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ABSTRACT

The field of calorimetry currently uses separate

measurement methods for determining the thermal conductivity

and heat capacity per unit volume of. a material. This thesis
describes the construction of a prototype apparatus which
gathers the data necessary to calculate both of these
properties of a solid material. The novelty of this apparatus
is that it uses thermoelectric devices in both the stimulating
and receiving portions of its design for both .dc and ac
measurements, so that both thermal conductivity and heat
capacity can be determined. The two materials studied at room
temperature were Triglycine Fluoberyllate (TGFB), a
ferroelectric crystal, and Lead. The data gathered from the
apparatus were temperature values expressed as complex numbers
representing amplitude and phase relative to the thermal input
power. The measurements, for no sample and lead. sample being
measured showed good agreement with the theoretical prediction
of the received signal having decreasing amplitude and
increasing phase angle with respect to the driving signal over
a frequency range of 0.5 to 15.0 Hz. The data from the TGFB
sample showed good agreement with predicted behavior over the
frequency range 0.5 to 3.0 Hz.




CHAPTER 1

INTRODUCTION

This thesis reports the construction and successful
operation of a prototype AC calorimetry apparatus for solid

samples which makes use of thermoelectric devices to apply

and receive temperature waves. This method allows

calculation of thermal diffusivity, thermal conductivity,
and specific heat of a solid material from the gathered

data.

Definitions and Basic Theory

There are three fundamental thermodynamic propertigs
which need 'to be defined, specific heét, thermal
conductivity, and thermal diffusivity. |

Tﬁe heat capacity of a material at constant volume is
defined to be C, =‘(dQ/dT)v . As the material is heated at
constant volume in a reversible process, dQ is the amount of
heat necessary to raise the ﬁemperature of the material by
dT. When considering the properties of a unit mass of a
material, the properties are called specific. Hence the
definition of specific heat is the heat caéacity at constant

volume per unit mass of the material, ¢, = m (dQ/dT), .




Thermal conductivity is defined from Fourier’s heat

conduction law, dQ/dt - kA(dT/dx). In the rearranged

expression (do/dt) /A

J = =k(dT/dx), the thermal
conductivity k of a material is ,the <constant of
proportionality relating the heat flux per unit area to the
temperature gradient in the material.

The thermal diffusivity, defined as o = k/pc, , is the
ratio of* thermal conductivity to the product of 'density of
the material and the specific heéat at constant volume. More
simply, it is the ratio of thermal conductivity to heat
capacity per unit volume. ’

Thermal diffusivity determines how éuickly a material
responds when a temperature transient is applied to its
surface.

To iilustréte how the thermal diffusivity o enters into
the one-dimensional ac heat flow process, consider a thin

slab of thickness dx perpendicular to the heat flow

direction x. From the Fouier law, the heat flux entering the

left side is -kAJT/0Jx. The flux entering the right side'is

+kA[JT/0x + (0°T/0x?)dx]. The net heat flux input kAdxd?T/dx?
is equal to the heat capacity per unit volume c,p multiplied
by the volume -Adx of the slab and thé rate of temperature
change JT/dt, so we obtain the differential equation for
time-dependent onérdimensional heat flow, |

dT/dt = ad*T/9x® (1-1).
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Measurement Methods

DC Methods

Since the thermal diffusivity has a known relation to
heat capacity and thermal conductivity, knowledge of any two
easily yields the third. In the case of heat capacity, there
exist two methods for‘making dc measurements. The first
method is to produce joule heating from a current-carryiné
resistor attached to the sample, then measure the
temperature change of the sample by an attached thermometer.

The second method requires the sample to reach an
elevated equilibrium temperature, usually through contact
with a heat reservoir. It is then placed in contact with a
heat sink, and the sample-heat-sink system is thermally
isolated. The calorimeter (heat sink) can then be observed
for change in its temperature or - for a phase transition. Two
common examples of these methods are the Nernsf-Eucken, usea
in the liquid helidm‘temperature range, and the Method of
Mixtures, used for temperatures > 20 K. '

A common dc method of determining specific heat is through
the use of a Differential Thermal Analyzer (DTA). The DTA
compares the temperatures of two‘materials, the sample under
study and a thermally inert reference sample as both samples
are heated in a furnace at a constant rate. Inside each

sample are thermocouple junctions connected by a common

wire. When the sample undergoes an enothermic or exothermic
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reaction heat energy is absorbed or liberated respectively.
This results in a temperature difference between the sample
and reference yielding a voltage differencé between them.

Hence as voltage is plotted as a function of time a voltage

spike will appear -at a temperature where a phase transition

occurs.

AC Methods

An important contribution to tﬁe development of the
theory of AC calorimetry was made by Sullivan and Seidel.*S®
Heat energy is supplied sinusoidally to one end of a sample,
to which the magnitude and phase of the temperature at the
opposite end of the sample are compared. The usual boundary
condition is that the sample is in contact with a thermal
reservoir such that the sample can quickly return to thermal

equilibrium once given an energy input.

There are several methods of generating an incident ac

temperature wave upon a ‘sample surface. One method uses a
chopped laser beam incident on one face of the sample while
thermocouples attached along the sample . determine
temperature as a function of position and time.S’

Another method makes use of thermally conductive £ilms

which are deposited on opposite ends of a sample.® One face

acts as a signal generator while the other acts as a

receiver. A third method, which is similar to our method,
makes use of a thermoelectric device to generate an ac

temperature wave.® Santucci and Verdini’ studied a sample of
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copper at a pressure of 1 x 10™° mbar, providing it an ac
temperature wave from a Melcor FC-06-32-06 TL unit and
measuring temperatures along the sample via thermocouples.
A United States Patent!® was granted in 1973 to Stanley and
Reich for a method and apparatus for measuring thermal
conductivity and thermoelectric properties of solids using
thermoelectric devices. Their configuration of sandwiching
a sample between two thermoelectric devices is identical to
ours. However, the work of Stanley and Reich wés limited to

applying a dc voltage signal to the driver instead of an ac

voltage signal.
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CHAPTER 2
EXPERIMENTAL SETUP

The system to be‘ described consists of several
components, some of which were built in-house.

The basic idea of this method is to apply an ac
temperature wave to a solid and compare the émplitude and
phase shift of the transmitted signal to the applied signal.
In the 1low frequency 1limit, results vyield thermal
conductivity, while in the high freqﬁency limit, results.
yiéld therﬁal diffusivity from which one finds specific heat
if the thermal conductivity is known.

A description of the overall system will be given first,
followed by a more detailed description of the critical
components.

The system makes use of a pair of thermoelectric devices,
which sandwich the solid sample between them. One device is-
used in an active role, as a driver, while the second device
is used in a passive mode, as a receiver. The driver
converts an applied ac voltage into a temperature ‘wave,
which propagates through the solid under study. The
receiver, on the opposite side of the solid, accepts the
temperature wave and converts this signal into an ac
voltage. The thermoelectric elements used are produced by

MELCOR'' and employ the Peltier® and Seebeck® effects in their




operation.

