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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 and electronics based upon the

thermoacoustic heat pumping effect. This thesis describes the

design, assembly, and calibration of the electrodynamic driver

and its associated performance monitoring and ccntrol

instrumentation. The electroacoustic efficiency of the driver

is measured under different operating conditions utilizing a

prototype refrigerator resonator. These results 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. Good 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

maximum electroacoustic efficiency of 50% is achieved under

these conditions. More important however, is that the

efficiency decreases by only 10% over o 10% bandwidth about

resonance. Accesion For
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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. In a review article on

thermoacoustics2 Rott restricted his definition of the

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

1



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 refrigerator3 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.
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2. Refrigerator Efficiency

In his doctoral dissertation, Hofler reported that

the lowest ratio of cold temperature (T,) to ambient

temperature (Th) attained with his prototype fridge was

0.66. Additionally he found that the highest coefficient of

performance relative to Carnot was 12% at a temperature

ratio of 0.82. In 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

3
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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~eic) is proportional to the

product of the input voltage (V), current (I), and the

cosine of the phase angle (0) between them. The acoustical

power generated (Eac) is proportional to the product of the

acoustic pressure (p), the volume velocity (U), and the

cosine of the phase angle (0) between them. Electroacoustic

efficiency (flea) 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 1-2 summarizes the above discussion.)

Improvement of the overall performance of the Hofler

prototype refrigerator required that the electroacoustic

efficiency and coefficient of performance be maximized.

The latter was dealt with by Susalla whose work in

5



FIelec =I V Cos 0 rIac p U Cos

r-I
77ea =- r a c

cc

ac

Figure 1-2. Electroacoustic efficiency

6



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,5

(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 (Bi) 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)

7



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

impedances, 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-Xe gas mixture. For this thesis the

electroacoustic efficiency of a modified NIB driver is

8



physically determined for various inert gas mixtures (at 10

bars) and compared with Fitzpatrick's predicted values.

B. SPACE THERMOACOUSTIC REFRIGERATOR (STAR)

1. Motivation

Numerous applications for spaced-based refrigeration

systems presently exist in the form of cooling low noise

and/or high speed electronics, high Tc 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

9



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).6

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) 7 have taken advantage of the

GAS program to measure the resonant acoustic modes of the

shuttle payload bay and the ambient acoustic environment

10



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

1-3. 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 1-4.

Another 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

11
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Figure 1-3. Schematic Layout of the STAR within
the GAS container
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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 1-5 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 is 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 de3ign.

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

atmosphere Helium-Xenon gas mixture. The driver housing

also serves as a support mechanism for the electrodynamic

driver subsystem and various test instrumentation and

connectors.

14



Figure 1-5. Hofler Prototype Thermoacoustic

Refrigerator
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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

£igure I-G. In this p-ocess 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.

16
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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 to prevent 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

18



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

program.

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

20



E

( C ) Pole Piece ( D ) Surround

( E) Reducer Cone ( F ) Voice Coil

( G ) Electrical Lead Connection

Figure II-i. 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 oi.e 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-T6 aluminum. The

inertia of the cone was further reduced by drilling holes

throughout its surface. In 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

22



the gas filled resonator. 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) .9 This modelling is

illustrated schematically in Figure 11-2 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 (m0) 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 0 ). Section II-

B.2(b) describes the procedure used in more detail.
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Figure 11-2. Mechanical Model for a Simple Harmonic
Oscillator
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2. Lumped Parameter Modelling

The ability to sum the individual masses of the

system into one mass, illustrated in Figure 11-2, is an

example of lumped parameter modelling. In 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 allc 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 IV.
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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 11-3, the commercially

available 2450J NIB driver was modified by cutting away

unnecessary portions of the throat area. This resulted 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 2445J 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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Figure 11-3. 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. In

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

28



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 local

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/nl (II-1)

where g is the acceleration due to gravity, m is a known

added mass, and LI 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 11-4.

Adding a known mass to the reducer cone produces a change in

its net displacement. By applying DC current to the voice

coil 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 B1=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 (ams) CURRENT (mAr) 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. Stiffness 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.I.
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Figure 11-4. Experimental Setup Using the MTI Fotonic

Sensor to Measure Reducer Cone Displacement
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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 11-5. The slope of a best-fit line drawn through

these points will allow the determination of the suspension

stiffness ( ksusP= 47r2/slope ). The moving mass of the driver

>- 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

11-2. 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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DRIVER SUSPENSION STIFFNESS MEASUREMENTS
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Figure 11-5. Plot of the Square of the Period versus
Added Mass for Determination of Driver
Suspension Stiffness
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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

11-6 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 11-2.

TABLE 11-2. 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 (gn) 0.07 ± .61 --
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Figure 11-6. Experimental Apparatus for Bellows Resonance
Frequency Measurement
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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 11-7 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

16.2 ± 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 11-2;

A(t) = A0 * exp(-nT/r) * sin(w0t+0) (11-2)

where A(t) is the signal amplitude as a function of time, A0

is the initial amplitude, and nT represents the time elapsed

during n periods of the signal. In addition, r represents

the exponential decay time, w. the resonant angular

frequency, and 0 the phase angle. Taking the natural

logarithm of equation 11-2 then results in equation 11-3,

for the peak amplitudes of the signal as a function of time.

ln A(n) = ln A0 -nT/r (11-3)

A plot of logrithm of the peak amplitude versus period

number, n, can then be obtained as shown in Figure 11-8.

From this graph it is possible to determine Q by dividing r

by the slope of the line. This follows from the definition

of Q=.,r/2 = 7r7/T. For experimental runs in air at one bar

and in a vacuum, the quality factor of the driver system was

determined to be between Q..=15.4 and Q,,,uu=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 quality factor has been measured the

mechanical resistance can be easily determined ( R.=0 m0 /Q ).

This was done for the two test cases in air and vacuum and

yielded the values of Pm(air)= 1.82 kg/s and
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Rd.(vacuum)= 1.58 kg/s. Using this same formula for the

quality factor from the impedance plot yielded a value of

R(air)=l.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

measurements 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 11-9, and indicate the relationship is

linear (slope=3lmQ/CC) over a temperature range from 20.0°C

to 50.0°C. For the actual STAR voice coil, an initial RDC of
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Figure I-9. Plot of PC Resistance as a Function of

Temperature for a 4" Voice Coil
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8.22n was measured at T=200C 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. In

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 (Mc,) 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 viry 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

THEORETICAL

Macc- (a/g)/ZC

o - accelerometers charge sensitivity (pC/g)
g - gravitational acceleration (m/s2)

EC - sum of the system's capacitance (pF)

MEASURED

M,,ce (Vo,,/G)/a

Volft accelerometer output voltage (mV)
G gain factor ( operator selected)

a 1 10 m/s 2 at 158.75 Hz from a B&K 4294

calibration exciter

RESULTS

C-c, (pF) THEORY(V-s 2/m) MEASURED(V- s2 /m) %DIFFERENCE

604.6 83.45 *10-6 79.43 *10-6 4.8

288.5 174.37 *10 -' 175.40 *10 -6 0.6

620.1 81.07 *10-6 -

Figure II-10. Comparision of Experimental and Theoretical
Techniques Used in the Determination of the

Accelerometer Sensitivity
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constant 10 M/s 2 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 Macc = 81.1 Vs2/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 materils

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 lid 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 11-12, having a height
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Figure 11-12. 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 * ns,1cer port was dependent on the dimensions

of the commercially-available Omega* 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

lb/in 2 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 lid(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 lid 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 -4 standard cm3/s. As a result it was

decided to use lead 0-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 plats is

responsible for conduction of heat from the electrodynamic

driver to the GAS lid 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 lid, 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 asseiably, pusher plate, and

pressure lid (see Figures 11-13 and 11-14 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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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 foi 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 lid. 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. In this configuration the test

lid (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

of 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 one 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 11-14). 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 required

to rigidly hold the Omega PX-80 piezoresistive pressure

senscr in place as depicted in Figure 11-15. 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 mA

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 11-16 and

11-17. It has feed-throughs for six leads; two for the

driver, one for 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 11-17. Driver Housing Showing Electronic Feed-
through Plug, DC Pressure Transducer
Support Plate, and Strain Relief Fixture

59



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

finp! 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 kO 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 k2 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 0.14c (a highly desirable characteristic in that

the phase is used to control the resonance frequency).

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 exposd and fully accessible.

Once dry, the assembly was removed from it's mold and
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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 tie 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 is 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 12 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 6 gm/cm4-s. The above

tubing configuration was experimentally shown to have a flow

resistance per unit length of about 6x10 6 gm/cm3-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 11-18 shows the completed

microphone/FET assembly.

5. 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) in 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 lid 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 loads. 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 11-19). Like all other

system components, it 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-I 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.

rhe wall thickness of the flange section has been

limited to 1/4 inch to reduce ove'all 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 inches.

One firn.l vacuum can component is a 1/4 inch thick

base plate. An 1'. 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 (me) , stiffness (k) , mechanical

resistance (P,) , quality factor (Q), and resonance frequency

(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 11-20). 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 frequency. The

experimental results yielded a stiffness of 6.83x104 N/m

(± 1.0%) and a moving mass of 1.43xi0-2 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 asse-bly (refer to TABLE 11-3). 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 11-3. STIFFNESS AND MOVING MASS FOR INDIVIDUAL
COMPONENTS AND COMBINED SYSTEM

OrP I 8E BELLOVS COMB I rEO DPIVEP/8ELLOVS

6 37 14 3 87 . I
3  6 76 x 104 6 03 . 104

21 10 1 I I 102 13 3 6 83 . 10

12 0 0 O7 12 67 14 26

0 l g .016S fg..I 0 g'Z61' 9 1

Driver/Bellows Stiffness Measurement
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Figure 11-20. Stiffness and Moving Mass Measurements
of the Driver/Bellows System
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moving masses yields a value of 1.27xi0 -2 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 cm2 ) 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 Rm=wmo/Q (where w was

the angular resonance frequency with the test vo l ° " in

place).

Additional parameters that were determined included

the driver back volume (va), the stiffness of the back
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volume (kd), the internal volume of the bellows (Vb), and

the effective piston area of the bellows (Aff). 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 cm3 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 - m2 which was about 8% lower than the value of

7.46xlO- given in the bellows specification sheet. Its

derivation is also discussed in section II.D.3.

The driver back volume was estimated using the known

dimensions of 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 required

in order to determine the stiffness of the back volume and

to show that it was negligibly small in compariEon to the

stiffness of the rest of the system. The relationship

between quantities is given by,

k = (TPoAef2)/Vd (II-4)

where I 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-
4 m3 having a stiffness of
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2.27xl02 N/n. 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 11-4.

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 microphone 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 11-4. Driver Housing Parameters

resonance frequency f. 350 [Hz]
moving mass m[ .43xi0 2  [kg]

driver/bellows stiffness k 6.83xi0' [N/n]

quality factor Q 20.4

mechanical resistance R. 1.96 [kg/s]

driver back volume Vd 4.12x0 -4  [im3]

back volume stiffness kd 2.27xi02 [N/m]

bellows volume Vb 10.8x10 -  [M 3 ]

effective pi ,ton area Aeff 6.87xI0 "  [M 2 ]
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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.8

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 been 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 AV/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 MV/Pa at 100 Hz to

26.1 MV/Pa at 1kHz (a change of only 2% over the entire

range) with a mean of 25.8 gV/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 changing gas

mixtures would have little affect on microphone sensitivity.

The resulting sensitivities ranged from 25.7 MV/Pa at 100 Hz

to 26.1 AV/Pa at 1kHz with a mean of 26.0 MV/Pa (agreement

to within one percent of the mean value in pure helium).

The results of the comparison calibrations are summarized in

Figure 11-22.

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 13) for determining this

sensitivity.

A small cylindrical calibration volume having a

known acoustic impedance (easily determined by summing its

volume with the internal volume of 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 load 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 (Mu). In

the following procedure the accelerometer output voltage

(Vac) is used directly but is divided by angular frequency

to yield a volume acceleration sensitivity (M,*) having

units of V-s 2/m 3. Volume velocity (U) is then given by

U=Vcc/wMJ'. Since volume velocity is also equal to the

product of particle velocity (u) and effective piston area

(Aef), then the later parameter can be easily determined by
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Aef=Mc/M* if we define u=Vc/WMcc where M... is the

accelerometer sensitivity.

By measuring the ratio of output voltages of the

accelerometer and microphone, 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-

s2/m' to 0.116 V-s2/m 3 with a mean of 0.118 V-s2/m3. 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 2/m 3. Using this

value an effective piston area of 6.78xl0- m2 was determined

as reported in TABLE 11-4. The theory and results of the

above procedure are summarized in Figure 11-23.

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 +900 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 thernoviscous attenuation within the resonator and to

meet the size restrictions imposed by using the GAS

canister. in his doctoral dissertation, Hofler (1986)

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 measurements 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-l, 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

energy 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 resonatoi's longitudinal axis. The

purpose of the heat exchangers is to provide a good thermal
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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. In this experiment the load is simply an electrical

heater (MINCO thermofoil heater model HK5232R45.8112al-7).

