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ABSTRACT

The objective of the STAR project is to test and space
qualify a continuous cycle cryogenic refrigeration system for
the cooling of sensors ard electronics based upon the
thermoacoustic heat pumping effect. This thesis describes the
design, assembly, and calibration of the electrodynamic driver
and 1its associated performance monitoring and ccntrol
instrumentation. The electroacoustic efficiency of the driver
is measured under different operating conditions utilizing a
prototype refrigerator resonator. These 1esults are then
compared to modelled efficiencies derived from a computer
simulation program that uses the independently-measured
individual component parameters to predict the driver
performance. Goocd agreement between measured and predicted
efficiencies is observed. Highest electroacoustic
efficiencies are shown to occur when the resonance frequencies
of the driver and resonator are most closely matched. A
maximurm electrcacoustic efficiency of 50% is achieved under
these conditions. More important however, is that the

efficiency decreases by only 10% over < 20% bandwidth about

resonance.
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I. INTRODUCTION

A. BACKGROUND

This thesis, in part, is a continuation of the work
begun by Lt. M. Fitzpatrick' (1988) dealing with the Space
Thermoacoustic Refrigerator (STAR) project. Much of her
introductory material is applicable to this investigation
and has therefore been reproduced where relevant. The
theory pertaining to the thermodynamics and thermoacoustics
involved in the design of the refrigerator is only briefly
discussed. Fitzpatrick covered these topics in some detail
and further reproduction of her work in these areas would be
unnecessarily repetitious.

1. History
Thermoacoustics can be thought of as any process

involving heat transport and sound propagation in which
energy is converted from one form to the other. The study
of thermoacoustic phenomena dates back many years. However
it wasn't until only recently (late 1970's to early 198u's)
that any major breakthroughs were made in the field. These
were largely due to the work of Nikolaus Rott, who
quantitatively described the thermoacoustic phenomena that
his predecessors had observed. 1In a review article on
thermoacoustics® Rott restricted his definition of the

subject matter to the study of heat engines in which a net




heat transport in some gaseous medium is related to the
acoustic properties of that medium. Rott discussed heat-
driven oscillations in which a heat engine acts as a prime
mover. In addition he explained the phenomenon he called
"thermoacoustic streaming” in which a heat engine acts as a
heat pump or a refrigerator.

Inspired by Rott's work, a group led by John
Wheatley at the Los Alamos National Laboratory, began
experimental research into the design of various
thermoacoustic heat engines. The performance of these early
prototypes was rather disappointing which resulted in the
group devoting more time to the study of some simple
thermoacoustic effects and comparing them to Rott's theory.
In 1986, Tom Hofler, a student of Wheatley's, was able to
numerically solve Rott's theoretical equations. Applying
this knowledge, Hofler designed and built a working
thermoacoustic refrigerator’ as part of his doctoral thesis.

Subsequent to Hofler's work, a proposal by Steve
Garrett of the Naval Postgraduate School led to the concep-
tualization of a space-qualified version of Hofler's
prototype refrigerator. Two of Garrett and Hofler's thesis
students, Fitzpatrick and Susalla, commenced work on two
different components of the refrigerator. This thesis is a
continuation of their work into the design, fabrication and

testing of a space-qualified thermoacoustic refrigerator.




2. Refrigerator Efficiency

In his doctoral dissertation, Hofler reported that
the lowest ratio of cold temperature (T.) to ambient
temperature (T,) attained with his prototype fridge was
0.66. Additionally he found that the highest coefficient of
performance relative to Carnot was 12% at a tenmperature
ratio of 0.82. 1In designing the space-qualified
thermoacoustic refrigerator one of the principle objectives
was to modify Hofler's prototype in an attempt to increase
its overall efficiency. Achieving this goal requires a
basic understanding of the refrigerator and the energy
transformations that occur within it.

The actual design of the space thermoacoustic
refrigerator (STAR) is depicted in Figure I-1. Basically an
acoustic standing wave, produced by an electrodynamic
driver, is excited within a closed resonator tube. A
closely-spaced stack of plastic plates is critically-
positioned near the pressure antinode within the resonator.
The thermodynamic interaction between the acoustic wave and
stack results in a net heat flow towards the pressure
antinode. This assumes that minimal heat conduction occurs
at the walls of the resonator in the vicinity of the stack.
Though this description of the refrigeration process is
over-simplified, it will suffice for now. For further
discussion of this process, the reader is referred to Swift

(1988).° The main point concerning the present topic is
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that three forms of energy exist (electric, acoustic, and
heat) and are interrelated in the definition of overall
efficiency.

The first transformation to occur involves the
electrodynamic driver, or transducer, which converts
electrical energy into acoustical energy. The electrical
power delivered to the driver (n,,) is proportional to the
product of the input voltage (V), current (I), and the
cosine of the phase angle (§) between them. The acoustical
power generated (II,,) is proportional to the product of the
acoustic pressure (p), the volume velocity (U), and the
cosine of the phase angle (¢) between them. Electroacoustic
efficiency (7n.,) is then defined as the ratio of the output
acoustic power to input electric power.

The second energy transformation involves the inter-
action between the acoustic pressure wave and the stack. For
a given acoustic power, a net heat flow occurs resulting in
the removal of heat (Q,) from the "cold" end of the stack
via a heat exchanger. In this case a common measure of
performance, known as the coefficient of performance (COP),
is equal to the ratio of heat removed to the acoustic power.
(Figure I-2 summarizes the above discussion.)

Improvement of the overall performance of the Hofler
prototype refrigerator required that the electroacoustic
cfficiency and coefficient of performance be maximized.

The latter was dealt with by Susalla whose work in
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designing and testing variations on the thermoacoustic stack
in different inert gas mixtures resulted in significant
improvements over previous designs. Using Hofler's
refrigerator, Susalla was able to achieve a 93% improvement
in the coefficient of performance relative to Carnot,’
(where the Carnot COP is defined to be the maximum
attainable COP for a perfect refrigerator at a given
temperature span).
3. Driver Optimization

Optimization of the electroacoustic efficiency was
the topic of Fitzpatrick's research (1988). She discussed
the need for a driver to have minimal moving mass (m,) and
minimal mechanical resistance (R,) in order to reduce
mechanical losses. She also explained the need for a driver
to have as large a transduction coefficient (Bl) as possible
in order to maximize acoustic power output. The driver
Fitzpatrick initially selected for modification and testing
was an Altec 260-16K electrodynamic transducer. This driver
was selected because of it's ability to produce the large
pressure amplitudes and volume velocities required for space
applications. The Altec driver was modified so that voice
coil displacements could be directly translated to a
flexible surface (the bellows) having approximately the same
cross-sectional area as the resonator tube that would house
the thermoacoustic stack. Fitzpatrick found that the

electroacoustic efficiency of the driver (in air at 1 bar)




ranged from 75.9% to 84.2% for electric powers of 54.2 mW to
0.56mW respectively. Using a computer model developed by
Susalla, Fitzpatrick was able to predict the electroacoustic
efficiency of the Altec driver. She found that her measured
efficiencies were about 15-20% higher than those predicted
by computer simulation.

In addition to the Altec 290-16K, Fitzpatrick
obtained a modified JBL model 2450J neodymium-iron-boron
(NIB) compression driver. This driver employs the latest
innovations in driver technology including a titanium
suspension and aluminum voice coil in addition to the rare-
earth magnetic structure. Imposed time limitations
prevented modification of the NIB driver for refrigerator
applications, however Fitzpatrick was able to determine the
unmodified driver parameters. Using these as inputs for the
computer program, and simulating different acoustic load
impecances, Fitzpatrick was able to predict electroacoustic
efficiencies of the NIB driver in 10 bar helium (He) and 10
bar helium-xenon (12.5% Xe) gas. Predicted efficiencies in
helium were reported to be about 50% higher due to better
impedance matching between the driver and acoustic load.
Although this suggests that helium would be the preferred
acoustic medium to be utilized by the fridge, Susalla
observed that the coefficient of performance could be
maximized by using a He-Ye gas mixture. For this thesis the

electroacoustic efficiency of a modified NIB driver is




physically determined for various inert gas mixtures (at 10

bars) and compared with Fitzpatrick's predicted values.

B. SPACE THERMOACOUSTIC REFRIGERATOR (8TAR)
1. Motivation

Numerous applications for spaced-based refrigeration
systems presently exist in the form of cooling low noise
and/or high speed electronics, high T, superconductors, and
infrared detectors. Presently, methods based on the
evaporation of expendable cyrogens (liquid helium, nitrogen,
etc.) or on closed cycle processes (Stirling cycle, Vuil-
leumier cycle, etc.) are used. Both methods suffer from
significant disadvantages. In evaporation based refriger-
ators, it is a limited supply of stored cyrogens, for closed
cycle systems, a high vibration level exists. Additionally
the use of sliding seals in these refrigerators are a
primary cause of system failure lowering their overall long
term reliability.

The potential advantages of the STAR in increased
reliability, reduced vibration, and simplicity over present
space based refrigeration systems indicate that it could
replace these systems in some applications. As a result of
this it was determined that space-based testing of STAR was
desirable. The absence of gravity would remove thermal
convection as a heat transport mechanism and the vacuum of

space would provide thermal insulation which would allow for




the most accurate determination of the systems overall
efficiency.

On 3 February 1988 a Memorandum of Agreement between
the Naval Postgraduate School (NPS) and the Air Force was
signed that provided funding for the space based testing of
STAR. The project was then assigned a National Aeronautics
and Space Administration (NASA) payload number of G-337 and
scheduled to fly onboard a future Space Shuttle mission as
part of NASA's Get Away Special (GAS) program as a Quick
Response Shuttle Payload.

2. Get Away Special (GAS) Program

NASA's GAS program is designed to allow small, self-
contained payloads to be taken into earth orbit onboard the
Space Shuttle in a standardized container at relatively low
cost to the experimenter (Get Away Special Team, 1984).°
The standardized GAS container is designed to hold a payload
of less than five cubic feet and 200 pounds. Each payload
must be totally self-contained with its own electrical
power, control, data acquisition, and storage subsystems,
requiring only the operation of an ON/OFF switch by the
Shuttle's astronauts at designated times during the mission.

3. Non-Acoustical Subsystems

Another group of NPS students and faculty led by
Garrett (Boyd, et al., 1987)’ have taken advantage of the
GAS program to measure the resonant acoustic modes of the

shuttle payload bay and the ambient acoustic environment
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produced as a result of main engine and booster operation
during launch. This experiment is called "The Space Shuttle
Cargo Bay Vibroacoustics Experiment" and is designated by
NASA as payload G-313. Several subsystems that were
developed for NASA G-313 will be used on NASA G-337 (STAR).
A schematic of the STAR in its GAS can is shown in Figure
I-3. One of the systems borrowed from NASA G-313 is the
computer/controller system used to run that experiment and
record the data. The recorder system consists of the INTEL
model BPK 5V75 magnetic bubble memory module and an NSC 800
microprocessor-based controller. Two other NPS students, LT
Charles B. Cameron, USN and CPT Ronald Byrnes, USA, will be
designing the analog electronics and software to integrate
these systems into the STAR experiment for their master's
thesis. A block diagram of the electronics is shown in
Figure I-4.

Arnother borrowed system is the power supply, which
consists of Gates brand lead-acid battery cells (five
Ampere-hour, two Volts each). These gelled electrolyte
batteries are ideal for the STAR due to their high power
density, low cost, and the absence of outgassing during
discharge cycles. NASA G-313 used a one layer battery of 68
cells providing 680 watt-hours of energy and weighing about
80 pounds (including the cell's support structure). We will
be using two battery layers with 42 cells each to provide a

28 Volt bus with a maximum of 840 watt-hours of available
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electrical energy and a battery weight between 118 and 130
pounds (including the weight of the sealed battery shelves).

