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ABSTRACT

James Scott Strachan and Harold Aspden of the University of Edinburgh,
Scotland and the University of Southampton, England, respectively, have reported a
solid-state device that allows for high efficiency energy conversion.3-9 The device
comprises several hundred layers of bimetallic coated polyvinylidene-fluoride (PVDF)
film connected in a series-parallel capacitor arrangement. Strachan and Aspden report
reversible energy conversion with efficiencies up to 70% that of Carnot.?

In the present study, the construction details of the Strachan-Aspden device and
the dielectric, pyroelectric, and piezoelectric properties of PVDF are reviewed. Possible
energy conversion modes in a single layer of PVDF are investigated. A strain gauge
bonding technique for PVDF is developed to construct PVDF stacks similar to those

~described by Strachan. A replica of one of the working thermoelectric generator device
designs produced by Strachan and Aspden is constructed and evaluated.

No anomalous electrical effects or energy conversion effects are observed in
either the single PVDF layer experiment or in the Strachan-Aspden replica device
experiment. None of Strachan's reported results are confirmed. Possible explanations for
the operation of the Strachan-Aspden devices are reviewed, but no satisfactory
explanation has yet come to light.

Thesis Supervisor: John G. Brisson

Title: Assistant Professor of Mechanical Engineering
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 NOMENCLATURE

A = cross-sectional area, capacitive area, face area, m2

B = magnetic field, gauss

c = velocity of sound, m/s

Cjj = elastic constant, Pa

C = capacitance, stack secondary capacitance, Farad

Ca = acrylic layer capacitance, Farad

Cn = mylar layer capacitance, Farad

Cs = oscilloscope input capacitance, [Farad

Co = stack primary capacitance, Farad

cop = coefficient of performance

COP e = maximum coefficient of performance for a thermoelectric heat pump
COP,,, = coefficient of performance for a reversible cycle

d = film thickness, stack thickness, m

dj = piezoelectric strain constant, m/V

E = electric field, N/C

Egeel = Young's modulus of steel, Pa

Im = spring-mass resonant frequency, Hz

fo = half-wave resonant frequency, Hz

fpvDE = half-wave resonant frequency of the PVDF "listener" stack, Hz
Sstack = half-wave resonant frequency of the PVDF-acrylic composite stack, Hz
Fe = effective force, N

8ij = piezoelectric stress constant, Vm/N

i = current, A

ip = oscillating current amplitude, A

I = current, A

j =

k = thermal conductivity, W/mK

kij = electromechanical coupling constant

k33pvDF = electromechanical coupling constant of PVDF - 3,3 direction

K = stiffness, N/m

Kcomp = composite stiffness of the steel conical sections and stack assembly, N/m
Kcone = stiffness of the steel conical sections of the inertial clamp halves, N/m
Kcu = stiffness of the copper layer, N/m

K4 = "driver" element stiffness, N/m



K; = "listener” element stiffness, N/m

Kiylar = stiffness of the mylar layer, N/m

Kpzr = stiffness of the PZT driver, N/m

KpvDF = stiffness of the PVDF layer, N/m

Kpyrex = stiffness of the Pyrex layer, N/m

Kstack = stiffness of the FVYDF-PZT composite stack assembly, N/m

! = length, thickness, m

L = length, m, effective stack inductarce, H

M = mass, kg

p = pyroelectric constant, C/m2K

P = electric polarization, C/m2, power consumption of the PVDF layer, W

APZT = free deflection of the PZT driver, m

q = free charge, C

q0 = oscillating amplitude of free charge, C

(0] = heat input, W, quality factor

r = larger radius of the steel conical section, m

R = effective stack resistance, oscilloscope input resistance,

R, = parallel combination resistance, Q

Rio = total resistance of the thermoelectric circuit, Q

S = absolute thermopower, V/K

t = thickness, m, time, s

tand = mechanical loss tangent

T = acoustic transmission coefficient

Tave = mean absolute temperature of a thermoelectric heat pump, K

Tc = cold-side temperature, K

Ty = hot-side temperature, K

AT = temperature difference, K

AT pax = maximum temperature difference supportable by a thermoelectric heat
pump, K

Vv = voltage, V

Varive = drive voltage, V

Vin = drive voltage, V

Vmeas = measured voltage, V

Vopen = open circuit voltage, V

Vous = output voltage of a piezoelectric sensor, V

x = spatial variable



ZpvpF
Zpzr
Zyaser

ap
Op.p

€0

Ho
TNc

Subscripts
a

Al

iJj

Ni

p

= acoustic impedance, kg/m?2s, figure of merit for a thermoelectric device,
1/K, electrical impedance, Q

= acoustic impedance of PVDF, kg/m2s

= acoustic impedance of PZT, kg/m?s

= acoustic impedance of water, kg/m?s

= phase difference, °

= phase difference between the PZT and PVDF drive voltages, °
= phase difference between the PZT drive and PVDF load resistor
voltages, phase difference between the PVDF drive and PZT
sensor voltages, °

= phase differencebetween the PZT and PVDF drive voltages and
currents,’

= electromotive force, V, relative dielectric constant

= relative dielectric constant = 8.854 x 10-12 Farad/m

= magnetic permeablity, Tm/A

= magnetic permeability of free space = 1.26 x 10-6 Tm/A

= Carnot efficiency

= material density, kg/m3

= angular drive frequency, rad/s

= property of acrylic

= property of aluminum
= electromechanical axes
= property of nickel

= property of PVDF
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1. INTRODUCTION

The Peltier, Seebeck, and Thomson thermoelectric effects in metals and
semiconductors are known to allow solid-state conversion of thermal to electrical energy,
and vice-versa. However, large scale devices utilizing this effect are not feasible, as heat
conduction along the cusrent flow path strongly limits the efficiency of operation and
achievable power to weight ratios are quite low. The highest efficiency realizable for a
large scale semiconductor thermoelectric generator is approximately 12% of the Carnot
efficiency limit.1. 2

James Scott Strachan and Harold Aspden of the University of Edinburgh,
Scot'and and the University of Southampton, England, respectively, have reported a
solid-state device that allows for high efficiency energy conversion.3-9 The device
comprises several hundred layers of bimetallic coated polyvinylidene-fluoride (PVDF)
film connected in a series-parallel capacitor arrangement. They report reversible energy
conversion with efficiencies up to 70% that of Camnot.? Strachan and Aspden claim that a
combination of Peltier and Seebeck thermoelectric effects in the bimetallic coatings of the
individual PVDF layers allows for high efficiency thermoelectric energy conversion
when operating the device as a high-frequency resonator.3-6

The operation of an AC bimetallic "thermopile” in this fashion has not been
observed before. In addition, PVDF exhibits both pyroelectric and piezoelectric
properties, which may be involved in the operation of the device as a thermoelectric
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converter. Although Strachan and Aspden have fabricated three working versions of this
design, their results have not been repeated by any other researchers.

The present study's purpose is to determine the construction details of the
Stracharn-Aspden device and reproduce their results. Experiments will be performed to
study the properties of PVDF film and to investigate possible modes of operation of the
Strachan-Aspden AC thermoelectric generator device. A replica of one of the working
thermoelectric generator device designs produced by Strachan and Aspden will be
constructed and evaluated.

