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Abstract

Experiments were conducted on a reconstred thermoacoustic refrigerator. The construction
utilized the design and various reusable components from a previous major qualifying project.
In addition, different materials were used as well as different methods with which to test the
thermoacousticeffect. The effect was not observed due to failuresconstruction and, the
FylFfeara 2F FTAYRAYyIaE Ilcdndudionlddobseriirg & thediNGA@Us dza

effectas well as theverall designnto question.
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Introduction

Background
Refrigeration in thermodynamics refers to a cycle in which heat is pumped out of a

system by doing work on it. Conventional refrigerators use a working fluid that abswebseat

out of a chamber by using phase transitions. Thermoacoustic refrigeration uses sound waves to
transfer heat from one area to another; thereby carrying heat away from a system to an
exhaust.After a brief history of the field, the thermoacoustic &ff is explained in more detalil.

The Introduction section ends with an explanation of the project and personal goals.

A Brief History
The effects of thermoacoustics have been observed for centuries. Specifically,

glassblowers could hear the sounds creatgdthermal energy converting to acoustic energy
when plying a temperature change to hot glass bulbs. NikdRatsand other scientists such as
[ 2NR wl &@f SAIKZ O2AYSR GUKSNXN2F O02dzadA0aé¢ | a Al
energies could trad A GA 2y 0SG6SSy SIOK 20KSNX® | 256SOSNE
property has been explored for possible engineering applications which use its principles.
Heat can be produced from sound wavesKS O2y OSLIi 2F GGKSNX)2I
naturally whenthinking about sound and temperature. Both phenomena invaheoscillation
of particles. Sound is@ressurewave that transfers kinetic energy from one air molecule to the
next using compression and expansion of the medium; and, temperature measuresgave
kinetic energyof particles in a volume. By manipulating sound waves, it is fairly simple, at least
in principle, to produce heat.
{AyOS GKS SINIe wmohoynQaz LI IOSa tA1S [2a ! {1

experiments in the hopes of caing a device that has passive acoustigiadsing mechanisms.



The research continued through the works of Greg Swift and others whose work was later used
by M. Tijani and others to develop a practical refrigerator. In 20PénnsylvaniaState
University sientists Robert Smith, Steven Garret and Matt Poese developed a working
refid@ SN G2NJ F2NJ .C8fm I YR WSNNEBQa LOS

(http://www.acs.psu.edu/thermoacoustics/refrigeration/ben andjerrys.htm ).

Today, thermoacoustic refrigerators are being researched for their practicality and
0SOlIdzaS GKSBQNX Sy@ANRBYYSyGalrtfte FTNASYREASN

chemical independence.

Thermoacoustic Refrigeration Summarized
A conventional refrigerator has the working fluid in a circuit. At one part of the circuit is

a motorized compressor which does work on the gas, compressing it and increasing the
temperature to higher than that of its surroundings, such that it giveshaft. This high
pressure fluid is transported along the outside of the controlled system (the refrigerated box)
and to an expansion valve which adiabatically expands the fluid until it is colder than the box,
such that it absorbs heat. The cooled fluiduras to the compressor where the process then
begins again.

Athermoacoustic devicases a fluid medium (in our caskeliumgas) to do work within
the stack. The stack is a chamber with numerous linearchiaimbers connected to both ends
where there areheat exchangers, one for hot and one for cold thermal energy. The sub
chambers are divided by plates whose spatial distances determine the area of heat flux caused
by the working fluid. The fluid itself undergoesmpression and expansi@s it moves abadu

these tunnels as a result of the sound waves passing. Given the correct frequency and

0 K
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wavelength of sound waves, the hot heat energy will be transported to one side of the stack
and the cold heat to another, which allows for a refrigeration process.

Thebasic components of the thermoacoustic refrigerator are the resonato,stack,
and the acoustic driver. Each component will be discussed in further detail in the design and

materials sections.

Preceding Projects
There were two previous projects by WRlldents. The first project was submitted in

2002 and the second by Andrew Lingenfelter and Megan LaBounty in 2008. Based on the design
ideas of Tijani, Labounty and Lingenfelter built a working apparatus that had a maximum of 7K
temperature difference a@ss the stack; demonstrating thermoacoustic refrigeration. Due to
specific project goals and time constraints, they were not able to develop the project further.

Our project is a continuation of their experiments.



Our Goals and Intentions
The previougproject concluded that the temperature difference they achieyvédelvin,

was due to a thermoacoustic effedy adjusting several key parameters, the current apparatus
can be driven to pump more heat from the cold heat exchanger.