Details of the stack construction and thermodynamics were

discussed by Susalla in his masters thesis.5 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 conducte. 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 T 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

111-2) were manufactured. These pieces were scaled to

represent the actual driver resonator and consisted of two

copper pp- LT ticns .ith oonneting ieoe s

steel overlaid wi<: 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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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 111-3, 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

fiist 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 cm3/s, the Alcatel's lowest

:tection 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 10 6

standard cm3/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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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 requirements 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-l. Basically a 0.10 f2 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-quadrant 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 determined by feeding the 0.10 2 resistor voltage

through an rms-to-DC converter (Analog Devices AD536) and

then measuring the output directly. The DC output voltage

was 1.0 Volt/Amp(rms) due to the voltage gain of ten

provided by the INA110 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

(106 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 and 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 dctual flight-ready

STAR resonator. The first, a straight, riqidly-terminated

tube having constant cross-sectional area, was used to

perfect measurement techniques 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 acceptdble substitute,

capable of housing a stack and having basically the same

shape and acoustic characteristics as the STAR resonator.

An HP-4192 Impedance Analyzer was used as both a

signal source and gain/phase measurement device and

therefore played a central role in the experiment. The

signal output from the HP-4192 was passed through a 50.0 n

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' 2ircuit.

The microphone/FET was powered by a +15 VDC 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 oscilloscope 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

PX3? and PX304 pressure sensors. The experimental apparatus

is shown schenatically in it's entirety in Figure IV-2.

3. Experimental Procedure

Although helium-xenon is the preferred gas mixture

for the SYAIR, it is expensive and ditficult to obtain. For

this reason various gas mixtures of helium and helium-argon

were used in all phases of these experiments. The primary

purpose for using different gas mixtures was to alter the

tube resonance frequency 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 mixcure, 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 (p) 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 system

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 (Vc),

accelerometer voltage (V,-), phase difference (0), electric

power (fli ), power offset (1off) and rms current (Izm,) were

recorded. The last three were obtained from a multimeter

t .t was connected to the power measuring circuit outputs.

2 first four quantities were recorded directly from the

Fr' ".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.I (TABLE IV-l).
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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 +92.60 for reasons

previously discussed (electric phase shifts and

acceleration-to-velocity conversion). Finally acoustic

power was determined by taking the product of pressure,

volume 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 (neiei{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 applied15 to the given data set to

yield values for voltage, piston velocity, acoustic power,

and electroacoustic efficiency as functions of frequency.
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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,

99



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 quality factor is used to compute the absorption

coefficient (a) for the medium within the resonator based

upon the relationship that

a Wo/(2Qc) (IV-1)

as discussed by Kinsler, Frey, pt al.'6 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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Figure IV-4. Computer Simulation Strategy
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is assumed constant for all measurements taken). The user

is then prompted for six measured quantities corresponding

to frequency, microphone voltage, accelerometer voltage,

phase angie, 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

1.59x10" N-s/m5. By applying the expression for Zt shown in

Figure IV-4, the acoustic impedance of the tube was

calculated to be 1.74x10 7 N-s/m5 (a difference of about

8.5%) at resonance. This was acceptable agreement within

experinental 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/in 2) 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-I. The quality factor of the tube was determined

to be 63.5 based on the frequency dependence of phase
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TABLE IV-1. MEASURED DATA FROM STRAIGHT TUBE EXPERIMENT

f, 475.6 Hz T = 20.5 0C = 293.5 K

Q =63.5 V , = 0.26 V 0.37 Vpeak

c = 1009 m/s p = 0.50 kg/m
3

freq Vmi c  Vac c  phase n1olc ,off Irms
(Hz) (dBV) (dBV) (deg) (mW) (mW) (mA)

375.0 -35.28 -10.51 -178.0 1.6 1.0 3.2

400.0 -32.05 -10.04 -177.4 2.1 1.2 7.6

420.0 -29.68 -9.82 -175.5 2.5 1.1 11.0

440.0 -25.32 -9.73 -175.0 3.2 1.2 14.1

450.0 -22.62 -9.76 -172.7 3.2 1.1 15.6

460.0 -18.73 -9.93 -167.7 3.8 1.0 17.2

465.0 -15.93 -10.17 -161.8 4.1 1.2 18.2

470.0 -12.14 -10.79 -147.6 4.5 1.0 18.9

472.0 -10.36 -11.27 -135.4 4.8 1.0 18.8

474.0 -8.74 -11.78 -114.6 4.9 1.1 17.8

475.6 -8.00 -11.78 -91.31 4.6 1.0 16.1

478.0 -8.57 -10.80 -58.04 3.7 1.0 13.5

480.0 -10.18 -10.06 -40.94 3.5 1.0 15.6

485.0 -14.54 -9.41 -22.39 3.3 0.9 15.2

495.0 -20.49 -9.33 -11.73 3.6 0.9 17.8

515.0 -27.06 -9.42 -6.35 4.4 0.9 20.3

530.0 -30.33 -9.50 -5.00 4.8 0.9 21.6

550.0 -33.71 -9.56 -3.91 5.3 0.9 22.7
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between pressure and volume velocity in the vicinity of tube

resonance. The relationship (as given by Hofler) is

Q = (f./2) (do/df) If (IV-2)

where 0 is in radians.

Using a constant source voltage of 0.26 V.,, the

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 quite well, but

tended to have smaller magnitudes. The results are

graphically depicted in Figures IV-5 to IV-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.
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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

techniques 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 resoi.an_ 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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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 1.14x10
-3 m2

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. 17 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/Cgas) 2 PHe (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

L ff = c/(2f.) (IV-4)

where the effective length is equal to one half of the

wvelength. 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 210C), 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,5 ), 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-ll

the electroacoustic efficiency is nothing more than the

ratio of the two individual power measurements. Note in

Figure IV-12 that the ratio of acoustic to electric powers

yields not one but two efficiency peaks over the frequency

range. One is due to a minimum electric power while thc

other is due to a maximum acoustic power.

For the next set of measurements, the system was

partially vented and then repressurized to 10 bars with a

helium-argon gas mixture. The effect of this "doping" was

to decrease the speed of sound in the acoustic medium in

order to decrease the resonance frequency of the tube. This

was done in an attempt to better match the tube and driver

resonances in order to improve overall system performance

and because this simulates the actual refrigerator

operation. The doping resulted in a new tube resonance

frequency of 531.6 Hz and quality factor of 77. At

resonance the electroacoustic efficiency was about 16%, less

than half the 36% measured at 520 Hz. Again the effects of
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the large quality factor are observed. Figure IV-13

compares the measured efficiency with that modelled and

again there is good agreement between the two. Notice how

the smaller efficiency peak has increased somewhat in

magnitude under the new operating conditions.

The system was doped with the helium-argon gas

mixture four more times and resulted in the measured values

shown in Figures IV-14 to IV-17. The modelled efficiencies

become more and more dissimilar to those measured as the

driver and tube resonances approach each other. At the same

time the overall system efficiency decreases. As the two

efficiency peaks change in magnitude it appears that what

one loses the other gains. Driver and tube resonances are

nearly matched when the peaks are roughly equal in

magnitude. The only redeeming quality of this feature is

that instead of having a sharp peak, the efficiency is

almost flat over a broader frequency range. This is highly

desirable for the STAR so that frequency fluctuations due to

temperature changes will not impose any major limitations.

Ideally with the STAR however, one would expect efficiencies

in this flat region to be significantly better than the 10

to 15 percent measured under the above operating conditions.

A final set of measurements was taken after purging

the system and refilling it to 10 bars with the helium-argon

gas used previously to dope the system. This particular gas

mixture consisted of 18.85% argon and resulted in the lowest
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measured tube resonance (335.3 Hz). The resulting measured

and predicted electroacoustic efficiencies are depicted in

Figure IV-18. Again there are discrepancies between

measured and theoretical values. A maximum measured

efficiency of 30% was measured at 310 Hz however this

dropped off rapidly t. 11% at the tube resonance.

The results of the above measurements are summarized

in TABLE IV-2. In particular, the tube resonance frequency

and quality factors are recorded along with the electro-

acoustic efficiency at resonance. Also included in the

table are the peak efficiencies (eff peak, and eff peak2)

and the corresponding frequencies at which they occurred (f,

and f2 respectively). Inspection of these data shows that,

unlike the results of the straight tube, maximum efficiency

did not occur when the driver and tube resonances were most

closely matched. The results of the above experiment were

rather disappointing in that maximum measured efficiencies

were not very high and that a number of unexplained

discrepancies between measurements and theory existed. It

is unclear at this time why many of the predicted

efficiencies differed from those measured in the vicinity of

the peaks. Possibly the model is severely degraded by high

Q resonators or perhaps the assumption pertaining to the

modelled resonator impedance is invalid.

Whatever the case, the next experiment to be

conducted was to install a prototype stack and a crude hot
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TABLE IV-2. SUMMARY OF MEASUREMENTS FOR
REFRIGERATOR-TYPE RESONATOR

gas 0 F (Hz) eFF FI  eFF F2  eFF

ratio t 0 (7) (Hz) peak1  (Hz) peoa< 2

1.000 74.4 553.6 17.1 370 2.9 570 34.4

0 862 77.6 511.6 16,3 370 3.9 520 36.2

0 627 79.4 436.5 13.6 360 7.7 460 37 1

0.569 75 9 415 4 13,6 360 11.9 440 27 4

0 5C9 74 9 393.1 12 9 340 16 1 420 20 3

C 439 74.6 377 1 12.4 340 19 7 400 14 E

0 371 83 3 335 3 11 0 310 30 0 ---

heat exchanger into the refrigerator-type resonator. It was

felt that this particular configuration would best represent

the actual STAR resonator and would therefore serve to

provide the most realistic driver performance data.

3. Refrigerator-Type Resonator with Stack

There was a keen interest to see what effects would

occur if an actual thermoacoustic stack was installed into

the resonator of the previous section, since this would

actually simulate the refrigerator. It was expected that

when configured in this manner, the quality factor of the

resonator would be much lower due to greater losses and thus

the acoustic load impedance would be much lower. The
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electroacoustic efficiency is expected to depend on the

magnitude of the acoustic load impedance. By lowering the

quality factor the system performance would be less

sensitive to variations in frequency, especially when driver

and tube resonances coincide.

The experimental procedures of the previous section

were repeated beginning with a set of measurements in pure

helium at 10 bars. The input electric power was again kept

below 5mW for the same reasons as previously described. The

quality factor of the resonator was reduced to 11 by adding

the stack and heat exchanger. Figure IV-19 shows the

measured and theoretical values of the electroacoustic

efficiency over a frequency range spanning the tube

resonance of 557.6 Hz. It is interesting to note the

difference between these pure helium measurements and those

of the last section (Figure IV-12). In Figure IV-19 there

are clearly two distinct efficiency peaks neither of which

is as sharp as the the one shown in Figure IV-12.

Additionally the relative difference between peak

efficiencies is much less with the low Q resonator.

Although the maximum measured efficiency was higher when the

resonator was not configured with a stack, analysis of

system performance measured over the given frequency range

shows that higher efficiencies exist off resonance.

Finally, as in Figure IV-ll, the predicted efficiencies show

reasonably good agreement with those measured.
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The system was doped with a helium-argon gas mixture

(18.85% Ar) lowering the tube resonance frequency to 493.1

Hz. After taking a set of measurements this procedure was

repeated three more times. Finally the system was purged

and re-pressurized to 10 bars with the 18.85% Ar gas mixture

for one last data set. At this point the resonance

frequency of the tube was down to 341.5 Hz. The performance

of the system for each of the different gas mixtures is

depicted in Figures IV-20 to IV-24. The effect of adding

the stack, thereby lowering the Q, is very apparent. The

first noticeable feature in every figure is how well the

predicted values agree with those measured. Another

noticeable feature is that as the tube and driver resonances

approach each other the two efficiency peaks slowly combine

to form a broad plateau. The best example of this is

depicted in Figure IV-23 where a minimum electroacoustic

efficiency of 40% occurs over a 100 Hz band of frequencies.

The resonance frequency in this particular case was 366.3 Hz

(less than 5% off the experimentally-determined driver

frequency of 350 Hz). The effect of matching resonances is

graphically-depicted in Figure IV-25 where efficiency is

plotted as a function of the tube resonance frequency. A

broad region of moderately high efficiencies is observed to

occur in the vicinity where the driver and tube resonances

are close. These results are most satisfactory and are
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representative of the desired electroacoustic

characteristics of the STAR.

