. Sondhauss tube in Figure 1 wa®stigated as a
thermoacoustic engine in 1850, and Rijke tube B01)2]. Lord Rayleigh

Sound

Figure 1 : Sondhauss Tube

explained Sondhauss tube correctly in 1896 [3]. &8theoretical definition
would be missing half a century more. In 1962, €aet al. found out that
the performance of Sondhauss tube increased whpro@mte parallel
plates were placed inside the tube[4]. It was aatgrdiscovery in
thermoacoustics, lbause the heat transfer between the gas and tte pla
would be accomplished by many parallel plates argteat deal of work
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would be produced from small systems. Feldman cete@lhis Ph.D. thesis
on Carter’s work [5] and produced 27 W of acous$tieark using 600 W of
heat.

Theoretical studies on thermoacoustics were comatenath Kirchoff who
calculated the acoustical vibration from a heatrs®in 1868 [6]. Rott et al.
introduced the equations correctly for the firshei which expressed the
displacement, pressure distribution and energysteanin a channel that
included a temperature gradient and sinusoidallasans[7]. The theory of
Rott was verified by Yazaki with helium [8], Mullend Lang with air [9],
and Hofler with high pressurized helium [10] as therking gases. The
comparison of the results to Rott’s theory was \gryd.

Transferring heat by using acoustical oscillatiemmuch newer compared
to producing sound by using heat. Gifford and Levaysh produced a great
deal of cooling by applying high-amplitude low-ftespcy pressure
oscillations to a gas in a tube [11]. They calleel invented machine “Pulse
Tube Cooler”. In the 1980s, Swift et al. made mastydies on
thermoacoustic coolers in Los Alamos LaboratoryNILAin the U.S.

Thermoacoustics attracted people as a new technolafger the
developments in the first few years of the 1980snivthermoacoustic
systems were constructed especially at Penn Staiteetdity, Los Alamos
National Laboratory (LANL) and Naval Postgraduateh&l (NPS) in
California. A thermoacoustic cooler (STAR) develdpa the NPS which
was designed to transfer 4 W of heat at 80 C teatpes difference on stack
was mounted on the space shutidescovery [12] in 1992. Another
thermoacoustic cooler (SETAC) that was supportedU$ Navy was
mounted on USS Deyo for cooling Radar circuit eletsan 1995. The
system which was operating with helium-argon migtas the working gas
at 20 atm, supplied 419 W cooling performance bggi216 W acoustical
power. The cooler supplied 17% of carnot efficienay the lowest
temperature (4C) it worked. Even though it coulgehbeen reached to the
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26% of the Carnot’s efficiency, the efficiency haelen diminished because
of the ineffectiveness of heat exchangers [13].

After the success of SETAC in USS Deyo, AmericarviNardered a
thermoacoustic cooler with cooling capacity of 1@VKThe cooler was
designed at Penn State University and called TRI'BDie it could convert

Figure 2: TRITON Cooler

three tons of water to ice af®@in a day. TRITON project was initiated in
1996 and the design was completed in 1998. It wagpteted in 2005, and
reached to 19% of Carnot cycle performance coefiicby using helium-

argon gas mixture in 30 atm with 10 kW of coolingwer. The cooler is

seen in Figure 2. [14]

LANL performs mostly big sized industrial applicats. In these
applications acoustical power is produced usingt iearmoacoustically.
Then, either electricity or cooling power is proddcusing the acoustical
power. One of the cooling systems constructed byNLA is
thermoacoustically driven thermoacoustic cooler POD¥TR). It was
constructed in 1989, and it burns 30-40% of natga$ to produce
acoustical power. Following that it uses this poweeliquefy the rest of 60-
70% of the natural gas. The system is cheap withhoang parts in it and it
reaches to 115 K temperature.
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Tijani, Zeegers and Waele nondimensionalized thearpaters in the
thermoacoustic equations and they offered a sygterapproach to design
a thermoacoustic cooler [15]. They designed, caostd and did the
performance measurements of a thermoacoustic cobhery used 10 bar
helium gas as working gas and reached to -65C textype.

Qiu et al. reached to 80 K with a thermoacoustcdilven thermoacoustic
cooler that used helium gas at 2.08 MPa. That Wwaddwest temperature
that had been reached till that time [16].

There are also some studies in Turkey about therousdics. Hgoz and
Ozgiic made the power analysis of a thermoacoustime that they had
constructed [17]. Girgin and Ozgii¢ studied the sares distribution inside
the resonator, the effect of the frequencies reardésonance frequency and
the stack position on the performance of a thermastec cooler [18].