The first adjustable grameter is pressurelt has been proven that the temperature
difference across stacks can be increased (to a certain extent) by increasing thaliatezrage
pressure(Tijani, 51) For Helium,Tijani et. al. recommen@ maxinum pressure of 12 atms
(Tijeni, 51). Previously, the refrigerator could sustain about 1.5 atms. In order to maintain
higher pressure, many aspects of the experiment would have to be altered, namely the
construction materials used.

Another upgradeable parameter is acoustic power.sTig especially true if the
refrigerator sustains greater pressures but, a more powerful speaker would be an advantage in
itself. We acquired a microphone more suitable for this kind of setup for resonance testing and
thermocouples that could be attachedpmanently for continuous temperature measurement.
Measuring resonance of theystemgave usthe operatingfrequercy with which to run the
device.

By changing these parameters, the refrigerator will likely become more powerful

(achieve a higher delta Thd perhaps more efficient.



Physical Principles
The thermoacoustic effect acts like a conveyor belt for thermal energy. For this to

occur, one must exploit two physical principles concerning thermodynamics and acoustics
inside the stack. First, througtime relation of pressure to temperature by the ideal gas law
PV=nRT, the small changes in pressure caused by sound also cause small changes in
temperature. Secondly, if the gas through which the sound travels is near a solid surface, the
gas may interact Y transferring heat to and from it. Combining these two factors, we can
create a fourstep process similar to a Carnot cycle.

Thermoacoustic cycle consists of four steps. Figré below show the steps with a
piston as the acoustical driver (Tijani, p.Buppose there is gas trapped in a parallel stack of
solid plates and there is an acoustic driver that sends a standing wave through the fluid with a
pressure node and antiode at either end of the stack. The first step in the thermoacoustic
process ighe translational movement and compression of a packet of gas, adiabatically, in one

direction away from the pressure antode.
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Figurel The first step of a thermoacoustic cycle.

This compression of the gas heats it up, sa tha local surface will isobarically absorb

some of the thermal energy.

}

Figure2 The second step of the thermoacoustic refrigeration.

The gas then adiabatically moves back and expands towards the pressuredatin

the third step where then it isobarically absorbs heat from another surface area in the last step.



Figure3 Steps 3 and 4 in the thermoacoustic cycle.

The oscillatory pattern repeats and heat is thus transferred, like a conveyor bett, fro
one side of the stack to the other. Over a long period time, the small amounts of heat displaced
from one end to the other add together and cause a larger temperature difference.

Any geometric stack hasthermal penetration deptlgiven by equatio 1.

LUE2f/pCw (1)
G KAOK RSy2(0Sa K2g ljdAojfe GKS FtdzAR @2f dzy$s
axis.Similarly, the iscous penetration depth

L= Zvfw (2)

where v ' > (kifematic viscosity equals the dynamwiscosity over the fluid density)
determines the effect of the fluid viscosity along the melinex wrap. Solving for these two
depths will yieldthe NJ y RiGf v @zY)Bobthe géometrit stack and will determine how
much energy the oscillating partes will deposit each cycle.

The acoustic power of the device,

Wy = pnaA (3)



of mean pressure f speed of sound a, crosectional area A, has a power density dependent
on the resonance produced by the small tube resonator. To achieve the approp&irance,
the wavenumber k must be selected from the optimization of the resonance condition
cot(kl) = (/D2)’ tan(k(l ¢ I)) (4)

where | is the length of the large diameter tubejd.the length of the total resonator including
the stack and large dmeter tube, and B is the diameter of the small and large diameter
tubes, respectively. For convenience, we did not calculate the wavenumber mathematically and
instead used a microphone to test for resonance peaks, as will be shown Ejeations 1
through 4 are taken from Tijani et. Al. (Tijani, pg.50, 55).

The sound waves generated by the driedl follow the wave equation:

<k¢ I @O6LI opbo

this is the phase velocity of the standing wave equal to the wavelength over the pétede
velocity v(p) also equals w/k, where angular frequemicy HY FLISNA 2R ¢TH KX |y
wavenumber. Using this, we can calculate where pressoges and antnodes will be for the
placement of the stack.

For this construction{lwas 63 + 2 cm, the stack itself was 8.33-+03 cm, and the
length of the large diameter tube, |, was 15 ¥/cm.