Compared to the system without a stack, the results

of this section are most reassuring and have been summarized

in TABLE IV-3. Modelled efficiencies were surprisingly good

TABLE IV-3. SUMMARY OF MEASUREMENTS FOR REFRIGERATOR-
TYPE RESONATOR WITH STACK

Sf Hz fF F Efr

171717 1117 557 3 5 36P ! 7 57 29.8

17 01,. !! 5 4 3 1 31 A 3617 27 9 510 40 3

0 644 A A41 48P I 3f17 20 6 46 5P 0

. 2 11 3 4P) 0, 4i~ ~ i 401 11;) A

! 2A3 1 4 6 3 4 F 3217 17 C 400 17 3

E P 14 2 3 r Z;7 q 310 AP 5

especially considering the low power levels used to drive

the system. It would appear that the poor results of the

last section were due to the effects of the high Q resonator

as speculated.
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4. Power Measurements

The use of low power levels to drive the system was

sufficient for the electroacoustic measurements above.

However, in order to achieve the desired pressure levels

within the resonator for refrigeration, the system has to be

driven at higher powers. The amount of power used to drive

the system is limited by the performance characteristics of

the voice coil/reducer cone/bellows assembly. The voice

coil can only handle a limited amount of current (1-2 Arm)

before becoming permanently damaged by self-heating.

Additionally, the total displacement of the assembly has a

limit before the titanium component breaks up. Although

this limit is unknown, it is desired that the bellows peak

displacement be at least 0.010 inches in order to produce

the required pressure amplitudes within the resonator.

Determination of the peak bellows displacement (Lx) is

achieved by measuring the accelerometer output and applying

the following relationship,

LX (/ Vacc)/(( 2 Macc) (IV-5)

where Mac is the accelerometer sensitivity in volts-s2/m and
V,, is the rms accelerometer output voltage. To better

characterize the performance of the driver under actual

operating conditions, a series of experiments were conducted

using progressively higher input power. The experimental
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setup was the same as before except that for the present set

of measurements the frequency was held constant as electric

power was increased. Additionally, a multimeter was used to

monitor the voice coil resistance to ensure that it was not

overheating. In all cases, driving current was kept below

1.0 A 5s

For the first experiment, the refrigerator-type

resonator (without stack) was mounted to the driver/housing

and the system was pressurized to 10 bars with helium. The

system was then driven at a 540 Hz (below tube resonance)

with less than 10 mW and measurements were taken to yield

values for driving current, electric power, acoustic power,

and peak bellows displacement. The input power was

increased and another set of measurements was taken. The

procedure continued as long as the driving current remained

below 1.0 A_. and there was no noticeable distortion in the

accelerometer output signal. For this first experiment a

maximum bellows displacement of 3.2 mil (peak) was achieved

when an average input power of 6.8 W was supplied to the

driver. Attempting to drive the system at higher powers

resulted in a distorted accelerometer signal. It is

believed that this distortion was due to the amplifier and

not the driver. Plots of acoustic versus electric power and

bellows displacement versus driving cuirent were generated

with these data and are shown in Figure IV-26. The slope of

the first graph represents the electroacoustic efficiency
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Figure IV-26. Power measurements without stack
at 540 Hz in 10 bar Helium
a. power ratio
b. displacement/current ratio
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and is equal to 7.8%. The linearity of the curve indicates

that the efficiency is independent of the input power. The

slope of the second graph is also constant indicating that a

linear relationship exists between the bellows displacement

and driving current.

The above procedure was repeated again at 570 Hz

(above resonance) and at 560 Hz (in the vicinity of tube

resonance). The results are graphically depicted in Figures

IV-27 and IV-28. With the exception of the displacement

versus current plot at 560 Hz, all the curves are linear

over the power range observed. It is interesting to note

that although a best fit can be made to the 560 Hz

displacement/current data, it appears that the curve tends

to decrease in slope with increasing current. At 560 Hz the

maximum bellows displacement was 6.0 mil (peak) resulting

from an input electric power of 4.8W to the driver. By

comparison a 7.5 mil (peak) displacement was measured at

570 Hz with on-', 3.5 W input to the driver.

For the next set of measurements the resonator was

configured with a stack and heat exchanger. Once again the

system was pressurized with helium to 10 bars. The first

data set was taken below tube resonance at 520 Hz followed

by a second set at 600 Hz (above resonance). The maximum

bellows displacement measured in both cases was about 5 mil

achieved by driving the system with approximately 5 W. The

results are shown in Figures IV-29 and IV-30 and again
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Figure IV-27. Power measurements without stack

at 560 Hz in 10 bar Helium
a. power ratio
b. displacement/current ratio
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Power Measurements (570 Hz)
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Power Measurements with Stack (520Hz)
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Figure IV-29. Power measurements with stack
at 520 Hz in 10 bar Helium
a. power ratio
b. displacement/current ratio
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Power Measurements with Stack (600Hz)
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Figure IV-30. Power measurements with stack
at 600 Hz in 10 bar Helium
a. power ratio
b. displacement/current ratio
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demonstrate the desired characteristic of linearity between

the respective measured quantities.

All the power measurement resilts (with and without

stack) are summarized in TABLE IV-4. In this format a

number of observations can be made regarding the system

performance under high power operating conditions. First

and foremost is that the driver is capable of handling the

input electric power to produce the required bellows

displacement. Finally, there is good consistency in the

measured data over a broad frequency range for the resonator

with stack configuration. Unfortunately, power measurements

were not taken near resonance for the stack configuration.

In an attempt at estimating the maximum electric power that

could be delivered to the driver under the above operating

conditions, one must make the following assumptions: that

there is a linear relationship between bellows displacement

and input curient, and that the maximum electric power

delivered to the driver is limited by either a peak bellows

displacement of 10 mils or a maximum input current of

1.5 A.,. Extrapolation of the data used to generate Figure

IV-19 (resonator with stack in 10 Bar helium) indicates that

the system will be displacement limited at 10 mil peak, to a

maximum input electric power of about 26 Watts producing an

output acoustic power of approximately 7 Watts (where

f 0=557.6 Hz, V,,,=5.39mVrS, V.cc=2.37 MV,,, I=19.1 mAn, ,

M.,c=81.lxlO- ' V/Pa, ac=l.19 mW, and Ric=4.65 mW). At this
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acoustic power level the corresponding acoustic pressure

would be about 0.07 bar peak.

TABLE IV-4. SUMMARY OF POWER MEASUREMENTS

s.jsLem A Xrfr -31oe slopeb

cornf Igur- Lon 1 ( 1 W I I 7 (7 1 milI/ A I

510 6 6 3.2 7 6 7 8 0.0036

10( BAP liE 560 .1 6.0 16.0 44.7 0,0130
V'IiHI[)Ur SLACK

5T0 3.5 7.5 23 0 23 0 0.0154

(3' 41 5 2 9 7 9. ? 0. oil 5
126 BM0 I~ IEp

W ifI SII Af-K

6f10 5 3 5 5 1 I7 11. 001716

Note that the actual value for Bl/k based on the measured
data is approximately 0.0088*'/Am,
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V. CONCLUSIONS AND RECOMMENDATIONS

The objective of the STAR project is to test and space

qualify a continuous cycle cryogenic refrigeration system

for the cooling of sensors and electronics based upon the

thermoacoustic heat pumping effect. This thesis deals with

the design, assembly, and calibration of the electrodynamic

driver subsystem and its associated performance monitoring

and control instrumentation. Accurate measurement of all

driver parameters (stiffness, moving mass, transduction

coefficient, and mechanical resistance) were obtained for

use in a computer simulation of the driver's performance.

Attachment of a test resonator tc the driver allowed

measurement of the electroacoustical efficiencies under

different operating conditions. Comparison of measured and

predicted efficiencies was graphically obtained and shown to

be in good agreement, with the highest efficiencies occuring

when the resonance frequencies of the driver and resonator

were closely matched. For a Helium-Argon doped resonator,

using a Los Alamos National Laboratory stack, a maximum

electroacoustic efficiency of 50% was obtained. More

important however, was that only a 10% decrease in

efficiency was seen when the resonator and driver resonance

frequencies were mismatched by as much as ± 14%.
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A flight resonator has been designed for use in the

STAR and construction techniques were tested. Due to the

nature of the working gas of the system it was found that a

layer of metal was necessary in the FRP neck to prevent

diffusion of the helium through the epoxy. The task for the

next group of students will be to construct and test the

actual flight resonator and to repeat the series of

measurements conducted in this thesis for the flight system.

Their measurements will also allow for the first

determination of the STAR's overall thermoelectric

efficiency.

As discussed in Chapter II, the best design of the

STAR driver would incorporate a custom built driver capable

of transferring the motion of the voice coil to the bellows

with a smaller, less massive, more rigid reducer cone.

Theoretically, this should increase the system's overall

efficiency and reliablity, investigation into this area is

recommended as a follow-on project. Another area to be

investigated is the relationship between the modelled

resonator impedance used in the computer simulation and the

actual test resonator. The simulation program model- the

resonator as a 1/2 wavelength tube of constant diameter and

thus ignores losses due to the changes in the actual

resonator's configuration. Based on the correlation between

experimental and measured values of electroacoustic

efficiency it is believed that this factor is minor. However
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a better modelling of the resonator to include these changes

in cross-sectional area might help to bring the two sets of

values into even closer agreement.
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APPENDIX A. CAPILLARY FLOW MEASUREMENTS

A critical requirement to ensure that the housing

microphone does not get damaged due to excessive pressure

changes within the housing, is to provide a capillary leak

through the microphone back plate. This is achieved by

inserting a length of 3 mil diameter copper wire into a

slightly shorter piece of 4 mil bore copper-nickel tubing.

The actual length of tubing to be used is dependent on the

flow resistance of gas through the tiny capillary and the

requirement that induced phase errors are kept to a minimum.

Flow between concentric cylinders12 is given by,

7U -5 74 _a4 _ (b2 22 (A-1)

where r7 is the shear viscosity of the working medium, LP is

the pressure difference between the ends which are separated

ty a distance, 1, a is the outer diameter of the wire, b is

the inner diameter of the tube, and U,,, is the volumetric

velocity (mn/s) of the flow. When the ratio of b to a

approaches unity, the flow between concentric cylinders can

be approximated with a similar expression describing flow

between plates. This is given as,

_h 
3 wz~p
t 2 1 (A-2)
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where h=(b-a) and w=n(a+b). This in turn leads to the

following expression for flow resistance,

R = _P 12T)l (A-3)U wh 3

The capillary and microphone back volume act as a low

pass filter having a related time constant which can be

derived from the adiabatic gas law as follows,

8P y6V 1 8P Y 8V Y U (A-4)
I? - 05 -F = - V- t V o

where 6P is the pressure variation inside the microphone

back volume. Using equation A-3, and the assumption of

harmonic time dependance (6/6t = jw) one obtains,

j-08P =-)!! ° AP (A-5)RVo

At the -j dB point for this acoustic filter there exists an

angular frequency (w=wo) where 6P=AP. In this instance

equation A-5 becomes,

0- RV o  (A-6)

where V. is the volume of the microphone cavity, 7 is ratio

of specific heat, P, is the pressure within the cavity, and

the exponential relaxation time, r, is defined to be l/w,.
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If the operating frequency is = 27(300 Hz) then wi > 100

in order that unwanted phase errors be kept below 0.50.

Setting wr = 200 yields a time constant of 0.11 seconds.

The required flow resistance is then found to be 4.6xi06

gm/cm'-sec (for helium at 10 atmospheres) by substituting

into equation A-6 as follows,

R= Yr=(5/3)(1.0x10 7 dyne)cm )(011sec)(A-7)

V (0.4 cm3 )

By substituting appropriate values into equation A-i a

maximum resistance per length (R/1) of 41x10 6 gm/cm5-sec is

determined if the wire is concentric to the tube axis (as

shown in Figure la). Based on the value of R derived in

equation A-7, the capillary is required to have a minimum

length of 1.2 mm.

The actual flow resistance per length for the capillary

was experimentally determined by measuring the time taken

for a given volume of helium (rj = 196x106 poise at 20"C) at

a certain constant pressure to flow through the capillary.

The experiment was conducted a number of times using

different lengths of copper-nickel tubing/copper wire. The

net result was an average value for R/1 of 6.3x106 gm/cm 5-

sec. Since this is smaller than the maximum value stated

above, a one centimeter length of tubing was used to achieve

a desirable leak rate. There are two possible causes for

the discrepancy between the experimental and theoretical
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values for R/I. The first is due to the fact that the

actual dimensions of the wire and tubing are only known to

within about 10%. A second source of error could be due to

the positioning of the copper wire within the tubing.

Rather than having the perfectly centered concentric

cylinder case, the inner wire was most likely pressed

against the inner wall of the tubing (as depicted in Figure

A-lb). In this case the flow resistance is approximated by

equation A-3 with h=2(b-a) and w=rb. For these conditions

(which are closer to reality, but less precise

theoretically) R/1 is approximately equal to 9x10 6 gm/cm5-s.