Through use of a lock-in amplifier the in-phase and
quadrature components of the ac voltage from the receiver
are compared with the ac voltage applied to the driver. The
lock-in amplifier is necessary because the amplitude of the
receiver output signals is very small.

The system can be divided into two parts, the probe-and
the external equipment, as seen in Figure 1.’ At the
bottom of the probe is attached the copper slug which
contains the thermoelectric elements and the samples.

The copper slug, shown in Figure 2, consists of a
cylindrical copper mass which acts as a thermal reservoir
upon which three pairs of Melcor devices are aligned
parallel to the cylinder a#is and spaced 120 degrees apart.
The three Melcor pairs are arranged with one mounted on a
fixed surface, while the second is mounted to a retractable
block which is attached by a compression spring to the
bottom of the copper slug. This design allows fér the easy
insertion and removal of solid samples.'? A copper can
attached by three screws to the bottom of the slug acts as
a thermal shield covering the copper slug. The copper slug
is connected to a thin-wall stainless steel tube, 1.47 m
long and 2.5 cm diameter, by a Teflon cylinder which acts as
an insulating mating surface. The tube length is determined

by the dimensions of the dewar.




Bipolar Function

Power Generator

Supply Amplifier

Switch Lock-In

Amplifier

Probe Thermocouple
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Overall System Schematic

Figure 1



Copper Slug

Figure 2
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The tube houses coaxial cable connections between the
slug and the top flange.

These internal coaxial cables are connected to external
coaxial «cables . by floating _BNC connectors. Floating
connectors are necessary since the driver and receiver
signals must be isolated in order to avoid ground loop
problems. The tube also contains leads to a chromel-a}umel
thermocouple which is attached to the copper slug in order
to monitor the ambient temperature of the systém.

The probe is connected electrically to a switch box which
connects to any 6ne of the three Melcor pairs at a givén
time. The switch box is divided into driver and receiver
channels. The driver channel is connected to a unity gain
amplifier which acts to impédance match the Hewlett-Packard
3325B Synthesizer/Funcﬁion Generator to the low-impedance
Melcor device. The output of the unity gain amplifier is
also connécted to the Reference Signal port of the EG&G 5204
Lock-In Amplifier. The receiver channel of'the switch box
is connected to the Signal-In port of the lock-in amplifier.
The unity gain amplifier'® and switch box were consfructed
in-house.

The probe is inserted into the dewar which is capable of
achieving internal temperatures over the range +4 K to +375

K. The range of temperatures used in this project were +25°C

to +80°C.
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Critical Components of the System

The three critical components of the system are the
thermoelectric elements, the Lock-In Amplifier and the

thermocouple based mean temperature monitoring system.

Thermoelectric Elements

The thermoelectric elements used in this apparétus are
manufactured by tﬁe MELCOR Corporation and will be referred
to hereafter as the Melcors. These devices consist of two
ceramic slabs which are composed of alumina (Al1,0;) separated
by eight semiconductor pillars (Bi,Te,) oriented orthogonal
to the ceramic slabs as seen in‘Figure 3. The Peltier® effect
takes place at the soldered junctions joining the pillars to
the slabs. As shown in Figure 4 the semiconductor pillars
are doped to be élternately n and p type.

The solder junction joining the n and p type materials‘is

non-rectifing so that current flow is not impeded when an

external voltage is applied.' As depicted in Figure 4, the

negative thermal gradient and hence the flow of heat is in
the same direqtion as the majority carrier flow in both
types of semiconductor. This is the Peltier® effect which,
for the applied voltage polarity shown, transporﬁs heat
energy via the majority charge carriers from the upper slab
to the lower slab. This mode of operation is denoted the

"cooling" mode. Joule heating is produced in the
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semiconductor, so the net cooling provided by the upper slab
is that produced thermoelectrically, less the joule heat
flow'to the upper slab. When the applied voltage polarity is
reversed, the net heat available at the upper slab includes
’contributions from both joule heating and thermoelectric
heating. Hence this operation mode is' denoted as the
"heating” mode.? |
The Peltier effect can be expressed mathematically
j =15 (2-1) |
where 39 is the thermal current while j is the electric
current anq the constant of proportionality II, is -the
Peltier coefficient. The Peltier coefficient is related to
the thermoelectric power by the relation® ,
1= QT (2-2)
with Q Dbeing the thermoelectric power or Seebeck
coefficient, and T is temperature. The Seebeck coefficient
is the cc;nstant of proportionality between the temperature
gradient in the material and the resulting emf.
v = -] E-dl = QAT  (2-3)

Since the Melcors make use of both n and p type Bi,Te,;, the
best results that could be found were [Q,-Q,| = (0.63K/mv)t,
which is discussed in chapter three. Likewise expression
(2-2) becomes |IL-IL[ = 1Q,-Q,IT, so at T = 300K the
expression becomes |IL-I[| = 0.476V.

If an ac current flows in the Melcor, the heating and

cooling cycles alternate with the same frequéncy as the
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applied ac voltage. This describes the action of the driver
Melcor in the apparatus.

The receiver Melcor acts passively as a thermal
transducer, receiving the temperature waves from the saﬁple

sandwiched between the two Melcors. Since the receiver

Melcor is bounded on top by the sample and beneath by the

‘copper slug a temperature gradient is created between the
two alumina slabs. Because of this thermal gradient an
electrical potential is developed due to the Seebeck effect.?
In the case where the temperature gradient is constant the
receiver Melcor will yield a dc voltage. When the
temperature gradient is alternating the receiver Melcor

yields an ac voltage response.
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Thermoelectric Device

Figure 3
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Thermocouple Based Mean Temperature Monitoring System

The temperature of the copper slug is ‘continuously
monitored by use of a thermocouple'attached to its top as
shown in Figure 5.

The thermocouple consists of two wires, a chromel-alumel
combination, which are soldered together at both ends with
a break in one of the wires where terminals of a voltmetef
are attached on either side of the break.'One soldered end
is attached to the copper slug while the other is immersed
in’an insulated ice bath held at 0°C. Much like the Melcors,
the thermocouple makes use of the Seebeck effect.® Since the
two ends are held at different temperatures an emf is
established in the conductors. The value of the thermocouple
voltage is then converted through use of a conversion table

into a temperature. .




Voltmeter

Ice Bath

Copper Slug

System Thermocouple

System Thermocouple

Figure 5
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Lock-In Amplifier

The lock-in amplifier is the heart of the signal
receiving system. It amplifiegs and measures the receiver
signal, and compares the phases of the driver voltage and
receiver signal, as shown in Figure 6. |

The input reference signal is taken directly from the
function generator and provided to the reference circuits.
The reference cifcuits then deliver two output signals, the
first with phase ¢,, the second with phase ¢,+90°, to the in-
phase and quadrature mixers respectively. The two mixers are
also fed the input signal of phase ¢,.