The design of the refrigerator was based aroun@ iy A Q& RS&aA3ay HKAOK ¢
frequency of around 400 Hz in Helium. The following calculations show how the resonator

length was determined using this frequendyhe speed of sound in helium from the equation,

Vs= 7RI/ (6)



where M is the mtecular mass of helium at .004 kg/mol, which turns out to b2d.®/- 80 m/s
at a temperature of about 23 +2 °C (300K). Using this as ourask velocity and dividing by
¢ A 2 lfrgqueficy, 400 1/s, achieved during resonance testing, twavelength turnsout to be
26+-02m.TKS €t Sy3aJiGK 2F (KS NI &aFR2YNJI G2 NI f a2k2SdR RS YoRS  (1Sdko
tube with an open end. Ae latter being preferable because it reduces power loss from extra
adzNF I OS IINBFX a2 GKFEG GKSNX OFy 0SS volundeil yRAY
which acts as a pressure noflBjani, p.55)Using the above value for wavelength, the length of
the entire resonator Lshould thus b&3 cmwhich matches the measured value

Combining acoustic principals and heat transfer, the general equatiomelating the
temperature difference of pressure waves is,

T/Tml -0 K pmy) 671

where T, and p, are the mean temperature and pressure within the stack andpfare the
temperature and pressure differences between one edge of the stack and the mean {iis. 2T
the total temperature difference and 2ps total pressure difference between the two sides).
After receiving temperature data and knowing the pressure input of helium into the system, the

pressure wave pcan be calculated.



One more set of equations worth mentioning, yet is not used, is the Rott wguation
of thermoacoustics modified by G.W. Swift. Thermoacoustics is generally a very complicated
phenomenon and, to date, there is limited mathematical modeliRggure 4 show thestack

eqguations for the wave function and temperature gradient createthmparallel plates.

(Hcf—lm 4 Pa dtl fdpl) pL Lot dadn
1+¢, o dx\ p, dx (1-o)1+¢,) dx dx
_ tanh[Q+2)y, /3, ]

T (+y/g,

f tanh[(1 +1)y, /S, ]

(1+dy,/ o,

,}prcp tanh[(1+2)y, /S,
K. p.c. tanh[(1+1)y, /S,

c=c,ulK=vik

]
]

Figure4. Thermoacoustic equationshttp://mshades.free.fr/



Primary and Alternate Design

The previous group constructed their refrigerator using the design of M.E.H. Tifasi.
design consists of thremain parts: the speaker, the stack, and the resonator. The speaker is
the sound driver which is housed in a sealed chamber connected to the working fluid injector,
GKS . b/ FTRFLIWISNI F2NJ 6KS aL)SIF]1SNRa LIR2gSN &z dz2NO
tube. The large diameter tube connects directly to the stack housing, where the stack resides
between two heat exchangers. The heat exchangers interact with the ends of the large
diameter tube and a small diameter tube on the other side of the stack hgudihe thin tube
has a buffer volume at the opposite end, which completes the resond&etow is a rough
sketch that illustrates some of the dimensions and locations of each major component. On a

side note, the blue TAR chamber in the illustration iscdégd late in this section as the

vacuumchamber (Tijani, p. 50).

Speaker Hot Heat Exchanger

NN

\ Stack . TAR Chamber
Hoflim S5.4) == =:E Resonator Izzmm
Intake
| e\
Speaker Housing 8.33cm \ \

1 Buffer Volume
o~

Cold Heat Exchanger

Figure5 Amateur illustration of the thermoacoustic refrigerator



The previous group chose a stack length of 8.33cm and position of approximately
14.9cm away fromi KS & LISF { SNJ K2dzaAy3 | OO2NRAYy3I (2 ¢Ac
performance to the normalized stack lengtey = kls Tijani found optimal normalized stack
length around 0.23, which translates into ~8.5cm.For our normalized stack length, weeus
the resonator legth 63+/-m OY YR Ydzf GALX @ o0& n G2 RSGSNXYAY
to get 1/k. Solving for k, we get k =240+/- .01, with which we multiply by the stack length 8.33
cm to get our normalized stack length @7. Accordingtot A 2 YA Qa 3INI LK (KA A
just under 1 at approximatelyt.35 +/- .05. However, due to the fact that this was not the
wavelength used for the cooling experiment, our COP would have been much dif{@igrti,

p.53).

Before reconstructing the H&pi model of the TAR, we examined possibilities for
improving the design by observing what other thermoacoustic engine models are out there. To
be more specific, there are variations of each component of the refrigerator which will have
different effects.