The use of the GAS can imposes certain restrictions.
Since we are using batteries to supply the power, the
refrigerator has to be energy efficient. Also, the GAS can
setup requires the STAR to be compact and lightweight.
Figure I-5 shows a photograph of Hofler's prototype
refrigerator. This setup is approximately six feet high
(which includes vacuum pumps that are not required in
space). In comparison, the maximum payload height for the
GAS can 1is 28.25 inches, or less than 2.5 feet. These
considerations played a major role in the choice of
equipment for the STAR and its design.

4. Acoustical Subsystems

The acoustical subsystems of the STAR were designed
to assist in the optimization of the thermoacoustic heat
transfer process. Additionally they were designed to assist
the STAR in meeting NASA safety requirements and the
restrictions imposed by using the GAS container. The driver
housing accomplished this by providing a pressure tight
container that allowed the STAR to be operated in a ten
atmosrhere Helium-Xenon gas mixture. The driver housing
also serves as a support mechanism for the electrodynamic
driver subsystem and various test instrumentation and

connectors.
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Figure I-5. Hofler Prototype Thermoacoustic
Refrigerator

15




The driver subsystem is designed to efficiently
convert the input electrical power from the power amplifier
into acoustic power. In order to accomplish this a new type
of driver which uses Neodymium-Iron-Boron (NIB) magnets was
used in connection with a modified voice coil/reducer cone
assembly. The electrodynamic driver assembly was then
attached to a flexible bellows assembly designed to act as a
pressure seal between the housing assembly and the resonator
assembly.

Within the resonator assembly lies the core of the
thermoacoustic refrigerator, a plastic stack, first
developed by Hofler (1986), which allows for the transfer of
heat when a standing wave is generated, as illustrated in
rigure I-€. In this process acoustical energy can be
converted into a thermal heat transfer. Primary
considerations in the design of the resonator assembly were
to reduce acoustic losses in the cold portion, reduce its
overall length, and to reduce losses due to thermal
conduction along the walls of the resonator tube in the
vicinity of the plastic stack. The length and losses of the
resonator were decreased by using an attached sphere to
reduce the sealed resonator length from 1/2 to 1/4 of a
wavelength and by varying the tube diameter. The losses due
to heat transfer along the tube housing the stack were
reduced by using a composite wall material with a low

thermal conductivity.
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The final component of the acoustical subsystem is
the vacuum can which encloses the resonator assembly.
Designed to reduce the heat leak by thermal conduction and
radiation, the vacuum can and the superinsulation
surrounding the resonator act as an insulator. In the STAR
test project the vacuum can will also serve as a safety
shield toc prevert driver or resonator components from
entering the remainder of the GAS can in the event of

catastrophic failure.

C. SCOPE

Chapter II begins with a brief discussion of the theory
involved in using an electrodynamic driver as a simple
harmonic oscillator. Additionally, the ability to model a
distributed system by lumped parameter modelling is
reviewed. Next, an in-depth discussion of the modifications
conducted to the STAR driver and the measurement of its
component parameters is presented. Following this
discussion, the design and testing of the driver housing and
it's various components and subsystems is presented and
analyzed.

Chapter III presents an overview on the important
thermoacoustic components of the resonator being built for
the STAR. A discussion of the limitations in using a helium
based gas mixture with a fiber-reinforced plastic neck is

presented. One method to overcome the stated liabilities is
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discussed and experimental results shown to prove its
validity.

Chapter IV presents an analysis of the electroacoustic
efficiency of the STAR driver based upon measurements
conducted using various gas mixtures and resonators. The
experimental configuration and procedure used to meet the
test requirements are discussed and schematically
illustrated. Additionally a computer simulation program
capable of providing a theoretical model of the
electroacoustic efficiency is presented. Finally, a series
of test measurements is presented for each test case and the
results analyzed and compared to results from the simulation
progran.

Chapter V provides conclusions from the development and
testing of the STAR driver as well as recommendations for

areas requiring further investigation.
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II. THE ELECTRODYNAMIC DRIVER

A. ELECTRODYNAMIC DRIVER THEORY
1. Introduction

The electrodynamic driver exists for the purpose of
converting alternating current (AC) electrical current into
acoustic pressures (forces) within the resonator at high
efficiencies. The driver subsystem is a modified Harmon-JBL
model 2450J compression driver with a voice coil-reducer
cone assembly and a bellows. The moving coil transducer
consists of a permanent magnet structure energized with Nd-
Fe-B magnetic material with an annular gap. Inserted into
the gap is a wire wrapped cylindrical coil of known length
(1), which is attached to a thin diaphragm as shown in
Figure II-1. When an alternating current (I) is applied to
the coil a force is generated on the coil. This force
(F=B1*I) is a result of the interaction of the induced
magnetic field of the coil on the permanent magnetic field
(B). The frequency of the coils displacement is the same as
the frequency of the alternating current used to drive the
coil. An additional result of the coil's motion is the
generation of a voltage within the coil which opposes the
motion of the coil by Lenz's Law. This induced
electromotive force is linearly related to the velocity (u)

of the coil's motion and increases the driver's electrical
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C
(A) Magnet (B ) Back Plate
(C) Pole Piece (D) Surround
( E) Reducer Cone ( F) Voice Coil

( G) Electrical Lead Connection

Figure II-1. Diagram of a Moving Coil Transducer
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impedance. Measurement of the driver's impedance may
therefore be used as an indication of the coil's motion and
can be easily determined using a modern impedance analyzer
(i.e; HP-4192, HP-4194).

To effectively transfer the mechanical motion of the
voice coil into acoustic pressure waves within the resonator
a reducer cone and dynamic bellows must be used. The
purpose of the reducer cone is to transfer the linear motion
from the 4" diameter voice coil to the 1.5" diameter dynamic
bellows. To accomplish this, the reducer cone needs to move
as one unit without flexure, while remaining light enough so
that little energy is lost in overcoming the cone's inertia.
This was accomplished for the STAR driver by machining the
reducer cone from a single piece of 6061-Té aluminum. The
inertia of the cone was further reduced by drilling holes
throughout its surface. 1In addition to reducing the mass of
the cone, the holes allow for the free passage of gas within
the driver housing thus reducing the gas induced stiffness
of the driver.

The final element in the process of transferring the
drivers mechanical motion into acoustical pressure waves is
the bellows. This bellows is a custom built lightweight
electroformed nickel bellows (see APPENDIX E). The purpose
of the bellows is to produce a flexible gas tight seal
between the driver housing and the resonator tube, while

transferring the motion of the driver into pressure waves in
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the gas filled resconator. Connection of the driver's voice
coil to the reducer cone and of the reducer cone to the
bellows was accomplished using STYCAST 2850FT epoxy. The
2850FT epoxy was selected for use based on its cure strength
and relative temperature insensitivity in the temperature
range of interest. APPENDIX E contains a listing of the
specific properties of the epoxy.

Once assembled, the driver can be modelled as a
simple harmonic oscillator (SHO).® This modelling is
illustrated schematically in Figure II-2 where the spring
stiffness (k) is the sum of the voice coil suspension
stiffness, the back stiffness due to trapped gas, and the
stiffness of the dynamic bellows. The mass (m,) shown in
the figure is the sum of the moving masses of the voice
coil-reducer cone assembly and of the bellows. Finally the
mechanical resistance (R.) of the system is the damping
present due to viscous losses in the voice coil/gap and any
other mechanical losses in the bellows or suspension. The
driver's resonance frequency can then be determined by
dividing the mass by the stiffness and taking the square
root of the result. This mass is the sum of the moving
masses plus any additional added mass. This yields the
angular frequency (rad/s) of resonance (w,). Section II-

B.2(b) describes the procedure used in more detail.
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2. Lumped Parameter Modelling

The ability to sum the individual masses of the
system into one mass, illustrated in Figure II-2, is an
example of lumped parameter modelling. 1In the previous
section we indicated that we were able to accomplish this
for not only the system's mass but also for its stiffness
and mechanical resistance. Use of these values, along with
knowledge of the driving force, provide all the parameters
needed for modelling the mechanical side of the driver.

To analyze the effects of the acoustical portion of
the system on the driver, it is necessary to model the
distributed acoustical load as a mechanical impedance acting
on the moving mass of the system. This method of modelling
is described by Kinsler, et al'® and is practical as long as
the largest diameter of the resonator is much smaller than
the wavelength of the driving frequency. This mechanical
impedance is useful in determining the acoustic pressure
difference acting upon the mass. Once the resonator has
been modelled, all the parameters are shown to act upon the
moving mass of the system. Analysis about this point should
then provide an indication of the coupled systems
performance. A computer program for use in this analysis is

discussed in Chapter 1IV.
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B. ELECTRODYNAMIC DRIVER PARAMETERS
1. Driver modifications

The STAR driver must be capable of maximizing force
while adhering to the limits imposed by the NASA GAS
canister volume. The recent technological advance by
Harmon-JBL in producing a Neodymium-Iron-Boron magnet based
driver, the 2450J, resulted in a driver capable of meeting
these imposed restrictions. A modified 2450J NIB driver was
provided for use in the STAR project by Mr. F.M. Murray of
Harmon-JBL. As shown in Figure II-3, the commercially
available 2450J NIB driver was modified by cutting away
unnecessary portions of the throat area. This resvlted in a
significant weight (4.4:1) and volume (2.2:1) reduction
without a major loss in transduction coefficient (1:0.9)
when compared to an earlier generation 24453 series driver.

Attached to the NIB driver is a voice coil-reducer
cone assembly. This assembly consists of a standard 4"
voice coil whose titanium diaphragm had been laser cut at
the Los Alamos National Laboratory and removed at 0.25"
above the surround. The aluminum reducer cone was then
permanently bonded to the voice coil and the assembly
treated as a single unit. Ideally a voice coil-reducer cone
assembly should not be needed. A custom built driver would
be capable of directly transferring the motion of its voice
coil to the dynamic bellows, however such a project was

beyond the resources of this experiment. Use of the voice
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THROAT AREA REMOVED

Figure II-3. Harmon-JBL 2450J Driver indicating the
portions removed for use on the STAR
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coil-reducer cone assembly therefore allows us to use a
commercially available voice coil-suspension-magnet system
for the STAR project. Finally the previously discussed
bellows was bonded to the top of the reducer cone to form
the completed driver.
2. Driver Measurements
The parameters needed to accurately model any
electrodynamic driver include its moving mass, stiffness,
transduction coefficient, and mechanical resistance. For
this driver some of these measurements could be conducted on
individual components prior to assembly and then summed,
while others where determined on the assembled system. 1In
most instances it was possible to obtain the parameters by
both methods thereby providing a self-consistancy check of
the measurements.
a. Transduction Coefficient
The transduction coefficient was determined
using two methods. The first method involved the direct
measurement of the length of wire used in the assembly of
the voice coil and of the strength of the driver's magnetic
field. The length of the wire was determined by measuring
the diameter (d) of the voice coil and counting the number
of turns (N) of aluminum wire wrapped around it. From these
two values the length of the wire was found to be 8.33 #
0.04 meters. Measurement of the magnetic field strength was

accomplished by using a Dowdy RFL Industries model 912
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Gaussmeter (S/N 808) with a Hall Effect probe model 912015
(S/N 21122). The Dowdy Gaussmeter provides a time averaged
measurement of the magnetic field of the NIB driver within
the annular gap. Several readings were taken at different
positions within the gap in order to average out any 1lncal
differences due to variations in gap width. The average
value over several positions was approximately 1.9 ¢ 0.3
Tesla. The transduction coefficient was then determined by
taking the product of these two values and yielded a value
of 15.8 + 2.6 T-m for the NIB driver.