The scope of this thesis is to present the results of experiments performed to test
various possible mechanisms for energy conversion in the PVDF material and
experiments performed with a replica of one of the Strachan-Aspden prototype designs.
An overview of the previous work performed by Strachan and Aspden is given in Chapter
Two. Material aspects of PVDF, including piezoelectric and pyroelectric properties, are
given in Chapter Three. An experiment performed to test for energy conversion in a
single layer of PVDF film is described in Chapter Four. The development of a bonding
procedure for PVDF is described in Chapter Five. Experiments performed using a replica
of one of the Strachan-Aspden prototype designs are described in Chapter Six.
Conclusions and recommendations for future work are given in Chapter Seven.

This research is performed in collaboration with Advanced Mechanical
Technology, Inc., Watertown, MA, and is funded by U.S. DoD under contract MDA904-
95-C-2236.
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2. THE STRACHAN PVDF THERMOELECTRIC DEVICE

2.1 Background
Scott Strachan originally conceived the PVDF stack as a method to produce a

sonic "laser” - a device to progressively amplify a travelling wavefront that would allow
for the creation of a high-intensity ultrasonic pulse from a low acoustic impedance
device. This sonic "laser” could be used as a lithotriptor - a device to shatter kidney
stones in the human body.10.11

The acoustic impedance Z of a material is given by!2

Z=pc @-1)

where p is the material density and ¢ is the velocity of sound in the material. The
acoustic transmission coefficient T, defined as the ratio of the transmitizd stress
smaplitude to the incident stress amplitude of an acoustic wave normally caversing a
boundary between two dissimilar media, is given by!3

T= - .2_17ﬁm (2-2)
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where Z, is the acoustic impedance of the medium of incidence and Z; is the acoustic
impedance of the medium of transmission.

The acoustic impedance of human tissue is closely approximated by that of water
(Zwaier = 1.5 x 106 kg/m2s), and is more closely matched by the acoustic impedance of the
polymer piezoelectric PVDF (Zpypr = 3.9 x 106 kg/m?2s) than the hard ceramic
piezoelectric lead zirconate titanate (also known as PZT, Zpzr = 3.0 x 108 kg/m2s). The
transmission coefficient for PVDF to water is calculated to be 0.56, as opposed to 0.01
for PZT to water. Therefore, a sonic "laser” constructed of PYDF would allow for more
effective transmission of a sonic pulse to human tissue than a similar device constructed
from PZT.12

Strachan constructed such a travelling wave amplifier device utilizing several
hundred layers of PVDF film. He then discovered that the device would produce a
periodic voltage spike when driven with a high-voltage AC drive circuit when a
temperature gradient was imposed across the PVDF stack. The energy of the voltage
spike was proportionz! to the temperature gradient across the stack.10 This led him to
suspect that a thermoelectric effect was causing the observed voltage spikes and
prompted further research into the energy conversion aspects of the device. Much of the
experimental work performed by Strachan that is reported in this chapter was described in
private communications to Charles Bullock at Carrier Corporation!0 and Professor
Joseph L. Smith at MIT.11 It should be noted that much of the information Strachan
provided about his experiments was incomplete and/or inconsistent. The author's best
understanding of Strachan's expériments and results will be presented here.

2.2 The First Prototype Device

The original PVDF device constructed as a sonic "laser” by Strachan contained
approximately 400 layers of 28 pum thick PVDF film, coated on one side with a 2200
angstrom thick nickel layer and a 800 angstrom thick aluminum layer. A schematic of
the stack layout is shown in Figures 2-1, 2-2, and 2-3. The PVDF layers were interleaved
with BASF mylar recording tape, with the iron oxide-coated side of the recording tape
bonded to the bare side of the PVDF film. The magnetic recording tape was inserted
between the PVDF layers as part of a triggering mechanism devised by Strachan. This
triggering system could supposedly allow the stack to be electrically pulsed in phase by a
special triggering circuit so as to provide amplification of the travelling acoustic wave. 10

The PVDF stack was constructed using ethyl cyanoacrylate adhesive to bond all
surfaces. The recording tape and PVDF surfaces were treated with a 2% solution of
tetrabutyltitanate (also known as tetrabutylorthotitanate) in petroleum ether in an arid
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Figure 2-1.  Schematic of the unit cell used for PVDF stack element construction.
Adapted from Aspden and Strachan[11]. The depth dimension is 2.5 mm
into the page.
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Figure 2-2.  Schematic of a stack element, showing the copper electrodes and
acrylic half-wave plaie. Adapted from Aspden and Strachan [11].
The depth dimension is 2.5 mm into the page.
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Figure 2-3.  Schematic of the first prototype device stack layout, showing the PZT 5A
driver. Adapted from Strachan [11]. The depth dimension is 2.5 mm into

the page.
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atmosphere. Afier the petroleum ether was allowed to evaporate completely, the surfaces
were exposed to a 100% humidity atmosphere at 40 *C. The surfaces were then washed
with petroleum ether. The titanate layer on the surfaces maintains a pH above 7 on the
surface, allowing the ethyl cyanoacrylate adhesive to cure more easily. A teflon coated
lamination jig was used in the construction of the stack. As each layer was added, a press
was applied to the jig with a force of 1-6 metric tons (9800-58800 N).10 This
corresponds to a pressure of approximately 150-950 MPa in the stack, which is 2.5-16
times greater than the compressive yield stress of PVDF (~60 MPa).

The layers had a face dimension of 25 mm x 2.5 mm. The PVDF and recording
tape were built up to a stack thickness of 0.55 mm. The 0.55 mm stack is half-wave
resonant at 2 MHz, which matches the half-wave resonant frequency of the 1 mm thick
PZT driver element. This would provide for maximum acoustic power transmission
through the device at 2 MHz.13 Several elements of this type were produced. Each
element was subjected to a test voltage of 5000 V to detect errors in fabrication (electrical
shorting between layers, improper bonding, etc.).!0

Each element was then bonded to copper leads using Emerson and Cumming
silver-loaded epoxy. A stack of 20 elements was assembled, with 2 MHz half-wave
resonant plates of acrylic bonded between each element in the stack. A PZT type 5A
element with silver electrodes of 2 MHz half-wave resonant frequency was bonded to the
stack to provide acoustical drive. Each element was then connected to a triggered drive
circuit. The PZT driver was pulsed with a conventional high voltage AC electrical drive.
The device worked insofar as the sequential triggering of the PVYDF layers was achieved
using the motion of the recording tape as a trigger. This produced an amplified acoustic
wave and, in effect, acted as a sonic "laser”. However, the device would burn out the
drive electronics when a temperature gradient was applied across the 2.5 mm dimension
of the stack.10

Using an oscilloscope, Strachan observed the output voltage of one of the PVDF
elements which was not connected to the drive circuit as the device was operated.
Strachan's observation of the element output voltage versus time is shown in Figure 2-4.
Strachan observed a voltage spike of several thousand volts magnitude superimposed on
the PVDF element output voltage when a temperature gradient was applied across the
stack. The spikes would shift phase with respect to the oscillating element output voltage
by 180° when the direction of the temperature gradient was reversed. Strachan suspected
that an energy conversion mechanism, possibly related to thermoelectric effects within
the bimetallic coating of the PVDF film, was causing the observed voltage spike in
response to an applied temperature gradient.10
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Figure 2-4.  Strachan's cbservation of the voltage spiking from the first prototype
device. The plot is constructed using simulated data. Adapted from
Strachan [10].
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Strachan attempted to investigate the energy conversion aspects of the device. By
connecting a low impedance to the PVDF stack, Strachan found that the voltage spike
was as high as 10000 volts and lasted approximately 20 nanoseconds. The voltage spike
was only observed when a temperature gradient was applied across the stack. The energy
of the voltage spike was proportional to the temperature gradient across the stack. The
maximum energy measured in the voltage spike was 5 x 105 joules, corresponding to a
temperature differential of 70 °C across the stack.10