"/ ///26/

H-2f b- )

Figure A-1. Possible Wire/Tubing Configurations
a. Concentric b. Eccentric
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APPENDIX B. COMPUTER SIMULATION PROGRAM

C ********************************************************************

C
C PROGRAM: FRIDGE FORTRAN
C MODIFIED BY CAPT. D. HARRIS (CF) 11 JUNE 1989
C
C THIS IS A MODIFIED VERSION OF A PROGRAM WRITTEN BY LT. MICHAEL
C SUSALLA THAT WAS USED BY LT. MICHELE FITZPATRICK IN HER THESIS.
C THE PURPOSE OF THE PROGRAM IS TO DETERMINE VARIOUS PERFORMANCE
C CHARACTERISTICS OF A GENERIC DRIVER/RESONATOR SYSTEM BY TREATING
C IT AS AN EQUIVALENT ELECTRIC CIRCUIT DRIVEN BY A CONSTANT VOLTAGE

C SOURCE.
C
C BEFORE RUNNING THE PROGRAM, THE USER MUST MODIFY A SERIES OF DATA

C STATEMENTS WITHIN THE PROGRAM WHICH DEFINE THE ELECTROMECHANICAL
C PROPERTIES OF THE DRIVER AND THE GEOMETRIC PROPERTiES OF THE
C RLSONATOR. ONCE THE PROGRAM IS INITIATED, THE USER IS REQUESTED
C TO DEFINE SOME ADDITIONAL PARAMETERS WHICH DESCRIBE THE OPERATING
C CONDITIONS FOR A GIVEN EXPERIMENT.
C
C THE PROGRAM THEN COMPUTES VALUES FOR ELECTRIC POWER
C DELIVERED TO THE SYSTEM, ACOUSTIC POWER PRODUCED, AND THE ELECTRO-
C ACOUSTIC EFFICIENCY OF THE DRIVER, ALL AS FUNCTIONS OF FREQUENCY
C (RANGING FROM 1/4 TO 3/2 THE RESONANCE FREQUENCY OF THE RESONATOR).
C THESE VALUES ARE THEN OUTPUT TO A DATA FILE ("FRIDGE OUTPUT") FOR

C LATER USE BY THE PLOTTING PROGRAM "GRAFRI FORTRAN".
C
C THE USER IS THEN GIVEN THE OPTION OF INPUTTING MEASURED DATA
C FOR ANALYSIS AND COMPARISON TO THEORY. VALUES FOR ELECTRIC
C POWER, ACOUSTIC POWER, AND ELECTROACOUSTIC EFFICIENCY ARE DETERMINED
C AND OUTPUT TO A DATA FILE CALLED "EFF OUTPUT". THIS DATA CAN THEN
C BE RETRIEVED BY "GRAFRI FORTRAN" AND PLOTTED WITH THE THEORETICAL
C VALUES DETERMINED ABOVE AS A MEANS OF VISUAL COMPARISON.
C
C THE FOLLOWING IS A LIST OF ALL VARIABLES USED IN THIS PROGRAM:
C
C RM - MECHANICAL RESISTANCE OF THE DRIVER'S MOVING MASS (KG/S)
C M - DRIVER MOVING MASS (KG)
C SSUP - MECHANICAL STIFFNESS OF THE DRIVER (N/M)
C S - CROSS-SECTIONAL AREA OF THE RESONATOR (M**2)
C BL - DRIVER TRANSDUCTION COEFFICIENT (T.M)
C A - EFFECTIVE PISTON AREA OF THE DRIVER (BELLOWS) (M**2)
C VOL - DRIVER BACK VOLUME (M**3)
C LE - VOICE COIL INDUCTANCE (HENRY)
C RE - VOICE COIL RESISTANCE (OHM)
C RHOHE - DENSITY OF HELIUM AT A GIVEN TEMP. AND PRESS. (KG/M**3)
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C L - EFFECTIVE RESONATOR LENGTH (HALF WAVELENGTH) (M)
C RHO - DENSITY OF MEDIUM USED IN EXPERIMENT (KG/M**3)
C C - SPEED OF SOUND IN MEDIUM (M/S)
C Q - QUALITY FACTOR OF RESONATOR
C FO - RESONANCE FREQUENCY OF RESONATOR (HZ)
C V - INPUT DRIVING VOLTAGE (VPEAK)
C SVOL - STIFFNESS OF GAS IN DRIVER BACK VOLUME
C WO - ANGULAR RESONANCE FREQUENCY
C ALPHA - ABSORPTION COEFFICIENT FOR MEDIUM WITHIN THE RESONATOR
C RD - RATIO OF DENSITIES (PURE HELIUM TO GAS MIXTURE USED)
C F - FREQUENCY
C W - ANGULAR FREQUENCY
C K - WAVE NUMBER
C LCOIL - VOICE COIL ELECTRICAL IMPEDANCE DUE TO COIL INDUCTANCE
C REZM - REAL PART OF THE MECHANICAL IMPEDANCE OF THE SYSTEM
C IMZM - IMAGINARY PART OF THE MECHANICAL IMPEDANCE OF THE SYSTEM
C ZM - COMPLEX MECHANICAL IMPEDANCE OF THE SYSTEM
C ZE - TRANSFORMED ELECTRICAL IMPEDANCE OF THE MECHANICAL SYSTEM
C ZCOIL - COMPLEX ELECTRICAL IMPEDANCE OF THE VOICE COIL
C ZTOT - TOTAL COMPLEX ELECTRICAL IMPEDANCE OF THE SYSTEM

C I - CURRENT DRIVING THE SYSTEM (AT A GIVEN FREQUENCY)
C FORCE - FORCE ON DRIVER MOVING MASS DUE TO VOICE COIL MOTION
C U - PISTON VELOCITY

C REZT - REAL PART OF THE RESONATOR'S MECHANICAL IMPEDANCE
C IMZT - IYMAGINARY PART OF THE RESONATOR'S MECHANICAL IMPEDANCE
C ZTUBE - COMPLEX MECHANICAL IMPEDANCE OF RESONATOR
C P - COMPLEX PRESSURE PRODUCED AT BELLOWS/RESONATOR INTERFACE
C PU - ACOUSTIC POWER GENERATED
C PWR - ELECTRIC POWER DELIVERED TO DRIVER
C PUPWR - ELECTROACOUSTIC EFFICIENCY OF DRIVER
C CA - AMPLIFIER GAIN USED FOR MEASURED DATA
C FR - FREQUENCY (HZ)
C VM - VOLTAGE OUTPUT FROM MICROPHONE (DBV RE IV)
C VA - VOLTAGE OUTPUT FROM ACCELEROMETER (DBV RE IV)
C TH - PHASE ANGLE BETWEEN VM AND VA (DEG)

C PO - ELECTRIC POWER MEASURED (MW)
C 0 - POWER OFFSET (M-)
C PE ELECTRIC POWER (CORRECTED FOR 0 AND CONST. SCALING FACTOR)
C PA - ACOUSTIC POWER MEASURED
C EFF - ELECTROACOUSTIC EFFICIANCY MEASURED
C II,IJ,J,JJ,Y, - DUMMY VARIABLES

C
C *********************************************************************

REAL LCOIL,K,IMZM,IMZT,M,L,LE,V,MAGV
COMPLEX LM,ZE,ZCOIL,ZTOT,I,U,ZTUBE,P,FORCE
PI-3.141592654

C
C USER-MODIFIABLE DATA STATEMENTS
C

DATA R.M,M,SSUP,S,BL/1.96,0.01426,68266,1.14E-3,15.3/
DATA A,VOL,LE,RE/6.348E-4,4.12E-4,2.3E-4,8.22/
DATA Y,RHOHE,L/0.0,0.524,1.037/
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C
C REQUEST FOR DATA DESCRIBING OPERATING CONDITIONS
C

WRITE(*,*)'INPUT A VALUE FOR GAS DENSITY (KG/M**3)'
RE-AD(* ,*)RHO
WRITE(*,*)'INPUT SOUND SPEED OF MEDIUM (M/S)'
READ(*,*)C
WRITE(*,*)'INPUT QUALITY FACTOR OF RESONATOR'
READ (*,* )Q
WRITE(*,*)'INPUT RESONANCE FREQUENCY OF TUBE (HZ)'
RE-AD(*,*)FO
WRITE(* ,*) 'INPUT DRIVING VOLTAGE (VPEAK)'
READ(* ,*)V

C
C CALCULATION SECTION FOR THEORETICAL VALUES OF ELECTRIC POWER,
C ACOUSTIC POWER, AND ELECTROACOUSTIC EFFICIENCY
C

SVOL- (A*A*RHO*C*C) /VOL
WO=2*PI*FO
ALPHA='WO/ (2*Q*C)
RD-RHOHE,/RHO
OPEN(UNIT=69,FILE='FRIDCE OUTPUT Al' ,IOSTAT=IOS)
OPEN(U:NIT=22 ,FILE='EFF OUTPUT Al' ,IOSTAT=IOS)
WRITE(69,*)' SOU 7ND VEL HE/GAS RATIO'
W.RITE(69,I)C,RD
VRITE(69,*)' FREQUENCY POWER(AC) EFFICIENCY POWER(EL)'

1 FOPRklAT(F6.1,lOX.F5.3)
DO 10 J=1,300

F-=(FO/4)±( (J-l)*(FO/240))
W=2*PI*F
K=W /C
LCO IL=W*LE
T= S
REZM=M-s1( ((RI-O*C*T*ALPHA*COS(K*L)*SIN(K*L) )+(K*RHiO*C*T*SINH(ALH

*HA*L)*COSH(ALPH*L)))/(K*(I (ALPH/K)**2)*((((SIN(K*L))**2)*((COSH
*(ALFHAL))*k2))+(((COS(K*L))**2)*((SINH(ALPHjA*L))**2)))))

IMZM4=(W*M) -(SSUP/ ) - (SVOL/W)+( ((RHiO*C*T*ALPHA*SINH(ALPHA*L)*COS
*H(ALPHA*L) ) -(K*RHO*C*T*COS(K*L)*SlN(K*L)))/(K*(l+(ALPHA/K)**2)*( ((
*(SIN(K*L))**2)*((COSH(ALPH*L))**2))+(((COS(K*L))**2)*((SINH(ALPHAJ

ZM-CMPLX(REZM, IMZM)
ZE-(BL**2 )/ZM
ZCOIL-CMPLX(RE, LCOIL)
ZTOT-ZCOIL+ZE
I-V/ZTOT
FORCE=BL*I
U-FORCE/ZM
REZT-REZN -P-N
IMZT-IMZM- (W*M)+(SSUP/W)+.(SVOL/W)
ZTL'BE-CYMPLX(REZT, lMZT)
P-(ZTUBE*U)/A
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PU-O. 5*(REAL(P*CONJG (U) )*A)
PWR-O. 5*(REAL(V*CONJG(I)))
PUPWR-PU/PWR

C
C SAVE DESIRED VALUES TO "FRIDGE OUTPUT" FILE
C

WRITE(69 ,100)F,PU,PUPWR,PWR
100 FOR.MAT(E13.5,E13.5,E13. 5,El3.5)
10 CONTINUE

CLOSE( 69)
C
C INPUT MEASURED DATA FOR COMPARISON TO THEORY
C

WRITE(*,*)'CALCULATE AND PLOT MEASURED DATA? (Y-1,N=O)'
READ(*,*)II
IF(II.EQ.O)G0T0125
WRITE(*,*)'INPUT VALUE OF GAIN USED FOR MEASURED VOLTAGES'
READ(*,*G
CALL EXCMS( 'CLRSCRN')

110 WRITE(*,*)'IN'PUT MEASURED VALUES (FR,VM,VA,TH,PO,O)'
READ(*, *)FR,VM,VA,TH, P0,0
'WRITE(*,*)'CHECK YOUR INPUT-IF OKAY TYPE "1" IF NOT TYPE "0"'
READ(*,*)JJ
IF(JJ .EQ. 0)GOTO11O

C
C CALCULATION OF MEASURED ELECTRIC POWER, ACOUSTIC POWER, AND
C ELECTROACOUSTIC EFFICIENCY
C

PE=PO-O- ((PD-O)*. 05)
PA=( ( (((10**(VM/20) )/CA)*( (10**(VA/20) )/GA) )/( . 927/7E-5*FR) )*COS( (

*TH+92.6)*. 01745) )*l000
EFF=(PA/FE)* 100

C
C SAVE DESIRED VALUES TO "EFF OUTPUT" FILE
C

VRITE(*, 115)PE,PA,EFF
115 F0RMHAT(F5.2 ,5X,F6.3,5X,F5.l)

VRITE(22 ,120)FR,EFF,PE,PA
120 FORMAT(F5 .1, lX,F5 .1,lX, F5 .2,lX, F6 .3)

WRITE(*,*)'DO YOU WISH TO CONTINUE? Y-1,N-O'
RE-AD(* ,*)IJ
IF(IJ .EQ. 1)COT01O
IJRITE(22, l5)Y

15 FORMAT(F5.1)
125 CALL EXCMS('CLRSCRN')

C
C EXPLANATION OF OUTPUT FILES AND HOW TO GENERATE PLOTS OF THE DATA
C

W.RITE(*,*)'THIS PORTION OF THE PROGRAM IS COMPLETE'
WRITE(*,*)'YOU N4OW HAVE TWO OUTPUT FILES ON YOUR DISK'
W-RITE(*,*)'THE "EFF OUTPUT Al" FILE PROVIDES MEASURED EFFICIENCY'
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WRPITE(*,*) 'THE "FRIDGE OUTPUT Al" FILE CONTAINS THEORETICAL DATA'

WRITE(*,*)'TO GENERATE PLOTS TYPE "DISSPLA GRAFRI" WHEN READY'

WRITE(*,*)'THE FOLLOWING THREE PLOTS WILL BE GENERATED:'

WRITE(*,*)' 1. ELECTRIC POWER VS FREQUENCY'

WRITE(*,*)' 2. ACOUSTIC POWER VS FREQUENCY'

WRITE(*,*)' 3. ELECTROACOUSTIC EFFICIENCY VS FREQUENCY'

WRITE(*,*)'FOR HARDCOPY TYPE "SHERPA STAR SHGRAPH A" ONCE DISSPLA
* GRAFRI EXECUTED'

STOP
END

C ********************************************************************

C
C PROGRAM: GRAFRI FORTRAN
C MODIFIED BY CAPT D. HARRIS (CF) 11 JUNE 1989

C
C THIS IS A MODIFIED VERSION OF A PLOTTING PROGRAM WRITTEN BY
C LT. MICHAEL SUSALL.A THAT IS USED IN CONJUNCTION WITH THE FRIDGE
C FORTRAN PROGRAM. THE PROGRAM RETRIEVES THE "FRIDGE OUTPUT" AND "EFF
C OUTPUT" FILES AND GENERATES THREE DIFFERENT PLOTS WHICH INCLUDES:
C
C 1. ELECTRIC POWER VERSUS FREQUENCY

C 2. ACOUSTIC PO"..ER VERSUS FREQUENCY

C 3. ELECTROACOUSTIC EFFICIENCY VERSUS FREQUENCY
C
C FOR THE FREQUENCY RANGE DEFINED BY THE "FRIDGE FORTRAN" PROGRAM.