The above result can be checked by direct
measurement of the force in a force balance experiment.
Using the relationship between magnetic and gravitational
force it can be shown that the transduction coefficient can
be determined by the following equation;

Bl = mg/al (II-1)
where g 1s the acceleration due to gravity, m is a known
added mass, and 21 is the additional current in the voice
coil necessary to return the voice coil to its origional
(unloaded) position. Experimentally this value was
determined by using a Mechanical Technology Incorporated's
(MTI) 1000 series Fotonic Sensor (S/N 38010818) as a monitor
of the reducer cone's displacement as shown in Figure II-4.
Adding a known mass to the reducer cone produces a change in
its net displacement. By applying DC current to the voice

ccil it was possible to force the reducer cone back to its
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original position. As shown in TABLE II-1, a series of
measurements were taken and the results averaged to yield a
value of Bl1=15.3 * 0.7 T-m. This value was found to agree

within 3% of the previously measured value of the

transduction coefficient well within experimental error.

TABLE II-1. MASS LOADING TRANSDUCTION COEFFICIENT

ADDED MASS (gms) CURRENT (mA,-) Bl (Tm)
0.0 0.03 -
265.5 -172.30 15.11
0.0 -0.48 -
265.5 -178.40 14.64
0.0 -0.82 -
265.5 -163.07 16.05

b. sStiffness Determination
The driver stiffness is composed of the

stiffness of the voice coil surround, the bellows, and the
back stiffness due to gases trapped behind the bellows. Due
to the design of the voice coil-reducer cone assembly this
latter effect was minimized. Measurement of the stiffness
of the voice coil-reducer cone (the suspension stiffness)
was accomplished using an added mass technique. The bellows
stiffness was determined using a free decay measurement
method. Both experimental methods were based on the
relationship of the resonant frequency to the stiffness and

mass of the system as described in section II.A.1l.
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Figure II-4. Experimental Setup Using the MTI Fotonic
Sensor to Measure Reducer Cone Displacement

31




The suspension stiffness was measured by
mounting a series of known masses onto the reducer cone and
observing the effect on the resonance frequency.

Measurement of the resonance frequency was accomplished
using a HP-4194 Impedance Analyzer in the impedance/phase
mode. In this mode the resonance frequency for the system
can be determined by locating the frequency of the maximum
impedance. Measurement of the added masses was accomplished
using a Sartorius model 2403 analytical balance. Using
these measurement pairs, a plot of the square of the period
versus its corresponding added mass was obtained as depicted
in Figure II-5. The slope of a best-fit line drawn through
these points will allow the determination of the suspension
stiffness ( Kge= 47m°/slope ). The moving mass of the driver
ma” also be determined from this figure by dividing the y
axis intercept by the slope of the line. These measurements
were conducted for the Nib driver in air and vacuum in order
to determine the effect of mass loading due to atmospheric
pressure and due to trapped gases within the driver. The
results of a series of test runs are summarized in TABLE
II-2. It is important to note that the difference in driver
suspension stiffness in air and vacuum was found to be less
than 2%, confirming the belief that the holes in the reducer
cone would be effective in reducing back stiffness.

Measurement of the bellows stiffness was

accomplished using a series of added masses and the MTI
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Fotonic Sensor. The Fotonic was used to measure the
displacement of the bellows surface after if had been
disturbed (tapped) with a blunt instrument. The free decay
of this oscillatory displacement was then displayed by a
Nicolet model 310 digital storage oscilloscope and the
resonant period of the bellows was thus determined. Figure
II-6 provides a schematic of the experimental setup and the
equations used in resonance frequency determinations.
Several masses were attached to a plate mounted on top of
the bellows in order to obtain a plot similar to the one
used in determination of the suspension stiffness. The
plate was mounted on top of the bellows in order to prevent
the thin flexible surface of the bellows from deforming due
to the added mass. Before determining the bellows moving
mass, the mass of the plate and adhesive must be subtracted.
The results of the bellows measurements are included in

TABLE II-2.

TABLE II-2. MEASURED VALUES FOR THE BELLOWS AND
DRIVER STIFFNESS AND MOVING MASS

DRIVER 1 ATM AIR VACUUM
STIFFNESS (kN/m) 63.7 + 1.2 62.7 * 0.9
MOVING MASS (gm) 12.6 * 0.3 11.9 * 0.2
BELLOWS
STIFFNESS (kN/m) 3.87 *+ .16 --
MOVING MASS (gm) 0.07 % .61 --
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c. Quality Factor and Mechanical Resistance

The measurement of the driver's quality factor
(Q) is an indication of the mechanical losses in the driver.
Several methods are available for the measurement of the
quality factor including a phase slope method discussed in
section IV-B. Another method of measuring the quality
factor consists of measuring the resonance frequency and the
frequencies of the 3dB down points taken from a modified
impedance plot (HP-4194 in impedance/phase mode). The
quality factor can then be determined by dividing the
resonance frequency by the difference between the 3dB
frequencies. This measurement, when conducted using the
Impedance Analyzer, must be corrected for the blocked
electrical impedance present due to direct current
resistance of the voice coil, test equipment, and test
leads. This is easily accomplished by using the HP-4192 in
the COMPENSATION MODE. Figure II-7 is representative of the
impedance plots obtained as a function of frequency for the
driver in air at 1 atmosphere. Analysis of the data
indicates a resonance frequency of 364.25 Hz and half power
frequencies of 353.75 Hz and 376.25 Hz yielding a Q of
l16.2 = 0.3.

The driver's mechanical losses were also
determined by measuring the free decay of an impulsive
excitation. An Endevco model 22 Picomin accelerometer was

calibrated (section II-A.4) and mounted on the underside of
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the reducer cone. When triggered by the removal of the
driving voltage, the signal from the accelerometer was sent
to a Nicolet 310 digital oscilloscope. This decaying
sinusoidal signal is described by equation II-2;
A(t) = A, * exp(-nT/7) * sin(wot+¢) (I1-2)
where A(t) is the signal amplitude as a function of time, A,
is the initial amplitude, and nT represents the time elapsed
during n periods of the signal. 1In addition, 71 represents
the exponential decay time, w, the resonant angular
frequency, and ¢ the phase angle. Taking the natural
logarithm of equation II~2 then results in equation II-3,
for the peak amplitudes of the signal as a function of time.
In A(n) = 1n A, -nT/7 (I1-3)
A plot of logrithm of the peak amplitude versus period
number, n, can then be obtained as shown in Figure II-8.
From this graph it is possible to determine Q by dividing 7
by the slope of the line. This follows from the definition
of Q=v.,7/2 = n7/T. For experimental runs in air at one bar
and in a vacuum, the gquality factor of the driver system was
determined to be between Q,,,=15.4 and Q,,..,=17.2. The value
of the quality factor obtained from the two methods can be
seen to agree to within 5% for the tests in air.
Once the gquality factor has been measured the
mechanical resistance can be easily determined ( Ry=w,m,/Q ).
This was done for the two test cases in air and vacuum and

yielded the values of R (air)= 1.82 kg/s and
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Figure I11-8.

Sample Free Decay used for determination
of the quality factor
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R, (vacuum)= 1.58 kg/s. Using this same formula for the
guality factor from the impedance plot yielded a value of
R.(air)=1.78 kg/s. Once again it is possible to see a close
agreement between the two independent measurement
techniques.

3. Voice Coil Resistance

Heating of the voice coil as the driver operates

cause changes in the value of the voice coil resistance. If
the temperature coefficient of the voice coil resistance is

known it can be used to provide an in situ measurement of

the coil's temperature which can also be used as an
indicator to predict voice coil failure. As long as no short
circuits are present within the voice coil, the value of the
coil's resistance should remain relatively constant,
effected only by the coil's temperature.

Using the standard 4" voice coil modified similarly
to the one used in the STAR driver, temperature and
resistance measurements were taken as the coil was heated
inside of a sealed oven. The direct current resistance
measurenents were taken using a four-wire measurement
technique while a thermocouple was used for the temperature
readings of the oven. These values were then plotted, as
shown in Figure II-9, and indicate the relationship is
linear (slope=31ml/°C) over a temperature range from 20.0°C

to 50.0°C. For the actual STAR voice coil, an initial Ry of
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8.220 was measured at T=20°C and minimal heating effects
noted during extended test runs.
4. Accelerometer Calibration

Several test measurements of the driver required the
use of an accelerometer mounted to the reducer cone. 1In
addition to the driver parameter measurements, the
monitoring of the driver's acceleration during actual
operation is accomplished using this accelerometer. Given
these two requirements, knowledge of the accelerometer's
sensitivity is extremely important in analysis of the STAR's
performance.

For an accelerometer of known charge sensitivity,
the open circuit (voltage) sensitivity (M,..) can be
determined as a function of acceleration if the total system
capacitance is known. This sensitivity can also be
experimentally determined by measuring the voltage output of
the accelerometer for a known driving acceleration. Since
the system's capacitance will vary up until the final
version of the STAR is connected to its flight electronics,
it is important to verify that the value based on the charge
sensitivity specification accurately reflects the actual
measured sensitivity. Figure II-i0 illustrates the
equations used in the theoretical and experimental methods
as well as the results of two test runs with different
system capacitances. From these two test cases, in which a

B&K model 4294 Calibration Exciter was used to supply a
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A PICOMIN MODEL 22 MICROMINIATURE, PIEZOELECTRIC
ACCELEROMETER

CALIBRATION

HEORETICAL

Macom (a/g)/ZC

a = accelerometers charge sensitivity (pC/g)
g = gravitational acceleration (m/s?)
ZC = sum of the system’'s capacitance (pF)
MEASURED

Macc= (Vout/c)/a

Voue = accelerometer output voltage (mV)

G = gain factor ( operator selected)

a = 10 m/s? at 158.75 Hz from a B&K 4294
calibration exciter

RESULTS

Crora. (PF) THEORY(V-s?/m)  MEASURED(V-s?/m) $DIFFERENCE

604 .6 83.45 %1078 79.43 %1078 4.8
288.5 174.37 *107® 175.40 *10°8 0.6
620.1 81.07 *10°S R SN

Figure II-10. Comparision of Experimental and Theoretical
Techniques Used in the Determination of the
Accelerometer Sensitivity
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constant 10 m/sz acceleration at 159 Hz, agreement between
the two methods was shown to be between 0.6% and 4.8%. For
the test system used throughout the rest of the component
and system testing a theoretical value of M,, = 81.1 Vs’/m
was determined based on a measured capacitance of 620.1 pF.
This measured capacitance included the capacitance of the
accelerometer (283.5 pF), its cabling (116.5 pF), and the
amplifier input capacitance (20.0 pF). From the agreement
between the two test measurements we believe this value to

be accurate to within at least 5%.

C. STAR DRIVER HOUSING
1. Introduction

The design of the STAR driver housing is based upon
the mechanical drawings provided by Fitzpatrick in her
thesis® and the continuing work done by Hofler in the field
of thermoacoustics. Adapting lessons learned from Hofler's
prototype refrigerator,’!’ and incorporating new matericls
and innovations has led to the current driver housing
design.