The device was then connected to a power generation circuit, shown in Figure 2-
5. The PZT driver and PVDF stack were connected through a transformer to a
germanium diode rectifier and a DC load. The transformer served to couple the high
output voltages of the PZT-PVDF stack to the low voltage rectifier circuit. A VMOS
switch (GE - F15NO5L) was inébrporated in the PZT-PVDF circuit, and was triggered by
Strachan's triggering circuit. The stack was thermally bonded to a heat sink on the lower
face and an aluminum tray on the upper face to provide a temperature gradient across the
stack (see Figure 2-6). When a piece of ice was applied to the upper face of the stack, the
stack would self oscillate, triggering the VMOS switch at 500 kHz. A small electric
motor could be operated using the DC power generated through the rectifier circuit.10

The circuit used to operate the device as a heat pump is shown in Figure 2-7. The
PZT driver and PVDF stack were connected through a transformer to the battery circuit,
containing the VMOS switch triggered by the PVDF stack and a 7.2 V battery. This
circuit would also self-oscillate at 500 kHz, and would freeze liquid water into ice on the
top surface. No performance or efficiency data is available for the first prototype. 11

2.3 The Second Prototype Device

The construction of the second prototype device was similar to the first device,
except the BASF mylar recording tape was not included in the PVDF stack elements and
no PZT driver was incorporated into the stack. The PVDF film was coated on one side
with a 400 angstrom thick Nickel layer and a 200 angstrom thick Aluminum layer. The
layers had a face dimension of 30 mm x 2.5 mm. The copper electrodes were made
narrower than the width of the stack (2.5 mm dimension) to decrease the heat conduction
leak across the stack. The PVDF stack elements contained 15 layers of PVDF. There
were 20 such elements, connected in parallel to the test circuit.?

A schematic of the iest setup is shown in Figure 2-8. The stack was thermally
bonded to a heat sink on the lower face and a aluminum plate on the upper face. A small
can of water containing four 10 ohm resistance heaters was placed on the upper face of
the device. The temperatures of the upper and lower face were measured using platinum
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Figure 2-5.  Circuit for power generation operation of the first prototype device.
Adapted from Aspden and Strachan [11].
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Figure 2-6.  Schematic of the temperature gradient setup for the first prototype device.
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Figure 2-7.  Circuit for heat pump operation of the first prototype device.
Adapted from Aspden and Strachan [11].
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Figure 2-8.  Schematic of the experimental setup for the second prototype device.
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resistance probes. The PVDF stack was connecied through a transformer to a rectifier
circuit and a 1 ohm load resistor. The voltage across the load resistor was measurec
using a time recording voltmeter. The circuit was switched by a function gencrator
operating at 18 kHz. The second prototype would not self oscillate, owing to the
presence of the external frequency control. Thus, it could only be operated in the power
generation mode.?

Tests of energy conversion efficiency were conducted using the second prototype
device. The efficiency for an energy conversion device operating between two
temperature reservoirs is defined as the ratio of net positive work transfer to net heat
transfer from the hot-side temperature reservoir. The Carnot efficiency limit is the

efficiency for a reversible cycle as limited by the Second Law of Thermodynamics, and is
taken as the maximum attainable efficiency. The Carnot efficiency 1), is given by:14

Me=l=7= (2-3)

where Ty is the temperature of the hot-side reservoir and T is the temperature of the

cold-side reservoir.

Operating at a hot side temyerature of 47.5 °C and a cold side temperature of 20.8
°C, the net heat input for the second prototype was 3.34 watts and the net power output
into the 1 ohm load was 0.202 watts. This corresponds to an efficiency of 6.0%. The
Carnot efficiency limit 7, for the hot- and cold-side temperatures is calculated to be
8.3%. Therefore, the efficiency of the second prototype device was 73% of the Carnot
efficiency limit. This measure of device efficiency did not include the power required for
the electronic switch, which was controlled by, and drew a negligible amount of power
from, an external function generator.?

2.4 The Third Prototype Device

The third prototype device was constructed using stack elements that had been
originally been assembled for use in the first prototype device. The PVDF material was
therefore the same as that used in the first prototype device and the PVDF stack included
interleaved layers of mylar recording tape. A PZT driver was also incorporated into the
PVDF stack. The device circuitry and heat sink setup were similar to those of the first
prototype, shown in Figures 2-5 through 2-7. The third prototype could operate in both
the power generation and heat pump modes, and tests were performed to characterize the
device performance for each mode of operation.11
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In the power generation mode, a frozen block of 6 mL of water (T¢c = 0 °C) was
melted on the upper surface of the device, while the lower surface was held at room
temperature (Ty = 26.5 “C) through contact with a heat sink. Melting of the ice required
9 minutes. The heat throughput of the device was calculated to be 3.7 watts, and the
electrical power generated was measured to be 0.15 watts. This corresponds to 47% of
the Carnot efficiency limit.6

For a device operating as a heat pump, a measure of device efficiency is given by

the coefficient of performance, or COP, which is defined as the ratio of net heat transfer

from the cold-side temperature reservoir to net work input. The second law limit on the
COP for a reversible cycle, COP,,,, is given by:14

1
copP,,, = " (2-4)

-1
c

When operated in the heat pump mode, the device was used to freeze 3 mL of
water in 73 seconds. The cooling power was calculated to be 13.7 watts, and the
electrical power input was measured to be 6.3 watts. The temperature difference was
measured to be 26 °C, ignoring any temperature gradient in the frozen water layer. This
corresponds to a COP of 2.17, or 21% of the reversible limit.6

The operation of the third prototype was demonstrated in a video produced by
Aspden and Strachan.!5 In the demonstration, the device was used to run a DC motor
using a small block of ice. The device was also operated in the power generation mode
using warm water (T =63 °C). A 7.2V battery was then attached to the device and liquid
water was frozen on the upper surface of the device. Switching betweer the power
generation and heat pump modes and vice versa was achieved by exchanging the rectifier
circuit leads between the DC motor and the battery.

2.5 Aspden and Strachan's Explanation for Device Operation

Both Strachan and Aspden suspected that a thermoelectric effect in the bimetallic
coatings of the PVDF layers was involved in the energy conversion operation of the
device. Aspden proposed several mechanisms related to thermoelectric effects within the
metallic coatings to explain the energy conversion effect. No satisfactory explanation has
yet come to light. Strachan performed some simple experiments to test some of these
proposed mechanisms. An overview of these explanations and experiments is given here
for completeness. An analysis of DC thermoelectricity and magnetic field effects in the
Ni-Al bimetallic coating of the PVDF film is also presented.
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2.5.1 Thermoelectric Effects

The three thermoelectric effects: the Seebeck effect, the Peltier effect, and the
Thomson effect, are well known to allow reversible conversion of electrical energy into
thermal energy.