C
C THIS PROGRAM MUST BE COMPILED IN FORTVS PRIOR TO GENERATTNG ANY

C PLOTS SINCE VARIOUS DISSPLA SUBROUTINES APF PEQUIRED TO GRAPH THE
C DATA.
C
C *************x*******************************************************

DIMENSION D(300),H(300),O(300),T(300),F(50),E(50),EL(50),AC(50)

CHARA-CER*A80 NEW1 $ ,DUMMY$
REAL D,H,OT,M
DATA Y-MAX, MAX2, MALX3, YMA.X4/O. , 0. , O. , 0./
NEWl$='RENAME '//' FRIDGE OUTPUT AI'//' FILE XYZ1 Al'
CALL EXCMS (NE-,I$)
CALL EXCMS('FILEDEF 22 DISK EFF OUTPUT Al')

C
C RETRIEVE THEORETICAL DATA FROM "FRIDGE OUTPUT" FILE
C

OPEN (69,FILE='XYZI')

READ (69,'(A80)')DU MY$
READ (69,1)C,RD
READ (69, ' (A80)')DUMMY$

1 FORMAT (F6.1,1OX,F5.3)
DO 20 J-1,300

READ (69,15.END=21)D(J),H(J),O(J),T(J)
15 FORMAT (E13.5,E13.5,El3.5,E13.5)

C
C DETEPY7NE MA>IMUM VALUES FOR AXES OF GRAPHS
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C
IF(D(J) .GT,.XNAX)THEN
XMAX-D(J)
ENDIF
IF(Hl(J) .GT.YMAX2)THEN
YMAX2-H(J)
ENDIF
IF(O(J) .GT.YMAX3)THEN
YMAX3=O(J)
ENDIF
IF(T(J) .GT.YMAX4)THEN
YMAX4-T(J)
ENDIF

20 CONTINUE
21 CLOSE(69)

1=1
C
C RETRIEVE MEASURED DATA FROM "EFF OUTPUT" FILE
C

24 READ(22,25)F(\I) E(I) ,El(T' AC(I)
25 FORHAT(F5. 1, lX,F5. 1,1X lX,F6.3)

IF(F(I) .EQ. 0.0)GOTO26
E(I)==E(I)/100
EL(I)=EL( 1)/lOOG
AC(I)-AC(I)/1000
1=1+1
COTO 24

26 I=I1
C
C DETER.MINE INCREMENTAL STEPS FOR EACH AXIS OF THE VARIOUS PLOTS
C

INC=INT(XMHA/1O.)
YINC2=YMAX2/l0.
Y I NC 3=YMAX3'I/ 10 .
YINC4=YLAX4/10.
MAX= IN T(XMkAX:)
NE',1$='RENAYIE '/' FILE XYZI Al'//' FRIDGE OUTPUT Al'
CALL EXCMS(NE,;1S)

C CALL TEK618
CALL SHERPA('STAR ','A' .3)
CALL BLOW1JP(l.5)
CALL YAXANG(0)

C
C PLOT MEASURED AND THEORETICAL ELECTRIC POWER VERSUS FREQUENCY
C

CALL PACE(11,8,5)
CALL AREA2D(8.,6.)
CALL SCMPLX
CALL YNAME('FREQUENCY(HZ)$' ,100)
CALL YNA.ME('ELECTRIC POWER(W)$' ,100)
CALL HEADIN('ELECTRIC POWER VS. FREQUENCY$',100,2.,1)
CALL THKFR.4(.02)
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CALL FRAME
CALL GRAF(O.O, INC,MAX,O.O,YINC4,YMAX4)
CALL CURVE(D,T,300,O)
CALL CURVE(F,EL,I,-1)
CALL ENDPL(O)

C
C PLOT MEASURED AND THEORETICAL ACOUSTIC POWER VERSUS FREQUENCY
C

CALL AREA2D)(8.,6.)
CALL XNAME('FREQUENCY(HZ)$' ,lOO)
GALL YNAME('ACOUSTIC POWER(W)$' ,lOO)
CALL HEADIN( 'ACOUSTIC POWER VS. FREQUENCY$' ,100,2., 1)
CALL THKFRM(.02)
CALL FRAME
CALL CRAF(O.O,INC,MAX,O.O,YINC2,YMAX2)
CALL CURVE(D,H,300,O)
CALL CURVE(F,AC,I,-l)
CALL ENDPL(O)

C
C PLOT MEASURED AND THEORETICAL ELECTROACOUSTIC EFFICIENCY VERSUS
C FREQUENCY
C

CALL AREA2D(8. ,6.)
CALL MESSAC('SOUND VEL=$',100,0.1,5.5)
CALL REALNO(C,1,'ABUT','ABUT')
CALL MESSAC('M/S$',100,'ABUT','ABUT')
CALL MESSAC-('HE/GAS RATIO=$',1OO,0.1,5.)

CALL REAL-NO(RD.3,'ABUT','ABUT')
CALL XNA.ME('FREQUE',CY(HZ)$' ,100)

CALL YNAME ('ACOUSTIC PWR/ELECTRIC PWR$',100)
CALL HEAD-iN('ELECTROACOUSTIC EFFICIENCY VS. FREQUENCY$',100,2.,l
CALL THKFRM(.02)
CALL FRAME
CALL GRAF(O.O INC,MAX,O.O,YINC3 ,YMAX3)
CALL CURVE(D,O,300,O)

CALL CURVE(F,E,I,-l)
CALL ENDPL(O)
CALL DO NEPL

STOP
END
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APPENDIX C. SELECTED DIMENSIONAL DRAWINGS (DRIVER HOUSING)

dImensions i n inches

0 . . .

0 0

Figure C-1. Driver Housing - Lid (Top) View
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Figure C-2. Top View Detail of Figure C-i Showing
the Ports for the Electronics Feed-through
Plug and DC Pressure Transducer
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Figure C-3. Side View of the Driver Housing Showing
the Bevelled Surfaces to which the Electronics
Feed-through Plug and DC Pressure Transducer
Support Plate are Mounted
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APPENDIX D. DESCRIPTION OF THE STAR RESONATOR

This appendix is used to further describe the

preliminary design of the STAR resonator mentioned in

Chapter III. Design requirements for the resonator included

the fact that the resonator must be able to effectively

contain ten atmospheres of pressure, have low thermal

conductivity across the FRP neck, and acoustically simulate

an open ended tube. Figure n-l, is a scale drawing

illustrating the initial resonator design that is presently

being constructed.

All copper parts of the resonator were constructed from

oxygen free, high conductivity copper which was chosen for

high thermal conductivity. The component parts of the

resonator include a copper flange (1) with eight #1/4"-20

bolt holes designed to allow the resonator to mate firmly to

the driver housing. The groove on the bottom of the flange

is designed for a lead 0-ring, used to seal the resonator to

the driver housing. A copper heat exchanger insert (2) is

designed to fit within the flange, reducing the inside

diameter of the flange to a 1.5" diameter. The primary

function of the insert is to restrain the hot heat exchanger

element (4) next to the thermoacoustic stack and provide a

high thermal conductivity path from the heat exchanger to

the driver. Connected to the flange is a 1.84" O.D. FRP
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neck constructed as described in Chapter III. The FRP neck

with its stainless steel liner is attached to the mating

flange at its lower end and to the reducer tube (7) at it's

upper end by two grip rings (3,8).

The two grip rings are designed to provide the final

element of the metal boundary required to prevent helium

diffusion. On one side they are bonded to the FRP neck

using epoxy, and on the other side they are attached to

copper components of the resonator. This provides metal

contact to the FRP both inside and out so that differential

thermal expansion or contraction will place the FRP/Cu joint

in compression. In order to prevent damage to the stainless

steel lining of the FRP neck, a plastic insert is placed

between the stack and the FRP. This plastic sleeve (5) also

serves as a filler between the 1.5" diameter stack and the

1.7" inside diameter of the FRP neck. Below the plastic

liner is the cold heat exchanger element (6) which is held

in place by soft soldering it to the reducer tube. Both

heat exchanger elements (4,6) are compost, cf multiple

layers of thin copper strips as described in Chapter III.

The copper reducer tube (7) is designed to provide a

smooth transition from the stack to the lower portion of the

resonator-trumpet-sphere acoustical element. The tube is

then connected to the stainless steel sphere by a copper

sleeve (9), which is then hard soldered to a fitting piece

designed to match the curve of the sphere (10). The
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stainless steel sphere was choosen based upon its commercial

availability and was used to simulate an open-ended tube.

The final element of the resonator, the trumpet (11), is

located within the sphere. The trumpet is designed to allow

the pressure waves to transition into the spherical volume

in a way that is smooth and does not cause excessive

velocities in the oscillatory fluid.
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APPENDIX E. MANUFACTURER SPECIFICATION SHEETS

This appendix contains the manufacturer's specification

sheets for the following commercially available items used

in the STAR project; (1) the PICOMINrm Model 22

accelerometer, (2) the Emerson & Cuming STYCASTO 2850FT

epoxy, (3) the Dexter HYSOL EA9396 adhesive, (4) the OMEGA6

PX80 pressure transducer, and (5) the Servometer

Corporations electroformed nickel bellows. The

specifications sheet for the Y-cut quartz disk used in the

construction of the driver microphone is also included in

order to provide clarification of it's dimensions. Finally

the manufacturer's specification sheets for the Eltec model

304 impedance converter is included, as are plots of the

Eltec's measured performance as a function of current supply

and driving voltage and a schematic diagram of the 304 and

its constant current source.

184



,A~pV~o P~oUCTDAT -4MODEL 
22

~nco ,ooc ox.~ 5140 milligramt

PICOMINe
ACCELEROMETER

TeEnoeoco oel22 Aclomersen extremely smll., adheenee
mounted acceleromete its small mr:5asalows 0tt measure the vibration
characteristics of very small test specimens or flghtweighlt. thinf structures.
eltectrre~y elimmratlrg m~ass roading etfects

The PTCOMINe Accelerometer features a broad frequency and wide tempers-
ture response, ease strain sensitivity is low, a characteristic of Erfdevco
shear accelerom'eters The untoue reoloeesole cable Interface with treo Model
22 minanmizes the Spurious efflects of cable strain and permits rapid replacement
of damaged cables-

A ?,ard anodloed mouttinf; surface provides electrrcal insulation from the test

: vec-e' ar nlminlols rt@ effect of 9,ound loop volt. ii The mode 22,s a
seif-,eneratrrg plezoelecirtc tra"nsducer and reouires no external electric ACrIJAL SIZE
power 1or ocerviCn.

SPECIFICATIONS FOR MODEL 22 ACCELEROMETER
A1.- -'lq .1 ANvSI -~ ISA S5xo. i-11

DYNAMIC NOTES:

SHA=GE SENS-IVIT-r 0' PC g tvocal: 0.3 PC 9 minimum Th AII a ' -.* -1rr A -q-I~ 1-.1~ I.