The in-phase mixer multiplies the inpﬁt signal by thé
feference signal, namely -

S.cos (wt+;) = R,cos(wt+d,) = (1/2)SR,[cos (20t+bd,+d,) +
cos((0,~-¢,)]. The low-pass filter located between the in-~
phase mixer and output filters out the cos (2wt+¢,+¢,) signal
thus yielding (1/2)SR,cos (¢;~9,) as the output. Likewise the
action of the quadrature mixer is,
Socds(mt+¢1)Rbcos(mt+¢2+96°) = (S,R,/2) [cos (20t +0,+0,+90°) +

+ cos((,-$,-90°)]
and its low-pass filter eliminates the cos (2wt+¢,+$,+90°)
signal, yielding (1/2)SJ%COS(¢fﬂ%_9Oﬂ~=‘(1/2)SJ%Sin(¢1—¢ﬁ-

When (¢@;-¢,)=0° the in-phase output is maximum while the
quadrature output is zeroed, hencé the input and reference

signals are in phase. When (¢,-¢,)=90°, the in~phase output
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is zeroed while the quadrature output is maximum, hence the
input and referencé signals are in quadrature or 90° out of

phase.

In the case when 0°<(@,-¢,)<90°, the responces of both the in-’

phase and quadrature outputs will be non-zero.
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AC
Amplifier
Filter

Reference Reference
Circuits

Figure 0 Two Phase Lock-In Amplifier

Two Phase Lock-In Amplifier

Figure 6

In Phase
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CHAPTER 3
EXPERIMENTAL PROCEDURE
The experimental procedure consisted of three areas, the
first being system calibration; followed by thé dc thermal
measurements, and finally ac thermal measurements.

The system calibration included three areas, the Seebeck
response of the Melcors, fhe electrical resistance of the
coaxial cables connecting the driver and receiver Meicors to
the switch box, and finally the ‘phase calibration of the
lock-in amplifier.

The dc thermal measurements consisted of the Melcors being
in place on the copper slug and dc voltage signals applied
to the driver Melcors and receiviné the resulting dc
receiver Melcor signals. ’

The ac thermal measurements were identical to the dc
thermal measurements except that ac voltage signals are

applied to the driver Melcors and the resulting ac reciever

signals are gathered.

System Calibration

Seebeck Response

The thermocouple calibration consisted of two steps. The
first involved placing the Melcor device in a known thermal
gradient where its voltage respoﬁse was measured.

This process yielded the Seebeck response for the

thermoelectric element. Each Melcor was sandwiched between
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two sections of aluminum channel. One section had a power
resistor attached to. its inside face, and each section had
a hole bored vertically halfway down its length in order for
thermometers to be 'placed to monitor the temperature
gradient across the Melcor as shown in Figure 7. A dc
voltage source was used to energize the power resistor. A
voltmeter then monitored the resulting Seebeck wvoltage as a
function of temperature difference between thé two alumina
faces of the Melcor. Two Melcors were tested separatelf, and
their plots of Seebeck voltage vs. temperature difference
are shown in Figures 8 and 9. The apparent hysteresis
depicted in Figures 8 and 9 is due to the fact that the
Melcors respond faster than the thermometefs,’ shown‘ in
Figure 7. Because of this faster response a data peint on
the cooling éycle with a given AT coordinate will have a
Seebeck voltage coordinate that is lower in magnitude than
a data point on the heating cycle with the same AT
coordinate. Since the curved portions of Figures 8 and 9
were not used in determining their slopes no error was
introduced by them.

Figures 8 and 9 deéict both the heating and cooling stages
of the process. The slopes of the two sets of data were
found by using the curve fitting routine in Sigma Plot,
1.557 mv/C° and 1.593 mV/C° in Figure 8, and 1.610 mvV/C° and
1.589 mV/C° in Figure 9. The average of all four slopes is

1.587 mv/C°, which when inverted yields 0.630C°/mV, the
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. conversion factor necessary to determine the temperature at

the receiver Melcor interface from the receiver voltage

signal.

Electrical Resistance
The HP3325-B function generator supplied 0.5 Vpoax 2C \féltage

signal to the driver Melcors, eac? driver channel in turn

possessed an inherent resistance which was the equivalent

series resistance of the interior and exterior resistance of

the coax cables and the resistance of each driver Melcor.

For channel I:

Rpy = 2.259Q % 0.002Q, Melcor resistance = 0:54,'7.Q,

For channel II:

Rpry = 1.820Q £ 0.002Q, Melcor resistance = ‘0.5589,

For channel III:

Rprpr = 1.814Q £ 0.002Q, Melcor resistance = 0.555Q.

These resistance values are used in chapter five in

calculating the power delivered to the driver Melcors.

Lock-In Amplifier Calibration

The lock-in amplifier was ‘calibrated.Iby connecting it
directly to the signal generator. An ac voltage of 0.5 Voo
with a freque‘ncy‘ of 30.0 Hz was delivered to both the
Reference and the A-Input of the lock-in. This yielded a
strong In-Phase signal of 0.175 V., and a slight quadratﬁre

signal of 0.008 V..
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As the signal strength to the lock-in remained
constant and the frequency was decreased finally to 0.5 Hz,
the In-Phase voltage remained fairly constant while the
quadrature signal steadily increased, finally reaching
0.050 V_,.

Compensation for this phase error was accomplished at

each frequency by depressing the 0° Reference button of the

Lock-In and rotating the Phase dial clockwise until the

quadrature signal equaled zero.'® Since the In-Phase and

Quadrature meters are analog, these meter voltages were
digitized and displayed by an HP 34401A multimeter coupled
to the meters by the I-Out and Q-Out ports of the Lock-In.
The results of these measurements are found in Table 1.

The next step consisted of the dc thermal conductivity
measurements. The Melcor devices were arrénged with no
sample in channel I, with a lead metal sample on channel 11,
and a triglycine fluoberyllate (TGFB). crystal sample on
channel III as the drivers are given a dc voltgge signal to

which the receivers must respond.

DC Thermal Measurements

The dimensions of the lead sample are 0.67 mm thick x 3.24
mm x 1.33 mm, while those of the TGFB sample are 0.48 mm
thick x 2.20 mm x 2.86 mm. Figure 10 shows the voltage
responses of the receiver Melcors when dc voltages over the

range =500 mV < V... <.500 mV are applied to the driver
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Melcors with no samples present. Figure 11 shows the voltage
responées of the receiver Mélcdrs when dc voltages over the
range =-500mv < Vg,. < 500mV are applied to the driver
Melcors when the lead sample is on channel II and TGFB on
channel III. Again using the curve fitting routine of Sigma
Plot the slopes of the data from the three channels were
found to be 0.079%, 0.0900, and 0.0659. This information is

critical for the dc limit of heat flow through the system.

AC Thermal Measurements

The main part of the experiment was conducted at room
temperature, using sinusoidal driving voltages at different
frequencies to determine thermal diffusivity, thermal
conductivity, and specific heat. .

The frequency was stepped logarithmically beginning at
0.5 Hz and ending at 30 Hz. At each frequency, the driving
voltage was applied to each channel iﬁ turn, and the sensor
response was read from the lock-in amplifier’s In-Phase and
Quadrature voltage dials. The process was repeated as the

system temperature was varied +25°C < T,,, < +80°C.
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Thermometers

Seebeck Response Setup

Seebeck Response Setup

Figure 7
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-CHAPTER 4
DEVELOPMENT OF THE SYSTEM

The process of developing this system into a working\
prototype followed an interesting learning curve. There
were five major design problems which were encountered énd
soléed, namely impedance mismatches, cross talk between
channels, EMI.shielding, ground loops, and eliminatiﬁg heat
convection in the samplé chamber.