The Seebeck effect resuits from maintaining two junctions between two dissimilar
conductors at different temperatures. A voltage across a break in one of the two
conductors is observed which is proportional to the temperature difference. The voltage
produced is dependent upon the two conductors used.!6

The Peltier effect is observed as the liberation or absorption of thermal energy at
the junction of two dissimilar conductors when an electrical current is passed through the
junction. Conversely, by liberating or absorbing heat at a junction of two dissimilar
conductors, an electrical current is induced through the junction. The relationship
between the direction of current flow and the direction of thermal energy flow at the
junction is dependent upon the two conductors used.16

The Thomson effect is observed as volumetric heat absorption or liberation in a
conductor through which an electrical current flows along a temperature gradient. The
heat absorption or liberation is independent of the irreversible Joule heating. The
relationship between the direction of current flow, the direction of positive temperature
gradient, and the sign of the heat generation is related to the specific conductor used.16

2.52 Aspden’s Explanation of the Thermoelectric Effects in the PVDF Stack

Aspden's hypothesis for the operation of the prototype devices is described in
several publications, with several notable discrepancies between each version of the
hypothesis.3-6 The author's best understanding of Aspden's hypothesis is presented here.

The PVDF stacks used in all three of the prototype devices contain several
hundred bimetallic coatings of aluminum and nickel, all oriented perpendicular to the AC
excitation and parallel to the direction of the temperature gradient. These bimetallic
layers, along with the PVDF dielectric material, form approximately 15-20 capacitors
connected in series in each stack element. The stack elements are then connected in
parallel to the drive circuit.

When a temperature gradient is established across the bimetallic layers, the
Seebeck effect promotes transverse current flow in one direction in the aluminum layer,
and in the opposite direction in the nickel layer. A circulating DC thermoelectric current
is established in the bimetallic layers in this way (see Figure 2-9). Peltier cooling and
heating at either side of the stack results from the current flow through the aluminum-
nickel junction.
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Figure 2-9.  Schematic of circulating current flow in the bimetallic layer, with AC
current superimposed, as described by Aspden. Adapted from Aspden [3].
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When an AC current perpendicular to the bimetallic layer is superimposed on this
circulating current, the junction currents are now pulsed at the frequency of the AC
excitation. Aspden feels that over a full AC cycle, a positive net electrical power is
produced by the AC charging and discharging of the capacitor formed by the bimetallic
layers and the PVDF dielectric material. This may be due to the AC behavior of the
junction current locations, the effect of temperature on the thermoelectric coefficients o
aluminum and nickel, and/or the Nernst effect (relating a temperature gradient to both
electric and magnetic fields in a conductor). It is unclear from Aspden’s explanation
exactly how energy conversion is realized in the prototype devices.3-6

2.5.3 Experiments Performed by Strachan to Test the Aspden Hypothesis

In order to test some of the assertions made by Aspden regarding the operation
principle of the prototype devices, Strachan performed a series of simple experiments to
observe the circulating current postulated by Aspden. By placing a Hall Effect sensor
very close to a single PVDF film, across which a temperature gradient could be applied,
Strachan hoped to measure the inagnetic field produced by the circulating currents in the
bimetallic layer related to the presence of a temperature gradient and periodic mechanical
excitation.!1

A schematic of the experimental setup is shown in Figure 2-10. A single film of
110 pm thick PVDF, coated with aluminum and/or nicke! layers of various thicknesses,
was used. The PVDF film was clamped in a vise with a PZT driver and an acrylic layer.
A very small Hall Effect sensor was placed against the stack at the location of the metal
layer(s) to measure the magnetic field generated by circulating thermoelectric currents
within the metallic layer(s), as proposed by Aspden. A temperature gradient was applied
in the direction parallel to the side on which the Hall effect sensor was placed. !

The tests were run by applying a 21 kHz AC voltage to the PZT driver and
measuring the output of the Hall sensor as a function of distance from the stack and PZT
driver voltage. With the film isothermal (no temperature gradient applied), no magnetic
field was detected for any of the metallic layer combinations used. Using a bimetallic
coating of 12.5 pm nickel and 3 pm aluminum, with a temperature gradient applied to the
stack, a periodic magnetic field of approximately 0.75-1.0 gauss was observed. The field
strength varied at the same frequency as the PZT drive, but lagged the drive voltage by
90°. The field increased with PZT driver voltage, and decreased rapidly with increased
distance from the stack. Using a 25 um thick coating of nickel, the same effect was
observed with a temperature gradient applied, but the measured magnetic field was
significantly lower. No magnetic field was observed when aluminum-coated PVDF was



Figure 2-10. Schematic of Strachan's magnetic field measurement test setup. Adapted
from Aspden and Strachan [11].
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used. When the bimetallic-coated PVDF was compressed in the temperature gradient,
with no PZT drive, a DC magnetic field was detected.!!

The observation of a DC magnetic field associated with an applied temperature
gradient across the Ni-Al bimetallic coating is consistent with well known thermoelectric
effects. An analysis of the circulating DC thermoelectric currents and magnetic field
effects in the Ni-Al bimetallic coating is given in section 2.5.5. The observation of an
AC magnetic field associated with an AC stress condition and a DC temperature gradient
is anomalous in that it cannot be explained by conventional thermoelectricity. The results
of these experiments, although somewhat sketchy, do provide some support for Aspden's
claims of AC circulating thermoelectric currents in the bimetallic films. However, the
test procedures are not rigorous enough to provide any conclusive results as to the
operation of the prototype devices.

2.5.4 Analysis of a DC Ni-Al Thermoelectric Converter

For a Ni-Al thermocouple operating as a heat pump (refrigerator), the maximum
temperature difference that can be supported, AT 4, is given by17

1+ 2T, —1
1+ ZT g +1

ATpax = 2T me (2-5)

where T,,, is the mean absolute temperature and Z is the figure of merit for the

thermoelectric device, given byl7

(-‘i',\n"'sm)2 .
/2 12
[(kNiPNi)/ +(kAlPAl)/ ]

Z= (2-6)

where Sy;, Sap knis kap» Pni» and py; are the absolute thermopowers, thermal

conductivities, and bulk resistivities of Ni and Al, respectively.

The maximum achievable COP for a thermoelectric heat pump operating at a
temperature difference AT, COPy,,, , is given by17

Tave(\1+ ZT 4 —1)

T AT({T+ 2T, +1) -1z @7

COP s
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Using Sy; and Sy, values of -19.5 and 1.66 pV/K, respectively,2 ky; and kg, values of
91 and 237 W/mK, respectively,!8 and py; and p4; values of 0.068 and 0.028 uQm,
respectively,!9 and a T, value of 283 K (10 °C), AT, is calculated to be 0.48 K. The
COPypyqx that corresponds to this ATy, is calculated to be 0.007.

Strachan reported a COP of 2.17 at a AT of 26 K in the third prototype device.6

These calculations clearly show that DC thermoelectric effects cannot explain the
operation of the prototype devices.

2.5.5 Analysis of the Circulating DC Thermoelectric Currents and Magnetic Field
Effects in the Bimetallic Layers

The model of the Ni-Al bimetallic PVDF coating for the analysis of the DC
thermoelectric currents is shown in Figure 2-11. The dimensions are the same as those
used in the construction of the first prototype device. It is assumed that no shorting
between the layers occurs - i.e. the Ni-Al junctions are located at either end of the
conduction path. The electromotive force € is given by?2

E= (SM- - SAI)AT (2-8)

where AT is the temperature difference across the two junctions. The closed circuit
current i is given by

€

i=— (2-9)
Rior
where R, is the total resistance around the circuit, given by
Ry = 0L PAL (2-10)

Ay; Ay

where Ay; and Ay, are the cross-sectional areas of the nickel and aluminum layers,
respectively, and [ is the length of the conduction path (2.5 mm). Using a AT of 70K, §
is the calculated to be 18 mA.