2. THERMOACOUSTIC EFFECT

Temperature oscillations related to pressure asiciis occur in acoustical
waves. These effects create thermoacoustic intengcbn a solid surface
inside a gas that includes acoustical vibrationghSeffects also occur in
daily life, but cannot be noticed since the tempeea oscillations in air
caused by a normal level sound is about the omfeis* °C. Much more
powerful waves are used in thermoacoustic systensdate heat transfer
on the solid surfaces. The piston oscillates@irsstant frequency in Figure
3a, where the other end of the cylinder is clogesl.a result of pressure
variations, the temperature of the gas also ines#dsecreases and heat is
transferred between the gas and the neighboring soiface. In Figure 3b,
piston shifts to the right, and moves a rectangsit@ped gas particle to the
right. The temperature of the particle increasethagressure increases. In
Figure 3c, the temperature of this gas particte gggher than the
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Figure 3: Thermoaccoustic effect in an oscillating pistyhinder system

temperature of the adjacent surface and heat msfelaed to the solid
surface from the gas particle. In Figure 3d, oatiflly piston moves left and
the temperature of the particle decreases asatspre decreases. In Figure
3e heat is transferred from the surface to thagbarsince the gas particle
has lower temperature. The whole particles neamthll act in the same
way and heat is transferred from left to right. &gesult, a temperature
gradient from left to right is created. The inte¢i@c between the gas particle
and the surface occurs in a narrow region thaalieadthermal penetration
depthwhich is at the order of millimeter.
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In thermoacoustic coolers, a piston/speaker systera thermoacoustically
driven thermoacoustic engine is used to createsticalli oscillations.. There
is more than one stack in thermoacoustically dritreermoacoustic coolers
because acoustical oscillations are created inobilee stacks by applying
heat, and these oscillations are used in anothek $b create cooling effect.
The frequency of the acoustical wave is arrangethaie it equal to the
frequency of the oscillating gas. So resonancersceund the tube is called
asResonatoor Resonance Tube

The thermal penetration depth is at the order of millimeter. So heat
transfer area has to be augmented for practicalotiske cooler. For this
reason, a component namstckis used. Stack is made of parallel plates
whose distance between the plates is at least tofitkermal penetration
depth. As the speaker works, a temperature disioibun the stack is
formed as a result of heat that is transferred fom side of the stack to the
other side. Heat exchangers are used on both sidhe stack, and cooling
is provided on the cooling side of the stack, ardths transferred to the
environment on the other side. A simple thermoattogsoler and velocity
and pressure distributions inside the system is BeEigure 4. Assume that
there is an acoustical source inside the system/ehscity nodewhere the
velocity of the particles are zero, occurs at the ¢nds of the tubeyelocity
antinode,where the velocity oscillation is maximum, occatghe center of
the tube. The maximum pressure amplitupleessure antinodegccurs at
both ends of the tube, amgtessure nodewhere there is no pressure
oscillation, occurs at the center of the tube.

To be able to understand thermoacoustic effecehdtie behaviours of a
particle moving inside an acoustical oscillatiotvieen the plates that have
a temperature distribution T,,, will be investigated.
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Figure 4 : Velocity and pressure distributions inside aersystem

The direction of heat in Figure 5b and Figure ®tiednines whether the
system is a heat pump or a heat engine. In Figeg, &s the fluid particle
moves, the temperature of the particle increases tduthe increase in
pressure. Two temperatures are important for tiagetling particle: The
temperature after adiabatic compression and thdéacaurtemperature
adjacent to the particle after compression. If gagticle temperature is
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greater than the surface temperature, heat isféraed to the surface from
the particle. If there is a temperature gradigmuliad to the surface and the
temperature of particle is lower than that of theface, heat will be
transferred at the reverse direction. These twierdiht situations determine
whether the system works as a heat pump or a hgatee
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Figure 5 : Temperature and pressure oscillations of a parndele a heat
pump [19]

In Figure 5b, as the temperature of the fluid ptmoving to the right is
higher than that of the surface, heat is transfletoethe surface. In Figure
5c, the pressure of the particle declines, anddhwperature of the particle
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declines for 2T as a result. In Figure 5d, the temperature ofpdmticle is
lower than that of the surface, and heat is trarediefrom the surface to the
particle. So there is a clear heat transfer initection by the particle. [19].

The displacement of the particle is usually shottem the length of the
stack. Therefore, heat is transferred from oneterttie other end by many
particles side by side. The heat extracted by &cpais equal to the heat
given to that point a half cycle ago[20]. The ptatee used to store heat
temporarily. In Figure 6, it is seen how the heatcarried by the fluid
particles. As a result of heat transfer towarde pressure antinode, the
plates at the pressure node are cooled, and tlesypee antinode side is
heated. The heat at this side is emitted to ther@mwent, and the side
which is being cooled is used for cooling. The $fan of heat on the plates
from one end to the other occurs in thermal petietralepth. The particles
in the region outside of thermal penetration degte compressed and
expanded adiabatically and reversibly.