The first problem, impedance mismatch, existed between
the functionlgenerator, which had an output impedance of 1
Megohm, and the thermoelectric elements, each possessing a
resistance on the order of 1 ohm. This problem was solved by
using a unity gain amplifier, cons;ructed in-house, to match
the two impedances.®®

The next three problems, cross talk between channels,
ground loops and EMI shielding, were interrelated.

The initial wiring of the probe used unshielded single
conductor wire which connected the electrodes of the copper
slug to the BNC connectors at the top of the probe.
Inevitably the wires would tangie inside the stainless steel
tube producing one source of cross talk. The fact that not
all the electrodes on top of the copper slug were isolated
also produced a related problem of ground loops and hence a

second contributor to the cross talk problem.
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This became evident when the first trial—measurements_
were run and all three channels yielded the same voltage
values, namely the strongest signal would be dominating.
The use of coaxial cables was the first step to eliminate
cross talk between the signal channels.

Ihe ground loops initiating at the electrodes of the
copper slug were easily eliminated by using insulated wiring
posts to make the "return wire" connection of each
thermoelectric element isolated from all the other
thermoe;ectric element connections. The "positive" wires of
each thermoelectric element were already connected to
isolated wiring posts. The cross talk-ground loop prob;em
still remained, but was narrowed down. to two areas, the top
of the probe and at the switch box. Once it was discovered
that each channel’s signal "return" path had a common
electrical connection through the aluminun flange of the top
of the ﬁrobe and through the aluminum top plate’of the
switch box it was clear how the signals were mixing.

I was then uné.ware of the .existence of floating BNC
connectors, so my first solution to this problem was to make
the top flange of the probe and the top plate of the switch
box from Plexiglas ﬁaterial. The next set of trial data
showed distinctive signals on all three channels, Sut
‘electrical noise was also present.

The noise sources were determined to be the ambient

7

environment of the laboratory and the bipolar power supply,
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which energizes the unity gain ampiifier.

The discs;ery of the ambient laboratory noise motivated
the search for some sort of insulated BNC connector which
would allow the top flange of the probe and the top plate of
the switch box to be made from aluminum and hence
electrically connected to a common electrical ground point.
This was likewise the solﬁtion for the bipolar power supply;
the Plexiglas shields were replaced with aluminum plates and
electrically grounded at the same point.

To insure proper EMI shielding, all coﬂductive surfaces
are connected electrically to the ac’line ground of the
bipolar power supply.

After some initial data were gathered and analyzed, the
next problem was encountered; the data did not fit theory as
well as expected.

We decided to improve the apparatus design in hopes of
obtaining better results,

The first improvement was to remachine the surfaces upon
which the Melcor elements were bonded. By milling radial
grooves the same distance away from the cylindrical axis of
the copper slug on both the top cylinders and the moveable
stages, Figures 12 and 13, the face-to-face alignment of all
three Melcor pairs was improved.'®1¢

It was next decided to eliminate the possibility of

convection heat transfer in the sample chamber. The first

step in achieving this was to use small O-rings and washers
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with the screws which attached the bottom flange and the °

copper can’to the copper slug.
The second step was to apply RTV Silicone sealer at the

junction of the top flange and the stainless steel tube,

where the coaxial cables were terminating. The first step

worked but the second step failed repeatedly. The solution
to sealing that junction was to use a Teflon feed-through
plug, shown in Figure 14.'° One final vacuum problem
remained, which was the O-ring at the copper can - boﬁtom
flange junction. The solution was simply to machine a wider
O-ring grove\in the bottom flange so an O-ring of éreater
cross-sectional diameter could be used.!®

With the vacuum problems resolved and adjustments made to
the Band-Pass 'setting of the 1lock-in amplifier, data
gathering was resumed.

An important improvement in gathering the data was made.

Initially the In-Phase and Quadrature voltages were read

directly from the analog meters. This inefficient and’

inaccurate method of gathering data was modernized by
computer interfacing toéether the lock-in amplifier,

function generator, plotter, and a personal computer (PC) as

shown in Figure 15. This partial automization of the system

resulted in more accurate in-phase and quadrature voltage

values and a significant reduction in data collecting time.”
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Remachined Top Cylinder

Figure 12
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Remachined Moveable Stage

Figure 13



Teflon Feedthrough

Figure 14
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The components that were connected via GPIB (General
Purpose Interface Bus) cables were the function generator,
the plotter, and the PC. Since the lock-in amplifier does
not have GPIB capability, the in-phase and quadrature meter
voltage signals were Jlinked to the plotter via coaxial
cables, and the plotter then functioned as an analog-to-
digital conversion board. A computer program written in
Pascal was wused to send instructions to the function
generator and the plotter for changing frequency, gathering
and sending data.

Once the partial automation of the system was
established, the quest for good data resumed. After several
runs, it was clear that the high frequency data points
showed the expected steady diminishing in amplitude and
increasing in phase angle with frequency. However, some low
frequency data points displayed an amplitude too great or a
grossly incorrect phase with respect to their neighboring
data points. These errors were seen in the data of all three
channels. Since it seemed unlikely that all three pairs of
Melcor elements would be failing, a problem with the signal
generating or signal receiving components seemed likely.
After thorough trouble shooting of the entire system it was
found that an intermittent failure of the lock-in amplifier
was the cause of the spurious data. This problem was solved
by borrowing a lock-in amplifier of identical type from the

adjoining laboratory, which when integrated into the system



Lock-In Plotter Function

Amplifier Generator

Computer Interfaced Components

Figure 15
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prerformed consistently well.

The first set of good consistent data gathered at foom
temperature.is shown in Tables 2, 3, and 4. The data is
ploted in Figures 16, 17, and 18.

The next step in the development of the épparatus was to
make measureﬁents over a temperature range, specifically‘to
make measurements on TGFB (triglycine fluoberyllate) between
25° C and 80° C, to search for thermal anomalies near the
ferroelectric transition temperature at 70° C.2

The first attempts at traversing this temperature range
were unsuccessful because the vacuum jacket of the dewar had
been breached, so the heater could not raise the temperature
sufficiently. The solution was to pump on the vacuum jacket
with a roughing pump to achieve a pressure of 107? torr,
followed by a diffusion pump to b;ing the pressure of the
vacuum jacket to 6x10~° torr.