The purpose of the housing is to rigidly support the
modified JBL driver, to serve as a pressure vessel for the
working medium (a 10 bar He-Xe gas mixture), and to
accommodate the required electronics which will monitor and

control system parameters and acoustical performance.
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In developing a design for the STAR driver housing
there were a number of system requirements that had to be
satisfied. Though some of these were stipulated by NASA,
many resulted from the innovative technology devised by
Hofler and Garrett. The following sections will discuss the
design considerations in detail, the individual components
and subsystems contained within the housing, and the
assembly of those components into an integrated system.

2. Design Considerations

The first and foremost design considerations
pertained to the limited space available in the Get-Away
Special (GAS) canister and the weight limitations imposed by
NASA. The GAS canister is approximately 28.25 inches high
having an inside diameter of about 19.75 inches and is
limited to a maximum payload of 200 pounds. Ensuring that
the driver housing is as light and compact as possible
provides more space for other system components, including
additional battery cells to prolong the STAR lifetime while
in orbit. Furthermore, the housing had to be designed to
attach to the 1id of the GAS canister via twelve #10-32
bolts on a 9.5 inch diameter bolt circle. Since the
modified JBL driver is approximately 6.3 inches in diameter
and 1.9 inches high, the imposed size limitations provided
no unmanageable restrictions. The result was the driver

housing depicted in Figures II-11 and II-12, having a height
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Figure II-12. Driver Housing
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of approximately 3.75 inches and a maximum diameter of 10.80
inches, machined from 6061-T6 aluminum.

Aside from the NASA requirements, it was desirable
to ensure that the housing be capable of interfacing with
the resonator subsystem developed by Hofler for his
prototype refrigerator. By doing so, the integrity and
performance of the driver housing could be verified prior to
completion of the STAR resonator by testing with components
from the earlier designs. This had a direct impact on the
placement of the microphone/FET electronics package that
would be mounted within the housing to help monitor and
control system acoustical performance.

The size and placement of the electronic feed-
through port, DC pressure transducer port, and gas fill port
were another consideration. The placement of the electronic
feed-through port was based on the location of the
microphone/FET package. The DC pressure transducer port was
placed as close as possible to the electronic feed-through
port so that all housing electronics could be easily
accessed by the external signal processing package. The
size of the t+ransducer port was dependent on the dimensions
of the commercially-available Omegao PX-80 pressure sensor.
The gas fill port was situated such that its placement was
in the vicinity of the STAR's gas reservoir. The size of
the fill port was determined by the choice of gas fitting

(1/8 inch Swagelok ).
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Two critical considerations resulted from the design
requirements that the working fluid in the refrigeration
system be a He-Xe gas mixture pressurized to 10 atmospheres.
First of all, the housing (once closed) would have to be
capable of withstanding the forces produced by the 150
1b/in’ gas mixture within it. Obviously internal regions of
the housing having the largest surface areas would be
subjected to the greatest forces. In particular the lid(s)
used to close the housing and isolate the internal workings
from the surrounding environment would have to be strong and
rigid. The bolts used to rigidly mount these 1id(s) in
place would have to be numerous enough and have sufficient
tensile strength to handle the distributed load. This led
to the design of a single pressure 1lid that is fixed to the
housing by 12 equally-spaced #1/4-20 machine bolts.

The second consideration arose due to the ability of
helium to penetrate through all known insulators at ordinary
temperatures. This was a concern not only for system
performance but also because of a NASA requirement that the
venting of the inert gas mixture be kept to a leak rate that
was less than 10 standard cm’/s. As a result it was
decided to use lead O-rings to seal all lids and fixtures in
place.

A final consideration was based on the amount of
vibration the housing and its components would experience

upon launch and landing of the Space Shuttle. In particular
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the driver/bellows configuration would have to retain its

integrity. To ensure that this occurred a pusher plate was

devised which clamps down on the underside of the driver

rendering it immobile. At the same time this plate is

responsible for conduction of heat from the electrodynamic

driver to the GAS 1id for removal via radiation into space.
3. Component Description

The housing has a number of components and
subsystems associated with it. The components include the
housing shell, a test 1id, a pressure lid, a pusher plate, a
DC pressure transducer support plate with strain relief
fixture, and an electronic feed-through plug. All of these
were milled from 6061-T6 aluminum. The associated
subsystems include the driver/bellows assembly (with Endevco
model #22 accelerometer), an Omega PX-80 high pressure
sensor and a microphone/FET package.

The inside of the housing shell is tiered to allow
precise placement of the driver assewbly, pusher plate, and
pressure 1lid (see Figures II-13 and II-14 for a top and
cross sectional view of the housing shell). The 1.5 inch
diameter hole in the bottom of the shell is where the
Servometer single convolution 0.003 inch thick electroformed
nickel bellows is epoxied into place. The 1/32 inch
diameter hole that runs through the bottom of the housing is
for a 0.8 inch length of copper-nickel capilliary tubing

(inner diameter of 0.010 inches). This capilliary serves to
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Figure 1I-13. Driver Housing Lid View
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equalize static pressure between the housing and resonator.
At the same time its diameter (and hence flow conductance)
has been kept small enough that at the operating frequency
of the STAR system it maintains a dynamic pressure seal.
Additionally, in the bottom of the shell, there are two
small cavities connected by a narrow channel. The
cylindrical cavity houses a Valpey-Fisher quartz plate which
acts as a microphone while the other accomodates an Eltec
model 304 P-channel MOSFET impedance converter. The #0-80
tapped holes located in the vicinity of these cavities are
used to mount a brass plate which shields the electronics.

Externally, the housing shell has two flanges. The
upper mounts directly to the GAS canister lid via 12 equally
spaced #10-32 bolts on a 9.5 inch diameter bolt circle. The
lower flange has a 9.3 inch diameter bolt hole circle that
permits the mounting of a vacuum can which provides thermal
insulation for the resonator and acts as a protective shield
should the resonator rupture. At the location of the elec-
tronic feed-through and pressure transducer ports, the hous-
ing shell has been appropriately machined to provide a flat
surface to mount the respective components. The 1/8" NPT
pipe thread tap situated in the side of the housing shell
directly opposite the electronic feed-through port is for a
Swagelok pipe fixture which serves as the gas fill port.

The housing test lid performs the same function as

the GAS canister 1lid. It has a groove for a rubber O-ring
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so that when mounted to the housing it will provide a
sufficiently leak-tight seal for ground testing purposes.

It also has a centrally-located single tiered orifice which
is where a small length of 1-1/8 inch diameter aluminum
tubing is welded into place. 1In this configuration the test
1id (and housing) can be mounted onto an Alcatel ASM 110
Turbo CL helium leak detector and checked for leaks.

The pressure lid provides a leak-tight seal capable
cf withstanding the forces developed from the 10 atmosphere
He-Xe gas mixture within the housing. It is approximately
3/4 inch thick for rigidity and strength and is secured to
the housing shell with 12 equally-spaced #1/4-20 high
strength carbon steel machine bolts. Applying a little
physics and assuming equal distribution of the load on the
bolts cone can readily determine that each bolt must be
capable of withstanding a force of approximately 660 pounds.
Actual tensile strength tests performed on the carbon steel
bolts (using an Instron Model 6027) indicated that their
average yield was in the order of 5400 pounds force.

Regular stainless steel bolts were also tested and found to
be approximately half as strong as their carbon steel
counterparts.

There are two O-ring grooves cut into the pressure
lid. The outer is for a 1/32 inch diameter wire lead O-ring
to prevent helium leakage. The inner groove is for a rubber

O-ring which serves as a backup for the lead. Since the
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STAR system will be assembled and filled with He-Xe gas as
much as several months prior to it's Shuttle launch date,
the lead O-ring is critical to ensure that the system remain
charged and not leak an appreciable amount of helium.

Should the lead O-ring fail during launch due to excessive
vibrations, the rubber O-ring should be sufficient to
minimize helium leakage during a six day mission.

The role of the pusher plate is to secure the
driver/bellows assembly in place and provide a heat
conduction path from the driver (voice coil) to the housing.
The plate edge has a 10° taper that mates perfectly with the
taper inside the housing shell (seen in Figure II-14). The
motivation for this design was to maximize the effectiveness
of the plate as a heat conduction path. A narrow channel
and notch were cut into the plate to serve as a passageway
for the accelerometer lead coming from the underside of the
driver's reducer cone.

The DC pressure transducer support plate is reguired
to rigidly hold the Omega PX-80 piezoresistive pressure
senscr 1in place as depicted in Figure II-15. A 0.45 inch
diameter hole located in the center of the plate provides a
passageway for electronic leads to and from the transducer.
Encircling this opening is a shallow 0.6 inch diameter lip
in which the sensor is seated. The plate does not require
an O-ring groove since a leak-tight seal is achieved by

placing a lead O-ring between the transducer and housing.
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Attached to the support plate via two #6-32 machine
bolts is a strain relief fixture. This component serves a
dual purpose in that it houses the external compensation
resistors for the PX~-80 transducer and provides strain
relief for the leads connecting the sensor to a 1.5 mAj
current supply and to the signal processing electronics.
(The DC current supply is used to energize the
piezoresistive strain gage bridge within the sensor).

The most complicated component in the housing is the
electronic feed-through plug shown in Figures II-16 and
II-17. It has feed-throughs for six leads; two for the
driver, one fcr the accelerometer, two for the microphone,
and a spare. The main concern in the design of this
component was to minimize the potentially devastating helium
leak rate that would exist where the electrical leads were
fed through the housing shell. To accomplish this each
feed-through has a 0.3 inch long section that is only 0.040
inches in diameter. Additionally, glass particle-filled
epoxy was used to insulate the bare copper electrical leads
and seal the six narrow conduits. The selected epoxy was
Emerson and Cumming's STYCAST 2850FT and was proven
effective by Fitzpatrick in her thesis.

Each feed-through also has a #10-32 tapped hole on
either side of the narrow channel. Microdot coaxial
connectors and flat-top #8-32 brass bolts (each having a

length of bare copper wire soldered to them) were
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Figure II-17.

Driver Housing Showing Electronic Feed-

through Plug,
Support Plate,
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alternately mounted into the tapped holes on the external
face of the plug using the STYCAST epoxy. Enough epoxy was
used to ensure that the copper leads were properly insulated
as they passed through the narrow ducts. On the internal
face of the plug threaded brass and nylon sleeves were
alternately epoxied into place (opposite the coaxial
connectors and brass bolts respectively). Each brass sleeve
had a 3/4 inch section of shielding braid soldered to it.
This braid was used to strengthen the connection between the
bare copper wires that would be joined to coaxial leads
coming from the microphone, MOSFET and accelerometer.
Additionally the braid provides electrical shielding to
those connections. Each of the three other copper wires
(passing through the nylon sleeves) had a length of teflon-
coated wire soldered to them. The resulting joints were
then insulated using a teflon heat-shrinkable tubing. Ring
connectors were attached to two of these leads that would
eventually be connected to the driver.

A lead O-ring groove was cut into the plug to
provide a leak-tight seal between it and the housing. A
fin»1 feature of the feed-through plug is a #4-40 tapped
hole on the internal face which was included as a possible
accessory mount.

