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ABSTRACT

A miniature Thermoacoudtic refrigerator is being developed to cool integrated
circuits — which must sometimes operate a high temperatures nearing the upper threshold
of their tolerance — to temperature spans more within the circuits tolerable limits, without
the need of the chemicds of a traditiond refrigerating sysem. The development of an
eectricdly powered acoudtic driver that powers the thermoacoustic refrigerator is
decribed, as well as different schemes to improve its delivered acoudtic power. The
driver utilizes a flexurd tri-laminar piezodectric disk to generate one to two Watts of
acoustic power a 4 kHz in 15 bar of He-Kr gas mixture. Two different drivers are tested
on a pressurized test resonator, and ther quantitative performance is andyzed. The
andyss of the drivers performance indicates one power-improvement scheme may be
faulty, while data taken before the second broke indicates its design may be beneficid to
power-improvement. Tests are dso conducted using a refrigerating resonator; these first
atempts to meet design criteria of temperature span and cooling power are unsuccesstul,
but the results obtained — including a thermodynamic coefficient of performance (COP)
13.1% beow the modded ided vaue for the given data set — with less-than-ided
acoustic power ddivered to the resonator signad  suggest continued research is
worthwhile.
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l. INTRODUCTION

Thermoacoudtic  refrigeration uses advanced acoudtic technology to improve
cooling capacity without the need for environmentaly dedtructive refrigerants.  The
subject of Dr. Thomas Hofler's doctord research, the thermoacoudtic refrigerator (TAR)
is a test-bed for thermoacoudtic theory and a mgor step toward achieving a practica

thermoacoustic cryocooler.

The mechanism of the TAR is smple, based on the expanson and compression of
a gas by a sound wave. When a sound wave from a vibrating digphragm or loudspeaker
is sent down a hdf-wavelength tube, the pressure pulsations form a standing wave, which

causes oscillatory motion of the gasin the tube's axid direction.

The combination of pressure oscillation and oscillatory motion of the gas causes
heat trangport wherever the gas is in therma contact with a sationary surface. If a small
dructure with a large amount of surface area is placed in an gppropriate location in an
intense standing wave, subgtantid amounts of heat trangport will occur, with one end
cooled by the heat transport, and the other end heated. This structure is usudly caled a
"dack”; if both ends of the stack make therma contact with heat exchangers, a
functional heat pump or refrigerator can be constructed.

A. OBJECTIVE

The objective of this thess project is two-fold: to evduate the performance of
different drivers desgned for a mini thermoacoudtic refrigerator (MIiNTAR), and to
conduct initid refrigeration tests of the MiniTAR.

The MIniTAR is desgned to cool micro-dectronic integrated circuits in order to
prevent mafunction in very wam ambient conditions. ~ Condructed of a custom
piezoelectric driver and a copper & dainless-sted resonator, it is intended to match the
levels of efficiency and durability set by exiding thermodectric coolers.  Future versons
are intended to surpass these levels.



B. THESISORGANIZATION

Chapter 1l offers a review of some basic thermodynamics, and then applies those
principles to acousdtics, providing a smple foundation for the following chepters.

Chapter 111 discusses a previous, successful TAR, and how that TAR's design was
goplied to the MiniTAR.

Chapter 1V discusses the specific desgn of the MiniTAR driver.

Chapter V explains the laboratory set-up used to collect data. Also explained is

any custom gpparatus used to collect these measurements.

Chapter VI gives an explanation of the different schemes proposed to improve
driver power. Past work on this specific subject is also reviewed.

Chapter VII recounts actua testing, presents dl data collected, and andyzes
driver-only measurements.

Chapter VIII is specifically dedicated to analyzing the messurements taken in the
firda MiniTAR refrigeration tests.

In concluding this theds, Chapter 1X offers generd observations and makes

recommendations for further work.



II. BACKGROUND

A. HEAT ENGINES

Thermodynamics is, of itsdf, the sudy of temperature and the trandfer of thermd
energy, the trandfer usuadly being between a "hot" reservoir & temperaure Ty and a
"cold" reservoir a temperaure Tc, with Ty > Te. If a machine peforms a trandfer of
theemd energy, with ussful purpose, it is cdled a "hest engin€’. The MInTAR is
cdassfied as a Themoacoustic Heat Engine.  Heat engines are further dassfied
according to what is done with heet; refrigerators and "heat pumps’ require Work to
trandfer heat from cold to hot, while "prime movers' output Work in a trandfer of heat

from hot to cold.

The Firs Law of Thermodynamics dates that for any thermodynamic process, the
total energy of the sysem must be conserved. For expressng this fact in an equation, let
Qu and Q¢ be the amount of heat transferred to (or from) the hot and cold reservair,
respectively, and W the Work; therefore:

Qi -Q. =W
The Second Law of Thermodynamics dtates that a perfect refrigerator working in
a cycle mugt utilize physical processes in the trandfer of heat from cold to hot, and sad
processes must be 100% reversible — consequently, a perfect refrigerator requires Work
input and Qq > Qc. Conversdy, the Second Law dates that a perfect prime mover
working in a cycde mug utilize reversble physica processes when extracting heat from
the hot reservoir and cannot produce an equivaent amount of Work — consequently, some

heat is transferred to the cold reservoir and Q4 > W. Fig 2.1 graphicaly shows the basic
operation of the two types of heat engine.



Hnt Reservoir (T,) Hot Reservoir (1)
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Cold Reservoir (1) Cold Reservoir (I.)

Heat Pump Prime Mover
Figure2.1.  Hesat Engine Operation (From: Livvarcin, 2000, pg. 9)

The figure-of-merit or “effidency” e of a prime mover is defined as the ratio of
the work done to the heat absorbed, i.e.:

ﬂ =1- M
Qu Q.
Coupled with the Second Law of Thermodynamics, it is impossble to have a heat

enginewith e=1; thereis, however, amaximum possible eficiency.

Canot theorized that no heat engine working in one direction between two
reservoirs can have a greater efficiency than a reversble engine operating between the
same two reservoirs.  The quantitative efficiency of a reversble or “perfect” heat engine
can aso be obtained directly from the Second Law, which higtoricdly came later. The
Carnot efficiency ec is defined as.