The next attempt at gathering data on TGFB over the

temperature range +25°C to +80°C uncovered yet another

problem. At +74°C and at +76°C a fluctuation in the voltage

of the thermocouple monitoring the temperature of the copper
slug was oSserved. Thié fluctuation corresponded with the
turning on of the roughing pump used to evacuate the sample
chamber before each data run. This observation led to the
discovery of another ground loop. The loop qonsisted of the
thermocouple junction in physical -contact with the  copper

slug and the system ground wire, which was also in physical
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Frequency Temperature Phase Angle
0.5 Hz 0.756 £ 0.005 K -101.9 £+ 0.8°
0.7 Hz 0.530 £ 0.005 K -109.3 + 1.8°
1.0 Hz 0.363 = 0.004 K -116.8 + 0.5°
1.5 Hz 0.227 = 0.002 K -129.4 + 0.4°
2.0 Hz 0.156 =+ 0.001 K -140.0 £ 0.2°
3.0 Hz 0.085 £ 0.001 K -156.9 = 0.5°
5.0 Hz 0.036 £ 0.0002 K -179.4 = 0.7°
7.0 Hz 0.0188 + 0.0001 K +164.0 = 0.7°
10.0 Hz 0.0087 = 0.0006 K +144.4 = 7.9°
15.0 Hz 0.0033 = 0.0003 K +122.0 = 11.8°

Measured Temperature for No Sample

Table 2



0 Measured Temperature

? Calculated Temperature

[1og(1000Tm)]cos(P)
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Logarithmic Polar Plot of Complex Temperatures at Sensor
No Sample
Figure 16

[1og(1000Tm)]sin (P)



Frequency Temperature Phase Angle
0.5 Hz 0.6470 K -119.4°
0.7 Hz 0.4246 K -130.9°
1.0 Hz 0.2604 K -143.1°
1.5 Hz 0.1411 K -160.0°
2.0 Hz 0.0870 K -171.6°
3.0 Hz 0.0413 K +168.3°
5.0 Hz 0.0143 K +141.3°
7.0 Hz 0.0065 K +119.5°

10.0 Hz 0.0020 K + 81.2°
15.0 Hz 0.0007 K - 10.5°

Measured Temperature for Lead Sample

Table 3
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Figure 17
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Frequency Temperature Phase Angle
0.5 Hz 0.09770 K +157.3°
0.7 Hz 0.05229 K +142.6°
1.0 Hz 0.02331 K +123.8°
1.5 Hz 0.00847 K + 97.1°
2.0 Hz 0.00380 K + 74.4°
3.0 Hz 0.00106 K + 36.7°

Measured Temperature for TGFB Sample

Table 4
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° Measured Temperature

v Calculated Temperature

[1og(1000Tm)Jcos(P)
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Figure 18
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céntact with the copper slug.

The electrical resistance between the thermocouple wire at
the volﬁmeter and the copper slug was found to be 6.0 Q.

Hence any variation in electrical ground voltage was

easily detected through the thermocouple wire. The voltage
variation was of the order of 200 UV which corresponds to
approximately a 5 °C temperature variation.

The solution was to electrically isolate the thermocouple

wire from the copper slug yet maintain. its thermal contact’

with the copper slug. This was achiefed'by wrapping the
thermocouple Fjunction with ; layer of Teflon tape and
securing the junction to the copper slug with a nylon washer
and nylon screw. The thickness of the Teflon tape layer is
0.075 mm.

' The resistancé between the thermocouple wire and the
copper can was then found to be 36 MQ. The next attempt at
gathering data on TGFB was successful over the temperature
raﬁge of +25°C to +80°C, then back down to +70°C, as shown in

Figure 19.
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CHA?TER 5
' THEORY
The flow of heat in the solid samples is modeled in two
ways, namely a sﬁeady state or dc model and an ac heat flow
model. First, the dc model will be described along with the
calculation of the thermal conductivities k;,, and kiy; 0f the
Pb and TGFB samples. This will be followed by the
description of the ac heat flow model and the calculation of
the heat flux input J;, at the driver Melcor, beginning from

T., the measured temperature at the receiver Melcor.

DC Heat Flow Model

The dc heat flow model is a thermal circuit which is
analogous to an electrical circuit. Here heating/cooling

power is analogous to electrical current, temperature is

analogous to voltage, and thermal resistance' analogous to ,

electrical resistance. The first case is that of no sample
between the driver and receiver Melcors. The circuit is
shown in Figure 20. The resistor symbols, R, and R, are

N

the thermal resistances of the alumina and bismuth telluride
layers respectively. The independent power source P,
represents the thermoelectric power delivered to or removed
from the bismuth telluride - alumina interface of the driver

Melcor. The voltmeter which accepts signals from the

receiver Melcor is represented by V.
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To Ralu Ralu

DC Thermal Circuit No Sample

Figure 20

Ta

Tg
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The input heating power P, has the form, I1P,] = (0.500)I
+ (0.281)I* for the. heating c&cle, IP,| = (9.500)1 -
(0.281)I° for the cooling cycle, where P and I are in watts
and amperes respectively. The voltage vaiue from the
receiver Melcor is multiplied by the factor 0.63 K/mv,
derived as described in Chapter 3, to yield a temperature

value. The ground symbols represent thermal ground which is

the copper slug.

The data gathered in this part of the experiment enabled

the calculation of the thermal resistance of the Bi,Te,
pillars of the Melcors. These thermal resistance values were
determined by dc circ;it analysis methods. Applying
Kirchhoff’s voltage law to both the right and left loops of

the thermal circuit yields the expressions:

H
o
|

= Po‘[ (RBTR"‘) / (R + Rgr) ] (5-1)

T; = PiRpyp (5-2)

T, = P,R (5-3) , where R = 2R;,, +Ry; , along with
P, and P, which are the "thermal currents" of the left and
right - loops respectively. The "thermal voltages" or
temperatures T,, T,, and T, are all equal, so T, and T, can be
equated yielding:

P, = PoRyr/ [2(Rpy + Ryyy,) ¥ (5-4)
Figure 20 can yield another relation, P, = (T,~T;) /Rgr, (Ta=T¢)

is the "thermal voltage" across the right Ry, which when

~equated to (5-4) yields an equation quadratic in Rg,.
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Using the quadratic formula R,, is found to be:
Rgr = [ V +" ( V2 + 2P.VR,, )% 1/P, where V is the
voltmeter voltage which is coﬁverted into . temperature.
The next step was to insert an "unknown" lead (Pb) sample

between the driver and receiver Melcors, as modeled in

Figure 21. The data gathered from this configuration of the .

system allowed the value of the ?b sample’s thermal
resistance to be calculated. The procedure is the same as
that for calculating the thermal resistance of bismuth
telluride.
The loop equatiohs of Figure 21 yield:.

