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Abstract

The purpose of this research is to explore theofisapid prototyping to create a host of thermoatiowstacks and
test their efficiency. Thermoacoustic devices eiiner use a temperature gradient to produce acoumaves or use
acoustic waves to produce a temperature gradiem. stack is the main component of thermoacoustiicds that
enables this phenomenon. The efficiency of thekstan be affected by a variety of factors inclgdis length,
spacing, and general geometry. Due to the ditfjool making stacks by hand, prior research hasaeh able to
explore the effects of these various factors imgdetail. Using specific rapid prototyping teclogy called
Selective Laser Sintering, several different staickys were attempted, including square tubes|lpbptates, and a
pin array. The build layers in the rapid prototygpprocess corresponded well to the layers of énallel plates.
After a couple attempts, several pin stacks wege siliccessfully fabricated. One square tube staskattempted
but was not successful, and because of the resolatithe rapid prototyping machine used, was mosyed
further. In order to test and compare the sucaiggbbricated stacks, a heat pump consisting cdbaed tube and
a compression driver was constructed. Using twoniocouples the temperature on either end of #ek stas then
recorded. For a 12-W amplifier, with a 130mV pé¢aipeak of the sine wave audio signal, a drop 8fClwas
observed across a parallel plate stack which isfsignt for such devices. This work contributeghie optimum
design of stacks for thermoacoustic applicationsgusapid prototyping as the viable means for fedution.
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1. Introduction

Just as the word implies, thermoacoustics is timeboeation of heat and sound. Thermoacoustic devace capable
of either taking a temperature gradient and pradyecoustic waves or taking acoustic waves andyaing a
temperature gradient. When pressure waves arg begated it is a thermoacoustic engine and whemaerature
gradient is being created it is a thermoacoustit hbamp. Thermoacoustics is very promising, and is culyen
being researched as a means of refrigeration,alajas liquefaction, gas separation and a variebgter purposes.
Although the analysis of a thermoacoustic devigelmavery involved the general makeup and parts cae be
relatively simple and inexpensive. It is for thémson of simplicity that thermoacoustic deviceslargely being
pursued. Starting out, one of the biggest chalehgrmoacoustic devices faced was efficiency. éi@r, as more
research is done and greater understanding of henmnbacoustics works is achieved, these devices ¢tmvtinued
to become more efficient.

1.1. thermoacoustic heat pump

The three main components of a thermoacousticfheap are a closed tube, an acoustic wave sourdeg atack.
As seen in Figure 1, the acoustic waves will etitesugh the open end of the tube and interact thithstack



resulting in a temperature gradient. In ordertiiize the temperature gradient heat exchangerddios added to
either end of the stack depending on the use ad¢hece.
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Figure 1. Thermoacoustic heat pump.

1.2. stack

The stack is the key component of the thermoaaodstvice that enables this thermal gradient to octius a
porous structure that allows the acoustic wavesdwoe through. An acoustic wave will cause presseraperature
and position oscillations in a gas. When in a@tbtibe these oscillations will be such that whendas is at one
end of the stack it will have a higher temperatamd the stack will absorb heat, when the gastiseadther end it
will be cooler and the stack will give up heat fiéag in a temperature gradiéntThe efficiency of the stack is
affected by a variety of factors including its lémgspacing, location and general geometry.

2. Methodology

2.1. stack design

The general geometric structure of the stack tegraficant effect on the efficiency of the stackwo important
factors are the viscous effects and the thermagfpation depth. Immediately surrounding the staeiterial there
are viscous effects not allowing the gas to mowklaand forth. Adjacent to that is the thermoadeouwstea which is
doing the work. By changing the general geometithe stack the ratio of viscous area to thermostioarea is
changed Common designs include square tubes, paratiéép) spiral and pins, as seen in Figure 2.
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Figure 2. Common stack designs.




2.1.1. common methods for fabricating stacks

One common way of making a stack is to simply adapdlready existing material. These materialeggly have
tube geometry with openings on the order of 1.00 n@ne example is the ceramic material inside gatal
converters Another example is commercially available méthey comb

A more labor intensive method is to fabricatenthby hand. This is often done by rolling up & tmaterial to
make a spiral stack. Using spacers or radialaitise ends, the desired spacing is maint&in&tis method
generally results in more efficient stacks becaheestacks can be custom tailored to the devisebieing used in.