The first alteration considered was trading out the old resonator for a new tube with a
closed end. Having a closed end versus an open buffer volume would trade out a pressure node
forapressureanty 2 RS® | G KIF NRé¢ Of 2aSR S¢gRthadwe \elacthyl t £ &
and is a pressuranti-node; an open pipe will expose the wave to a constant pressure with
displacement. A downside to this is that a closed end would actually have more surface area for
power absorption of the acoustic wave, so teewould be more power loss in the

thermoacoustic effect.



With driving power in mind, we also considered replacing the buffer volume with
another speaker in order to have a reinforced standing wave. However, this idea boggled our
minds as we knew that ailge and small diameter tube were needed and would probably have
cost us more time to calibrate and coordinate with the other speaker.

Another design option was to try a different geometric pattern or array for the stack.
Before even coming up with new sligns, it seemed prudent to simply stick with the current,
Tijani recommended stack and create an actual effect before changing the design. To determine
an effective design for a new stack, equations (1) and (2) must be optimized with regard to the
inversesquare root of the resonant frequency (higher frequencies will make the depth smaller).

In retrospect, aviable design optionwas to create a vacuum chamber around the
resonator, connected to the bottom of the speaker housing, which would have elimiriaged
need for a buffer volume. An added benefit would have had very few areas to seal for helium
leaks.

Lastly, the materials used to create the resonator were reconsidered. Since copper has a
very high thermal conductivity at 400 W/mK

(http://www.periodictable.com/Elements/029/data.html there was no need to exchange

either copper tube for another material. The copper wool was reassessed for it heat exchanging
capabilities. Ultimately, thability for the wool to adequately bring heat to or from either part

of the stack was limited by the size and geometry of its placement. In other words, the wools
had to touch the stack on either side while being able to touch the female copper ends of the

large and thin pipes; otherwise the PVC ends of the stack holding would block the heat from


http://www.periodictable.com/Elements/029/data.html

reaching the thermocouples. The wool was shaped to fit as said, but it became apparent that

more wool or an entirely other system of heat exchange was neededé&ptocess to work.



Materials

Speaker, Speaker Housing
For the speaker housing, we asked Roger Steele to machine out four holes into the

bottom of the PVC drain cap, without drilling through completely. In addition, a second hole
that was larger than th other 4 was drilled all the way through the bottom of the cap. This hole
was drilled to fit snugly around a male PVC connector that would connect to the copper pipe.
We used metal stands as supports to lift the speaker up from the bottom of the draiarup
screwed them in place into holes oK$S & LIS { SN & FNdnds Svgre attdcizd S Y S
into the four holes using JB weld. Two wires, connected to the positive and negative couples of
the speaker, were soldered onto the BNC cable connector thatdniied into the drain cap lid.
Teflon tape was placed around the drain cap lid and screwed on very tightly. The PVC connector
to the copper pipe was cemented into the large hole drilled into the bottom of the drain cap,
and sealed with caulk. This connectwas also wrapped with Teflon tape, and screwed on to
the copper tube.

After this, we did many pressure tests using helium gas and underwater testing, and
found many holes in the drain cap and staxpper connections. To help remedy this situation,
we bought and used liquid latex and applied it around the drain cap trench (along with caulk),
the speaker housingopper tube connector, and on either side of the stack.

The helium tank was fed into the top of the drain cap/speaker housing through a

junction with a vacuum to suck the air out of the TAR so as to replace it with helium.



Figure6 Drain Cap Lid.

C2NJ GKS &aLXlSF]1SN K2daAaAy3az (42 YIF1S NeR2Y TF2NJ
diameter PVC drain cap. This draapchas a screwn lid, as shownn Figure @bove, which
provided easy access into the speaker housing chamber. The grooves along the side were
wrapped with Teflon tape in order to insure a sustainable seal, prevethimgieliumgas from
leaking. We drilld a hole on the top and put in a brass pipe connector which connects to the

helium feed, and was the entrance of helium gas into thermoacoustic refrigeratarOn the



side, we drilled another hole and emplaced the power connector for the speaker, wiualdw

then connect to the function generator.

Figure7 the bottom of the drain cap lid.

It proved a bit difficult to tighten the holding, but we managed to solder the connection

wires of the speaker directly to the power connecto



Figure8 The assembledpeaker housing.




Figure9. Close up of the speaker housing.