To = Pol (RgrR) /(R + Rpyp) ] (5=5)

T, = P;Rpy (5-6)

T, = P,R (5-7) where R = (2R, + Ry, +Ry) .
Once again an equation quadratic in R,; is generated, and
solving for R, yields:

Rey = [ (Po/P;) - 2 IRy ~ 2Ry,  (5-8)
Using the manufacturer’s value for R,,,'' and the above
calculated values of Ry, P,, and P,, the value of_RPb can be
calculated. The next step is to determine k;,, where
thermal resistance is defined, R, = (y,~Vv;)/ (k,A) where
(y2~y1) = length of material, k, = thermal conductivity of
the material, and A = crﬁss sectional area of the material.
The thermal conductivity of the unknéwn sample then is:
k. = (Y,-¥1) /(RA)  (5-9)

The dimensions of both the lead and TGFB samples are known,




To Ralu Rx Ralu Ta

DC Thermal Circuit With Sample

Figure 21
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and the effective values of kg, and kgys were found to be
kpp, = 2.12 W/m=K and kKegp = 0.254 W/m-K. Thé accepted value
of thermal conductivity for 1lead is 34.34 W)m—K{“ This
discrepancy can be explained by an excess amount of thermal
grease between the lead sample and the driver and receiver
Melcors. Since the calculated value of k; is 2.12 W/m-K the
corresponding thermal resistance is (m-K/2.12W) (155.5/m) =
73.255 K/W, where 155.5/m is the thickness of the lead
sample divided by the area of the lead sample. Likewise,
using the accepted value of k; in the calculation yields
4.53 K/W. Thus the excess thermal resistance is, 73.25 K/W -
4.53 K/W = 68.72 K/W. The thermal conductivity of the
thermal grease is k; = 0.42 W/m~K *® from which the thickness
of the grease can be calculated. The thermal grease is named
Heat Sink Compound 304, Dow-Corning éhemical Co. with a heat
capacity per unit volume, C,,.,.= 2.00 x 10° J/(n’K) .**

Ax, = (68.72 K/W) (0.42W/m-K) (4.31 x 10~°m?) (5-10)

Ax, = 0.124 mm (5-11)
When this thickness of thermal grease 'is divided by two the
thickness of each layer is X, = 0.062 mm. So reducing the
thickness of the grease layer on each side of the lead
sample by a factor of ten would reduce the excess thermal
resistance to 0.855 K/W.

Fof the case of TGFB an accepted value of thermal

conductivity couldn’t be found so the accepted value for
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TGS, kpes = 0.64 W/m-K was used as a reference which is tri-
gylcine sulfate. ?° TGS is also a ferroelectric crystal.
Compa¥ison with the value kygp = 0.254W/m-K calculated from
our data shows that another discrepancy exists. Two factors
are possible contributors to this discrepancy, the first
being an excess of thermal grease and the second being
transverse cracks in the TGFB crystal. Following the
development above for lead, the calculation to determine the
amount of excess thermal grease on the TGFB crystal is
conducted the same way, yielding a layer of thermal grease
0.37 mm thick on each side of the TGFB crystal. This value
seems a bit high which raises the pfobability that
transverse cracks are the problem. Such cracks would
separate adjacent layers by thin air gaps,.interrupting the
crystalline structure and the normal heat transfer
mechanism.

Finally, in both the case of lead and TGFB/ the quality of
the interface of each sample with its respective driver and
receiver alumina layers needs to be considered. Polishing
the matinglfaces‘of the lead and and TGFB samples and
possibly the alumina faces as well would certainly improve
thermal contact. Also, an alternate heat sink compound with
a higher thermal conductivity value than the current
material, coupled with a consistent method of applying\a

suitably thin layer would also improve thermal contact.
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AC Heat Flow Model??-2

In the ac heat flow model we shall make use of temperature
waves propagating both forward and backward in the five
layer system shown in Figure 22. |
Layers one and five are the semiconductor material, layers
two and four are the Alumina matérial, and layer three is
the sample.

The two g planes are the (copper) thermal gréund planes,
plane a is where temperature is measured and plane d wﬁere
heat is delivered to/removed from the system. At the
interface of two layers, plane z, two boundary conditions
must be satisfied as discussed in the Introduction:#

Tere + Tore = Tere + Tore (5-12) |

J: = (Jgrz = Jezz) + (Jpre = Jp) = (5-13)

where J = -de/dx.- (5-14)
Here R = right, L = left, of the plgne; f = forward (to the
right), b = backward travelling waves.

Equation (5-12) holds at all planes, because each cross
sectional plane is assumed to be at one uniform temperature.
Equation (5-13) holds at all planes with J; = 0, no internal
heat sources, except at plane d where J; is nonzero, since
the driver Melcor is injecting/rejecting heat at plane d.

The expressions that relate the tem?eratures at the
opposite ends of a layer of material as in Figure 23 are:
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Tbiae(1+i)¢1 = Tblg . (5—15b)

These are 'the boundary temperature relations. The 1last

subscript refers to the plane designated in Fig. 23, and the

meaning of ¢, is explained below. -

At the ‘rightmost plane g,

Tegg + Tpyg = 0, then using the bo'urndary temperat‘ure
relations it can be shown that |
Tpia = ~Taae 2% (5-16) .

Plane a is the junction between the alumina and
semiconductor layers of the receiver Melcor and hence where
température is measured.

The temperature boundary condition yields two expressions:
To = Tera + Toin = Tee + Tpow - (5-17a,b)
Substituting in boundary temperature relations (5-16) and
(5-1'7a-) yieids: l

Tao = Tp/[1 - €204 ] (5-18a)
Tpia = ~Tn/[€2®¢ - 1] (5-19b) .

Now appling the heat flux boundary condition to plane a

yields: .
0 = (1+i) [N Ts, - N,Tepe =03 Tyy, +0,Th..]1 (5-20)
The g\'eneral forms of n;, and ¢, are, n, = (nfC,k,)*? and
¢; = w,(nfC,/k,)*?, where w, is the thickness of sample

material and f is frequency.
From relations (5-18) and boundary _condii;'ions (5-17b) and

(5-20) , expressions for T,,, and T,,, can be found.
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Five Layer System

Figure 22
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Bismuth Telluride

Figure 23



61
TZe2 = (OB/2n2) {nx/ [1-e- 2 + n,/Ce2fltir1-17 + n2> (5-19)
Tb2e= (MB/2n2) {n2 - H1ZCe2atiltl-1] -H1zCI-S-2At~1]] (5-20)
At plane b the Ffirst boundary condition is applied yielding
TZb + Thb = Tfb + Thb (5-20a)
then the boundary temperature relations yield
T = Tfee @@*2 and Thh = Thee"fi*2. Applying the second
boundary condition yields:
nZTfo “ n2Tkb — H3Tfb + H3MDH = 0 (5-21)
Now expressions for Tfo, Tz and (56-21) will yield:

T

[(n2 +n3)/2n3]Tf + [(N3 - n2)/2n3]Thb (5-22)

Thb Qn2 +n3)/2n3]Thkb + [(n3 - n2)/2n3]TDb (5-23).

At plane c the previous series of steps yields expressions
for Tflo and Thdo.