The magnetic field inside the nickel layer, B, assuming planar current flows
located at the center of the nickel and aluminum layers, is given approximately by!9
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as—"Ng‘O" @-11)

where upy; is the relative permeability of nickel, pg is the permeability of free space (ug
=1.26 x 106 Tm/A), and a is the width of the conduction path (25.4 mm). Using a py;
value of 300 for magnetic field strengths of less than ~10 gauss,20 B is calculated to be
approximately 2.6 gauss. This shows order of magnitude agreement with the magnetic
field measurements performed by Strachan, although it should be noted that his
measurements were performed outside the Nickel layer, he used thicker metal films, and
the magnitude of the temperature gradient he used is not known. Also, the thermoelectric
currents and observed magnetic field are DC effects (associated with a DC temperature
gradient). These effects cannot explain the AC magnetic field (supposedly associated
with an AC thermoelectric current) observed by Strachan.

2.6 Other Possible Explanations for the Prototype Device Operation

It has been postulated by Y. Kucherov [21] that some of the temperature gradient
effects on the bimetallic coated PVDF film, resulting in AC and DC electrical effects,
may be due to a chemical reaction occurring between uncompensated radicals in the
PVDF and the metallic films. These reactions could be initiated and/or enhanced by the
presence of the temperature gradient and/or electrical excitation of the PVDF film. Also,
considering the complex surface treatment and cyanoacrylate adhesive used by Strachan
in constructing the stack, an electrochemical reaction related to come or all of the
substances used could result in some of the observed behavior.10

PVDF is pyroelectric - the electric polarization of the film is dependent on the
temperature of the film. PVDF film is also piezoelectric - the strain condition in the film
affects the electric polarization of the film, and vice versa. When the stack is excited by a
PZT mechanical driver, in the presence of a temperature gradient, and is connected as an
electrically capacitive layer, a combination of these pyroelectric and piezoelectric effects
could possibly result in a "thermo-mechano-electric” effect, which could act in an energy
conversion mode. The piezoelectric, pyroelectric, and dielectric properties of PVDF will
be explored in greater detail in the following chapter.
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Figure 2-11. Model of the Al-Ni bimetallic PVDF coating for the analysis of the
circulating DC thermoelectric currents.
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3. PVDF - MATERIAL ASPECTS

3.1 Introduction

Although Aspden and Strachan's explanations for the energy conversion operation
of the three prototype devices considers only thermoelectric effects in the bimetallic
coatings of the PVDF layers in the stack, PVDF itself exhibits many interesting
properties that may or may not be significant in the energy conversion operation of the
prototype devices. Specifically, it is both pyroelectric and piezoelectric. The details of
these properties, as well as some other material aspects of PVDF film, will be described
in this chapter.

3.2 General Properties of PVDF

Polyvinylidene fluoride is a long chain semicrystalline polymer of the repeat unit
(CH,-CF,). It has similar mechanical properties to other rigid engineering plastics, with
good chemical resistance and excellent electrical properties. PVDF is tough, lightweight,
transparent, and flexible. It is readily manufactured in sheet form and can be fabricated
in complex shapes for specific applications.22.23

PVDF exhibits a very high net dipole moment. There are three distinct crystalline
forms of the polymer, the relative prevalence of which is dependent on processing. The
most desirable, in terms of exploiting the piezoelectric and pyroelectric nature of the
material, is the polar "beta" phase. The beta phase is produced by stretching the film at
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temperatures below 80 °C. The beta phase polymer must be “poled," a process that
consists of exposing the polymer to an electric field of 5-10 x 167 V/m at elevated
temperatures (80-110 *C) for an extended period of time (~1-2 hours).24-26

The effect of temperature on the decay of pyroelectric and piezoelectric activity of
PVDF has been extensively studied. No significant decay is observed for operating at
temperatures up to 70 °C for short periods of time.22 An operating temperature of 100 *C
is considered the upper limit for most PVDF applications.24

A summary of many of the mechanical and electrical properties of PVDF is given
in Table 3-1. These data are adapted from several sources,22-25.27 and either a
representative value or a range is given for each property.

3.3 Pyroelectric Properties of PVDF

The pyroelectric coefficient relates the change in polarization of a material to a
change in temperature.28 For PVDF, the pyroelectric coefficient has been measured to be
5-25 x 106 C/m2K at 20 *C.22,24.25 The pyroelectric coefficient is temperature
dependent. Data from a study performed by Burkard and Pfister [29] of the temperature
dependence of the pyrcelectric coefficient of PVDF is shown in Figure 3-1.

Pyroelectricity in PVDF is due to two mechanisms. The first, known as primary
pyroelectricity, is a change in a 'polarization due to a change in temperature with constant
sample dimensions. The second, known as secondary pyroelectricity, is a change in
polarization due to variation of sample dimension with changing temperature, related to
the thermal expansion of the film. Secondary pyroelectricity has been found to contribute
up to 50% of the total pyroelectric coefficient.25:28 The pyroelectric effect is reversible,
in that the capacitive charge corresponding to a given temperature is independent of the
rate of heating or cooling.28

PVDF is often used as a substrate for infrared detectors. Pyroelectric infrared
detectors made using PVDF consist of an electroded PVDF film coated on one side with
an absorbing layer of graphite or gold-black. A change in temperature due to absorption
of incident radiant energy is detected as an electrical output at the device electrodes.24

3.4 Piezoelectric Properties of PVDF

PVDF is anisotropic - the stretching and poling operations produce three distinct
axes. Therefore, a coordinate system is required in specifying the piezoelectric constants,
which relate electrical polarization to mechanical stress. The coordinate system used is
shown in Figure 3-2. The stretch direction is denoted by the (1) axis, the transverse
direction by the (2) axis, and the polarization direction by the (3) axis.



Density 1760 kg/m3

Thermal Conductivity 0.1-0.25 W/mK

Thermal Expansion Coefficient 80-140 x 106 /K

Specific Heat 1.3 kJ/kgK

Young's Modulus 1-3x 109 Pa

Poisson's Ratio 0.31

Tensile Strength 160-300 x 108 Pa (stretch direction)
30-55 x 106 Pa (transverse direction)

Compressive Strength 55-70 x 106 Pa

Dielectric Constant (@ 1 MHz) 12

Dielectric Strength 100 kV/mm

Dissipation Factor (@ 1 MHz) 0.018

Velocity of Sound 2200 m/s

Table 3-1.  General properties of PVDF film. From KYNAR Piezo Film Technical

Manual [22] Inderherbergh [23], Davis [24], Kepler and Anderson [25],
and Park and Yoshino [27].
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41



42

3 (polarization direction)

1 JZ (transverse direction)

4
I ’

L / I 1 (stretch direction)
7
7

Figure 3-2. Coordinate system used for identifying the piezoelectric constants of PVDF.
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Numbered subscripts identify the vector and tensor directions. The first numerical
subscript identifies the axis of polarization or applied electric field. The second
numerical subscript identifies the axis of mechanical stress or strain. Positive electrical
action results in an increase in polarizatior. Positive mechanical action is tensile. The
"d" and "g" constants are defined as follows:

ds; - is the ratio of the mechanical strain in the (1) direction to the applied electric
field in the (3) direction when the film is unconstrained in the (2) and (3)
directions.

ds3 - is the ratio of the mechanical strain in the (2) direction to the applied electric
field in the (3) direction when the film is unconstrained in the (2) and (3)
directions.

ds3 - is the ratio of the mechanical strain in the (3) direction to the applied electric
field in the (3) direction when the film is unconstrained in the (1) and (2)
directions.

g31 - is the ratio of the electric field developed in the (3) direction to the applied
mechanical stress applied in the (1) direction.

g32 - is the ratio of the electric field developed in the (3) direction to the applied
mechanical stress applied in the (2) direction.