The speaker housing has a small PVC connector drilled in and placed at the bottom
where it would connect to th copper pipeas shown in Figures 8 andWe used PVC cement to
secure the PV@VC connection and JB Weld to secure the-€W&@onnection, and then
followed up on all connection with a sealant layer of Goop and/or epoxy caulk. The smaller PVC

connectorw@ | LILINREA YLl 0S5t & modpé



FigurelOshows the speaker used for the set upyle GearX PLG 54

¢CKS aLXSF{SNI AdasStT sla  pé RAFYSGSNI te@
fragile paper speaker panel, it is made of rubber gohakstic for more durability, and is thus
capable of creating more power amplitudes of sound waves inafhygaratus The speaker was
placed into the speaker housing just above a holding so that the He gas could travel beneath
and into the resonator/stackThe speaker itself was fixed in positibg using four metal pole
which were attached to the housing 3B weldand connected to the power connector on the

housing lid.

t

S



Figurell Bottom view of the same speaker.

The amplifier itself has a max amplifying capacity of 250 watts, so the speaker itself
came within safe boundaries, not overloading the system. The speaker was only about $20 and

took 5 days shipping overseas from the manufacturer in China



Figurel2 Copper mesh heat exchangers.

The heat exchangers used compris#fdwo primary components, sections of a copper
meshcutupintam ®p ¢ RA | YS UG SNJ Qlacddoh &Sther didg &f th& dta@ki Alss, op
both the speaker housing and resaor side of the stack, we placed copper wool, which was an
even more effective heat exchangeklthough the previous group had a bad experience with
the copper meshes we initially used them because the stack housing was longer than the stack
andjusttheD2 LILISNJ 622f KSIFG SEOKIy3ISNAR O2dAf RyQi NBI
a combination of the two exchangers would workigure 12 shows the copper meshes while

Figure 13 shows the copper wool.



Figurel3 Copper wool hat exchanger.

Copper has a very high thermal conductivity, being 400 W/mK at STP, which only
succeeded by silver at 430 W/mK. For this reasbrwas an excellent choice as a heat
exchanger. Havingiool of copper creates a large amount of surface afeait to absorb and
transfer heat towards the copper pipe which we can then couple our thermal detectors to in

order to gettemperature measurements.



Stack and Resonator

Overview
Our construction of theapparatusbegan by disassembling pieces of the DR made

by the previous group. We recycled their resonator and stack, but not the stack holding. First,
we assembled and sealed the PVC components of the stack holding using PVC cement and
caulk. The PVC components had to be drilled through in thenlessilue to unnecessary rings
which blocked the ability for us to put the stack in. Each time we applied caulk or any other
sealant or adhesive, we usually waited abot 4ours for it to completely dry before moving

the pieces around and beginning new kasAfter the stackousingwas assembled, the stadik

snugly inside it.

Next, the two female copper tube ends were placed together around the middle tube
component and soldered on. To seal it, we also applied caulk around the soldered areas. Our
coppe tube was now complete.

After the stack and copper pipe were assembled, the copper wool was placed inside the
resonator tube adjacent to where the stack would connect, and 5 layers of copper mesh were
put in to hold the wool and increase the heat excharg capability. The same process was
applied to the copper tube that would connect on the other side of the stack. Teflon tape was
then wrapped around the male ends of the PVC stack and then screwed onto the resonator and

copper tube parts.



Figurel4. PVC stack housing.

As seen in Figure 14e stack lousingwas composed of three parts as well. Two of the
parts were male PVC scream connectors which were connected to the copper pipe and the
resonator. Between these two endan external ring of PVC was glued on and sealed. The
grooves along the side, as the same as the drain cap lid, were coated with Teflon tape. The
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Figurel5Top view of stack inside the stack housing.

However, on the inside of this pipe, the actual geometric stack was placed. The length of
stack was 8.33 cm or 3.3 inches, so our 3.5 inch length stack was a perfect hol&igure. 15
shows the stackinside the stack housing whiakas recycled from the old project. It is a long
piece of plastic wrap with thin fishing line strands glued on in many places on melinex wrap and

spooled around a wooden peg.



Figurel6 Large diameter copper tube.

The speaker housing was connected to the stamksing PV®y means of a copper pipe
shown in Figure 1@onstructed from three components, copper being the choice thermally
conductive material. The three components were tvemiale ends of a pipe fixture and a small
O2LJJISNI NAy3 GKIFIG FTAG 2dAaG 6A0GKAY (GKS wmopé

Following that, the copper ring was further sealed using the epoxy caulk.



Figurel7 Resonator wih the buffer volume.