T4

An3 +nd)/2n4]Tfx + [(n4 - n3)/2n4]Thx  (5-24)

Thdo [(n4 -n3)/2n4]To + [(n4 + n3)/2n4]Thx (5-25)

Now at plane d (Figure 26) the temperature T2 is unknown, so
the first boundary condition

Tfsd Thed = TfAd + Thid = T2 (5-26)
along with the propagation expressions and the second
boundary condition yield:

Jd = (1+i) Cn5(Ted -THd) +n4(Tfd - Thid)], (5-27)
where Jd is the heat current flux delivered to the system by
the driver Melcor. Now, examining the left thermal ground
plane, where the relation Tfg + Tbhfg = 0 at plane g along with
the boundary temperature relations and the boundary

conditions at plane d yield:
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Figure 26
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(Tpsa—Tesa) = [ (1+e™20H4 )/ (1-7 208 ) ] (T, +Tpe)  (5-28)
Then the relation (5-27) becomes:
Ty = (L+i) {0y [ (1+e720H9)) / (12 () ] (T, 4T, )

+ Ny (Teaa=Toaa) } (5-29)
with n,=n,, n=n;, ¢,=¢,, and ¢;=¢; . To find the heat current
from the heat current flux, relation (5-29) ié multiplied by
an area A. Thus tﬁe expression for the heat current is:
Hy = (1+i) {An; [ (1+e720*1¢ ) / (1-e 210 ] (Teq+Tpga)

+ An, (Terg=Trea) } - (5-30)

Since the data gathered in these experimenfs is simply the
measured temperature T, at plane a, actually gathered as
voltage then converted to temperature, those values can be
inserted into the above mathematical model in order to
generaté a value of heat current H,;, at plarne d.

The value of the heat current injected/absorbed by the
driver Melcor into/from the system is calculated directly by
the relation P, = 0.502(Watts/Amp)I,. This equation results
from |P_| = (0.500)I, £ (0.281)I% of the dc heat flow model.
The quadratic term in the equation is dropped because the

lock-in amplifier filters out any dc and double frequency

components of the receiver Melcor output signal. Such

signals would arise from ‘the (I,)? term since the

trigonometric identity for sin?¢ is sin®p = 1/2 - (l/2)co§2¢.
Thus the resulf'of (5-30) wouldlfhen be compared to the

result of P, = 0.502(W/A)I, as a measure of the validity, of

the ac heat flow model.
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The calculations begin with lna£ plane a and determine the
temperature values at each plane back to plane d, the heat
iﬂjection/absorption plane. The ﬁotation was simplified and
the equations arranged in the sequence shown in Appendix A.
The calculat;ons were facilitated by use of an HP 48G
programmable calculator which handles complex numbers
readily.

In the course of working backwards from plane a to plane
d; thg properties of all three materials, bismuth telluride,
alumina, and the sample, must be assigned values. For the
bismuth telluride and alumina layers the accepted values of
heat capaéity per unit volume and thermal conductivity were
assigned. The samples were assigned trial values of thermal
conductivity and heat capacity, and these were adjusted to
improve the overall fit of calculated to actual heat input
over the whole frequency range.

For channel I, no sample was placed between the driver and
receiver Melcors. This situation would be represented in the
calculation by ¢; = 0 and n; = n, = n,. We obtained better
results assuming a thickness of 0.0l mm of thermal grease.

Then, the equation P, = 0.502 (W/A)I, yields J,,, = 23693W/m?
£0°, and (5-30) yields J,,, = 17331W/m? £-1.7° at 0.5 Hz which
is lower than the J,, value, but the phase angle error is
small. Then at 1.5 Hz, J,, = 18343W/m’* 4£+3.3° which is an
improvement. Finally at 15 Hz, J;, =.20518W/m€£+53.9°, so the

predicted heat current has improved further but the phase
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angle error has become large.
The calculated heat currents J,,, at each frequency for the
no sample case are listed in Table 5, along with J,,.
Likewise, the calculated J,,, values for the lead sample are
in Table 6, and for TGFB in Table 7.

Then to determine the predicted value of ,T , T, use,
TopTinglt @ = TpuTinnlt @, aﬁd solve for T,
Top = Tom (JTinn/ Ting) £=@p + @
The values of T, for the no sample, lead sample, and TGFB
sample cases are in Tables 2, 3, and 4 respectively.

The values of T,, are in Tables 8, 9, and 10 respectively.




Frequency

0.5 Hz
0.7 Hz

1.

10.
15.

Calculated

N O w N e
o O O O O O u

0

Hz
Hz
Hz
Hz
Hz
Hz
Hz
Hz

Input Heat Flux

17,331
17,399
17,827
18,343
18,590
18,670
19,305
19,609
19,789
20,518

W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2

Phase Angle
-1.7°
-1.0°
+1.7°
+3.3°
+4.8°
+8.0°
+16.1°
+23.5°
+34.1°
+53.9°

Input Heat Flux for No Sample

Table 5



Frequency
0.5 Hz
0.7 Hz
1.0 Hz
1.5 Hz
2.0 Hz
3.0 Hz
5.0 Hz
7.0 Hz

10.0 Hz
15.0 Hz
Calculated
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Input Heat Flux

18,976
18,991
19,168
19,594
19,778
19, 937
19, 805
19,564
15,181
11,824

Input Heat Flux for Lead Sample

W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2
W/m2

Table 6

Phase

- 2.
- 1.
.8°
.8°
.2°
.0°
.7°
-6°
+35.
-16.

Angle

OO
OO

10
20
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Frequency Input Heat Flux Phase Angle
0.5 Hz 22932 W/m2 - 6.6°
0.7 Hz 24792 W/m2 - 2.8°
1.0 Hz 24366 W/m2 + 1.1°
1.5 Hz 23542 W/m2 + 6.1°
2.0 Hz 22606 W/m2 +10.5°
3.0 Hz 20699 W/m2 +18.9°

Calculated Input Heat Flux for TGFB Sample

Table 7
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Frequency Temperature Phase Angle
0.5 Hz 1.034 K -100.2°
0.7 Hz 0.722 K -108.3°
1.0 Hz 0.482 K -118.5°
1.5 Hz 0.293 K -132.7°
2.0 Hz 0.199 K -144_8°
3.0 Hz 0.108 K -164.9°
5.0 Hz 0.0442 K +164.5°
7.0 Hz 0.0227 K +140.5°

10.0 Hz 0.0104 K +110.3°

15.0 Hz 0.0038 K +68.1°

Calculated Temperature for No Sample

Table 8
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Frequency Temperature Phase Angle
0.5 Hz 0.926 K -117.4-°
0.7 Hz 0.6072 K -129.9°
1.0 Hz 0.3689 K -144_.9°
1.5 Hz 0.1955 K -163.8°
2.0 Hz 0.1194 K -178.8°
3.0 Hz 0.0563 K +157.3°
5.0 Hz 0.0196 K +119.6°
7.0 Hz 0.0090 K + 87.9°
10.0 Hz 0.0036 K + 46.1°
15.0 Hz 0.00105 K - 13.5°

Calculated Temperature for Lead Sample

Table 9



Frequency
0.5 Hz
0.7 Hz
1.0 Hz
1.5 Hz
2.0 Hz
3.0 Hz

Temperature
0.
0.

.02451

-00922

.00431

.00131

O O O o
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10914
05403

K

Phase Angle
+163.9°
+145_4°
+122.7°
+ 91.0°
+ 63.9°
+ 17.8°

Calculated Temperature for TGFB Sample

Table 10
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CHAPTER 6
DATA ANALYSIS

The first step in the dc calibration of the probe was
initially done without sampleé, the results of which are
displayed in Figure 10.