In the case of an engine operating as a heat pump, a more ussful and common

figure-of-merit is the coefficient of performance (COP) given by:
COP = Q
W

where W is the energy input required by the engine to achieve the dedred effect Qc.
Udng Q. =Q,, - W and thereciprocd of ec to diminate Qu, we resch:

cop =T

H TC

B. THERMOACOUSTIC HEAT ENGINES

A Thermoacoustic Heat Engine makes use of badc gas propeties assuming a
congant molar amount of gas in a container, the gas will increase in temperature when
compressed, and decrease in temperature when dlowed to expand. In thermoacoustics,
the compresson of the gas is made possble by an acousic wave, which is itsdf a

pressure wave.

A TAR is made of two individud assemblies 1) the driver, and 2) the resonator.
The input Work required for refrigeration is converted from whichever input form (for a
MIniTAR, dectricity) into acoustic waves in the driver. The actud refrigeration occurs

in the resonator, discussed here.

The resonator assembly contains four basc components needed for refrigeration:
1) the hot heat exchanger, which is the interface for the reservoir at temperature Ty; 2)
the cold heat exchanger (interface for Tc); 3) the resonator tube; and 4) the acoustic
dack. Figure 2.3 shows the physica arangement of these parts within the resonator, as

well asther rdation to the driver.



Simple Thermoacoustic Heat Engine

—

Criver
WWork Thet Thet
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Acoustic Acoustic
Resonator Resonator
Heat Pump Prime Mover
Figure2.2. Simple Thermoacoustic Engine (From: Purdy, 1998, pg. 9)

During the design phase, the driver and resonator tube are matched so the tube is
one-quarter wavelength long; this dlows a sanding wave to form in the tube, with a
resonance quality factor in the range of 10 to 30. The stack is placed ingde the tube very
near a pressure antinode of the sanding wave — typicdly a disance of 1/50 of a

wavdength.

The gdack itsdf is commonly a multilayered (rolled) combination of polyester
plagic film and monofilament line used as spacer between layers. The layers create
channels through which the acoustic wave travels. They are padld to the direction of
wave propagation and serve as a conduit for the transfer of heat and acoustic power. The
interaction between the oscillating gas (in the channels of the stack) and the stack surface
causes heat to be transported from one end of the stack to the other, towards the pressure
antinode.



The sze of a dngle channd cross-section is typicdly two to four thermd
penetration depths, dy= WC where di is the approximate distance heat can diffuse in

one acoudtic cycle, ¢ the themd diffusvity of the gas, and w the radia frequency. The
compresson and expanson of the gas in the channd is neither isotherma nor adiabatic,
therefore, temperature oscillations exist and heat diffuses transversdy between the gas
and adjacent solid surface area.  The spacing of a few dy leads to temperature oscillations
in the gas tha ae not in phase with the acoudtic pressure oscillations. This phase
difference between pressure and temperature leads to a non-zero time-averaged heet flow
aong the stack surface.

Looking again & Fg. 2.2, the lowest resonant mode is a quater wavelength with
pressure anti-nodes a the closed end and pressure nodes a the open end. This
configuration ensures that the fundamentd will have a wavdength gpproximady four
times the length of the tube. Other configurations are possble, including a closed end
resonator with pressure antinodes at both ends producing acoustic power at a wavelength
two times the physica length of the tube,

As goplied to the MIniITAR, the stack is placed within the tube so the hot hesat
exchanger is located closest to the pressure antinode; as hegt flows toward the antinode,
"cold" is left a the other end of the stack, which can be used for refrigeration if a cold
heat exchanger islocated at this point.

Another factor taken into the desgn of the resonator is the pressure differentia
caused by te acoustic wave (p,) compared to the mean pressure of the resonator (pm).
All TARs designed at the Naval Postgraduate School are designed to best operate when

the ratio of pressure differentia to mean pressureis Po 50,
P

C. DELTA-E AND DSTAR COMPUTER MODELS

The @bove discusson only covers the most basc of the physicd concepts
involved in Thermoacoudtic Refrigeration;  other factors of desgn incude desired

cooling output, desired gas mixture, temperature range of operation, and etc. To factor in
7



adl of these congderations, two computer modding programs have been developed:
DetaE a Los Alamos National Laboratory, and DSTAR a the Nava Posigraduate
School.

DdteE is the more full-festured of the two sysems — it has been near-congantly
refined due to the various Thermoacoustic projects undertaken at Los Alamos, and in so

doing covers dmost any imaginable thermoacoustic engine component.

DSTAR (Dedgn and Simulation for Thermoacoudstic Refrigerators) is a C++-
based program developed under the direction of Dr. Thomas J. Hofler as a user-friendly
and inhouse dterndive to the command-line DetaE. DSTAR dso offers an ahility to
work with different units or in dimensonless units if desred. The dimensonless units
feature gredtly facilitates the desgn phase of a project, while the option of English or
metric units dlows the direct comparison of experimentd measurements to theoretica
output. The main drawback of the program isitslimited set of engine components.



1. HISTORY

A. BROOKSDEMO-TAR

To date, the MIniTAR is the laes of Sx different TARs to be built under
Professor Hofler's supervison.  Of the previous five, the Brooks DemoTAR is one of the
more successful designs and is the most consstent with the performance requirements set
for the MiniTAR. Its desgn was therefore the starting point in desgning the MiniTAR.

The Brooks DemoTAR was designed and initidly congructed by LT Brent
Brooks (US Navy), with construction completed and testing done by LT Todd Berhow
(US Navy). The DemoTAR was conceived in 1994 after the somewhat lackluster
reception of an earlier demondration refrigerator built for a meeting of the Acoudicd
Society of America; the cold end temperature reached 89 °C, and could only be
observed on a thermometer via a thermocouple — there were no other visud cues of the

refrigerator’ s cooling power.