VCLTAGE SENS!T!Vl Y 1,1 mVig ypcal -,e 'xr' IAIAaq CS c -r~s.
ISA.A3r7 2. '

mr-%N-E0: IEST'NANCE u.o sex rx5,.C'n.
",

0
EOLIENC 5A4000 Hz hypiCf:8

--EOJENCY PESPCNSE (cnarge' t5% typ~caf, ±-% ans~mum. w",~ A Ix, fit) 'r1r mn.x'xi W03~2~4 C.,

20 10 10 000 H.4. referece !30 Hz..rrxr. 2sx o.- raalcAi aa.r.-r

PA -4S'r EDSE SENS; r ivf7Y 541, maxinmm 3% avatiabit on 4 -

AMP17U7E LINE-ARI ,. RANGE SenSlthitv increases 3Cbroximately da.rcAA~.s. .sa

1% Per 250 g. 0 10 4000 g.- fsxx "'.1xa m.,x ofxaxa.r~rl~ I

E'-F:TRICAL

TPANSC:IjuER CAPACITANCE 250 oF -tyc~cal xt 72'r f220vmen lxrr C 1Alll

including 6 nr (150 minI cable.

TPAIISTLCER RESISTANCE 2 000 vin minimum at 72*F (2?'Cl;
loo mfl minimum at 3S0*9 (I7C).

GICIJNDING Sgfal return connected to case.
AnoO Odd -mounting Surace providex
eiedlrical insulation.

INS'J;LAYI'IJ PES'STANCE- I00 MC) Yn -mum at too v dc

L NSjILAThON CAPAO-TANCE' 50c tF ypcal

TYPICAL TEPAPEPATURE RESPONSE
.rC I IThe solid Curve s'rows the typical cheaii.-

temperature 'esponse. The brokern irle
I I -~- Ishows the typIcal voltarge-ternoerature

it ----- ----- response w.1th th 6-inch cable and30 PI

-10 - IIexterrnal OApectarice.

's 12 15o 
15f-rs f-Ia ("I ta I lisal

Temperature

T'YPt1CAL FREQUENCY RESPONSE
The solid curve shows the rypical chrarge-

.4 trouency response. Thedished line shows
the typicat eoltarje-treguency response

~..-----.with the Iw 0a as supul-ed (220 pF) an~d

-~ I I350 MA o more of toad resastance.

F~CI.rc-~y Hrz
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IDENT!FIC rjor
SPECIFICATIONS FOR MODEL 22 ULIEL O

---- O IT

/ 22 1o5S9"- 1

UNC 2A T..EAO
Z- LATES WaITH ENOEVCO M CABLE A SSEUSLY

3MA CABLE (IEF'IACEa 8L)

Of1ENSIONS IN INCHES ANo IILLImETAES)

PHYSICAL

OESIGN Shear

CRYSTAL MATERIAL PIEZITES Type P-6

CASE MATERIAL Aluminum Alloy

CASE FINISH Hard anodize

WEIGHT 0 40 gram (2.0 Carats) typical. with 6 Inch (150 mislm Cable:
0.14 gram (0.7 carat) typiCal. excluding cable.

CONNJECTOR Special connector mares w-,i Model 3003-6 Cable Assembly

MOUNTING Adhesive Use Tool No. 17267 (Supplied) to remove accelerometer.

See Instruction Manual.

ACCESSORIES SUPPLIED Model 3003-6 Low Noose Coaxial Cable Assembly, 6 inch (1SO mnm). staInless
steel sheati, KaDione polyIslde jacket. capacitance 50 pF typical.

Model 3095A-72 Coaxial Cable Assembly. S ft. (1.m) with mating receetacte
for 3003 assembly. 10-32 plug on other end caoacitance 180 pF typical

Model 17267 Tool for removal of acceleromeIter and 3003 cable

ACCE SSORJIES AVAILABLE Model 3090C Low Noise Extenson Cable Assembly and EJ34 Adaoter
Model 3093-12 wilh 10-32 female connector. 12 in (0.3ml

ENVIRONMENTAL

ACCE.EPATION LIMITS' 10 000 q n any direction

TEMPEPATURE RANGE Coeratl,g: -t00*
° 

to -300"F (-73-C tO 150-Cl
Non-Operati.g: -tS0*F to +350*F (-100C0 to 177'C)

HUMICIT" Sealed with silicone compound. Tests indicale 48 hour protection against
97% R.H. at 140*F.

AL-TU CE Not affteied

-ASE STRAIN SENSITIVITY Typically 2.0 equivalent g at 250 strain

MA,3,4E-;C SENSITIVITY Co000g equivalent g per gauss (10T). .ypicai at 100 g. 60 Hz

ACCUST-C SENSITIVITY 0.008 equIvalent g typical at 140 dB SPL

NOTES:; w Irvic'.sin".5 -I, d"01.-1 1-Or,,*tf ff4- - 'f-A -- I - 00"i am OSOI id d-1*fffW -01 rC C. .,f0

CO-riinUed prcfc'JCt improvement necetsles that EndevCo reserve the nght to modify these specifications without notice

RE'!A, S fLTy: E,'evco rfa,na rs a cfc ga a t constant Sui-vellacce over all oroducTs to ensure a high level of 'eltaotitv This ororam
rcludes avet-nt. to relaoil-tv fact'o" during product design. the support of stingent Ouallly Control requirements. and ComOu.Osc
C~rrche acIon r'oceoures. These measures together wIh conservative soec;ficaltons. have made the name Enoevo synonymous
Wiln ,abt,hy. Endevco s Ouahrty ard Relabliy System meets the requirements of MIL-0-099SA and MIL-STO-78SA.

CALIBRATION Each unit is calibrted at room temerature for charge and voltage sensltwiy. capactance, maximum Transverse
sensitivit y and charge freauercyeonse from 20Hz to 4000 Hz. Other calibrations such as Temperature ResOonse at -t0*F (-73'C.
room temperature. 250'F (121"C). and 350'F (IT7"C) are available on special order. See Calibration Service Bulletin No. 301.

ENDEVCO

PANC""lO VI JC ROA{D. SAN JUAN CAI'STIA".Nf CA g2675 • "rWLC, -. ONE (7 d) d43-1la

Cv.+I. M * a aNeo..AS. IO * O - 0. . .inOa 0- C uSSlOo. It .erlaltillf OU 0Lf00 is. .pao tao cA . . -. trfic CT
90RA(If -IVNf f C-0-. CHILE - *eIAW.O - *IAdtCQ N~a CIA LANfO *Tt f 1dPf*J f0*O-E - ALAIV. - x*os* ," * taWvpOA . sail * SPA ,i.n . rUw(lo • r uE,*,0xieb ',fUGI * uuVoUa, * vvae2ueL.A w Gum-
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EMERSON
&CUMING

TECHNICAL BULLETIN 7-2-7A Where theres a way Versatile Epoxy Casting Rtesin

STYC~ASrTT Z85a-T with High Thermnal Conductivity

E OT ECCOTH
"-fl- s- CCOTHERMI

- I's

A

N-s rocs cv.lste0 Pre.v.. Thanta Ccdici-t
Cart C.sucges&, et With T)e. M .. te.I OTh.r-a Conductiv 5ttr'iMeaesn1to .S~ Casting

STYCA5T 2?5507 is icl fillIed ercv ormi:o zth
eeriarka.v, g.oc o-er a general Lve:,s Iadditic. T YI'CAL PP'PFERTE. (cured with Catalyst I I)
tc havtnig excellent e-!c :iCa' grau nulatioc properties
ann excellent resistance in cheimicls and socveots. SY-. Curt,- Srlncage, cminm C

*CAST 2F507FT has inu-suatlv. high theonia conduc-iviry and V9cia SC(aave tiCt 1.Cs 3 o
I~n toe: nuai enoaoecoo Thisc'b~etc c-res has VisconI--N at ZfOC "caa frd t"'r Czt 9!. rye

mo SY~ST2F5077: be ,valable n ~ problems Viscosty at 25 'C fc.,aleed! with Cat- 24'_.! Cos I'
*'e me electrice! .ns-a:o an, rnech-ao'a proteczioc ms Thermal Conductivity. (ltf~'Hri:
be rrainnsaned wruje ccpong withn heat transfer oonsice rations. Cclm/ .e Qfti'i C 04

Srecifi- Cravoty .

STYCA.ST 2050F ;3 eCceLlert Ic hit.- voltAge scr~icaticns. Strengthc. psi Ikg; con2m30'0

e.g poe ire.:asfrres u0ns insulaicrs, Comr resi'e Strerett. psi ifrcicno- 15. 50 . !il.
etc. Ine ri!n:se ~lc::o.t. d;ttace net-eo lnua 5:mergth. psi 'it cm- 13 I001
e:-ecces oAv eriIca nd cuse scr:uoe tracong -n FlexuraI lc olut, ps5 Sz CmZi zn l0? (1.4
STYCA.ST 23307 55c is used. The use of STh CASFT Elastic ModeIs. cornipre ssive. psi
225507 lei will1 solve te p roleon. (g''

Hardness. Shore V t4
Sicce STYCAST 2FSC- has a s:ieo set!:rg probilem, we trod Impact. ft. lb. /In. of notch 0. 2
reooenc that to- materal be reroied before rmooal 30CC ii cmi 0. t
from, toes-et n container. Thermal Expansion Coetliciect. / C2C n 30

ft x l0-
STYCZAST ZPSOFT is a highly ve rsatil-e coon resin system Max. Service Temnperature 400'r 7 203'7'
-binh may be cured with an, on of three curing agents. Water Absoeption, T0 days less than 0. ! 5S7

Toe choice c.1 catalyst should be trade after reviewing your Volume Resistivity, ohm-cmr. TV'F (23 'CI 5 . 101t,
requiremnents wito regard to the following guidelies. 302-! (121-C) I10

Dielectric Constant. 60 H-t 6. 5
CHOICE CF CUJRING ACEOITS From the ierlorrrstion sup- 1 6Hz 6. 3
Pliett select toe catalyst which best suits your require - I M"1 5. 9
-eats. Disoipatios Factor. 60 Hot 0. 02

I V.1-1 0.008
CATALYST 24LV - Room temperatuare curing - 30 minutes I MHz 0. 02
pot life, I lb. IC. 45 hgi mnass - lowest viscosity and best Dielectric Strenglth, volts/rfil 550
haodf-itg properties - geerally does sot require vacuum knro 1f. -I
desiring - best thermal send mecosnical sooc. - noit retomt- Moachineability Poor (must be ground)
mended for applications subjected to temie rat-ices ahyve
250'y 1123 Cf - will soften slightly abov IBOPF (82'C) otne
best adhesion.cotne
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STYCAST ZSOFT continued TECHNICAL BULLTLV 
7

-Z-TA

CATALYST Q - Room temperature curori - 45 rrmnutes pot IF USING CATALYST I1
life. I lb. (0. 45 kg) ras. - highest 'i-scostty, but wtlh mod-
estly good arodling properties - tough and rigid at aU ter- 1. Add and thorouhlv blend 4 to S parts by weight of Cat -
per.tr.s to 300"-" (15o*C. avst II for each 100 parts by weight of STYCAST

285OFT. STYCAST Z850FT masy hi heated at an te -
perature up to 16S"F 746C1 before Catalyst addriton to

CATALYST I I - Requires oven cure - 4 hour pot !Lfe. 10 lowe r v .scit and a d pourabilirv.
I. '., e R a .. . lI vtscolt-' u-ith ea-eJent handl.ng

prope.'ies - excelent ther-%al and mechanical shoco - beat Z. Pour into mold. Cure at ann of the following sched ;le

retrial aod phyical properties at tr~erra-vrs. abovelb hour, at 180"F (8Z*Ci. Z hour. at 212"F !1lC'L.
121 'C) - can be ued up to 4C7 (25C. 1or I hour at Z57"T (IZS*CI.

General -.str-cions: Mix the entire contents of the shiippizq For optimm high temperature performance and mmir- r,
trot~aleer a oiicrr.coooss:ernco each :rne before remoc-

coefficient of expansion, pos cure for 4 hours at I C*O"
Lnzg -ate:ial P'etnr rni g I preferred. Mold Release

1.2s-'] 7Ur .... t adiesn-o mls Where 'ncess1r0,en-

ar can be remved by -- u .The shelf life of STY:CST Z95,FT. when store- inc :o
IF "S: Ted. in utopend containers at temperatures no cigner t.an

I 'NZ CATALYST ',4L'-,' ZSC is 6 months.

1. Add and t.r ro .'- blend -. 2 to 7-I 'Z ;arts of Cat- The handling of thic product should vresent no ,r-etins
a:t 24-'.' by weight !r each !CO carts bv -aegt of

ST'''A7.5 25i T. Slight arrr g. lco*
r  

28*C). of care is e etised to avoid breathing excessive arro :s 0:

the vapors, and if the skin is protected against conta- :na-
ha te re ease.t 4 -11' pot ron. The eves should be protected. Observe reca--ticrnhassten -te . eiease.

.n Piblic Health Service PbLicat;on *o. 1742. ta!-
Sirerintendent of Zoc-ments, :'. S. Covernment Pr:n:t-

Four oto rnold. %I:ow to cure at room ternmoerot-ure. Citfce. Washington E. C. Z040.