4. Microphone/FET Assembly
Critical to the operation of the STAR are the

Valpey-Fisher quartz microphone and Eltec MOSFET impedance
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converter. The microphone detects pressure changes at the
driver end of the resonator while the MOSFET converts high
impedance microphone signals into easily measureable low
impedance signals with approximately unity gain. Once
calibrated, the output from this assembly permits accurate
measurement of operating frequency and pressure amplitude
thus providing the means of monitoring the system for
feedback control resonance tracking.8

The Eltec impedance converter (a MOSFET source
follower) was additionally connected to a constant current
source circuit consisting of a 6.8 k1 resistor and 2N5457
JFET transistor (see APPENDIX E). The purpose of this
configuration was primarily to stabilize it's gain. The
impedance converter network was experimentally shown to have
an output impedance of 3.03 k0 and a gain of 0.97. It was
also shown that for signals ranging in frequency from 200 Hz
to 500 Hz (the operating region for the STAR) the phase
shift of the output signal introduced by this amplifier was
less than 0.14° (a highly desirable characteristic in that
the phase is used to control the resonance fregquency).

Once the impedance converter network was certified
as being fully operational it was potted (using STYCAST 1266
epoxy) into a small oblong cavity having the same dimensions
as the one in the bottom of the housing. Care was taken to
ensure that leads were left exposed and fully accessible.

Once dry, the assembly was removed from it's mold and

61




epoxied (again using STYCAST 1266) into the oblong cavity in
the bottom of the driver housing.

The microphone consists of a y-cut quartz disk (see
APPENDIX E) epoxied to a quartz ring using STYCAST 1266
epoxy. Leads were attached to electrode tabs on the disk
using a silver paint. A fine bead of Dow Corning 732 Multi-
purpose Sealant was put on the bottom of the ring and the
assembly was gently lowered onto the lower lip of the small
cylindrical cavity in the bottom of the housing.

A small insert for the channel connecting the
microphone and impedance converter was manufactured using
STYCAST 1266 epoxy. A narrow groove was cut into the piece
allowing for the placement of a lead connecting the
microphone output to the pre-amp input. The insert was then
epoxied into place and the connection between the microphone
output and MOSFET input was completed.

The microphone back volume of approximately 0.4 cm’
was sealed with a circular brass plate having a small
capillary leak. The leak allows the static pressure between
the microphone back volume and housing to equalize while the
system 1is being pressurized. At the same time, the leak is
small enough that a dynamic pressure seal exists ensuring
that no undesirable acoustic pressure is introduced into the
microphone back volume. The leak was created by inserting 3
mil copper wire into a one centimeter long piece of 4 mil

bore copper-nickel tubing. Based upon the theory of flow
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between concentric cylinders'* and the requirement that

phase errors be kept to less than 0.5° it was theoretically
determined that a minimum acceptable value for flow
resistance would be approximately 5x10° gm/cm‘-s. The above
tubing configuration was experimentally shown to have a flow
resistance per unit length of about 6x10° gm/cm’~s and so
the use of a one centimeter length of tubing was sufficient
to prevent the unwanted phase errors. The theoretical and
experimental derivations of flow resistance within the
capillary are explained in APPENDIX A.

The tubing was inserted into a hole in the brass
plate and soldered in place. The second lead from the
microphone was grounded by attaching it to the underside of
the brass plate with silver paint. The brass plate was then
placed on the upper lip of the microphone cavity and
carefully epoxied into place. A more viscous, fast drying
epoxy (TRA-BOND BA-2106) was then used to seal the small gap
that existed where the channel insert met the brass plate.

The final microphone/FET assembly requirement was to
install a brass plate to shield the electronics. The plate
had three holes drilled into it; one for the MOSFET ground,
and two for coaxial cable connection. The braids of the
cables (Microdot type 250-3866-0000 low noise coaxial cable)
were soldered to the top surface of the brass plate while
the center conductors were permitted to pass through the

plate for connection to the MOSFET. The MOSFET ground was
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also soldered to the plate. With all appropriate
connections made the brass plate was then mounted to the
housing with two #0-80 screws and the microphone/FET was
finally ready for testing. Figure II-18 shows the completed
microphone/FET assembly.
S, Housing Assembly

With the microphone/FET electronics installed the
assembly of the housing was ready to commence. The threads
of an 1/8 inch Swagelok gas fitting were wrapped with teflon
tape and the fixture was then installed in the gas fill
port. The electronic feed-through plug (complete with
connectors and fittings) and DC pressure transducer were
then mounted ensuring that their respec ! - lead O-rings
were crushed to provide leak-tight seals. The two coaxial
leads coming from the microphone/FET package were coupled
with coaxial cables from the feed-through plug using Malco
microdot coaxial connectors (part numbers 031~0034-0001
(female) and 032-0023-0001 (male)). The two teflon-coated
power leads from the feed-through plug with the ring
connectors attached were then connected to the driver. The
driver was then carefully placed in position ensuring that
it's leads did not touch the reducer cone and that the
microphone cables were not disturbed or damaged. With these
connections made, any excessive lengths of electrical leads
were neatly placed in the available space between the driver

and inner wall of the housing. The underside of the
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driver's magnetic structure that would make contact with the
pusher plate was then coated with heat sink grease (EG&G
Wakefield Engineering Inc. Type 120 Thermal Joint
Compound)to improve the heat conduction path from the driver
to surrounding environment. The pusher plate was then
installed ensuring that the driver was firmly held in place.
The coaxial lead coming from the cone-mounted accelerometer
was then connected to the third coaxial cable from the feed-
through plug. Any excessive accelerometer lead was tucked
into the same gap occupied by the other leads through the
small cutaway section in the pusher plate.

The driver housing structure was then inverted
(resonator side up) 1in preparation for the bellows
installation. The flat section of the reducer cone that
would make contact with the bellows was lightly coated with
STYCAST 2850FT epoxy. The 1.5 inch diameter opening in the
housing which would also make contact with the bellows was
coated with STYCAST 1266 epoxy. The bellows was then gently
lowered into position ensuring that it made good contact
with the reducer cone. Additional STYCAST 1266 epoXy was
then allowed to be drawn (via capillary action) into the
very small gap between the bellows and housing. After
allowing a suitable time for the epoxies to cure (24 hours)
the pressure 1lid was installed to complete the assembly of
the driver housing system. The strain relief fixture was

attached once the housing was ready for connection to all
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external electrical leads. At this point the components
were ready for preliminary testing to determine system
parameters (such as moving mass, stiffness, etc.) and to
calibrate the microphone and accelerometer sensitivities.
These procedures will be presented in section II.D.

6. Vacuum Can Description

The vacuum can requires a brief description here as
it is a critical accessory to ensure proper functioning of
the refrigerator. It's main function is to insulate the
resonator from the surrounding environment and thus allow
the refrigeration process to be measured without
uncontrolled, extraneous heat locads. It is 15 inches long
in order to completely encase the resonator and it's
insulation, and is composed of three sections that are
welded together (depicted in Figure II-19). Like all other
system components, 1t too is constructed out of 6061-T6
aluminum.

It has a 9.86 inch diameter flange section which
mates with the smaller of the two housing flanges. A groove
has been cut into the upper face of the flange for a Parker
2-174 rubber O-ring. Two ports have been been milled into
this section. One is an electronic feed-through port for a
commercially available six pin plug (Hermetic Seal
Corporation SS7201-10B-6P-1 mod 1). The electronics plug is
for connection to thermocouple leads (that monitor hot and

cold heat exchanger temperatures) and for connection to a
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heater used during the actual refrigerator tests. The other
port is a vent hole into which a 1/4 inch Swagelok pipe
fitting will be installed that permits evacuation of the
can.

The wall thickness of the flange section has been
limited to 1/4 inch to reduce overall weight but still
maintain rigidity. At the electronic feed-through port the
flange section has been machined on both the inner and outer
walls to provide flat surfaces for ease of mounting the
feed-through plug and for the feed-through O-ring seal. An
1/8 inch lip cut into the bottom of the flange section
around its entire diameter is for placement of length of 1/8
inch thick prefabricated aluminum tubing having an outer
diameter of eight inche=.

Cne final vacuum can component is a 1/4 inch thick
base plate. An 1,0 inch lip has been milled around its
outer diameter in order that it be able to fit securely onto

the end of the aluminum tube prior to being welded in place.

D. DRIVER/HOUSING MEASUREMENTS
1. Driver/Housing Parameters
With the driver assembly completed, the first
measurements to be made established driver parameters
including the moving mass (m,), stiffness (k), mechanical
resistance (R ), quality factor (Q), and resonance fregquency

(f.) of the system. Several other parameters were also
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determined that will be discussed at the end of this
section.

The resonance frequency was easily found by
connecting the driver (via the electronic feed-through plug)
to an HP-4194 Impedance Analyzer. Resonance was observed to
occur at approximately 350 Hz in air.

The moving mass and stiffness of the driver/bellows
system were determined using the previously discussed
dynamic mass loading procedure. Measurement of the
resonance frequency for a given added mass yields the
desired parameters if a graph of period squared versus added
mass is constructed (see Figure II-20). The slope of the
resulting straight line permits the calculation of stiffness
while the ratio of the slope to y-intercept determines the
moving mass of the system. Again the only instrumentation
required was an HP-4194 to measure resonance freguency. The
experimental results yielded a stiffness of 6.83x10° N/m
(+ 1.0%) and a moving mass of 1.43x10°%2 kg (* 1.1%) when
done in air. Since both stiffness and moving mass are
additive when dealing with this multi-component system, it
is worthwhile comparing the above results to those
parameters determined for the driver and bellows prior to
system assenbly (refer to TABLE II-3). Summation of the
individual driver and bellows stiffnesses yields a value of
6.75x10° N/m (about 1% lower than the value above) which is

reasonable within experimental error. Summation of the
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TABLE II-3. STIFFNESS AND MOVING MASS FOR INDIVIDUAL
COMPONENTS AND COMBINED SYSTEM

.
ORIVER BELLOVS COnBINED DRIVER/BELLOVS
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Figure II-20. Stiffness and Moving Mass Measurements
of the Driver/Bellows System

71




moving masses yields a value of 1.27x107° kg (about 11%

lower than above). The contribution of the bellows to this
total is only 0.07 grams which seems rather low considering
that the mass of the bellows is 1.86 grams. It is therefore
believed that the large difference between the summation of
moving masses and that of the driver/bellows system is due
to experimental error.

The quality factor and mechanical resistance of the
system were determined using the free-decay method in 10 bar
helium. To maintain a leak-tight system a small test volume
(12.7 cm’) was mounted onto the resonator side of the
housing. By momentarily exciting the driver (by means of a
D-cell battery) and observing the output of the driver-
mounted accelerometer on a digital oscilloscope, both Q and
R, were readily ascertained. Measurement of peak voltages
over several cycles of the exponentially-decaying signal
provided the necessary information to graph the natural
logarithm of the voltage peaks versus their respective peak
numbers (starting at zero). The slope of the resulting
curve yielded a quality factor of 20.4 * 1.8. The
mechanical resistance was then determined to be 1.96 + 0.18
kg/s based on the relationship that R=wm,/Q (where w was
the angular resonance frequency with the test vol: -~ in
place).

Additional parameters that were determined included

the driver back volume (V,), the stiffness of the back
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volume (k,), the internal volume of the bellows (V,), and
the effective piston area of the bellows (A,;). The
internal volume of the bellows was required for use in
determining the volume acceleration sensitivity to be
discussed in section II.D.3. The volume of the bellows was
determined to be 10.8 cm® by filling it with a measurable
quantity of water. Despite the non-scientific approach the
accuracy of this measurement was better than 2%. The
effective piston area of the bellows was calculated to be
6.87x10 " m* which was about 8% lower than the value cf
7.46x10°° given in the bellows specification sheet. Its
derivation is alsoc discussed in section II.D.3.