To give a more impressive demondration, it was desred that the new DemoTAR,
during the course of a short lecture in a crowded room, produce frost that could be readily
seen and touched. To produce frogt, the unit was designed to reach a cold heat exchanger
temperature of Tc= -5 °C, while expdling heat to the room a Ty = 25 °C. This externd
DTe = 30 K does not reflect any temperature differences that may occur due to hesting of
the internd heat exchangers and heat exchange with the room ar — for this, an additiona
10 K was added to arive a internal DT, = 40 K. Thus, during the desgn phase, the
"dedred" cold heat exchanger temperature effectivdy became Tc = -15 °C; the
temperature differences could therefore "bump-up” the cold temperature to Tc = -5 °C
without incurring an unplanned loss. For a Thermoacoudtic heat engine (as wdl as a
Carnot cycle engine) the important temperature parameter is given by the retio:

T, :%:116

_H
T. 258K

During the design phase, the resonator’s parameters were optimized to a driver

producing 10 W of power & 650 Hz and the vessdl pressurized with helium to 90 psa

9



As pat of his thess, Brooks, usng C-code written by Professor Hofler, optimized the
dack’s length and pogtion in the resonator tube, as well as the stack layer spacing. A
notable result was the ability to cut the length of the resonator tube by 40% rdative to an
optimum effidency resonator — when coupled with a dight decresse of the tube's
diameter, predicted cooling losses from shortening the tube were deemed dlowable.
Numbers in hand, Brooks predicted that a po/pm = 5%, tota cooling power would be
11.1 Watts, with atemperature span = 35 °C, COP = 1.15, and efficiency e = 0.15.

In testing, Berhow determined that a po/pm = 5% and under a heat load, total

cooling power was 10.82 watts, with a temperature span = 32.4 °C, COP = 1.00, and
e=0.121. SeeFig. 3.1.

Figure 3.1. Brooks DemoTAR. Thewhiteisfrost formed on the cold heat exchanger.

B. MINI-TAR

In the year 2000, Rockwell Science Center (RSC) contracted to the Naval
Podtgraduate School a project to desgn and congtruct a MiniTAR.  RSC's origind
desired specifications for the MiniTAR was to produce 1 W of cooling power between
60 °C and 90 °C (DT = 30 K) when operating at 10 kHz, dl in a package that was 1 inch
in totd length. Later on, due to difficulties in designing such smal components and in
findng a driver that would operate a& 10 kHz, the performance expectations were

10



modified: the operaing frequency was lowered to 4 kHz, and the dlowable length was
increased to 2 inches.

During desgn, 6° K of interna cooling were thought required, so DT, = 36K.
Thus, theratio Ty T for the MiniTAR:

Ty 363K =1.11
T. 327K

which is samilar but lower than the same ratio for the DemoTAR. Coupled with the
success of the DemoTAR, it was decided the MIniTAR resonator would be smilar to a
scaled-down verson of the DemoTAR's resonator which was subsequently re-optimized
with DSTAR. The next step wasto design, build, and test a suitable piezodectric driver.

11
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V. DESIGN OF THE MINI-TAR DRIVER

Adde from the initid refrigeration messurements with the pressurized
Refrigerating resonator, the research for this thess involved the testing and evaudion of
various schemes conddered to improve MIiniTAR-driver performance. To gain a better
gopreciation of how these schemes will work, this chapter will cover the basic driver
model, designed by Professor Hofler. The driver conssts of three parts  the front plate
assembly, the back plate, and the body.

A. FRONT PLATE

A CAD drawing of the front plate is shown in Fg. 41 The reader is highly
encouraged to view the drawing when reading the text.

Working from the edges inward, the outer ring of holes are drilled raight
through the plate and are used to attach the front plate to the driver body with screws.
The inner ring of screw holes do not go entirely through the plate (seen in Section B-B')

—itiswith these holes the driver is connected to the resonator.

The horizontd (white) bar seen in Sections A-A" and B-B' is the dtainless-stedl-
fol digohragm. A hdle is drilled in the middle of the digohragm, and the hollow
aduminum pushrod is atached to the digphragm udng a danlesssted screw.  The piezo-
electric disk(s) are then attached to the pushrod using epoxy EC2850FT, an dectricdly
inaulating adhesve. During MIniTAR operation, the disk(s) ostillate, which adso cause
the digphragm to oscillate; the digphragm oscillation, in turn, is the direct source of the
acoudtic (pressure) waves in the resonator. If the plae is hdd horizontdly, the

diaphragm/disk arrangement gppears asin Fig. 4.2.

An additiond two holes are drilled in the top plate a microphone pass-through,
and the capillary tube. The microphone is a pressure-sendtive DC microphone, used to
messure pressure differentid indde the resonator.  The microphone appears as the smal
dianeter verticd danless-ged tube with a white TFE pressure sed collar in the left
foreground of Fig4.2.

13



Mini Driver Top Tom Hofler

Make 5 of 6061-T6 Aluminum Ehysich 145
MNotes: ¥ 23 tolerance 18 +£ 0.003"; X X" tolerance 1a + 0.05°, XE};EO )

tjhofler@nps.navy.mil

Top View

tapped 2-56,
8 eq. spaced places

0.143" £ 0.002"
diam. counterbore

drill #43 thru,
8 eqd. spaced places

3/64" wide groove, 0.020" deep

1.670":0.002" 41

Dection A - A | rngfaea'l 0'532"_" ; 0.090"
L o

LM%"L‘-—J B oliz

Section B - B' FDL;iﬂtgnﬂg? “=1

!E.SSAV':D.DDQ"

3/64" wide groove, 0.020" deep
drilll #60 thru

Bottom View

# 44 drill

drill # 60 thru

Figure4.1. CAD Drawing of Front Plate.
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Figure 4.2. Sideview of top plate. Note the three piezodectric discsin the center, and
microphone to |eft of discs.

The capillary tube provides for gas transfer between the driver and resonator.  For
the MiniTAR to optimaly operate, both the driver and the resonator must be at the same
datic pressure. Teking into consderation the connection between the two is artight, and
a separate gas port for the resonator is undesirable, the diameter of the capillary tube is
caefully chosen — if too large, it will reduce the dynamic acoudtic pressure and power
leve; if too amdl, then there will be little pressure equdization and pressure differentias
may then exceed levels that are safe for the digphragm. A representation of the capillary
tube cavity is shown in FHg 43. For more information about the indgdlation and
production of the capillary tube, see Livvarcin, 2000.