2.1.2. optimal spacing

For any particular stack design there will be atimgal spacing of the material. Just as with theegal design the
optimal spacing is dependent on viscous effectstlaganal penetration depth. If the material is ¢tmse together,
viscous effects hamper the motion of the gashdfrhaterial is too far apart, then there is an &xegnount of gas
between the stack material that is not able tesfearheat to and from the stack. For a simplellgh@ate design
the optimal spacing should be 3 thermal penetrat&pths. The thermal penetration dept,, as defined in

equation (1), is dependent on the frequencyof the standing wave and the thermal conductivitydensity, o,
and the isobaric specific heat per unit m@gs,of the ga$
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With no stack in place the resonant frequencytfe experimental setup was found to be clos®@Hz.
Assuming this does not greatly change with theksiaplace, using equation (1) and 3 thermal periein depths
the optimal parallel plate spacing for this sethpudd be 0.44 mm. This was calculated using aperties at
300K.

2.2. rapid prototyping

Rapid prototyping is a method of fabrication tteable to construct complex geometries by buildivegn in layers.
The various rapid prototyping machines use a wagétmethods and materials but the general proaglsilding it
in layers is the same. However, there is significifference in the strengths and limitationsha# tifferent rapid
prototyping machines. This is a result of theati#ht materials used, the method used, and th&tionis of the
machine, on the size of the parts made and thd detan achieve.

2.2.1. selective laser sintering

The rapid prototyping machine used in this resear@h the Selective Laser Sintering (SLS) Sintesia2500Plus.
In SLS a thin layer of powder is fused togethengsi CQ laser, as seen in Figure 3. That layer is oratdqyin
which then lowers. Another layer of powder is tispnead over the previous and the next part aresés
together. Then the platform lowers again and gaigthe desired part is built. The SLS was chdsernhe
strength of the parts it makes along with the nydowder that can be used. The machine used kni@ld mm
thick layers using a 0.25 mm diameter lser
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Figure 3. SLS machin&

2.2.2. dslimit

After attempting to construct the first three sdkwas decided to determine the resolution lmhithe SLS
machine before attempting more stacks. In ordéintbthe minimal spacing possible a simple cubs wa
constructed with two sides open. Parallel platessvthen constructed that went from 0.5 mm apa2tQonm apart,
increasing by 0.1 mm increments. Since the patiils in layers the direction of the rapid protpityg layers
relative to the parallel plates was also testetiding the cube orientated several different waying the

building.

Figure 4. Left and center, solidworks images otfe; right, photo of one test cube.

The best result was with the plates orientedlfgito the layers used in the rapid prototypinmggess. In this
orientation the plates were open all the way dowié 0.5 mm spacing. In all the other orientatitire plates
could not be closer then 1.0 mm without fusing.

2.3. experimental setup

A thermoacoustic heat pump was constructed in dadtst the functionality and efficiency of thdfelient stacks.
As seen in Figure 5 the heat pump consisted ahatldiameter acrylic tube 12 inches long, an atumi plug, a
compression driver (usually used in public addeyssems), and the stack being teStedh order to take
measurements, two type T thermocouples and a vidtmere used. The voltmeter was used to findesenant
frequency of the setup. In order to find the terapge gradient produced one thermocouple wasddcatbove the
stack and the other was located below. For easasitdecided to use air as the working gas.



Figure 5. Thermoacoustic heat pump.

Seen in Figure 6, the equipment used from ¢efight was a Hewlett Packard 34970A Data Acquisitwitch
Unit, a Hewlett Packard 33120A 15 MHz Function/Arkiy Waveform Generator, the heat pump, a Hewlett
Packard 54607A Oscilloscope, a Kemo 12W amplisendll black box in front of Oscilloscope), and alkstar
8207 power supply. Also used was a computer (iobtizd).

Figure 6. Experimental setup.

3. Results
3.1 stack fabrication

The three stack designs this research focused mnthve square tubes, parallel plates, and pin stilsing the

optimal spacing of 0.44 for parallel plates asfarence point, it was decided to try and achiespacing of 0.5 mm
in the stacks.



3.1.1. parallel plates stack

The parallel plate geometry lent itself very wellthe SLS. The first parallel plate stack, desigwéh 0.5 mm
spacing, attempted failed because the orientafitimecstack during the build resulted in fused gdatAfter
building the test cube, the subsequent stackdetdigned with 0.5 mm spacing, were orientated gntgfand did
not fuse.

After noticing slight warping in the plates arthparallel plate stack was designed with onesmate to maintain
the desired spacing. The cross plate did just wiaatintended and limited the warping.