The resonator pictured in Figure 17from the previous project was recycled and
incorporated in ours. It is a long copper pipe which connects on one end to the PVC stack
housingand has a glass bulb on the other end to simulate apdn end. The copper heat

exchangers were placed right at themale end of the thin copper tube



Problems with Construction

Sealing
The most persistent problem during the construction and testinghef experimental

setupwas leakag®f helium @s This leakage occurred due to the ineffectiees of numerous
methods of sealat used. At first, we used a pipe sealant called Goop which solidified over a
couple hours. Goop failed almost instantly as a helium sealant and adhesive for the separate
parts. We then moved on t@lumbing caulk for chemic& attached pieces of equipment,
which worked to a certain extent. There would always be an area that had a small leaking hole
that would have to be refilled, which would then have another leak, and so on.

Luckily the most reliable sealant was Teflon tape that was wrapped along the grooves of
the screw connectors of pipe attagtents and the PVMVC and PVCopperconnections. Our
last bid at trying to seal thetack andspeaker housingvas spraying on ligd latex and letting it
dry into a rubbery barrierOut of the three sealants triedatex worked the best. However,
there were still a few small holes that failed to be sealed. This means that a pressuer high
than latm could not be sustained without arstant flow of helium gas. This prevented us

from testing with pressurgreaterthan 2-2.5atm.

Crookedness, Damage
Applying a chemical adhesive (PVC cement) between the Cu pipe and the speaker

housing created a problem with creep. The adhesive was kgl drying or simply buckled
over time due to the weight of the resonator, causing an angular displacement where the
resonator and speaker were no longer in parallel alignment. In addition, at one point our
refrigeratorfell off the table and caused daage to the inside JB weld hold on the speaker. The

speaker had to be reattached to the bottom of the housing, and with irregularities in the now



deformed base of the housing chamber (as the old JB weld was still in the holes in bottom of
the chamber), thespeaker was slightly crooked. Combining both angular errors dwaudlead
to a significant detrimental effect on the ability of thleermoacoustic refrigeratoto function

correctly.

Soldering
One minor problem which we encountered was connecting tiexgs of the Cu pipe

together, namely the two female Cu screw connectors and the middle ring. Since glue and
other chemical seals and adhesives were inadequate, we wendidzL) dza A y3 a2 f RSNJI
the 3 pieces together, and then we applied another lagésealant (caulk, latex) around the

solder.



Experiments

The next step in the project was to test the constructed apparatus. Because of the
problems with helium leaks and other issues, there was no clear distinction between the
G 02y &l NUzO LISINAEY Sy t&SEB Gl 3Sd 14 a2YS SELISNAYSY
was modified (i.e. sealing leaks, modifying heat exchangers etc.). There are three subsections in
G§KS G9ELISNAYSyiGa asSoOoliazyéo ¢tKS daSladmelSYSyda
experiment and the measurement tools (both hardware and software) used. As explained
above, the nature of the project was such that experiments were modified based on previous
NBadzZ §dao a4 &dzOKZ G9ELISNRYSYyGlf LRBeOBR dzNS ¢
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Measurements

Temperature: Thermocouples
The primary measurement for a thermoacoustic engine is the temperature. The use of

thermocouples was considered tde the best instrument for the experiment. Two
GKSNX202dzLJt S GeL)lS YQa 6SNXS |GdGFOKSR (2 GKS ai
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thermocouples went ito a National Instruments USBBL62 Data Acquisition Unit.



Figurel8 Type K thermocouples along with a NI hardware was used to measure temperature across the stack.



Thermocouples work because the junction between two dissimilatats produces a
voltage that is a function of temperature. This junction is formed when the metals touch each
other on one end. Type K thermocouples have chromel and alumel wires. For greatest accuracy,
the two metals were spot welded at the smallest mini To attach it to the copper stack
housing, the surface was first electrically insulated with a daBerferal Electric #7031 Varnish
The thermocouples were then attached with a combinatiorGé varnishGoop, and super glue

shown inFigurel9.

Figure19 Shows thermocouples attached to the Cold Heat Exchanger side

The computer used National Instruments Labvieoftware to analyze the voltage

produced by the thermocouples and convert it in@mperature. The virtual instrument was



set up to monitor the temperature and record it to an excel sheet on commdaie next

section describes how the virtual instrument was set up.

Virtual Instrument: Thermometer

CANBOZ | aF2N f 2cantdilablg time delaNIDAQiaSdstand wais &et Up
to measure temperature from a thermocouple type K. The output signal was split to show the 4
different temperatures. This output was fed into a block array along witl' @&rameter of
St LASRIaVNeépfwhked ySOSaalNR (2 NBO2NR (KS
commands to write were included in a true/false loop. The array was fed infvrite to
spreadshegt g A G K G KS .22t Sty 060SAy3 GNUz2S 6KSyYy GKS &N
panel. The file path would be determined each time in the front panel. The column headings
were also assigned in theirttal Instruments block diagram Figure 20 show the block

diagram of the temperature VIThae were also numerical and graphical displayfsthe

temperature on the front panelFigure 21 shows the front panel of the VI.
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Figure21 Front panel of the temperature meagement set up.