The second step in the dc calibration was conducted while
the lead and TGFB samples were in place in channels II and
III respectively while channel I maintained no sample. The
data gathered from this dc calibration was then used as the

dc 1limit of the calculations and thus to determine the

thermal conductivity of Lead and TGFB as discussed in

chapter five. These data are plotted in Figure 11.

The next step in the development of the system as a
measurement device was to apply known AC voltage signals to
all three channels and observe the sgstem response., This
process was completed while the system was at room
temperature. The results are displayed in Figures 16, 17,
and 18.

The data displayed in Tables 2, 3, and 4, are the in-phase
and quadrature voltages for six consecutive data runs for
each of the three channels at each frequency. Before

plotting, the voltage magnitude and phase angle of each run
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were determined; then from these vglues the average voltage
magnitude and average phase angle were determined. The
average voltage magnitude was then converted into a
temperature value by multiplying by the factor 0.63K/v(2)?
which was found from the Seebeck response of the Melcars,.as

described in Chapter 3. The average phase angle was adjusted

by the proper amount corresponding to frequency as depicted .

in Table 1 in order to compensate for phase error of the in-
phase and quadrature voltages at low frequencies. The plots
of these values are shown in Figures 16, 17, and 18.
Polar coordinates are used with the radial variadble scaled
logarithmically since there is a change of three orders of
magnitude in temperature values over the frequency range
0.5 Hz to 15 Hz. |

All three plots showlthe characteristic ;nward spiraling
to the origin of the coordinate system as the frequency of
the applied signal increases.

In the three cases the error bars on the temperature
values are at best less than one percent of the temperature
value and in the worst case, occurring at the higher
frequencies, nearly ten percent of the corresponding
temperature value. v |

In viewing the data in Tables 2, 3, and 4, it becomes
clear that the accuracy of the in-phase and quadrature
voltages is no better than *0.0005 mV. This is due to some

rounding-off occurring in the analog-to-digital conversion
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. of the in-phase and quadrature voltages from the lock-in

amplifier to the data acquisition system. Likewise the error
bars for the phase angles increase with increasing
frequency, below or at one percent of the phase angle, then
increasing to around ten percent at the highest frequencies.

The calcqlated and measured complex temperature values at
the sensors are displayed’ in Figures 16-18. Since the
calculations did not take any frequency_depehdence into
account, and the calculated values show a good match to the
data, it appears that no frequency dependence of the
specific.heat values exists for lead over the range 0.5 Hz
to 30.0 Hz nor for TGFB over the same frequency range.

The final step in the development of this system was to
gather data on TGFB over a temperature range which included
the fefroelectric transition temperature of +75°C.2 The
overall response in going from +50°C to +80°C, then returning
to +70°C, is shown in Figure 19.

The dinitial Hspe was to Dbe able to observe the
ferroelectric transition of TGFB which because of high heat
capacity would be observed as a region of small temperature
wave amplitude over the entire frequency range when the .
system was at +75°C.

In reviewing Figure 19, no sign%ficant deviation from the
temperature wave pattern at other system temperatures was
observed at the system temperature of +75°C. This is not to

say that such observations are beyohd the scope of the




77
apparatus, because further refinements to the design may

make such observations possible.
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CHAPTER 7

‘CONCLUSION

Upon completion of this project several conclusions are
made regarding the performance of the present system with

the resulting data, and improvements for future redesign of

the system.

Current System Performance

In reviewing the performance of the apparatus and the
resulting data, Figures 16 through 18 reveal good agreement
for the no sample and lead sample cases over the frequency
range 0.5 Hz to 15.0 Hz, and for the TGFB sample over the
frequency range 0.5 H% to 3.0 Hz. Further iteration of the
Tn and J,,, calculations show promise of acheiving better fit
through more careful‘choices of k, and C, especially for
TGFB. The values of k and C for TGFB which fit the data the
best. were Kpgp= 0.28 W/m-K and Cpge= 1.333 x 10° J/m°-K.

For the case of the lead Sample Cp= 1.45 x 10° J/m’-K , the

accepted value, was used while k= 8.7 W/m-K worked best.

Future System Design

In review, several improvements to the future design of
the apparatus become immediately obvious. A new lock-in
amplifier which has an increased sub-hertz range along with

GPIB compatibility is desirable. The sub-hertz capability of
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2 new lock-in would allow access to data in the frequency
range 0 Hz(dc) to 0.5 Hz. These data points would begin as
dc values along the real axis with zero phase angle and are
clearly missing would f£fill in the large gaps evident in
Figures 16 through 18.

The GPIB capability of a new lock-in would eliminate the

need for the plotter which currently acts as an A/D board

between the lock-in amplifier and the computer. Also the
frequency locking ‘signals would be sent directly to the
computer, thus eliminating the need for manual observatlon
of the process Thus one could complete a data run at a
given frequency, change the frequency, allow the system to
lock on to the new frequency, and gather another run of data
much more efficiently Fhan before.

A second improvement would be to replace the present
switch box which is manually operated with a GPIB compatible
switch box. The device would make use of solid state relays
which would be controlled by the computer in order to select
which of the three channels data is to be gathered'from.

Future redesign of the apparatus may or may not be able to
improve the systems current vacuum capability. At this time
it is unclear how important a role is played by establishing
a good wvacuum inside the apparatus in order to gain
repeatable results.

Further improvements to the measurement process must

include methods to enhance thermal contact between the
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alumina surfaces of the Melcors and the solid samples. Such
improvements would be heat sink compounds with a thermal
conductivity greater than that which is cﬁrrently used. As
mentioned before, another pbssibility is polishing those
surfaces which will be in thermal contact.

Currently the system is designed only for examining solid

‘'samples. Modifying the design to allow the study of liquid

samples would certainly makelthe system more versatile.

In summary, it is'cléar that immediate upgrades to the
current apparatus design are necessary in order to improve
both the efficency of gathering data and its accuracy. Less
clear is the possibility of finding a frequency dependency
of specific heat values of various materials both solid and

liquid.
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APPENDIX

Equations used in ac heat flow calculations of chapter Tfive

1. TAla=T/ (0 - exp [-2 (1+i) Qj) = Tfg

2. Thla = -Tn/ (exp [2 (1FiXpl] - D

Thlg
Ne Tfa= WAtTfla + nZL Thla = T
where nipt = (nF £ ) /2nt
Ne Tha— n2l TAla + n2+Thla = Th2r
TReexp[ (+D)(P2] = Ty
Th2eexp [- Q+i)@] = Ty
Ne TfI= T = n3ATfYy + nR Thy

5. T

6. Thb

®e TH= nRTEY + nIAThYy
9. T TRrexp[ (1+i)<p3]

10 . Thig= TBxp [- (1+i)(p3]

11« THr= n3Tfy + nd Thy

12 = Tbir= n43 Ty + nBTHRY

13. THg = THirexp[ d+i)<p4]

14 . Tbig = Toharexp[ (1+i)(p4]

15. Ta= THg + Tbig

16. Tfr = -Ta/ ( exp [2d+i)<p5] - 1 )
Ta/ (1 - exp [-2 (1+i) (B] )
18. Jin = (1+i) [ n5(r - THr) +n4(TRg - Tbig) ]

17. Thor



A