3.1.2. pin stack

Several pin stacks were attempted. The first oa® aviented with the pins going perpendicular eolihild layers.
This resulted in none of the pins holding together.

When oriented with the pins parallel to the #hlglyers similarly to the parallel plates, the setowo parallel pin
stacks were partially successful. One pin stack @esigned with the pins parallel to the directibthe stack.
About half of the pins held together in this stadlbe other was designed with the pins going adiosstack.
There were still some broken pins in this stackfaufewer.

Two last parallel pin stacks were designed witra supports and slightly thicker pins. Thesels came out
very successful, with almost all the pins inta&tditionally it would seem there are still improvents that could
be made to the design of the pin stack. The piaswhere missing in these final two stacks didsesm to be
missing because they had broke, but that the madtad almost skipped them completely. This idyikeresult of
a pin layer not lining up well with any of the kdillayers. So, by very slightly changing some ef $kack
dimensions these pins might not have been lost.

3.1.2. square tubes stack

Prior to making the SLS test cube, one squarestdik was attempted. With the tubes oriented pelipelar to
the build layers, the stack fused into one sol@tpiand was not tested in the heat pump. Becdiitsegeometry
and the limit of the SLS, this design could notdnéeen fabricated with tubes smaller then 1.0 mdnveass not
pursued further.

3.2. functional stacks data

As seen in Table 1, of the stacks tested, therbsatts where obtained using the first paralletepitack. Although
the cross plate maintained the spacing and limvitaigbing, it did not achieve the same temperatuadignt. It is
unclear if this is a result in the differenceshe stacks themselves or in the setup, such akeh@dcouple
locations during testing.

The two partially successful pin stacks producdld temperature gradients. The improved pinkstaat
remained almost entirely intact was able to produtemperature gradient close to that of the pEnalate with the
cross plate.

Table 1. comparison of the temperature gradierieaed by the different stacks using 130 mVPP outipttugh a
12 W amplifier.

Stack AT (C)
Parallel Plate | 4.3
Parallel Plate Il (Cross Plate) 3.9
Parallel Rods (Extra Supports) 3.7

Seen in Figure 7 is the graph from testing s parallel plate stack. This particular dataswaken using 275 Hz
sine wave and 130 mV peak to peak output from theewgenerator. After going through the ampliffez signal to
the compression driver is on the order of 9 V pegkeak.
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Figure 7. Temperature above and below the firstlfiplate stack as a function of time.

3.2.1. increasing temper ature gradient

The power input to the compression driver for thexgeeriments was kept minimal. This was done évesal
reasons. First, the main goal in testing the stagks to make sure they functioned and to get@ibasas to how
their performance compared. Secondly, a very $ihugas provided at the top and bottom of the acrigibe by the
aluminum plug and the connector but, in order wedhe process of changing between stacks, neititewas
sealed air tight. Lastly, at higher amplitudededént parts of the device would begin to resonalively loudly.

If the device had been sealed air tight and heldddnstead of being simply placed on the tableraasing power
input would not have been an issue.

A larger temperature gradient for this particslatup could have easily been achieved by inargake power
input. For example, for the parallel plate stdwt tmaintained a 4°@ temperature difference using a 130 mVPP
output from the wave generator, a%&4emperature difference was obtained using a IVBPnoutput. Provided
the compression driver can handle it, a larger dimptould have simply been used. If the deviaswsealed air
tight different working gases such as helium cdwdge also been used.

4. Conclusion

Using rapid prototyping several functional thermmastic stacks were fabricated. Of the stack desigsted the
parallel plate was best suited to being fabricatid the SLS, able to achieve 0.5 mm spacing, aogiged the
largest temperature gradients. Pin stacks weceadlie to be fabricated and were able to achigeengerature
gradient slightly lower then that of the parall&@tps. Square tube stacks can be fabricated txetejo from fusing
the tubes would have to be larger then 1.0 mm.

The 0.5 mm spacing was the smallest attemptied tise SLS, so it is not known at this point i€t8LS can
achieve closer spacing. Further research can e tdodetermine the closest possible spacing watsi_S for
parallel plate stacks. There may also still beswary slight changes made to the pin stack thaldvwensure no
pins are lost. Research can also be done intg tisenother rapid prototyping machines or techrécgieh as
stereolithography which may have higher resolution.

Using rapid prototyping stacks could easily dlericated varying in length, spacing, and eithealbal plate or pin
geometries. These stacks could then be systerihatiested to compare experimental and theoretiesllts.
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