Capillary  tube
Figure 4.3. Capillary tube cavity schematic.

Findly, the meta-to-metal contact between driver and resonator will not prevent

gas leskage. The solution to this problem is a Teflon gasket sed located around the
15



outdde of the digphragm, microphone hole, and capillary tube, but insde the resonator
attachment screw holes. SeeFig4.4.

Figure 4.4. Top of thefront pl e' Ththhite isthe Teflon gasket; theinnermost
circleisthe screw that holds the pushrod to the digphragm (shadowed).

B. BACK PLATE

There are four holes on the surface of the back plate. Two are for dectrical feed-
throughs of the power amplifier sgnd, another is a 4-pin dectricd feed-through for the
microphone, and the last a gas port for injecting the desred amount of gas into the
MiniTAR.

Two gold-plated mini banana jacks are ingtaled onto the back plate for the power
amplifier connection. On the indde, two smdl pieces of wire are soldered to the legs of
the jacks to provide a connection between banana jacks and the piezo disc(s). During
ingalation, the jacks are first painted with 2850FT epoxy, then glued into the holes with
the epoxy. The properties of the epoxy prevent gas leakage and provide eectricd
insulation from the metd plate.

The inddlaion of the microphone is made complex by the microphone requiring
four wires. If left insulated, the wires will cause sgnificant gas leskage; bare wires, if
dlowed to touch, will create dectricd shorts. During inddlation, the wires are hdd
goat by use of a four-termina connector and the epoxy. The microphone is included in
the design for research purposes; a production model will not need a microphone and the
complexities of itsingtdlation.
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C. DRIVER BODY

The driver's body is smply a hollow dainless-sted cylinder with open ends, two
tapped machine screw hole circles, and two aring grooves for face seds. Its function is
to create a seded cavity between the front and back plates, wherein the piezodectric

components, microphone, and associated wiring reside.
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V. EXPERIMENTAL SET-UP

Before proceeding, it is beneficid to firs describe the methods of acquiring data
when testing the individud drivers. This chapter will cover the Test resonator, system

set-up, and basic measurement procedure.

A. TEST RESONATOR

As previoudy daed, the main desgn chadlenge of the MINITAR (other than its
gze) was finding a suitable driver. A concern was testing the proposed driver designs —
for accurate measurements, the drivers had to be tested with an acoudic load
agpproximating that of the Refrigerating resonator. For this, a separate Test resonator was
built.

While the obvious method is to test the driver with the Refrigerating resonator,
there are two reasons why a special Test resonator was built for the purpose of driver
teting. Fird, the Test resonator could be built quickly and would dlow driver testing to
proceed without a lengthy wait for the completion of the Refrigerating resonator.
Second, the Refrigerating resonator is actudly a surprisngly poor test-bed for driver
devdopment; the high acoustic power levels required in driver teding are intimady
connected to temperaiure changes and resultant resonant frequency changes in the
Refrigerating resonator. The Test resonator was pecifically designed for a high degree
of temperature gability.

The Test resonator is effectively a smple copper-tube with a driver atachment
point a one end and an adjustable plunger a the other, with an inner wal shaped to
resemble an hourglass. See Fig. 5.1. This internd shape enables high amplitude standing
waves without much digortion. The adjustable plunger dlows for shifting the tube's
resonant frequency. Optimdly, the resonant frequency of the resonator must match the
mechanical resonance of the driver, the latter not readily adjustable.  When coupled with
measurements from the SRS-785 Signd Andyzer (procedure described later in this
chepter) and aded by theoreticd caculations with DSTAR, the optimum operating

frequency can be found and gpplied to resonator design.
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Another note of the Test resonator's design: the Refrigerating resonator of the
MiniTAR is designed to optimaly operate at a pressure of 15 bar; desgned with the aid
of DSTAR, the Test resonator produces the equivalent acoustic load, but at 10 bar. More
information on the Test resonator can be found in Direk, 2000.

B. MEASUREMENT SET-UP

To take measurements, a SRS-785 two-channd sgnd andyzer, two multimeters,
a preamplifier, a power amplifier, and a gas pand are aranged in a sysem, shown in Fg
5.2.
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Figure5.2. Overview of the measurement setup.

When a driver is mounted — ether to the Test resonator or to the Refrigerating
resonator — for measurements, the system is firsg purged. Purging consss of bleeding
and usng a vacuum pump to pump the assembly volume to 1 or 2 psSia, repressurizing
with the desred test-gas mixture (either hdium, argon, or mixtures thereof) to 80 or 100
psia, and repedting the cycle three or four times. Once purging is complete, the gas pand
is used to maintain near-congtant pressure in the assembly, and measurements can now be

taken.

For tedting, the sgnd andyzer is operated in swept-sne mode to both generate
ggnals to the driver and to record response.  An input drive voltage is selected, and then
the drive frequency is swept either up or down over a chosen range. All sgnds are firg
procesed through a power amplifier, taking care to not exceed an imposed drive voltage
limit of 15 Vims — damage begins to occur a 17 Vims.  The power amplifier connects to
the driver via miniature banana jacks, to the sgna andyzer as a reference sgnd, and to a
multimeter operating as an AC Voltmeer — this helps the operator ensure the 15 Vims
limit is not exceeded.
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Ingde the assembly, the driver's microphone measures the absolute pressure
amplitude developed inside the resonator. The microphones sgnd is fed through a pre-
amplifier to a multimeter — operating as a DC Voltmeter — and to the sSgnd andyzer test
ggnd input. The DC Volt read-out can be converted to pressure (explained in Chapter

VIl), and the sgnd anadyzer is used for processing.

With the sgnd andyzer, the resonant frequencies of both driver and resonator
can be seen in the frequency-response sweep, and with the Test resonator, hopefully
matched by adjusing the plunger. Additiondly, data collected by the Sgnd andyzer can
be saved to disk for later andysis.
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VI. DRIVER ENHANCEMENT

In designing the MiniTAR driver, four idess were proposed to improve driver
power — it was not known which idea(s) would be successful. This chapter will cover the
various schemes proposed to improve performance, as well as past work leading-up to

thistheds.