The driver back volume was estimated using the known
dimensions cof the the driver and housing, and assuming that
the volume between the driver's magnetic structure and inner
wall of the driver housing could be ignored since it is
blocked acoustically by the pusher plate. Knowledge of the
driver back volume and effective piston area were reguired
in order to determine the stiffness of the back volume and
to show that it was negligibly small in comparicon to the
stiffness of the rest of the system. The relationship
between quantities is given by,

Ki = (1PA.’) /Vy (I11-4)
where y is the ratio of specific heats and P, is the ambient
gas pressure within the housing. The values that resulted

were a back volume of 4.12x10“ m’ having a stiffness of
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2.27x10° N/m. As expected the back volume stiffness was
less than 0.5% of the overall system stiffness. A summary
of all the driver parameters listed above is provided in
TABLE II-4.
2. Microphone Calibration

The microphone located in the resonator end of the
housing has a critical role in monitoring the system
performance and therefore requires an accurate calibration.
It is the microphon~ output that is used in conjunction with
the accelerometer signal to determine the acoustic power
delivered by the driver to the resonator. If the electric
power to the driver is known then the overall

electroacoustic efficiency of the system can be determined

TABLE II-4. Driver Housing Parameters

resonance frequency £, 350 [Hz]
mOVing nass m, 1.43x1072 (kg]
driver/bellows stiffness k 6.83x10" [N/m]
quality factor Q 20.4

mechanical resistance R, 1.96 [kg/s]
driver back volume \ 4.12x107" [m’)
back volume stiffness Xk, 2.27x10% [N/m)
bellows volume v, 10.8x107° [m®)
effective pi .ton area A, 6.87x10°" (m?]
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from the ratio of the two powers. By feeding the microphone
signal to the STAR signal processing package, the electronic
control systems ensure that peak efficiency is maintained.®

The first test conducted on the microphone was
carried out prior to installing the driver and was to ensure
that there were no sizeable leaks in the microphone back
volume. A test microphone installed in a flanged fixture
was mounted to the resonator side of the housing. A
loudspeaker was placed above the housing and allowed to
radiate into the open cavity. The signals from the two
microphones were compared using an oscilloscope.(as a visual
reference) and an HP-4194 Gain/Phase Analyzer. Since both
microphones were essentially co-located it was verified that
there was zero phase difference between the signals. Any
unreasonable phase difference over the operating frequency
range would have keen an indicator that a leak was present.
Upon verification that the microphone back volume was leak-
tight, the driver was installed and the housing was closed
up.

A calibrated microphone, with known sensitivity of
15.7 uV/Pa (* 2%), mounted in a test assembly was bolted to
the resonator side of the driver. The housing and test
assembly were then pressurized with 10 bar helium and the
driver was provided with a low power signal from the
HP-4192. By measuring the ratio of output voltages from

both microphones a simple comparison calibration was
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conducted to determine the sensitivity of the housing
microphone. This calibration was conducted for a number of
different frequencies over a range from 100Hz to 1kHz to
determine if the microphone sensitivity was reasonably flat
(frequency independent) in the operating region of the STAR.
Calculated sensitivities ranged from 25.6 uV/Pa at 100 Hz to
26.1 pv/Pa at 1kHz (a change of only 2% over the entire
range) with a mean of 25.8 uV/Pa. The housing and test
fixture were then evacuated and repressurized with a 10 bar
He-Ar gas mixture (18.85% Ar). The comparison calibration
was carried out once again to ensure that chanéing gas
mixtures would have little affect on microphone sensitivity.
The resulting sensitivities ranged from 25.7 uV/Pa at 100 Hz
to 26.1 uV/Pa at 1lkHz with a mean of 26.0 uV/Pa (agreement
to within one percent of the mean value in pure helium).
The results of the comparison calibrations are summarized in
Figure II-22.

3. Volume Velocity Calibration

Acoustic power can be expressed as the product of

acoustic pressure, volume velocity, and the cosine of the
phase between them. Acoustic pressure is readily determined
by taking the ratio of the microphone output voltage to
microphone sensitivity. Volume velocity can be determined
from the accelerometer output but requires that a volume
velocity sensitivity be known. The following section is

based on the procedures outlined by Hofler in his thesis (as
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well as a related JASA article'’) for determining this
sensitivity.

A small cylindrical calibration volume having a
known acoustic impedance (easily determined by summing its
volume with the internal volume cf the bellows) was mounted
to the resonator side of the housing. The housing and test
volume were evacuated and then pressurized to 10 bar with
helium. Since volume velocity is equal to the ratio of
acoustic pressure to acoustic impedance, knowledge of a
given lcad impedance and measurement of the pressure
amplitude at a given frequency completely determines the
desired parameter. It has already been shown how acoustic
pressure can be determined from the microphone sensitivity
and output voltage. Similarly volume velocity can be
determined from a sensitivity and measureable velocity
signal. In Hofler's thesis he electrically integrates the
accelerometer output signal to produce a velocity signal and
uses this to define a volume velocity sensitivity (M,). 1In
the following procedure the accelerometer output voltage
(Vo..) 1s used directly but is divided by angular frequency
to yield a volume acceleration sensitivity (M,") having
units of V-s’/m’. Volume velocity (U) is then given by
U=V,./wM,". Since volume velocity is also equal to the
product of particle velocity (u) and effective piston area

(A.:¢) , then the later parameter can be easily determined by
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A =M, /M if we define u=V,./wM,. where M,. is the
accelerometer sensitivity.

By measuring the ratio of output voltages of the
accelerometer and micrcphone, a value for the volume
acceleration sensitivity was readily determined for a given
frequency. Sensitivities were calculated over a range of
frequencies from 100 Hz to 1 kHz and varied from 0.120 V-
s’/m’ to 0.116 V-s’/m’ with a mean of 0.118 V-s?’/m’. The
calibration was repeated in a 10 bar He-Ar gas mixture
(18.85% Ar) with similar results. The mean value of the
sensitivity in He-Ar was again 0.118 V-s?’/m’. Using this
value an effective piston area of 6.78x10 “ m’ was determined
as reported in TABLE II-4. The theory and results of the
above procedure are summarized in Figure II-23.

One additional piece of data obtained from the
volume acceleration sensitivity calibration was the phase
difference between the accelerometer and microphone signals.
This varied between =-2.4 to -2.8 degrees in the operating
region of the STAR and is believed to be due to phase
differences existing in the electronics used to measure the
data. It is noted here as a required correction to the
phase between pressure and volume velocity. An additional
phase correction of +90° is also required when calculating
acoustic power using the accelerometer output directly since
pressure and velocity (not acceleration) are required to

determine acoustic power.
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III. RESONATOR SUBSECTION

A. OVERVIEW

The resonator is designed to support an acoustic
standing wave and to serve as a housing for the pressurized
gas and thermoacoustic elements, including the stack and
heat exchangers. The interaction of the standing wave and
the stack transports heat. The geometry and the
construction of the resonator is constrained by the desire
to minimize extraneous heat loads due to unwanted thermal
conduction between the hot and cold portions of the stack.
In addition it is desireable to reduce acoustic losses due
to thermoviscous attenuation within the resonator and to
meet the size restrictions imposed by using the GAS
canister. In his doctoral dissertation, Hofler (1936)
discussed the loss mechanisms in detail along with resonator
design considerations. For use in the STAR project a custom
resonator was designed by Hofler, as illustrated in
APPENDIX D. Due to time limitations, the construction of
this resonator was not completed in time for use in the
experimental measurenments discussed in Chapter IV. These
measurements where conducted with a resonator that is
acoustically similar to the one the STAR resonator, but that

has not been optimized for thermoacoustic transfer. The
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resonator used in the space-qualified system will be

described in the forthcoming thesis by Jay Adeff.

B. RESONATOR COMPONENTS

As shown in Figure III-1, the STAR resonator is a
complex mechanical fixture composed of several components
joined together. The base assembly (1) is machined from
oxygen free, high conductivity (OFHC) copper (CRA 110) and
is designed to form a helium leak tight interface between
the driver housing and the fiber-reinforced plastic (FRP)
neck. The FRP neck (2) consists of a hollow composite
fiberglass and epoxy tube bonded to a .001" stainless steel
sleeve. Connected at the opposite end of the FRP neck is a
small diameter copper tube (3) which flares out as it enters
an attached stainless steel sphere (4). The spherical
volume is used to simulate an open-end termination, while
allowing the system to be closed. This results in the
resonator behaving as a 1/4 wavelength tube.

Within the FRP neck is the heart of the thermal heat
pumping process. This section is composed of a plastic
stack (5) which allows the thermoacoustic transport of heat
enerqgy to occur along its length, and two heat exchangers
(6,7). The heat exchangers are multiple layers of parallel
thin copper strips bonded together and aligned

perpendicularly to the resonatoir's longitudinal axis. The

purpose of the heat exchangers is to provide a good thermal




J U

Figure III-1. Diagram of the STAR resonator
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transfer at the two ends of the stack in order to prevent
unnecessary losses, and to serve as a contact point between
the stack, the high temperature reservoir, and the cyrogenic
load. 1In this experiment the load is simply an electrical
heater (MINCO thermofoil heater model HK5232R45.8112al1l-7).
Details of the stack construction and thermodynamics were
discussed by Susalla in his masters thesis.’ Basically, the
stack is a long sheet of 0.003" thick plastic film with a
series of parallel sections of monofilament strings attached
to it. This film is then spiral wound around a small
diameter plastic rod to form a stack with a 38.1 mm diameter
and a length of 78.5 mm. One of these stacks, built at Los
Alamos National Laboratory, was used for the test

measurements conductec in Chapter IV.

C. HELIUM LEAK TESTING OF THE FRP NECK

In order to prevent unwanted thermal losses due to
thermal conduction, the wall material of the FRP neck must
have low thermal conductivity. The decision was made to use
fiberglass and epoxy (Dexter HYSOL EA9396) for the FRP neck
based upon its availability, ease of fabrication, high
mechanical strength, and low thermal conductivity. The
choice of helium as the major component of the working gas
creates certain problems. Helium is known to diffuse
through all known insulators at room temperature. One

method of overcoming this problem is to insert a metal vapor
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barrier between the FRP and the area exposed to the helium
based gas. A one mil thick piece of stainless steel

. (Precision Brand™ 698158) was chosen from the metals
available based upon its high tensile strength and its low

- thermal conductivity. When soldered to the two copper tube

sections, this will provide a solid metal barrier to helium
diffusion, but until overlaid with the fiberglass epoxy will
lack strength and rigidity.