£33 - is the ratio of the electric field developed in the (3) direction to the applied
mechanical stress applied in the (3) direction.

The "d" constants are in units of strain per electric field strength, [m/m/V/m], or
[m/V]. The "g" consiants are in units of electric field strength per mechanical stress,
[V/m/N/m2], or [Vm/N].

The electromechanical coupling constants, or "k" constants, give a measure of the
energy conversion efficiency for a piezoclectric material. The square of the coupling
constant, k,-,z-, is defined as the transformed energy divided by the total energy input
between the (i) electrical axis and the (j) mechanical axis.

The piezoelectric constants are related by the following approximation (which is
only an order of magnitude estimate):22



k,% = ,-jg,-jcjj @3-1

where c; is the elastic constant of PYDF along the mechanical axis j. The piezoelectric

constants for PVDF are given in Table 3-2. Equation (3-1) applies only to the tensile
piezoelectric and coupling constants. Piezoelectric shear constants (dys, d24, k15, k24) for
PVDF are also known.25

The piezoelectric constants of PVDF are frequency dependent. Measurements
performed by Schewe [30] show that d3; for PVDF decreases from 28 x 10-12 V/m at 10
Hz to 17.5 x 10-12 V/m at 25 kHz. The piezoelectric constants are also temperature
dependent. Representative data from a study performed by Ohigashi [31] is shown in
Figure 3-3.

3.5 Measurement of the Dielectric Constant and Dissipation Factor of PYDF versus
Frequency

Aspden's hypothesis for the operation of the prototype devices involves an AC
effect superimposed on the circulating DC thermoelectric currents in the bimetallic
coatings of the PVDF layers. Aspden predicts the presence of a transverse AC magnetic
field due to this circulating current, which Strachan has supposedly confirmed by
experiment (see section 2.5).11

Although Aspden's hypothesis predicts that the transverse magnetic ficld is only
an artifact of the thermoelectric effects in the bimetallic coatings, the magnetic field itself
may provide the necessary "symmetry breaking" condition to establish the direction of
heat pumping or electrical power generation relative to the direction of electrical
excitation in the prototype devices. That is, the magnetic field is the only electrical
phenomenon oriented in the transverse direction of the PVDF layers. Therefore, it may
contribute to the establishment of the direction of entropy flow in the thermoelectric
device.

The purpose of this experiment is to determine if the presence of a transverse
magnetic field affects the dielectric constant or dissipation factor of PVDF. If an effect
exists, it could possible be involved in the energy conversion aspects of the Strachan
prototype devices. Measurements of the relative dielectric constant and dissipation factor
of PVDF are performed from 1-100 kHz using an AC capacitance bridge. These
measurements are repeated with a magnetic field imposed in the stretch direction of the
PVDF film.



[d31 14-28 x 1012 V/m

d32 1.5-4 x 1012 V/m

di3 (-12) - (-35) x 10-12 V/m

831 170-216 x 103 Vm/N

| 832 19-30 x 10-3 Vm/N

| £33 . (-300) - (-500) x 103 Vm/N
k3 12% (@ 1 kHz)

| k32 1% (@ 1 kHz)

| k33 19% (@ 1 kHz)

Table 3-2. Piezoelectric constants of PVDF film. From KYNAR PIEZO FILM
TECHNICAL MANUAL [22], Davis [24], and Kepler and Anderson [25].
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3.5.1 Experimental Procedure

A 1 cm x 4 cm sample of PVDF from Pennwalt Corp., 28 pm thick and electroded
on both sides, is used. The metallization is removed (using a standard pencil eraser) from
a portion of both sides to produce a 1 cm? capacitive area, with a small tab for electrical
connection on each side. The accuracy of the capacitive area measurement is estimated to
be  5%. A schematic diagram of the PVDF sample is shown in Figure 3-4.

A schematic of the experimental setup is shown in Figure 3-5. The PVDF sample
is clamped on both ends with insulated jaws, and the clamp assembly is enclosed in a
grounded aluminum box to shield the setup from external noise. Connections are made to
the PVDF electrodes using copper shielded coaxial cable and rilver loaded epoxy. The
sample leads are connected to a General Radio model 1615-A capacitance bridge, which
is used to measure the capacitance and dissipation factor of the sample. The bridge is
balanced using an EG&G Princeton Applied Research model 128A lock-in amplifier. A
Hewlett Packard model 202C low frequency oscillator is used to provide the drive signal,
which is monitored using a Tektronix model 475 oscilloscope. All connections are made
using shielded coaxial cable.

To provide a transverse megnetic field, a large General Electric ALNICO magnet
is situated such that the sample and clamp assembly is located between the pole pieces of
the magnet (see Figure 3-6). The magnetic field between the pole pieces is measured to
be 1.17 x 103 gauss using a F.W. Bell model 4048 g~uss meter.

Measurements of the sample capacitance and dissipation factor are performed
over the frequency range from 1-100 kHz at voltages ranging from 1-40 V peak-to-peak.
These measurements are performed with and without the magnetic field imposed in the
transverse direction. The precision of the capacitance measurements is estimated to be
10.1% aud the precision of the dissipation factor measurements is estimated to be +1%.

3.5.2 Results and Discussion

The relative dielectric constant, €, is derived from the capacitance measurement
using the formula:

E=-— (3-2)

where C is the measured capacitance, 4 is the film thickness, A is the capacitive area,
and & is the permittivity of free space (& = 8.854 x 10-12 Farad/m). The accuracy of
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the dielectric constant measurements is estimated to be +5%, due mainly to uncertainty in
the capacitive area A.

The measured dielectric constant and dissipation factor versus frequency at a
drive voltage of 10 V peak-to-peak, with and without the imposed transverse magnetic
field, are shown in Figures 3-7 and 3-8. Fairly good agreement with measurements
performed by Andreev et al. [32] is observed. No effect of the transverse magnetic field
on the dielectric constant or dissipation factor is observed. Also, no effect of drive
voltage on the measured dielectric constant or dissipation factor is observed.

The dissipation factor of PVDF is highly temperature dependent. Figure 3-9
shows results obtained by Andreev et al. [32] relating the dissipation factor to
temperature at 1 kHz and 1 MHz.

353 Conclusions

The dielectric constant and dissipation factor of PVDF are measured in the
frequency range from 1-100 kHz. The measurements show fairly good agreement with
previously published data. No dependence of the dielectric constant or dissipation factor
on drive voltage or transverse magnetic field is observed.

3.6 The Role of PVDF in the Operation of the Strachan Prototype Devices

The pyroelectric and piezoelectric properties of PVDF relate thermal and
mechanical action to electrical action. The temperature dependence of these properties,
along with temperature dependence of the dielectric properties, is also involved in
coupling thermal and mechanical action to electrical action. Some or all of these
properties may be involved in a possible "thermo-mechano-electrical” energy conversion
action of the PVDF stack in the Strachan prototype devices. However, the nature of such
a mechanism is not well understood.