A. SCHEMES

1 Diaphragm Size

"Digphragm Sz€' means the surface area of the digphragm; it is theorized that of
two drivers which vary only in the digphragm sze, the driver with larger digphragm dze
will not only displace a large volume because of its increased surface, but aso from the
inherent increased linear stroke of oscillation. However, the transduction force generated
by the piezoceramic disc(s) must increase with digohragm area in order to achieve a
given pressure amplitude.

2. Mass Weighting

"Mass weighting” is an attempt to force more ostillatory force from an individua
piezoceramic disc. During operation, dternaing current (AC) is fed to the disc(s),
causng oscillation of the edges, in turn, each disc's center-of-mass attempts to remain
dationary, causng the disc-center to oscillate 180° out-of-phase with respect to the
edges. The pushrod and disc are connected at the disc-center, so the pushrod oscillates,
caudng digphragm displacement. "Mass weighting” is accomplished by attaching smdl
weights in a symmetrica paitern about the edge of the disc. See Fig. 6.1. As more mass
is now oscillating at the edges, the disc-center must oscillate at a greaster amplitude than
in the unweighted case to keep dationary the center-of-mass.  Since the inertid mass near
the edge is increased, the maximum force generated at the center may aso be increased.

The result is theorized to be greater acoustic pressure.
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Figure 6.1. Mass-weighting of atwo-disc driver.

3. Number of Discs

Quite smply, more is better. To drive oscillation of the digphragm, a one-disc
driver must by itsdf overcome the combined mass of the pushrod and diaphragm as well
as ddiver force and power to the acoudtic resistance of the resonator. It is theorized
multiple discs will offer improved performance because the net load impedance is shared
between the disks. In other words, this scheme is a force multiplier. It is important that
during condruction of a multiple-disc driver, the discs used al have nearly the same
resonant frequency. This matching of discs helps to overcome any interference effects
that could be dominant if the discswere dl of avery different resonant frequencies.

4, Diaphragm Pre-flexing

Bascdly, the digphragm is congdructed by anchoring a very thin ganless-sted
flaa plate to the duminum front plate. In its amples form, the flexible danlesssted
plate is bonded to the rigid duminum plate in a flattened date. The acoudicaly-driven
flexing of the digohragm is liner as long as the digphragm's restoring force is
predominantly flexurd in nature and the tenson is minima.  However, digohragm
displacements in the range of 50 mm cause large internd tensons to be generated,

limiting the maximum stroke in a nonlinear fashion.
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Pre-flexing involves anchoring the digohragm to the plate in an dready diplaced
and dightly curved configuration. The comparison to use is indead of a rope being
attached while taut, pre-flexing is the rope being atached with some dack.

B. PAST WORK

For his thess LTJG Seyhmus Direk (Turkish Navy) did complete testing of
drivers designated SN-01 and SN-02, and some preliminary testing of SN-03 — testing of
SN-03 was completed as the first part of work for this thess. What follows is a synopsis
of the atributes of SN-01 and SN-02, as well as Direk's findings for each (for more
information, see Direk, 2000). Direk'swork with SN-03 is covered in the next chapter.

1. SN-01

SN-01 is a 1-disc unweighted driver, with a certain digphragm size. Direk found
the optimum resonant frequency to be 4.30 kHz, testing the driver on the Test resonator
(pm = 150 psia) a this frequency with driving voltage 14 Vims, @ peak acoustic pressure
differentid of p, = 3.63 ps wasfound. Thisleadsto adynamic mean to pressure ratio of:

Po _363_ 5 aons

p, 150
Direk then went further, and in assuming SN-01 would produce the same po when pm =
225 psia, found the dynamic to mean pressure ratio to be;

& = ﬁ =1.61%
p, 225

This ratio is well below the e =59 required for refrigeration. Direk concluded SN-01
P

quditatively performed as expected, but just did not produce enough acoustic power.
2. SN-02

SN-02 is a 2-disc unweighted driver, with a digphragm sze 21% larger than in
SN-01. Direk reports SN-02's performance to be problem-ridden and below expectations
— when not deding with breskages between discg/dectricadl lead connections and
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discdpushrod joints, the driver ddivered measurements 2.6 times lower than SN-OL.
Thisresult led to are-examination of data collected for SN-01.

In re-examining the data, a relaionship was found between the mean pressure and
its effect on pesk acoudic pressure, digphragm displacement, and volume velocity. As

mean pressure increased:
a peak pressure increased,
b. digphragm displacement decreased, and
. volume velocity decreased.

It was therefore concluded the larger digphragm of SN-02 had actudly hindered
performance — as a result, each following driver has been built with the same digpohragm
area as SN-O1. Another result is emphass of research focusing upon the different disc

arrangements and their effect on peak acoustic power.
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VII. MEASUREMENTS

A. DRIVER SN-03

Driver SN-03 is a double-disc, unweighted driver with the same digphragm size
as SN-01. As pat of his thess Direk was able to do enough testing on SN-03 to
conclude it produced the acoustic power needed to produce some sgnificant
refrigeration.  With this concluson, condruction of the Refrigerating resonator was
accelerated 0 the first refrigeration tests could be conducted with SN-03.

The firgt task of this thess was to find the resonant frequency of SN-03, using the
Test resonator. The resonant frequency f of the driver was found to be f = 4.07 kHz.

1. GasResonance

An important premise of the MInTARS desgn is tha the mechanicd
performance of the driver and the gas acoudtics of the resonator both have moderately
sharp resonances, and these resonant frequencies must be closdy maiched for efficient
operation and high cooling power. Once congructed, the mechanical resonant frequency
of the driver cannot be easly adjusted. While it is attempted © match the two resonant
frequencies via the hardware design of the resonator, this is (generdly) not precise
enough to ensure success. However, the two resonances can 4ill be matched, by
introducing gas mixtures with different sound speeds.

The MInITAR is desgned to operate optimdly with hdium-krypton gas a 15 bar,
but due to the gass high cost, mixtures of hdlium and argon are used for teding. Before
refrigeration measurements could be taken, the proper mix of hdium and argon had to be

found, the correct mix having the same resonant frequency asthe driver.