75"F '-5. -,ver=qntor oven c-e ',or Z 'ours at

This :nMorotation. while believe! to be comoletel, rev: .e

!F SII:- CArALYST I is not to he ta-en a. wa rrnt y for which ze an mr -e eat.

resvonsibilit, nor as permission or recor-nia.:nn to
. bpractie arc Patented inve tion witnout licein t P. : s oter.

Ag and fhr o e .agrn v blend -3 to 4 .aret CutabIst 0 ed for consideration. investigation. and verification.

Sligot "ar*n--g, '? 28 IIC", of thret-i- Fricr to
aodtitg catalysJt a-ill 1cto-v pourabilit. srnramocits

run to to-. ho weigtl of 0CCZ0~ 55 rn~xtd -i-
Catalyst see T 3on. iU. 3-2-I ' may bs added to fir-

ther lower visc-sity -ith sorme ac-fice inproperties.

2. Four into -old. A low to cuire at room temoerar re.
7F'? (5 'Z, overougnt or oven cure for Z hours at
150'F (66*'C).
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Z -1-1

DESCRIPTION
E A 919f; is a Inw vl.coisity mvom t rerahire rng Ariesvo sy91m with excellent strength properltes at temperatures from

-6-Tt 350-F EA 93%~ has a s"'! 9ie or ten months when istared at 77TF for separate components

FEATURES
* 10" Vi%7,-'~Y Bt * nrr ! -i~n Tp-ralwie
*Lorro Sri- L-1ea 77 r H-oh SI,Pnolhr at Lo.~ arid Hich tenoxiatures

UNCURED ADHESIVE PROPERIIES

____ _________I Prt~ 1 1111111PT18Mixed
Z, - r-W 12-t0 F-us 4 Pse 30.40 Poise

Shyf, LOP F 4 P' 1 i 1 y'

7hi. -a-p-,i ' .,I, i t- 0-r- pi j-th-- O"-L.-ir --h -;'~I; riot P11- oiur Stardad va'.yprovide that the
"a, *s 5 tiate :7 I!$ r'tr-nolec sl.eol upo- 'e-efr! prn-M 'rr shi'erit is a'-a'iabe ucion reaues!

HANDLING
Mi--0 - T,- s -1,-F -- c~ 1, fi,li, -t r,,-, t rc'lio-l i'~i t i' t)I"d C"'r r",,

ni~ ~ ~~7, 1) '111~5' ' '~'i 0 'I'et111 v-,i ~O"i' to -'c Is not critical thI shid be close to roo-r-

Mix1 Ratio Pa'i A PH.18
F, Vvitorh? T) 17i

&~'ef kt -p~- mrn,,---t ryic- r-pF- rlx-'! tore~v~r r'cton ,-ei !sr-ca n'cc -afo'- are 1a4e" to tsrn'n

Po Life 14;1 o- -a 5 - 75' 0'1 -Lp
Methd -ASS'' P24- in iti'- hp-

APPLICATION
Mixing - Corr*'nx va-! A a-ri rR1 P lix Ihi' 15, rarid nix thrMUONl 'tHIS it,, tPflrtlTAN-T' H-eat bulldup driivor
Otte,'mig is norna Do not mix O'itisorpal'h-- 2"5) ooms as carioe'ousz heit Ouidurp car, occur caijsrio unctii.,corii
doecomoostio'rr 0! the Mittel at.toeivp lOXIC FLIMES CAN OCCUR, RESUOtING IN4 PERSONAL INJURY Mixing sm-alix'
auantirlir' will mnimize the heat l irj

Applying - Elodirci Surlaces sh-ild he rues-' dty end Mir-dy orepa'd Fcpi cplr'nu-' suilar,, Pii'D5ati~or Onut H-y,o
Billlttt'- r31 .64y) 'Ppa'i the Surlaro f- A-1"--,- Pond-i - Tti' b-irnoerl ps-r sruld t- held itn contact unt the fttlhes,,e
0Sertitd- Vfrrfri mnot' fr 9'thisruini wi' o-rk,' iii 24 hnr- al 77 atti- wtilcti It, Sujppo" tool.,tnO) 0 ' Sriii use;d

luring cure may bo rrnn~ied Since tift hordr streroli, has not Vet t,xn Attaiurd load applicison should brr satt at thi, tinme

Curing - FA 9396 may be cured for S-7 days at 77F to aclive-vt norm~al perfo~rmance Accelitlect cures of I hour at 150TF
o' at 180 F may beL used

Cleanup - tis lrnO-rtlnr' to, rervnpr- l dit ve fori the n a'ea arid atrrtcal-'n ecuirmen1 b-forep 11 havljir,
Lii'hi~p-i5 iAr,ia~mr coii'or r'tn rivir-ii;en a- filltahio fr temovin0 uncured-Z adlhesne Consult with sour

tt~ri5 rntr~ma-iaC'rio 1r, ti"C esix ",i h7,r,,' u.js if t evi,Pri
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BOND STRENGTH PERFORMANCE
Tensile Lap Shear Strength Tensile lap sheree strength tested ocr ASTM D 1002 Adherends are 2024-T3 clad alurninumr
treated with proSooIC acid anodize per BAC 5555 (Values are expressed in PSI)

Test Temperature. *F -67 75 ISO 300 350

Cure 5 clays (ir 77'F 3200 4000 3200 1800 1500
1 hour 6ii 1 50F 3300 4200 3300 1800 1200
30 min I6 180F 3500 4200 3300 1900 1200

Peel Strength
S-il Peel strenoth leiled per ASTp, D 3167 after curing lor 5 days at 77'F Adherends Reo 2024-T3 clad aluminum treated
wrth phosphoric acrd anodize oat SAC 5555

Teat Temperature. T Typical Resuts (P91~
77 25

IP0 20

ServIce Temperature
Spi'v" tme rature is detned as thaltlemperature at which this adhesive still retainS 000 PSI using test method ASTM D
I OC2 and is 300 F

HAZARD WARNING
For industrial Us 0,lyl

PAPA
CAUTION! The.c~e edr~'~'u~ ye 'rilitin arid may caiuse skrin irrittlion as allergic dermatit's Crnla-in proxy
r- -,q Ixe ~riir,iwa~rn A, r d cc'rur1 with Sr "i or skin WaSh thOrnugrly with soap and1 waler after handling Do not
he-"'it' or uenit ~~ Inc, Safety Dara Srp has been read and understood Do not cut or weld e.mpty container

PArnc p
DANGER! Caui;-s x-.ere Skin arri eve humn~s Do nnftoo Qen Pyas on 5k -n or on C'othino Wash thoroughly alte, handlin
V.ir- -av b- irritlg to the rvir,-1C'-y tract Avord briih'no vacr Ieet' c,ntar~sr tichlly closed Use only with aceauare
vo?.tiaiior Do nr curI a, weld er-Try c.ita-~e, Do no! handie or use until SaIlty Dats Sheet has been read and unde'stooj
Theixo Prnings ;I,. based on Gui-Jer --m C/astifing and Lp~teii'g Epoxv Pr,'dujcts Arcorng to Their Kizarrdous Forenriali es

rc-edby the Ecox- Resitn Formuilators Drvrion and the Society cif the Plastics Industri. Inc., anid based orn ANSI Z12yt

AVAILABILITY
T', P'iTr7 I a a' f rom, a-,C AO ,'tOSdlnr~t at r'-'dlus DivisiOnr 2850 Willow Pass Road. P 0 Box 3 12.
PltS n,,, CA 94S5 3299 Teleoio 415 687-4201 TWX QlO. 387-0363

Revised 2 P98

KSOL
AfROSPACE A (#EDUSTAL PRODUCTS 10MPtOR
@aso Iwr, 

5
1Pra ns' 0 Flo* 3r5 D'rrsuvQ CA 94S55

0" 'o 7.arE i'-t:'AI T, CnS-iWALS & SERtVICES GOoUP
Tr-rE CtITEP C0OP*PAIIN
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PX80 & PX90 SERIES
SOLID STATE PRESSURE SENSORS

GENERAL DESCRIPTION DIMENSIONSICONNECTIONS

The OMEGAQ PX80 and PX9O Series Solid State Pressure Sen- Refer to Specification Notes 0 2 and 3.
so s are mounted in 316 stainless steel housing and ae intend-
ed for high pressure applications requirnng long term stability. Px9o - -1

The stainless steel housing structure utilizes an oil column to , -*, , I ,,

couple a diffused. piezoresistive sensor to e convoluted, flush
stainless steel diaphragm that can be interfaced with most ,
harsh media. The PX8O Series feature a flush mount connec-

tion. the PX9O Series feature a welded %-18 NPT pressure l
flirting, s

Te-re,ature corinensstvon and calibration over 0" to 50*C is.o-accormoihshed with the addition of onlv 3 external resistors, the
values of which are included with each sensor.

These s-risors are available in both sealed gage and absolute
cressure from 0-300 psi to 0-1000 psi IPX8O Seriesl and to
0-30CI0 psi IPX90 Seriesi. Each sensor is individually senalize.,

FEATURES TYPICAL APPLICATIONS _
* Sodo Sts':e Rehabilty * Hvdraulic Servo Controls L i .,0. iii , ..' i

" weclded Constrjc:on * Refrigeration

" Fu n 0'aorvagr'r * Robot-cs
Far R ' '.-.'C . S8r" Values

* __ x ACCura- * Tank Levels

* L w ',,se * A," Conditionr"r Figure lb.

SSe azeo F-ood P.ocessrng
* Machine Too's
@ Engine C,agnostcs Note: Excitation current can be derived from a constant ,.c!taoe
* Inlection Pump Monitoring source with the electrical circuit shown in Figure 2. IOMEGA
* Process Control Part No, PS-KIT-1l,
* Industrial Control

OMEGA NO. PS-KIT-I
DIMENSIONS,'CONNECTIONS

PeiC. to Scecif-car,orr Notes #2 a'd 3
317K

PXBO 
U J

ll~ - CONSTANT'
I - CURRENTDIODE 124K SUPPLY

L .CONVERTS VOLTAGE SOURCE

. T O' 7 CONSTNT CURRENT SOURCE

LM324 - OP AMP
. ii '"LM3aa--7.VDIO0E

- --- -RESISORS - RN5S ME, FILM IESISRS 1%

LZ"_"._"- "'/4 ACCURO

FuFigure 2.

-- -= n,0* APII 41 III

Figure Is.
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PX80 & PX90 SERIES SPECIFICATIONS

Supply Current -1 5 MA & Ambient Temperature - 25*C (Unless otherwisp specified)

P"CSSURE RANGE

300. 500 pat 1000. 3000 psi
PARAMETER MIN T11P WAX MIN ISP MAX UNITS NOTES

Full-Scalea 0ul~ul Scan too 250 reIV

Zero Pressure Output 5 5 ± reV, 2.3.4

S:ailc Accuracs 0 5 0 5 1. %Scan 5

MOWl & Output ReSour cII 4000 5000 6000 4000 5000 W000 Q

Temtlerarura Coell1Icrnnl.Scam 1.0 1 0 t % Scan 1.2.3

Temprerature Coetllrcent-Zero 1 0 1 0 :t 8 scan 1.2.3

Suvoiy Current 1 5 2.0 1.5 2 0 fiA 6
Output Load Ressiance 2 2 A4 Q

insulation Resitance IS0o VCi 50 SO M Q

Pressure Overload E 3 35 10 1ae - I-
Operating Temperature -40 *C to + 125 *C - - -

Srorane Temoreraturs -65"Clo *150'C

NesiaCOM0rcl ith 316 Stainless Steel

*eQ5 Grnrrs

SPECIFICATION NOTES

1 . Temperature lanon: 0"010 5C'C in reference to 251C.

2. With external resistors FR1 or R21. fR3 or R4) and R5 included in circuit shown in Figure t If R1 is required then R2 is left open
(P2 = wil ano vice v~ersa If R3 is required then R4 is a shOrt (R4 = 01 and vice versa.

R3 cr Rd s used for OFrSET COMPENSATION
R1 or P2 s; used for THERMAL OFFSET COMPENSATION
RS s used for THERMAL SPAN COMPENSATION
Posq,,e offser is when the volteoce at Pin 4 is frioher than at Pin 1. Positive offset is compiensated by adding R4 and srror-tng

A3 Fo, r'egatrire offset comptensation the reverse is true.

Pos~tive the'rral offset it wshern thermal effects cause the voltaae at Pin 4(to increase faster than at Pin 1. Positive thermal off.

set is comoeirssed by adding Rt and leaving P2 open. For negative thermal offset compiensfition the reverse is true.

3 A C--ou~er :!,irtut is Suoed with each tensor detailing the values of the 3 required external resistors along with open and
short information for the other two locations.