Pressure Node Pressure
Side — Antinode Side

Q Qn

a F I

2X1 2Xl 2X1 2X1

Figure 6 : The transfer of heat on the stack plates fromside to the other.

The thermal penetration dept), can be defined as the thickness of gas that
the heat is penetrated into from the surface irtithe periody/w [19]:
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3, == (L)

wherex =K/p c, is thermal diffusivity,a = 27f is angular frequencyK
is thermal conductivityd, is about 0.3 mm in the atmospheric air at 300 K
temperature and 100 Hz frequency.

3. TERMOACOUSTIC SYSTEM COMPONENTS
3.1 Gas

The heat that is carried on stack is proportionaéxpressiorpr@A [21],
where pn IS average gas pressueeis sound velocity in gas, and A is the
cross-sectional area of stack. Then the coolingepow proportional to
average gas pressyg inside the system.

The thermal penetration depth can be written as:

5k = ,% = 2K
w V pmcpa)

It is seen in the equation that as the density lygtser as a result of increase
in pressure, the thermal penetration depth decsed$®n constructing the
stack gets harder sineg gets smaller.

Cooling power is also proportional to sound velpait gas. The higher is
the sound velocity, the larger is the cooling pawldre sound velocity in
gases like hydrogen and helium is high. Since helaiso has a high
thermal conductivity, it is an appropriate gas ¢oused in these systems. As
the thermal conductivity of gas gets higher, thatheansfer between the
fluid particles and the stack plates gets easidrerdfore the thermal
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penetration depth increases with thermal condugtand building the stack
gets easier.

Hydrogen also has good properties for using innle@coustic systems. But
it should be used carefully since it is flammable.

Some types of heavy gases like argon and xenoblemded with helium to

increase efficiency. A small portion of these typdsgas increases the
Prandtl number. As the result, the friction betwdlea gas and the solid
surfaces inside the system decreases and coeffmigrerformance of the

system increases. As an example, the blending %f 2énhon inside helium

decreases the Prandtl number from 0.67 to 0.2hAsdsult, the efficiency
of the system increases. But since the sound vglofithese gases are
lower than that of helium, the resultant sound e®jogets smaller and the
cooling power of the system decreases.

3.2 Stack

Stack is the most important part of a thermoacousststem. The transfer of
heat from a low temperature to high temperatued Beurce occurs on the
stack plates. As the heat is carried towards eéoptiessure antinode by the
working gas, it is temporarily stored on stack. Tieat transfer between the
gas and the plate occurs inside the thermal pdiwgtrdepth. To get a high

amount of cooling power from a system, a great traatfer area should be
used. Therefore stack is made of many parallekpl#tat have a distance
between abould, to 49, .

The cooling power of a thermoacoustic system ise al®portional top;u;
wherep; is pressure amplitude angh is velocity amplitude [19]. Therefore
there will not be cooling at the points where puessamplitude or velocity
amplitude is zero. So the stack should not beeselpositions to be able to
get cooling. The stack should be at an approppasiion between pressure
and velocity nodes. As the stack gets closer tmcityl antinode, the
coefficient of performance decreases because dfittimns. To get a high
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performance coefficient, stack should be closeresgure antinode where
the velocity oscillations are low. But it causes ttooling power to be low.
So the stack should be positioned at an approppaiet by taking into
account both the coefficient of performance andcthaing power.

As the heat is carried by the working gas on stemk one end to the other,
it also happens an opposite heat conduction ork dtaen high to low

temperature which decreases the performance ofytstem. To minimize
this effect, the thermal conductivity of the stastkould be low like heat
resistant plastic, paper or metal with low conduti [21].

Stack can be prepared in many types. A spiral ofstack is seen in Figure
7. There should be enough distances between tha#gbgriates forming the
stack.

Figure 7: A stack made of steel with 0.4 mm distance betwten
plates[21]

3.3 Heat Exchangers

Heat exchangers which are placed at both endseobtick provide heat
transfer with the environment. The thermal condigtiof heat exchanger
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material should be as high as possible. Copper dasigh thermal
conductivity, and it is a good heat exchanger nedtdrdeat exchangers are
made of parallel plates like stack. It should b&osadl not to obstruct gas
oscillations when they are placed near stack.