To find the proper mix, the resonant frequencies of three different gases were
measured. The Refrigerating resonator / SN-03 assembly was individualy pressurized to
gpproximately 10 bar with each of the following gases pure hdium (He), pure argon
(Ar), and an argon-hdium mixture condgting of 18% aomic argon (18% Ar-He). This
latter mixture was avalable to us in a pre-mixed pressurized gas cylinder. The sgnd
andyzer was then operated to make sweeps over a given frequency range a different

drive voltages, producing curves like those plotted in Fig. 7.1.
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Fg.7.1 shows a quditaive example of the results for each individua gas — the
pesk a f = 3.17 Hz is the gas resonance, while the pesks in the interva f = (4.3, 4.8) kHz
represent the driver resonances a different drive voltages. Note the driver resonance
moves to the left as drive voltage is increased; the plot of "4.89 V (1)" is the acoudtic
amplitude after the fird sweep with drive voltage 4.89 Vs, While "4.89 V (2)" is the
acoudtic amplitude after three sweeps.

Fig. 7.2 is a combined plot of the resonances of the three individua gases. For
the best refrigeration results, the gas resonance indde the Refrigerating resonator should
be f = 4.07 kHz, to match SN-03's resonance. As can be deduced from visua inspection
of FHg. 7.2, none of the individud gases has the required resonance. The figure dso
shows that adding pure He to the 18% Ar-He mixture will produce the needed mixture.
At this point, it would be smple to cdculate the correct ratio of argon to hdium, but
unfortunately, the gas pand we used does not have the capability to mix gasses —
therefore, abalancing act was performed in ataining the proper mixture.
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Figure 7.2. Individua gas resonances. The plots are not continuous over the entire
range of frequencies as the frequency sweeps of interest were not in the same range.

The correct mix was found by first purging the system, then pressurizing to 10 bar
with pure hdium. At this point, the gas sound speed had to be "dowed-down", so the
sysem was vented to approximately 5.5 bar, and repressurized back to 10 bar using the
18% Ar-He. The driver was then driven a 0.722 Vims, and the gas resonance viewed on
the dgnd andyzer's screen — if the resonance was not 4.07 kHz, venting and
repressurization was repeated. During the repetition, if resonance was above 4.07 kHz,
18% Ar-He was added, while if resonance was below 4.07 kHz, pure helium was added.

2. Refrigeration Tests

Temperature measurements were made using two thermocouples — one attached
to the hot heat exchanger, and the other to the cold heat exchanger. See Fig. 7.3 for the
location of the hot thermocouple.

The firg refrigeration measurements were made & a room temperature of T =
23.8 °C, with the Refrigerating resonator uninsulated and exposed to room conditions.
Gas resonance was f = 4.10 kHz, and the assembly was driven at different frequencies

(drive voltage 14.0 Vimg) to compensate gas resonance was not at the desired value. The
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greatest temperature difference observed was 12.1 K, between Tc = 17.2 °C and Ty =
29.3°C, at f =4.03 kHz. The coldest Tc measured was Tc = 16.8 °C.

The next st of measurements involved smulating a heat load on the refrigerator.
An dectric resstor (49.9 W metd film resigtor rated at 0.25 W) was attached to the cold
heat exchanger, and the entire assembly was insulated with polyester fiber-fill and a
slvered Mylar™ outer covering. See Fig. 7.3 for location of the resistor. In preparatory
testing, the resstor was run a different power settings (on a non-operaing Refrigerating
resonator) to ascertain the therma impedance of the insulated resonator to the ambient.
Thedatais shown in Table 7.1, and will be discussed in the next chapter.

Figure 7.3. Locetion of the thermocouple on the cold heat exchanger with the leads a
top-right, and the resistor on the cold heat exchanger with leads at top-|eft.
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Heat Leak Measurement (1)

EstP (W) V (V) I (mA) hotT (°C) cold T (°C)
0.25 3.45 67.6 27.6 22.0
0.50 4.92 96.0 32.8 22.6
0.75 6.01 118 39.8 24.1

Table7.1. Heat Leak Measurement Data.

After the therma impedance was found, the system was purged and reloaded with
the gas mixture that had resonance of 4.07 kHz. The firs batich of measurements
involved the assembly pressurized to 10 bar, driver operating a f = 407 kHz. The
second batch of measurements had the assembly pressurized to 134 bar and the driver
operating a f = 4.02 kHz. In both cases, drive voltage was V = 13.97 Vims (i.e, full
power). The variable for these tests was the resstor power; the resstor was operated at a
certain power, and the recording of all data was taken once the temperatures of the hot
and cold heat exchangers had dsabilized. The resistor power was then changed, and the
next recording of measurements were taken. The data taken is shown in Table 7.2, and
with the therma impedance calculations, will be andyzed in the next chapter.

Refrigeration w/ Heat Load
P (psia) ResistorV (V) hotT (°C) cold T (°C)
162.6 3.01 25.8 14.9
162.6 3.01 25.2 15.9
162.6 4.00 25.5 18.0
162.6 5.00 25.2 19.9
191.3 -- 25.4 13.0
191.3 4.00 25.6 16.8
191.3 5.00 25.6 19.3

Table 7.2. Temperatures vs. Heat Load.

B. SN-04

SN-04 is a two-disc weighted driver, with the same digphragm size as SN-01 and
SN-03. As dways, the firg benchmark was determining if the driver produced enough

acoudtic power for refrigeration.

To determine if SN-04 produced enough acoustic power, the data needed was the
amplitude of the resonance peak at different pressures. To gather this data, SN-04 and
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the Test resonator were pressurized to different pressures, at each pressure, the driver
was run a full drive voltage (V = 13.8 Vg, and the plunger was adjusted until the
frequency sweep on the sgnd andyzer showed only one resonance peak on a smooth
curve. The dataand andysisisshownin Table 7.3.

SN-04 Power
pm (p a) A (dB) po (ps) po/pm (%)

-65.2 0.0531 0.804
15.0 -56.4 0.146 0.975
26.0 -49.8 0.313 1.20
59.1 -41.4 0.822 1.39
101.5 -35.6 1.60 1.58
161.4 -29.5 3.24 2.00
225.7 -26.6 4.52 2.00

Table 7.3. Resonance peaks for SN-04 at different pressures.