No effect of a transverse magnetic field on the dielectric properties of PVDF is
observed. However, this does not dismiss the mechanisms described by Aspden as
possible explanations for the prototype device operation. In the next chapter, an
experiment designed to test for energy conversion effects in a single layer of PVDF will
be described.
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4. ENERGY CONVERSION IN A SINGLE PVDF LAYER

4.1 Introduction

Every thermal energy conversion device requires a working fluid whose entropy
depends upon an independent property other than temperature.33 In the Stirling cycle, the
working fluid is an ideal gas, whose entropy is dependent upon pressure and temperature.
In a conventional thermoelectric device, the working fluid is the electron gas, whose
entropy is dependent upon temperature and the crystal lattice of the thermoelectric
material - a change in entropy is associated with the passage of conduction electrons from
one material to another.

A thermal energy conversion device also requires a means of bringing the
working fluid into and out of contact with two heat reservoirs at different temperatures.
This thermal "switching" is achieved in the Stirling cycle by displacing the ideal gas
between the "hot" and "cold" pistons through the regenerator. In a conventional
thermoelectric device, the electron gas can be moved between the "hot" and “cold"
reservoirs by an electromotive force.

In the analysis of the Strachan-Aspden thermoelectric converter as a thermal
energy conversion device, the first priority is to identify the mechanism for entropy
transport. Aspden and Strachan claim that thermoelectric action in the bimetallic
coatings of the PVDF layers acts as the entropy transport mechanism. Another possibility
is that entropy is transported through the PVDF material itself because of the ferroelectric
nature of PVDF. A surface effect between the PVDF and the metallic coating may also
be responsible for entropy transport.
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Entropy transport may be realized in the PVDF material because the entropy of
the PVDF polymer chains is dependent upon temperature, applied stress, and applied
electric field.34 If so, then a "thermo-electro-mechanical" condition might be applied to
the PVDF material where entropy transport (and therefore energy conversion) can be
achieved. As with any cyclic thermal energy conversion device, though, the actions must
be properly phased in to order to realize energy conversion. There is no apparent
mechanism for thermai "switching" in the PVDF material, as the PVDF polymer chains
are not mobile.

To test for a possible entropy transport effect in the PVDF material, an
experiment is performed in which a single layer of PVDF is driven with an AC electrical
voltage and an oscillating mechanical load, while a temperature gradient is applied along
the layer. The frequencies of the electrical and mechanical drives are variable but equal,
while their relative phase can be varied from 0° to 180°. The magnitude and relative
phase of the PVDF layer voltage and current are measured with variation in drive
conditions and applied temperature gradient to determine if an energy conversion
mechanism is present. The product of the PVDF layer voltage and current gives a
measure of the electrical power consumption of the PVDF layer. If an energy conversion
mechanism is present, it might be detected as a variation in the magnitude and/or relative
phase of the PVDF layer voltage and current with applied temperature gradient. The
PVDF layer voltage output is also observed for any anomalous electrical spiking like that
reported by Strachan for the first prototype device. These measurements are performed in
the frequency range from 10-30 kHz, where Strachan and Aspden had reported operation
of at least one of the prototype devices.3-11

4.2 Experimental Design

4.2.1 Stack Layout

A schematic of the stack setup is shown in Figure 4-1. A single layer 28 um thick
PVDF from AMP, Inc., coated on both sides with 2200 angstroms of Nickel and 800
angstroms Aluminum, is used. The layer is 12.7 mm x 38.1 mm, with a capacitive area
of 12.7 mm x 12.7 mm. The remaining 12.7 mm portion on each side is metal-coated on
one side only to provide for electrical connection to each side of the film. The Ni-Al
metallization is removed using a rubber pencil eraser. A 12,7 mm x 12.7 mm x 1 mm
thick PZT type 880 piezoelectric element, silver-electroded on both sides, from American
Piezo Ceramics, Inc., is mounted beneath the PVDF layer. A 12.7 mm x 12,7 mm x 1.6
mm thick Pyrex spacer is mounted beneath the PZT element to provide electrical and
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thermal insulation between the PZT element and the steel clamp face. A 12.7 mm x 12.7
mm x 0.023 mm thick layer of Mylar is located above the PVDF layer to provide for
electrical insulation between the PVDF layer and the copper thermal bus (see temperature
gradient section, below). A 12.7 mm x 12.7 mm x 1.6 mm thick Pyrex spacer is mounted
above the copper thermal bus. Another 12.7 mm x 12.7 mm x 1 mm PZT type 880
element is mounted between the Pyrex spacer and the upper steel clamp face.

The upper PZT element is used to mechanically drive the PVDF layer. The lower
PZT element is used to measure the stress levels in the stack at the location of the PVDF
layer.

4.2.2 Bonding and Electrical Connections

All surfaces are bonded with Loctite 312 acrylic adhesive to provide for acoustic
coupling between each layer. "Each surface is treated with Loctite Primer NF before
bonding. To provide for electrical connection between the bottom electrode of the PVDF
layer and the silver-electroded top surface of the lower PZT element, and between the
silver-electroded top surface of the upper PZT element and the steel clamp surface, the
PZT silver-electroded surfaces are coated with fine copper powder before bonding. The
other electrical connections are shown in Figure 4-1. Both steel clamp halves and the
copper thermal bus are electrically grounded. Small notches are machined in the square
Pyrex spacers to allow for electrical connection to the positive electrode of the upper PZT
element and the negative electrode of the lower PZT element.

4.2.3 Temperature Gradient Assembly

A schematic of the temperature gradient assembly is shown in Figure 4-2. A
Minco model HK5255R31.6 thermofoil heater, 12.7 mm x 25.4 mm x (0.3 mm thick, is
mounted on one side of the copper thermal bus. A cooling assembly, consisting of a 17.8
mm x 25.4 mm x 6.4 mm thick copper block, through which cooling water at 7 °C is
passed, is mounted on the opposite side. Copper constantan (type T) thermocouples are
epoxied to the copper bus on either side of the stack assembly to provide for temperature
measurement.

The Minco thermofoil heater is powered by a DC power supply, and can provide
up to 20 W of thermal power input. Assuming 1-D conduction primarily through the
copper thermal bus, the temperature gradient along the stack, AT / L , is given by:

AT _Q

Tk @D
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where Q is the heat input to the hot side of the copper thermal bus, & is the thermal
conductivity of copper (398 W/mK), and A is the cross-sectional area of the copper bus,
it is calculated that a temperature gradient of up to 39 *C/cm can be established along the
PVDF layer. Heating due to electrical dissipation in the PVDF layer and PZT element is
calculated to be insignificant compared to Q.

4.24 Inertial Clamp Assembly

The stack is placed in a steel inertial clamp assembly, consisting of two 76.2 mm
diameter type 303S stainless stcel cylinders. Each cylinder is tapered to a 12.7 mm x
19.0 mm face on one side, to allow space for electrical connections and the temperature
gradient assembly. Four type 303S stainless steel posts 6.4 mm in diameter are used to
provide support for the upper clamp half. The inertial clamp assembly is shown in Figure
4-3.