In order to verify that the leak rate would be
insignificant with the stainless steel liner and that a
leak-tight seal could be obtained, two test pieces (Figure
ITI-2) were manufactured. These pieces were scaled to
represent the actual driver resonator and consisted of two
copper pire sectlicns with . connecting piece ¢l stain.iz:
steel overlaid wit.: fiberglass epoxy. In the construction
~f one of the test pieces, leak paths were left along the
seam of the stainless steel liner. These leak paths were
designed to allow us to determine the effect of minor holes
in the stainless steel sleeve. The relative thinness of the
stainless steel required that a mandrel be inserted inside
the sleeve. Once the epoxy and fiberglass composite was
bonded to the stainless and copper parts, giving strength to
the test piece, the mandrel was removed. Prior to applying
the fiberglass it was verified that the completely sealed

test piece was leaktight in air at 1 atmosphere using an
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Figure III-2. Fiber-Reinforced Test Pieces .
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Alcatel helium leak detector. The Alcatel He leak detector
was used for all such leak-testing procedures.
once the two test pieces were covered with epoxy, it was

important to determine the leak rate for each piece. Using
a custom built testing stand shown in Figure III-3, the
interior of the test pieces were pressurized with 3
atmospheres of helium to saturate the FRP material exposed
to the helium by any leaks. A vacuum was then applied to
the exterior of the test piece, such as it will experience
during actual use, and sampling for helium conducted. The
first piece to be tested was the leak tight stainless
section after having been left pressurized with helium for
24 hours. After a sampling run of several hours no helium
diffusion above 10’ standard cm’/s, the Alcatel's lowest

ztection range, was detected and the test piece was assumed
to be helium leak tight. For the test piece with leak paths
in the stainless, but leak tight to air after having been
wrapped in fiberglass, helium was immediately detected
diffusing through the FRP neck. With this test piece it was
impossible to obtain a helium leak rate of less than 107°
standard cm’/s, the Alcatel's upper limit. As a result of
these two tests it was verified that controlling the helium
leak rate through the composite by using a thin metallic

vapor barrier was necessary and possible.
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Figure III-3. Alcatel Helium Leak Tester and FRP
Test Assembly

88




Iv. SYSTEM TEST

A. EXPERIMENTAL APPARATUS AND PROCEDURE
1. Preliminary Requirements

In order to determine the electroacoustic efficiency
of the STAR driver a procedure was required whereby electric
and acoustic power could be easily ascertained either
directly or indirectly. If the microphone and volume
velocity trar..ducer sensitivities are known, then acoustic
power can be determined from measurement of the microphone
output voltage at the bellows location, the bellows~-mounted
accelercmeter output voltage, and the phase difference
between these signals. Therefore the first of three
preliminary regquirements was to ensure that the microphone
and bellows accelerometer were accurately calibrated as
discussed in the sections II.D.2 and II.D.3.

The second requirement, prior to making any
measurements, was to devise a reliable (and hopefully
convenient) means of determining the electric power supplied
to the driver. This could have been determined by measuring
the input current and voltage to the driver and noting the
phase difference between them. Instead, a more automatic
approach was used whereby an electric power measuring
circuit was designed that provided the desired parameter

directly in the form of a DC voltage proportional to the
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electrical power delivered to the driver. This circuit is
depicted in Figure IV-1. Basically a 0.10 1 current sensing
resistor was placed in series with the driver. The voltage
across both the driver and resistor then provided the
necessary inputs to the power measuring circuit. The
voltage across the resistor was used to ascertain the rms
current to the driver and as an input to the power
measurement. The power was determined by feeding the two
input voltages through a four-gquadrant multiplier chip
(Analog Devices AD534) and then low=-pass filtering the
output with a 1.6 second time constant to remove the AC
component. The average power was then directly available by
measuring the remaining DC voltage on a multimeter. The
measured value of power was 0.1 Watt/Volt. The rms current
was Getermined by feeding the 0.10 Q resistor voltage
through an rms-to-DC converter (Analog Devices ADS536) and
then measuring the output directly. The DC output voltage
was 1.0 Velt/Arp(rms) due to the voltage gain of ten
provided by the INAl110 instrumentation amplifier.

The final necessity was to design and build a gas
handling system that was capable of both evacuating the
refrigeration system and pressurizing it up to 150 psia
(10° Pa). The system (see APPENDIX F) consists of a wall-
mounted control panel having a differential pressure guage,
inputs for two sources of pressurized gas, a vacuum port, a

venting port and two pressure measuring devices (a Heise
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guage arnd an Omega PX304 pressure sensor). The role of the
differential pressure guage is to ensure that the STAR
system does not pressurize (or depressurize) at too fast a
rate. Rapid pressure changes could result in damage to
either the microphone or bellows since both components are
dependent on small capillary leaks to equalize pressure
between their inner and outer boundaries.
2. Experimental Configuration

The driver was configured with two different
resonators, neither of which was the actual flight-ready
STAR resonateor. The first, a straight, rigyidly-terminated
tube having constant cross-sectional area, was used to
perfect measurement technigques with a system that could be
easily analyzed theoretically. The second resonator was
originally built by Hofler for the purpose of making
acoustic loss measurements. Though its design was not
optimal for refrigeration, it was an acceptable substitute,
capakle of housing a stack and having basically the sane
shape and acoustic characteristics as the STAR resonator.

An HP-4192 Impedance Analyzer was used as both a
signal source and gain/ph:se measurement device and
therefore played a central role in the experiment. The
signal output from the HP-4192 was passed through a 50.0 0
load prior to the power amplifier to ensure that a constant

voltage was maintained for all frequencies of operation.
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The signal was then fed to both the driver and power
measurinc circuit.

The microphone/FET was powered by a +15 V,. supply.
its output, and that of the accelerometer, were passed
through separate Ithaco 1201 pre-amplifiers in order to
filter out unwanted noise and provide the necessary signal
gain. The amplified microphone and accelerometer signals
were then fed to the HP4192 for gain/phase measurements and
to an coscilloscope for visual monitoring purposes.

Other instrumentation such as constant DC voltage
and current supplies and multimeters were present for
peripherals such as the power measuring circuit and Omega
PX3Z and PX304 pressure sensors. The experimental apparatus
is shown schematically in it's entirety in Figure IV-2.

3. Experimental Procedure

Although helium-xenon is the preferred gas mixture
for the STAR, 1t 1s expensive and difficult to obtain. For
this reason various gas mixtures of helium and helium-argon
were used 1n all phases of these experiments. The primary
purpose for using different gas mixtures was to alter the
tube resonance fregquency so that it ranged from above, to
below the driver resonance frequency. By doing so, the
performance of the system could be studied under different
operating conditions.

Once the driver/resonator was pressurized with a

particular gas miaxture, the first information to be recorded
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was the ambient room temperature and pressure guage
readings. These were important in determining the speed of
sound (c¢) and density (») of the working medium . The
resonance frequency and quality factor of the resonator were
determined next. These two values provided some insight
into the behaviour of the combined driver/resonator system.
A knowledge of how closely matched the tube's resonance
frequency is to that of the driver is an indicator of system
efficiency. The quality factor defines the "sharpness of
resonance” " and is an indicator of how sensitive the systenm
will be to frequency changes. The higher the quality factor
the more sensitive the system is to change particularly as
the two resonances approach one another.

With the preliminary information recorded, the
system was run through a range of frequencies ensuring that
the tube resonance frequency was sufficiently bracketed.

For each run the frequency (f,), microphone voltage (V..),
accelerometer voltage (V,.), phase difference (¢), electric
power (I... ), power offset (II,) and rms current (I_,,) were

recorded. The last three were obtained from a multimeter

& ot

DA

was connected to the power measuring circuit outputs.
"o first four gquantities were recorded directly from the
Hr .92, Once it was determined that enough data had been
taken for a given operating condition, the gas mixture in
the system was changed and the procedure was repeated. A

sample data set is provided in section IV.C.1 (TABLE 1IV-1).
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The actual electric power delivered to the driver
was determined by making a correction to the measured value
by subtracting off the measured DC offset as well as a
constant scaling factor. The constant scaling factor was
determined by replacing the driver with a known resistance
and measuring the voltage drop across that resistor. The
power delivered to the resistor was easily calculated and
could be compared with the value determined by the
electronic circuit. For low power measurements (below
0.25 W) the scaling factor was determined to be 95 percent
of the difference between the measured electric power and
electric power offset.

The acoustic power provided by the driver to the
resonator was determined by first calculating acoustic
pressure (p) and volume velocity (U) from the microphone and
accelerometer voltage levels. The phase difference between
the two signals was then corrected by +92.6° for reasons
previously discussed (electric phase shifts and
acceleration-to-velocity conversion). Finally acoustic
power was determined by taking the product of pressure,
ve,lume velocity, and the cosine of the corrected phase
angle.

The electroacoustic efficiency was then readily
determined from the ratio of the acoustic to corrected
electric power (I, {corr}) at each frequency measured in a

particular gas mixture. A plot of efficiency versus
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frequency provided a quick indication of how well the
resonance frequencies of the driver and tube were matched.

A mathematical derivation of the electroacoustic efficiency
based on the measured parameters is provided in Figure IV-3.
To lessen the amount of time required for the

necessary computations, a program written by Susalla and
used by Fitzpatrick was modified to calculate and plot
acoustic power, electric power, and efficiency as a function
of frequency based on the measured data. These in turn
could be compared with theoretical values generated by the
program. The next sub-section discusses this program and

it's modifications in detail.

B. COMPUTER SIMULATION
1. Background

The purpose of the original program written by
Susalla was to determine the various performance
characteristics of a generic driver/resonator system by
treating it as an equivalent electric circuit driven by a
constant current source. Input to the program consisted of
sixteen operator-modifiable parameters that fully described
each sub-system. Basic principles in acoustic and
transduction theory were applied' to the given data set to
yield values for voltage, piston velocity, acoustic power,

and electroacoustic efficiency as functions of fregquency.
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These results were then graphically depicted using a
standard plotting routine.
2., Modifications

The Susalla program suffered from a number of
deficiencies in its application to the experiment at hand.
To correct this, a number of modifications were made to the
program. To begin with, the program was altered so that
it's only outputs were frequency, electric power, acoustic
power, and electroacoustic efficiency. Secondly, provisions
were made to allow the operator to input measured data so
that actual experimentally determined values of electric
power, acoustic power, and electroacoustic efficiency could
be computed and compared graphically with theory. Finally,
the program was modified to deal with a constant voltage
source rather than constant current source since this is the
mode of excitation used in the experiments discussed in this
thesis and in the actual flight system. A copy of the
modified Susalla program is located in the APPENDIX B.

3. Program Description

Before running the program, the user must modify a
series of data statements located within the program which
define the electromechanical properties of the driver and
geometrical properties of the resonator. The parameters
defined in these statements include the mechanical
resistance (RM), moving mass (M), stiffness (SSUP), and

transduction coefficient (BL) of the driver. Additionally,
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the driver back volume (VOL), voice coil inductance (LE),
coil resistance (RE) and driver piston area (A) are defined.
The parameters defining resonator shape include cross-
sectional area (S) and effective length (L) of the tube
(corresponding to one-half wavelength).

When the program is run it requests information
pertaining to the particular operating conditions of the
driver/resonator system. The user must then input gas
density (RHO), sound speed (C), quality factor of the tube
(Q), resonance frequency of the tube (FO), and the driving
voltage (V). With this information the desired quantities
are computed over a frequency range from one quarter to
three halves of the tube resonance and stored in a data
file. The guality factor is used to compute the absorption
coefficient (a) for the medium within the resonator based

upon the relationship that

@ = w,/(2Qc) (IV-1)

as discussed by Kinsler, Frey, et al.'® A description of
the remaining computations is provided in Figure IV-4.
Additional details pertaining to these computations are
available in APPENDIX B.

The user is then given the option of inputting
measured data for analysis and display. If this is desired,

the program then requests a value for amplifier gain (which
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Z, is the mechanical impedance of the

system

Z.11 is the voice coil electrical impedance

Z; is the transformed electrical impedance
of the mechanical system

Z,,. 1s the total electrical impedance of

the system

101

Computer Simulation Strategy




is assumed constant for all measurements taken). The user
is then prompted for six measured quantities corresponding
to frequency, microphone voltage, accelerometer voltage,
phase angle, electric power, and power offset. With this
input, the program computes acoustic power, corrected
electric power, and electroacoustic efficiency for a given
frequency and stores it in a data file. The user is then
given the option to input another set of measured data. The
program continues asking for data and then storing the
outputs until the user indicates that there are no more data
to be analyzed. At this point the program ends leaving a
message to the user that two data files have been created
containing measured and theoretical data. Instructions are
also provided enabling the user to obtain graphs comparing
the two sets of data in those files.