4. Vacuum for alosjlure and one standard atmosphere for sealed gags

5. Incluces receatab~i!y. pressure hyvsteress and liearity (best fit straigrht lie).

6. Guarantees owuu Input ratiometricity.

7 Prevents increase of 7C Scar, due to outout loading.

8 3X or 10.0120 rs r-anmun, whichever is iess

WAPRANTY J .M G

a"O rrci, . .r.- -,r.'rc1P, a Pit-l r i3 .. o, -- nine oP-itit Orre Ornga 0-9. 81. 404'
OMEGA t rv - ilcct '. ie c" 1 itr 'it 9-11, P itn I.rit r~na i Stirifrri C rt , OE907-01047

y-iii . C rixitirr~in 10 r P ri~ r SAt" i.5 11 V nq I,-a T'ri-. - -23l9r0 een960 ii M C

4rrr rvnusron c r, r 141 u toiss "ni. aelrr. S acuarW 0%ji FAX 12539-7W
C~na r~.OAc,i -fl A.nrJW .rA -umf

ano.rru~ rvi. a xirntati. Lirnis~ Mr OME.A.f a* Prertadi U SA.

&N INARRPiAtY a VSO O Me tiNa urnon r vOWX*l 0u "uurNq 0-. Sn'O-d Rletunnree Ant5l4
.Me or anotir .sW 00~p ni *5ci9aS a O'Wn of Siiv, rniri iveL 0-0c sit -,,vmn WW n,r, M .r~a.S OMEGA Ci sww. 5e

by Iiiixii "i M~ wwur'A hao" M'uitaser mw r ras us. anc trrrxsn woti, rOMEGA C-0- S Os.P~ n,nrrmi to Srn.-n--i
IfT.nr Sru.rn .,.u -. S Se nTHEFIE APE NO WARPLAN7'ES E)nCEP" AS STATED HEnEIN T4EPE ARE Q

NO OTHER WAirPiNtiES. EXPOESSED OP iMPLUEC iNCLupuruG BUT T ias F.b.alVe,-. ow
NOt UMMrEPTOW Fr nPietrpWAFRANnCS OF UEPCHA-tABiIY AO Ia,. ...vi~l I r - tins P.~-
OF FIT)YEsa POP A ePgncuLAi PURPOSE IN eM0 EVEN(T OSALL OCIA X M-Ar sanriv rm
ENGINP~INO INC PC LIAR3LXFOR CONSEOuFNTIAL 'NCpDrurAt. oRevsi
SPECLAOA MAGES THE BuYEA S SOLE PEMED4F.OA Ci ajrrPEACHOF
rHnSAOREvEkNTBPrCiiEOAEIJGINEEP'NO ,iNC on ANy9;PjAccr OiiCOGa ft-pri ntit, OMEGA QEii1Nrnefri INC
ANT WARR.ANT-Y 13r CMEGA ENGiNSEPING 14C SHALL NOT DE)CF: t Caeviria 19a OMEGA ENGuNEEPiNO INCAS5i =a
THEC PUPCrIASE PeoCE PAID By tHE PUP rIASEA TO OMEGA diir,., itnri~i ei~.

ENGINEEPNO INC 'C R SiCNrOeuNrtSCREOJiPMCNTIPCrLY .. roiinaa,.i,.u....r. memima. roi OMEG
AFFCTED Br SCr REACH fici z

M566/166

192



, ~~ ~ ~ nM I II 
Iii IRil Ii|

PROPOSED ELECTROFORM!ED NICKEL BELLOWS DESIGN SK - I/3 7 Z f- '

Customer Lo. ALAwos ,vA r/Io '.A L,4'3 Application Engineer

Address ouo P P-to 4174"- PE7-2. L. rkoe"PJO"

i-c:" ,,4 Z ,-,"o' 0 /0s e S erlL- Date _ _ _ /_ _/ R_

Engineer 0y'" W.N(Ar,,r P/NHf-tFIN

Telephone L" - 7 5q Ext. Inquir.:_

L.,.AS l~ 9- I ¢

rr i'A ,' ".". o

Bellows O.D. (_n.) H ,ax. Bend Angle (degrees)* =
3eiYs -.D. (in.) - , Max. Off-Se: Rating (in.)* ""IX

c'- n ....... .... Min. Life Exectancy (cvcles) = __
,'a-' Thi&ness r.) - - - Regular N;ickel For Soldering______
Effec:1.e Area (in.2
No. "rooves Sulfur-Free Nickel For Jelding
ConVoluti:ons Active: Or Corrosion Resistance /__-

Before Assembl'y = Gold Plate: Yes No
Af:er Assembly Class Type Grade

M!ax. Allowable Axial Stroke:
Comrression (in.)* = ,305' Other Finish
Extension (in.)* ___"_;__C

Max. Pressure Ratines (psi): Leak Test: Yes No "
Working-,50% StrOKe . 30 Notes:
Proof-IFree Length . E0 1. Max. Operating Temp. For Continuous
Burst- Free Length = "7 Usage 350°F (260°F If Solder Ass'v'.).
Buckling-@ " (int.) - .Cr. *-.alues Are Hutuallv Exclusive. If

Spring Rate (Ibs./in.) Combinations Of These Are Required,
@ .o O como/ -: L 7 . 

- Please Consult Us.
Befre Assembly I 3 r. 3. Bellows Normally Have A .0001 Inch
After Asse"bly = 1-, Copper La=ina ,hich Is Centered In 'all.

Spring Race Tolerance . Jo
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ItXA)44 OFFICfl Cbh AM.... 1KVl

WEfTAIUFRGIAL 12 .FfOVT

No. 5314729 DATE February 2, 1988

Servo- ter Ccr-cra-i on
SCI Little Falls Rc.ad
CeI~r Grove, ' -w- jersey 07009

Sxa-le of Electro-Deposited St~eet Metal

tarked S~OTRCCUCRCATIGIP1
501 Little Falls Road
C_-ea- Grove, N Jersey 07009

: PlaLkAR NIC-7-1
Purci'.ase CToder No. 17120

RE3JLTS
P~10I. TE3SS

Ten-sile Sr-engthi, PST 172,S00
Yield E:rirrgth, PSI 136,400
Elengatic.- in 2 i:nch'es 2.001

"I -. S XPIS , SO0 Gra-m boad

488

&G - C. A ALYSIS

Nic2~s1 - Cobalt 9M.21

Sulphur 0.018,

To Ser-'c-,e te Corati;cn
Cedar Grove, ;Lew Jersey 07009

INTERNATIOLAL TESflNG LABORALTORIES, INC.

- -.- I-- - - ..-. * .5w e
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SERVOM ETER If CORPORATION .'.,- ..
SOL I FTLE FALLS ROAD

CEDAR GROVE. NEWJERSEY 070
AREA CODE 201 785.46370

CERTIFICATION

CUSTOMER: Naval Postgraduate School

CUSTOMER S PURCHASE ORDER NUMBER, N62271-89-1+-0440

SHIPMENT DATE- Febrie-y 7, 1989

CONTENT$ CF SHIPMENT, 20 Fcs. SY-11397 Rev.. A Bellows

TI.;, , t . ,,, 1 '0, rta ,-bic polti I-,td obo.. -, h;pp.d on the .ubitid

pu cO-e olde'. -led he rOleetIcheecktd belo-.

Do.g D-ne-,l and oIeloocvs: . .. -... ---.....

.4o''o,- ~ S ..ol-et Spe, N917100 x

Fhvsjc-aI and era~cal test rety-rts enc1cse-4

Pe-for-cooe- 0., qed! -- - x_____

Seo. ro0- T"e IjA ( -5 ... .......

Glenn A. Weirch~ Q.A. Mgr. S-82
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Y-cub quarLz disK, fine lapped
finish. ThicKness is I.00l1inch.

- 0035

022 Electrode edge wrap connecting
8. 02 too left electrode to bottom

/ right electrode

Electrode L nch
Oiometer n ch

Ouartz A21
"- Oiometer 0. 323 inch

" Electrode edge

connec Ling bottom Ter
electrode to too rioht

] electrode

Figure E-1. Dimensions of Valpey-Fisher Quartz Disk

Showing Electrode Configuration
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IMPEDANCE CONVERTERS

MODEL 304 impedance converter has DESIGN
the complete circuit, bias resistor R,. The connection to the gate terminal is the most
source rsistor R2 and the FET sealed into critical connection At the gate. the signal is still a
a standard TO-72 transistor housing, high impedance voltage signal. Care must be

taken to assure the connection to the gate termi-

R,, R 2, and the FET can be specified. nal is not influenced by noise or a relative low
insulation resistance which would lower the input
impedance and increase the noise of the impe-

Sockets made from Teflon and polyester dance converter.
are available for applications requiring
removal of the circuit for testing, cleaning
or exchange.

.150
II.~ 4mm

'J FT SFT 933

21 k II 0
iii 2 \ G

cF~~~~m Ne FOj, mm

-- <-.'ON'2 .220~t -I -. 000 en

$ISIGNA C00

I-- .The following plug-in sockets are.,, o, ,fl... MoISr" recommended:
N,, Il Idenn* ,I

144% I"OI-"f 0S SIGNAL OUR
SIGNAL ,N -Eltec model 932, Teflon (shown)

Efltec model 933. Teflon (shown)
Eltec model 934, Polyester, (see 932)

8-78

E LTEC
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IMPEDANCE CONVERTERS
Impedance converters change difficult to

measure high impedance voltage signals SPECIFICATIONS
into easily measured low impedance voltage Using an N-channel JFET
signals.

Theyeffctivly onvet te elctrcal Pinch-off voltage VGOf u............. - V Max

hre erouectivl ronvertithe imee cca Maximum voltage Bvoss..............-so v

cheor outputl fromtag hignipednc Input impedance .................. 2 x 10
senorint ueale olag sinas.Output impedance ................... 5 k2

Exhibiting near unity gain, impedance Noise tOCio00 k4z) @ IV .................. 6g V rms
converters generally consist of a FET, a high Gate reverse current IGSSI@RT............ 0.1 nA
megohm resistor for biasing and a low value Operating current ................... 80 AA
resistor in the output C-ircuit. Maximum drain current loss .......... 0.6 mA

The FET senses the formed charge or vol- Gain ................................. 0.7
tace stored in the input capacitance at the Operating temperature ...- 55CC to +150'C
gate and this effects a proportional change in
source to drain current,

The hich rnecohm resistor R, connects the
gale of the FET to a fixed or zero bias level and
ccn!,niflunIv discharaeS the ineut capactance at a SPECIFICATIONS
rate depending upon ifs resistance value. Using a P-channel MOSFET

The cltancie in source tc drain current mentioned Threshold voltage VG~s i,. ............- 5V max
ac)ove c'eates an output voitace signal across the Maximum voltage BVrss ............... _ Sn V

low ~au es~stor R, in the outrut circuit. This tnout impedance .......... ....... 5 x 10', Q
sgrnal :s a! a low impedance level. Outout impedance .................... 6.21 k~

Noise iDZ m-z, a, ............ 25 g V rms
Tw,-o tasoc!- Ices of PET s can be used: Gate reverse current loss ..........- l0pA max
JFEcTs ex htii very tow noise at FIT. The gate Operating current lDi,-Ivos.VGs-2v . .-. -2.5 MA

re~erse currert l~ss chances -Nith operating Maximum drain current lcss ..........- 50 mA

tempeature 1! doubles for every 1'C increase in Gain .................................. 0.95
temnoera!uire It decreases the same ratio for de- Operating temperature..-55'C to - 150'C

crease in temp~erature. The lowvest, operating
teeratre is about '73K =-200C ________________________

r.'CSFETs exhibit relative higher noise at RT rtveanoc-uinqattesanb
The gate rev erSe current lors does not chance marotompet andprciaplation anes. cnb
wvith tsi-,rature Lowest operating temperature

is =~-271G-.
I~~ S 0The customer must specify:

i*9Ck*&L In I -iMLf IBias resistor Ri: Any Eltec high

IT megohm resistor
- value up tol1 x10' 2 9

i~"9E.', "~*'2- Source resistor R2: Any standard resistor
.. gsP.*.nI Mirilvalue and tolerance.

TI* ~ '*'SICNAL OlUT 3- Transistor: Specify FET and/or
specific requirements.

8-78

ELTEC
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t12 VDC

2N5457

6 .80 kfl

El t ec 304

Figure E-2. Schematic of Eltec Impedance Converter
with Constant Current Source Circuitry
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Eltec Output Impedance

1CO

90

80

70

o 60
> Nout

so

40

0:

y= 29.7633 -9.024e+4x R= 1.00

5.29e-23 2.00e.4 4.00e-4 6.00e-4 8.00e-4

Gload(mho)

Current Supply Dropout
130

120 0 13 0

110 0

C 100
0 Current (pA)

90

80 [

70 '
0 2 4 6 8 10 12 14

Voltage (Vdc)

Figure E-3. Eltec 304 Output Impedance and Current
Supply Dropout Curves
a. Based on the slope, the ouput impedance
of the microphone pre-amp is 3.03 kl
b. Supply current is maintained constant
to voltages as low as 2 VDc

200



APPENDIX F. GAS DISTRIBUTION SYSTEM

01
0

0 cJcu (
D0

00 C-

0 -

0 0

c

0

PCX~

00

-a)

o z

> > T

Figure F-1. Gas Distribution System
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