Acoustics:

In order to achieve a thermoacoustic effect, a standing wave must be created inside the
resonator and stack. The standing wave was created by the speaker powered by an amplifier
and a wave generator. The main purpose of the nueasients was to find the correct
resonance frequency for the given set up. The correct frequency was determined by sweeping
OKNRdAK I NYry3aS 2F FTNBI|jdsSSyOArASa FyR OK22aAay3
were created to communicate with the wa generatorin order to process and record the

signals from the microphone.

The standing wave in this set up would have a pressurerantte at the speaker surface

and a pressure node at the open end simulated by the buffer volume. The purpose of

7

i



resonarce testing was to determine the frequency that would create the standing wave and

sandwich the stack between a pressure antinode and node (Tgani,

A Kronhite Model 5920 Arbitrary/Functionwave generator was used to vary the
frequency of the speakesind a RadioShacR50A PAamplifier was used for poweas shown by
Figure 22. A Plantronics microphone was used to measure the effect of frequencies. The
microphone was placed very close to the resonator and surroundigidl wool so as to block

other vibrations.

Figure22 Shows the Radioshack Amplifier stacked on top of the Kronhite Wave Generator



Since the wave generator did not have a knob to sweep through, frequencies would
either have tobe stepped manually or programmed. A VI was made to communicate with the
wave generator using a GPIB connection. The wave generator was capable of accepting ASCII
commands to change the frequencies or amplitude. Unfortunately, the VI was not able to have
a (virtual) knob that could send continuous commands to the generditmtreover, sweeping
the frequencies that fast would not provide the correct data since every frequency would need

a certain amount of time to settle. Frequencies were thus varied manually

Since a resonant frequency would create the highest amplitdlde,challenge waso
measure the amplitude or strength of each frequend@ye signal received by the microphone
would contain a mix of frequencies and amplitudAstonventional graph of anijpude vs. time
would be very impractical for determining which frequency is dominant and by how nAuch.
frequency domain data would display exactly that and would be much more suitable for this
situation. The time domain data can be converted to a freqgayerdomain data by a process
OFff SR GKS & C2TdeNRKoSried transfbriyf aselR iNI¥aérlyp complicated can be

performed byanysignal processing software.

Converting the voltage output from the microphone into accessible usable data was a
challengng task. A program known as Spectrum Laboratory was tested first. The program
performed a Fourier transform and displayed nice peaks over a range of frequencies but was
tough to work with. It was especially hard to write the data to an excel file withecgivingan
overwhelming amount oflata. Once the data was in the excel fifepyding thepeak amplitude

was a formidable task as well. To observe a peak, one would have to average the plethora of



data points provided by the program and graph it. Thisve to be inefficient Since the
program was unfamiliar anyway,abviewwas chosen for the task instead.
A virtual instrument was created in Labview that could perform resonance testing. Many
days were spent trying toreate a VI from scratchor modifyng a VI available on the internet
to suit this purposelt was later discovered that Labview had a bulsubVI that could convert
az2dzyR @2t GF3S AyLdzi Ayd2 RIEGFE® ¢KA&A adom+xLI 02
C 2 dzNJA S NJ ofike gah, Was NSéd to create the final VI that can be s@eRigure 23
Many parameters could be adjusted within the VI to augment our measuremeéhes.
sampling frequency determines the range of frequencied ttauld be accurately measured
without the effeds of aliasing Thefrequencies of interested in the experimewere less thar
kHz so, the sampling frequency was lowered to its minimuswél of 8 kHz. The time resolution
nid Ay GKS G AimBSrselR prapbriioyal td thé frequec NXB & 2 f alelte2zy p T
frequency scale. This parameter was adjusted depending on the frequency resolution needed.