In Table 7.3, pn is the mean pressure, i.e. the pressure of the Test resonator / SN-
04 assembly a which the data point was taken. The second column, "A", denotes the
amplitude of the resonance peek, in decibels. The column p denotes the peak change in

Po
P

pressure due to the acoudtic wave. The last column is the ratio , denoted as a

percentage.
The peak acoustic pressure  is found by converting the resonance pesk to units

of voltage, and then usng the microphones pressure-senstive DC rating to convert the
voltage to unitsps. The equation used is:

Po = (Drive voltage) * J2+ 10%0 * (PreAmp Gain)™* * (Microphone sensitivity)

p, =13.8(1000)v2 (10%)?110 Z?lezq‘ %. 6(10%0)

The factor 13.8 is the rms drive voltage (which is used as the reference voltage for the dB
in Table 7.3), and 1000 the converson factor of volts to millivolts. The resonance pesk

amplitude is converted from decibels, and multiplied by 2 1o change from an rms vdue
to a pek vdue. The scadar vaue of the amplitude, multiplied by the drive voltage, gives
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the number of millivolts read a the Sgnd andyzer. The result is further divided by 10 to
offsat the pre-amplifier's gain of 10, resulting in the number of millivolts actudly sent by

the microphone. The microphone has a sendtivity of sending 20.22 m%psi -- the

conversion then gives p, in units ps-pesk.

As can be seen from Table 7.3, the ratio Po for 9\N-04 does not come close to
P

the dedred level of 5% for subgantiad refrigeration. Nor is it as powerful as SN-03,

which demondtrated a Po ratio of 2.9% in the test resonator.
Pm

C. SN-05
SN-05 is a three-disc driver, with the same digphragm size as SN-01, SN-03, and
SN-04. Additiondly, its microphone sengitivity is 27.21 A)psi .

Unfortunately, during the driver's firg run a full power, which corresponds to a
drive voltage of 13.8 Vs the epoxy joint between one of the discs and the duminum
pushrod falled. Due to various budgetary and time condraints, the driver could not be
repaired in time for further data to be collected for thisthess.

Data collected up to the time of breakdown, however, indicates SN-05 was
performing admirably well. At amean gas pressure of 154.8 psiaand running a drive
voltage 13.8 Vs, the last recorded resonance peak was —19.6 dB, indicating a

P - 4.75%. 1t should be noted this was the last known vaue only — the Test resonator
Prm

was not yet properly tuned when the breakdown occurred. Prior experience indicates the
driver's resonant frequency isin the neighborhood of 4.1 kHz, and there is agood chance

that once repaired, SN-05 will meet and exceed the required Po vaue
Prm
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VIII. ANALYSISOF REFRIGERATION DATA

Andyss of the MiniTAR's refrigeration characterigtics is best done by andyzing
its performance when under heet load. As such, this chapter will firg find the thermd
impedance of the cold heat exchanger, i.e. the effects of the operating resistor, and will
then use that result to compare the MiniTAR's performance to theory.

A. THERMAL IMPEDANCE

The firgt part of Table 8.1 below smply restates the data of Table 7.1. For this
data, the MiniTAR was not operating — dl temperature changes are drictly the effect of
heat disspated from the resstor and therma impedancesin the structure and insulation.

Thermal Impedance

EstPW) VM) L(mA) hotT (°C) cold T (°C) Heat(W) DT (K) Impedance (K/W)
5.6

0.25 3.45 67.6 27.6 22 0.2280 . 24.56
0.50 4.92 96 32.8 22.6 0.4599 10.2 22.18
0.75 6.01 118 39.8 24.1 0.6948 15.7 22.60

Table 8.1. Determining thermd impedance.

The column "Heat" denotes the heet power of the resstor, caculated usng the
rdaion P=1°R, while DT is smply the difference between the two heat exchanger

temperatures. The themd impedance is found through dividing the temperature
difference by the input heet.

For the rest of our caculations, we will consder the therma impedance to equa
22.6 £ 04 K/W, i.e. the therma impedance caculated when input heat power was 0.6948
W. Since the eror of the temperature difference measurement dominates the net error,

we chose the above therma impedance vaue as the most accurate.

B. REFRIGERATOR UNDER LOAD

While messuring the peformance of the MiniTAR under heat load, the
refrigerator was run at two different pressures. 10.0 bar and 134 bar. As the MiniTAR
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was designed to operate at a pressure of 15 bar, only the data taken at pn = 13.4 bar is
worthwhile to andlyze.

Table 8.2 shows the total heat load on the refrigerator.

Heat Leak Measurement (2)

HeatertV (V) T4 (°C) T (°C) HeaterP(w) DT (K) Heatleak (W) Heatl oad (W)

0.00 254 13.0 0.000 12.4 0.549 0.549
4.00 25.6 16.8 0.308 8.8 0.389 0.697
5.00 25.6 19.3 0.481 6.3 0.279 0.760

Table 8.2. Determining tota heet load on the MiniTAR.

For measured vaues, the column "HeaterV" shows the measured voltage across the
resgtor, and columns "Ty" ad "T¢" denote the temperatures a the hot and cold heat
exchangers, respectively. "HeaterP' is the heat load from the resgtor itsdf, the power

_V2 —V2 . . . . .
cdculated as P = /Q— AZ' The resstance for this equation is 52 W ingtead of the

resistor's R = 49.9 W to offsat any heat leak caused by heating of the copper wires used to
connect the resistor to the DC power supply; though very smdl-gauge wires were used,
in order to minimize the heat leek, we fed this is a prudent sep. The "Heat Leek" is the
temperature difference between heat exchangers divided by the therma impedance; this
measures how much additionad heet load the MInITAR puts on itsef smply because it is
sudaining a temperature difference. The totd heat load is the sum of the resstor's power
and the heat leak.