Heat Exchanger Stack Heat Exchanger

|

]
TN

Figure 8 : The positions of stack and heat exchangers

The positions of the stack and heat exchangerseae in Figure 8. The heat
transfer by the fluid particles between the stauit he heat exchangers are
seen in Figure 9. Three particles that transferniegt are seen in the figure.
While the particle 1 carries heat from the lefttheechanger to the stack,
the particle in the middle carries heat on theksfaom left to right. The

particle 3 transfers heat from stack to the righathexchanger. Since the

amplitude of the displacement of the particlexj;i , the length of the
w

2u . ,
heat exchanger should b2x, =—= at that position, wherexis the
w

amplitude of displacement; is the amplitude of velocity and is angular
frequency.
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Figure 9 : The transfer of heat between the stack and theelxehangers

3.4 Resonance Tube

Resonance tube covers stack, heat exchangers, timabusource and
working gas. The most common resonance tubes%reand % length

resonance tubes, which are the half length andeuaength of wavelength.
The gas inside the resonance tube can be thoughtress different parts:
The first part of the fluid is adjacent to the pgtand transfers heat. The
second part is very close to inside surface ofrds®nance tube, and has
dissipative effects. The rest of the particlesat@batically compressed and

expanded. To reduce the dissipative effects indideresonance tube%

length tube can be used instead% length tube. Some types of resonance

tubes are seen in Figure 10.
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Figure 10 : Some types of resonance tubes

A half wavelength length resonance tube is seefigure 10a while a

guarter wavelength length tube is in Figure 10d-4&ler resonance tube is
seen in Figure 10c. Since the Hofler resonance hasethe smallest area,
the losses in this system are the lowest. Thesstgptubes are commonly
used in thermoacoustic systems

3.5 Acoustical Source

Thermoacoustic coolers need an acoustical sourckite the system and
to transfer heat. As well as the system can produaoestical power itself, it
can also use an external acoustical source, sucha aspeaker.
Electroacoustical efficiency represents the ratfosound produced to
electricity used. The efficiency of commercial dpgga that you can buy
from an ordinary store is usually about 4-5%. Trhaans as the speaker use
a hundred units of electricity, it can only conw#b units to pressure waves
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while the rest 95% is converted to heat. Therefmecially designed high
efficient acoustical sources are used in thermcstaal systems. The
efficiency of SETAC thermoacoustic cooler has reachipto 80%. The
higher the electroacoustical efficiency, the mavefficient of performance
you get from the system. Tijani has showed thatleviihe resonance
frequency of the speaker gets closer to the workieguency of the system,
the acoustical efficiency of the speaker gets Hhi¢R2].

4. THE  ADVANTAGES AND DISADVANTAGES  OF
THERMOACOUSTIC SYSTEMS

4.1 Advantages

The biggest advantage of a thermoacoustic systéimaists structure is very
simple and it has no moving parts. While a conwerai cooling system is

drived by a gas compressor, thermoacoustic systiamsot have such a
compressor. In thermoacoustically driven thermoatioucoolers, the

acoustical wave needed is produced by a stack iagply temperature

difference on it. Then the acoustical wave is ueadanother stack for

cooling. These types of systems have no moving pBrit while the system

is driven with electricity, then the pressure waaes created by an external
acoustical source, such as a speaker.

Since the structures of thermoacoustic systemsiamgle, their initial costs
are lower than the conventional coolers. They can fdreferred to
conventional coolers if the initial cost is much rmamportant than the
efficiency.

By using simple thermoacoustic coolers, cryogemimpgeratures can be
reached easily. Qiu et al. has reported that thaghred to 80 K by using a
thermoacoustically driven thermoacoustic coolerhwat working gas of
helium at 2.08 MPa.

30



Thermoacoustic Systems as an Alternative to CoioverhitCoolers

One of the biggest advantage of a thermoacoussiesyis that they do not
use harmful gases for the atmosphere. Helium isnoomy used in
thermoacoustic systems for having these advantiges also be used with
the mixtures of other noble gases, like neon, grgenon etc., to increase
efficiency.

3.2 Disadvantages

The biggest disadvantage of thermoacoustical ceadetheir coefficient of
performance are lower than the conventional coolBtg more efficient
systems are tried to be made. Another disadvamnsatpat these systems are
too noisy, but using a proper sound isolation, ttisadvantage can be
overcome.

5. RESULTS AND DISCUSSION

Many scientists have done researches on thermdaousridwide. Many

prototypes of thermoacoustical coolers have bearstoacted until today.

There are also some commercial systems producezkeTsystems which
are simple, at low initial cost, not harmful forettenvironment get the
interests they deserve. If their coefficient offpenance gets higher in the
future, they can be commonly used in everywheraraslternative to the
conventional coolers. There are also some studiethese systems in our
country., but they are not enough. The studiesulshbe increasingly

continued.
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