Thenext section details the Labview M resonanceas seen in Figure 23

Virtual Instrument: Resonance

{2dzy R 6l a FANRG NBO2NRSR o6& (GKS al Olj dzA NB ¢
sampling rate(which was set to 8 kHand durationpn @&s shown in Figure 24The data was
thensentll 2 SOQEINIT £ Y SIF adz2NBYSydae gKAOK G221 GKS CI &
+L O2ddZ R 0SS O2yFAIdZNBR RSLISYRAYy3I 2y (KS 8@ Lx
ALISOGNMzYé GAGK Gl I yy Ay 3as shownynRrydre ZFidaflyOthe 2y & |
data was recorded to an excel filelhe front panel also displayed the spectrum as shown in

Figure 26.
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Figure26 Front Panel of the resonance test VI

A combination of the wave generator and the resonance VI could now be used to obtain
resonance data. A sample experiment would go as followeasurements were first made at
large intervals, such as 100, 250, 500 and 1000 Hz at a resolution of 10 Hzqlieacies with
the two highest amplitudes were taken as the range for the next $eheasurements. The next
set, for our example, would be to measure at 100, 125, 150 etc. at a resolution of 1 Hz. As
expected, in almost all measurements, the driving frequency and the peak frequency were the

same. The process was a little tedious and aamefficient VI wouldassemblea list of all



maximum frequencies and their amplitudes. Nonetheless, this method was effective in getting
the resonance. Since the resonandeequency is constant for every gador a given

temperature only two resonanceffor air and heliumvere needed to be measured.



Experimental Procedure and Results:

Overview :
There are three distinct steps for conducting the experiment on a table top

thermoacoustic refrigerator.

1. Inject the working fluid (helium) in the refrigerator
2. Conduct resonance testing to find the usable standing wave frequency.

3. Measure the temperature change of the heat exchangers at the resonant frequency.

Gas Mixing
To facilitate in higher pressure gas mixing, a T junction was created with copper tubes

show Ly Figure27 below. Two different valves, one connected to a pressurized helium tank and
the other to a vacuum pump were used to fill the apparatus with helitihe helium tank had a
pressure gage and the pressures mentd in the report are in absolute atms based on the
readings from this gageshich had an uncertainty of .1 atmSince therefrigerator was not
necessarily prepared for a full hard vacuum alternating between vacuum and helium feeds
would eventually filit with helium. For the experiments, the procedure went as follows: 1. Turn
on vacuum and leave it for 10 minutes 2. Turn on Helium and leave it for 10 minutes 3. Repeat.
Because Helium escapes easily, the helium feed valve and tank were lgitaughout the
experiment the idea being thaany leaks would be forced leaks and would be pptyn

A
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Figure27 Shows the valves used for gas mixing.

From

Helium Tank To TAR

To Vacuum Pump

Resonance Testing
The first step was to determine the resonance frequencytled thermoacoustic

refrigerator. As described previously, the testing was first taketin\arge steps in frequencies,
andthestepss SNB S@Syilidz ffte f26SNBR (2 ail2yS Ayé
was then tested at the determined frequendor helium at different pressures. The spectrum
analysis of various frequencies (in air and helium) wasductedfirst at a constant 1 atm
pressure After compiling a list of amplitudes for different driving frequencies, the resonance

for the particularsystem was determined.
Air
Although air was not the desired working fluid for the refrigerator, resonance testing

was first done on this as a practice. Frequencies of 100, 200, 300, 500, 1000 Hz at a resolution

of 1 Hz. Figur28 below shows the resufor 200 Hz.
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Figure28 shows amplitude vs. frequency for Air at 1 atm at a driving frequency of 200 Hz.

Figure28 shows a lot of different peaks but the most prevalent one was at the driving
frequency of 200 Hz Similar graphs were obtained for the other frequencies. The largest
amplitudes were of 100 Hz and 200 Hz. Since 200 Hz had larger amplitude, the resonance was
likely closer to 200 than 100 Hz. Frequencies between 150 and 200 swesg at 10 Hz
intervals with a resolution of 0.1 Hin order to analyze the spectrum more fully, the amplitude
for each frequency was recorded and tabulated. For exampl&idare 28above, the entry
would be freq=200 Hz and Amplitud@2.26 dB. Thisprocas 2 F &1 2y Ay3 AyE 2V
frequency was continued until a satisfactory set of data of amplitude vs. frequency was
collected.Figure29 below shows the graph of Amplitude vs. Frequency for air at 1 Btgure
30 shows anarrower range between 174 and 184 Hz for cdoser look at the resonant
frequency. It also shows the driving vs. measured frequency to display the fact that they closely

match.
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Figure29 Amplitude vs. Frequency of Air at 1 atm. This figure shows all the tested frequencies.
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Figure30shows a narrower range of amplitude vs. frequency for air at 1 atm.

About the graphs:

It is important to note hat the grapls shown in Figure 29 and Z&re scatter plots with
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