The above andyss makes possible some interesting comparisons, among them
the "hot temperature® when the MINITAR was off and subject only to the resstor's
hedting, to the "hot temperaiure’ when the MINITAR was on and operating with an
equivdent heat load. When the MIiniTAR was off and the resstor was produdng

approximately 0.7 W of power, the hot temperature approached 40 °C. When the
MiniTAR was on and had a heat load of 0.76 W, the hot temperature stabilized at 25.6 °C
— proving that the MinITAR is, indeed, refrigerating.

Ancther comparison involves comparing vaues when DT is gmilar. For this

consder when the MiniTAR was off, and the resstor was producing P = 0.4599 Waits —
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the resulting DT was 10.2 K (cold temperature was 22.6 °C). The most dmilar DT
produced during refrigeration is 8.8 K (hot temperature was 25.6 °C), produced under a
heat load of 0.697 W. Consider: the resstor, operating a a certain power, itsalf causes a
catan temperaure differentid. The MInNTAR, when operating with a dightly-higher
heat load, produces a dightly-lower temperature differentid — with its "hot" temperature
just 3 K above the "cold" temperature when only the resstor was operating. Taken dl
together, these arguments indicate the MINITAR is producing about 05 W of

refrigerating power.

A Dbeter andysis can be done when comparing actud figures-of-merit to
theoretica, as done in Table 83. All of the theoretical quantities were caculated in
DSTAR, usng the MiniTAR modd.

Actual vs. Theoretical

0.00 886 2.44 0.340 2.33 1.61 -30.8
4.00 862 2.38 0.339 2.48 2.06 -17.2
5.00 852 2.35 0.340 2.58 2.24 -13.1

Table 8.3. Actua Fgures-of-Merit vs. Theoretical.

The "HeaterV" column denotes the data, and measured values, correspond to the same

data points of Table 8.2. The microphone (mic) data leads to finding the ratio P note
P

that though SN-03 produced Po = 29 % with the Test resonator, performance is
Prn
degraded when paired with the Refrigerating resonator.

The column "DrivePT" is a mixed messured and theoreticd vaue  the
combination of the messured (po/pm)? divided by the theoretica acoustic impedance, it
reflects how much acoustic power is produced at the driver digphragm. While in the past
we have acquired direct acceleration measurements of the driver piston for the purpose of
direct acoudsic power measurement, the extremedy smal sze of the driver components
made it impossble to use this technique. Hence, we resorted to a mixed measurement
and theory estimate of acoustic power.
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The measured-COP (COPM) is a combination of theory and measurement; it is

the quotient of the corresponding heat load divided by the (theoreticd) Drive Power
("DrivePT"). The liged COPT vdues are purely theoreticad determinaions computed
through DSTAR.

Note, adl COPs listed incorporate the therma conduction heat lesk as part of the
net heet load on the refrigerator.  While this does not properly reflect the usable
refrigerator performance, as would be required for the sde of a commercid product, it
does smplify the comparison between experiment and theory.
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IX. CONCLUSIONS

A. DRIVER-POWER IMPROVEMENT SCHEMES

Four different ideas were proposed to improve driver power: larger digpohragm
aea, mass weghting, number of piezoceramic discs, and digphragm pre-flexing. A
previous thesis (Direk, 2001) concluded larger digphragm area had an adverse effect on
driver performance. As a reault, al drivers constructed since have had a digphragm area
equal to SN-01.

Driver SN-03 is a two-disc, unweighted driver, and SN-04 a two-disc, weighted
driver. The fact that SN-03 was used for the first refrigeration tests, and SN-04 was
proven to not possess enough acoudstic power for refrigeration, suggests that mass
weighting adversdy effects driver peformance.  Proving the ineffectiveness of mass
weghting would require building and teting a smdl ensamble of weghted drivers,
which is too time consuming for our project. It is dways possible that poor performance
of asingle unit results from one or more errors in fabrication.

The last driver tested for this thess, SN-05, is a three-disc unweighted driver with
a pre-flexed digphragm. Unfortunatdy, the epoxy joint between the aduminum pushrod
and one of the piezoceramic discs faled during testing, and repars could not be
completed in time for this thess. Although no conclusions can be drawn upon the effects
of digphragm pre-flexing and increesng the number of piezoceramic discs initid dgns
point toward the combination ultimately improving driver power. Further tedting is

encouraged.

B. MINI-TAR REFRIGERATION

The initid refrigeration tests making use of driver SN-03, were intended to
andyze how closgly the measured thermoacoudic vaues of the congructed unit
compared to theory. At wordt, the MiniTAR performed 30.8 % below theorized values,
at best, performance was 13.1 % below expected.

The main problem of this project is its scde — the MINTAR is the firg atempt to

build a thermoacoudtic refrigerator that is two inches tal and can produce 0.5 W of
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cooling power when cregting a DT = 30 K. The MIiniTAR coming within 131 % of
expected performance (at best) signifies continued research is worthwhile. Of note is the

MiniTAR was designed to operate with a peak P ratio of 5 %; during the testing, the
P

peak P ratio did not exceed 2.5 %. Therefore, the acoustic driver power was too low
Prn

by afactor of four. Morework is needed to increase driver power.

C. RECOMMENDATIONS OF FUTURE WORK

Driver SN-05 should be repaired, and testing fully completed, to draw a clear
concluson of how driver power is affected by digphragm pre-flexing and more (i.e,
three) piezoceramic discs. If possble, an additional driver should be congructed; this
new driver (SN-06) should ether be a two-disc unweighted driver with a pre-flexed
digphragm, or a three-disc unweighted driver with the same digohragm as SN-01.
Testing of the proposed SN-06 would isolate the effects of three discs or the pre-flexed
digphragm.

The epoxy falure on SN-05 is a falure smilar to what was experienced with SN-
02. The epoxy falure on both drivers points to the need for more research on aternate
driver designs, ones in which criticd joints are not smply glued together.  Unfortunately,
the smdl scde of the project will meke dternate driver desgns difficult.  This design
chdlenge will probably hamper future MiniTAR devel opment.

D. OVERALL

Thermoacoudtics is an excting world, a fidd in which refrigeration can be
obtained without the use of any chemicas. Thermoacoudtic theory is well-established;
its main drawback is the myriad of engineering chdlenges to make it work, especidly on
ascde assmd| asthe MinITAR.
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