It should be noted that the "program" as described
above actually consists of two parts, both of which are
written in Fortran-77 code. The numerical analysis part
(FRIDGE FORTRAN Al) produces the two data files. The second
part is the plotting routine (GRAFRI FORTRAN Al) which is
invoked by simply typing "DISSPLA GRAFRI" once the data
files have been created. GRAFRI FORTRAN has been programmed
to output three plots to the IBM mainframe laser printer
(SHERPA) . To actually receive hard copies of these plots
the user must type "SHERPA STAR SHGRAPH Al" after typing

"DISSPLA GRAFRI".
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C. EXPERIMENTAL RESULTS
1. Straight Tube

As previously mentioned, the straight tube is useful
in that it can be easily modelled using basic acoustic
theory. The first experiment conducted with this resonator
was to determine the acoustic impedance of the tube in air
and compare the results with theory. This served as a
validation of the two sensitivities previously determined.
By measuring microphone and accelerometer outputs at tube
resonance and converting them to acoustic pressure and
volume velocity respectively, the acoustic impedance could
be readily ascertained based on the ratio of the two
quantities. The value obtained experimentally was
1.59%10 N-s/m°. By applying the expression for Z, shown in
Figure IV-4, the acoustic impedance of the tube was
calculated to be 1.74x10° N-s/m’ (a difference of about
8.5%) at resonance. This was acceptable agreement within
experimental error.

The next procedure was to validate the modified
Susalla program by comparing measured data with theoretical
values. The tube was pressurized with helium to
approximately three atmospheres (45 lb/inz) and measurements
were taken over a range of frequencies that spanned the tube
resonance (475.5 Hz). The measured data is provided in
TABLE IV-1. The guality factor of the tube was determined

to be 63.5 based on the frequency dependence of phase
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TAB

LE IV-1.

f. = 475.6 Hz

©

Q:

o)
freq
(Hz)
375.0
400.0

420.0

450C.0
460.0
465.0
470.0
472.0
474.0
475.6
478.0
480.0
485.0
495.0
515.0
530.0

550.0

63.5

1009 m/s

\Y/

mic

MEASURED DATA FROM STRAIGHT TUBE EXPERIMENT

(dBV)

-35.

-32.

=25.

-22.

-18.

-15.

-12.

-10.

28

05

.68

32

62

73

93

14

36

-8.74

-8.00

-8.57

-10.

-14.

-20.

-27.

-30.

-33

18

54

49

06

33

.71

v

acc

(dBV)

=10

-10

-10.

-10.

-11.

-11.

-11

-10.

=-10.

.51

.04

.82

.73

.76

.93

17

79

27

78

.78

80

06

.41

.33

.42

.50

.56

T = 20.5 °C = 293.5 K

p = 0.50 kg/m’

phase
(deg)

-178.0
~-177.4
~-175.5
~175.0
~172.7
~167.7
~161.8
~147.6
-135.4
-114.6
-91.31
-58.04
-40.94
-22.39
-11.73
-6.35

-5.00

-3.91
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naloc
(mW)

1.6

Vs = 0.26 V = 0.37 V,,,

noff
(mW)

1.0

(ma)

3.2

11.0
14.1
15.6
17.2
18.2
18.9
18.8
17.8
16.1
13.5
15.6
15.2
17.8
20.3
21.6

22.7




between pressure and volume velocity in the vicinity of tube

resonance. The relationship (as given by Hofler) is
Q = (fm/2)(d¢/df)|% (IV-2)

where ¢ is in radians.

Using a constant source voltage of 0.26 V the

rms /7
average electric power input to the driver never exceeded 5
mW during the entire experiment in order to prevent damage
to the voice coil and titanium surround of the driver. The
maximum measured electroacoustic efficiency was about 38%
and occurred when the system was driven at 478 Hz. In the
vicinity of the driver resonance (350 Hz) the efficiency was
only about one percent, indicative of a large acoustic
impedance mismatch between the driver and resonator under
those operating conditions (as expected). In comparison the
maximum efficiency determined by the model was about 51% and
occurred at 480 Hz. Graphical comparison of measured
electric power, acoustic power, and electroacoustic
efficiency to the theoretical values showed that the model
was a reasonable approximation to reality. Measured values
appeared to follow the theoretical curves gquite well, but
tended to have smaller magnitudes. The results are
graphically depicted in Figures IV-5 to 1IV-7.

The final experiment conducted with the straight tube
was to measure the electroacoustic efficiency at tube

resonance for a number of different gas mixtures at one bar.

105




0°0TL

(ZH)AONINOIUL
06C6 089S OL6Y 0'82% OESC  0¥8Z  OElZ 02 01

00

00000

FOYIZL

H082¥'¥1

- 12¥8°12

- 1958°82

1oLo9e

Fi¥Be LY

-186%°0¢C

RLATHAY

-2626°YH

AONANGEYA "SA ZdMOd OidLodTd

20vT°2L

(M)UIMOd 218 LT’

, 00

. A

Predicted and Measured Electric Power

for the Straight Tube at One Bar

Figure 1IV-5.

106




0oL

0°8€8 0°889S [OF2) 4

(ZH)AONANDIUL
092y 0'sStE D'¥82

ogIz

0°2%1

0'1L

00

*]

o

—0

ey

o

0000
FE8LY
l-99¢°€
ﬁann.n
ﬁﬂna.\.
ﬁm-m.m
666701
-2e¥ 21
FCoT vt

-u¥0' 97

ADNINCHUA "SA €AMOd JLLSN0DV

(MNAMOd DILSNHODV

, Dl

Predicted and Measured Acoustic Power

Figure 1V-6.

Tvwbe at One Bar

aAaveehée
ycn

107




(ZH)AONINdIUI
0°01L 0°'6€S 0°'88¢ 0'L6¥ o9y 0°GSE 0'+82 (018 5% ¢4 [Phr-2 2 ¢ 0 1L o0
® 00000'0

——
(o]

ﬁmwﬂno.o
852010

- LBECT'O

=

ﬁcqncmd

FS¥YesT0

Bg _

|- ¥4L0€°0

o -

+C06Sc'0

- 2E0T%°0
00C'T =0ILVY SVD/IH

F1919%'0
S/WC'GO0T =TdA ANNOS

————e s

0621S°0

AONANCEES 'SA ADNEIDLLAT DLLSN0OVCY.LOE 13

-

1/UMd DLLSNOOY

K
108

HMJ OIIED

Efficiency for the Straight Tube at One

Predicted and Measured Electroacoustic
Bar

Figure 1V-7.




Ideally, the maximum efficiency would occur when the
resonance frequencies of the driver and tube were the same.
The results are presented in Figure IV-8. The highest
efficiency measured was 50.8% at 359.4 Hz (3% off driver
resonance) and was achieved using a helium-argon gas mixture
(with <18.85% Ar). The lowest efficiency occurred when pure
helium was used since this created the greatest mismatch of
resonance frequencies.

With reasonable confidence in both measurement
technigques and theory, the next phase of testing for the
STAR driver involved the use of a refrigerator-type
resonator pressurized to 10 bars.

2. Refrigerator-Type Resonator

This resonator consisted of two tubes having
different diameters that were joined together with a tapered
section that smoothed the transition from larger to smaller
diameter (see Figure IV-9). The resorat.. was attached to
the driver via a flanged section that was integral to the
larger tube. A cylindrical section was attached to the end
of the smaller diameter tube thereby making the resonator a
closed system. Additionally a cold heat exchanger was fixed
within the resonator at the end of the larger diameter
section (just before the tapered section). Since the aim of
the experiment was to estimate driver performance under
simulated operating conditions, this refrigerator-type

resonator is a good facsimile of the actual STAR resonator.
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Figure IV-9. Refrigerator-type Resonator
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The only difficulty in using this resonator was in
determining an expression for its input mechanical impedance
(accounting for absorptive processes). This was considered
unnecessary and beyond the scope of this thesis and
therefore it was assumed that the expression for tube
impedance given at the top of Figure IV-4 would suffice for
modelling purposes. In using this expression the resonator
cross-sectional area (S) was taken to be 1.14x107° m?
corresponding to that of the larger diameter resonator
section. The absorption coefficient was the same as
previously defined.

With the resonator mounted in place, the system was
pressurized to 10 bars with helium. Under these
conditions the maximum possible tube resonance frequency
could be achieved. The primary reason for beginning with
pure helium was that gas characteristics like sound speed
and density were readily available.' Knowledge of these
values for a given ambient temperature permits easy
calculation of sound speeds and densities for unknown gas

mixtures (assuming constant temperature and constant ratio

of heat capacities) from the following relationship,

Pgas = (Che/Caas)’ Pue (IV-3)

Additionally, measurement of the tube resonance frequency in

pure helium allows one to readily determine the effective
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length of the resonator. Numerically this is given as

Leee = ©/(25) (IV-4)

where the effective length is equal to one half of the
wavelength. Since the computer model requires accurate
values for gas density, sound speed, and effective resonator
length in order to predict driver performance, it follows
that taking a set of measurements in a known (pure) medium
first is imperative if the simulation is to have any value.
In pure helium at 10 bars (with an ambient
temperature of 21°C), the resonance frequency and quality
factor of the tube were determined to be 553.6 Hz and 74
respectively. Based on this information it was expected
that system efficiency would be minimal due to the
difference between driver and tube resonance. Furthermore,
it was anticipated that small changes in frequency would
constitute large changes in efficiency due to the large
quality factor. These system characteristics were verified
upon examination of the measured data. With the electric
power to the driver kept below 40 mW (constant drive voltage
of 0.25 V_,), the maximum measured electroacoustic
efficiency was about 34% at 570 Hz. Of interest is that
when the system was driven at tube resonance (only 16 Hz
below 570 Hz) the efficiency was down by a factor of two

indicative of the effects of a resonator having a large
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quality factor. At driver resonance (350 Hz) the system
efficiency was only about 2%. The measured and modelled
performance characteristics of the system are depicted in
Figures IV-10 to IV-12. The "HE/GAS RATIO" of 1.0 in Figure
IV-12 represents a ratio of the density of helium at 10 bars
to the density of the gas mixture used in the experiment.
Though this is trivial for this first experiment it is a
convenient means of comparison when various helium-argon gas
mixtures are used later.

In all three plots the agreement with theory is
quite satisfactory especially when considering the low power
levels at which the system was driven. Note in Figure IV-10
that there are two dips and a peak in the electric power
over the given frequency range. The first dip occurs at a
frequency where the system mechanical impedance is at a
relative minimum permitting a maximum displacement of the
bellows and voice coil. The motion of the voice coil in the
permanent magnetic field of the driver results in the
generation of a large back emf. The net result is that the
electrical impedance becomes a relative maximum thus
reducing the input electric power. The small peak occurs in
the vicinity of the tube resonance. At this frequency the
mechanical impedance of the system is at a relative maximum
effectively blocking the motion of the bellows/coil. As a

result the back emf produced is at a relative minimum
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meaning that more current can flow to the driver thus
increasing the input electric power.

Turning one's attention to Figure IV-11 it is
apparent that maximum acoustic power occurs at the tube
resonance frequency and decreases as the system is driven
off resonance. This makes sense since maximum dissipation
of energy in the tube occurs at its resonance frequency.
By combining the results shown in Figures IV-10 and IV-11
the electroacoustic efficiency is nothing more than the
ratio of the two individual power measurements. Note in
Figure IV-12 that 