The inertial clamp assembly is designed to avoid mechanical or acoustic

resonances in the frequency range from 10-30 kHz. The steel clamp halves have a mass
of 2.5 kg each. The natural spring-mass mechanical frequency, f,,, of the structure is

given by
1 2K
= — —_comp 4-2

where K., is the composite stiffness of the stack and steel conical sections and M is

the mass of each clamp half (s;ee Appendix A). The natural mechanical frequency is
calculated to be 3200 Hz at 25 °C. Other neglected resonances in the clamp structure,
temperature gradient assembly, and support structure are calculated to be much lower
than the natural spring-mass frequency of the inertial clamp structure. The resonant
mechanical frequency is experimentally found to be 3032 Hz at a stack temperature of 25
°C and 2886 Hz at an average PVDF layer temperature of 48 °C, which is due to the
temperature dependent elastic constants of the stack materials (primarily the PVDF).30.36
This shows good agreement with the predicted value.

The length of each clamp half is 79.4 mm. The first acoustic resonance, f,,

corresponds to the half-wave resonance of the steel clamp halves. Assuming the clamp
half is a right circular cylinder, f,, is given by!3

fo = 4-3)
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where c is the velocity of sound in steel (~5000 m/s) and L is the length of the clamp
half. The first acoustic resonance is calculated to be 31 kHz. Higher order resonances
are therefore expected at intcgral multiples of this frequency (62 kHz, 93 kHz, =tc.).
Resonance experiments performed using PZT driver and sensor elements mounted
between the clamp halves detect strong acoustic resonances at 34 kHz, 65 kHz, and 100
kHz, which shows good agreement with the predicted resonance frequencies. In addition,
several weaker resonances are found between 34 and 100 kHz. No significant effect of
the applied temperature gradient on the acoustic resonances is found. The first acoustic
resonance of the stack assembly itself is calculated to be 400 kHz.

These calculations and experimental results show that the mechanical and acoustic
resonances of the inertial clamp and composite stack structure should not interfere with
measurements made between 10 and 30 kHz. Any resonant behavior could result in
significant variation of the magnitude and relative phase of the PZT and PVDF voltages
and currents, which could obscure any variation of these quantities due to energy
conversion effects.

4.25 Mechanical Drive, Electrical Drive, and Measurement Setup

In order to provide an oscillating mechanical load to the PVDF layer, the PZT
drive element can be driven at up to 250 V peak-to-peak. A schematic of the drive
system is shown in Figure 4-4. The PZT element is driven by a Hewlett Packard 33120A
function generator, whose output signal passes through an attenuator circuit to Channel 1
of a Crown DC300A two-channel audio amplifier. The amplifier output is passed
through a circuit board containing a 1:5 transformer and circuitry for measuring the
voltage and current input to the PZT element (see Figure 4-5), and then to the PZT driver
leads.

The PVDF layer is electrically driven by a Hewlett Packard 3300A function
generator with a Hewlett Packard 3302A trigger/phase lock module, triggered by the
Hewlett Packard 33120A output. This produces a signal of the same frequency as the
PZT drive circuit, with a controllable phase difference of 0-180°. The signal is then
passed through Channel 2 of the Crown DC300A amplifier, a board containing circuitry
for measuring the input voltage and current of the PVDF layer (see Figure 4-6), and then
to the PVDF layer leads. The PVDF layer can be driven electrically at up to 50 V peak-
to-peak using this drive setup. When the PZT is not in use, the PZT drive setup can be
used to drive the PVDF layer at up to 250 V peak-to-peak.

A Tekironix TDS460A four-channel digitizing oscilloscope is used to monitor all

input/outout signals. An IBM-compatible PC running Tektronix Docuwave software is



to scope

attenuator *
BC300A FZT to
HP33120A - e Drive PVDF

freq. CH2
HP3300A/ e VDK to
3302A ] rive >
out T Board PZT
driver
phaée *
variable to scope
signal

Figure 4-4.  Schematic of the drive system layout for the PZT driver and PVDF
layer.



§ resistors
60:300 5kQ 0.5 Moti.S 20CA
BNC A
_ Y (voltage
= Sensor
00 W |3 @F Pl 0ol N )
+ 2 . element 05w /\
from 100 = \
Crown : ..—-1__—_._..-—
Motl.SKEGSCA b \
- _ BNCB
4 resistors —+-® (current
200Q 0.5 W Mot1.SKE20CA sensor)

Figure 4-5- Drive circuit for the PZT driver element.



65

5 resistors

10025 W 5KQ 0.5 W Mot1.5KE20CA
BNC A
+ l (voltage
from r)
Crown 100 / ¥ g\ﬂ)L 20 9
Amp 25 wf - layer 05 W r L\
" MotL.SKE68CA [ v
| (o BNCB
. \ (current
4 resistors Mot1.5KE20CA ~ sensor)
200Q0.5W

Figure 4-6.  Drive circuit for the PVDF layer.



used to capture all waveforms of interest. Frequency and relative phase measurements
are made using Mathsoft Mathcad software.

4.3 Mechanical Drive Experiments

The PZT driver element is driven at voltages up to 200 V peak-to-peak to provide
an oscillating mechanical load to the PVDF layer. The effective force in the stack, F, eff »

assuming all layers are unconstrained in the planar directions, is given by34

Kpzr
F = KPZTAPZT(I - J (4'4)
o Kpzr + Kgack

where Kpzr is the stiffness of the PZT element, K, is the combined stiffness of the

other stack components and the conical sections of the steel clamp halves, and APZT is
the free deflection of the PZT element corresponding to the drive voltage, given by

APZT = d33V grjve (4-5)

where dj is the piezoelectric strain constant of PZT and V 4;,, is the drive voltage.
The stiffness, K, of a given layer of constant cross-sectional area in the stack is
given by

K=— (4-6)

where E is the Young's modulus of the layer material, A is the cross sectional area of the

layer, and ¢ is the thickness of the layer. The stiffness of the conical section of the steel
clamp halves, K,,,. is given by

-1

L

dx

Keone = 4-7)
o [x£0 Esteern(n - x)? )

where L is the length of the conical section, r; is the larger radius of the cone, x is the
distance along the length of the cone, and E,,, is the Young's modulus of steel (see

Appendix A).
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For a PZT drive voltage of 200 V peak-to-peak, Fgg is calculated to be 66 N
peak-to-peak. The output voltage V,,, of a piezoelectric sensor excited in the thickness

mode, assuming it is unconstrained in the planar directions, is given by

F 833t
Vou =—‘{% (4-8)

where g33 is the piezoelectric stress constant, ¢ is the sensor thickness, and A is the

cross-sectional area of the sensor. Using this relation, the output voltage of the PVDF
and PZT layers corresponding to 66 N peak-to-peak oscillating force are calculated to be
1.7 V peak-to-peak and 4.6 V peak-to-peak, respectively. The presence of stray
capacitance due to the Mylar layer and the scope input impedance and capacitance do not
significantly decrease the output voltage of the PVDF layer between 10 and 30 kHz (see
Appendix B).

The"output voltages of the PVDF layer and PZT sensor element for 200 V peak-
to-peak input to the PZT drive element at 10 kHz drive frequency are measured to be 0.81
V peak-to-peak and 1.58 V peak-to-peak, respectively. This is significantly lower than
the expected voltages. This may be due to piezoelectric coupling of planar stresses and
interfacial shear, imperfect bonding in the stack, and/or mechanical iosses in the stack or
inertial clamp assembly.

4.3.1 Experimental Procedure

Two experiments are performed by driving the PVDF layer with an oscillating
mechanical load: '

1) The PZT driver is driven at voltages ranging from 0-200 V peak-to-peak. The
amplitudes of the PVDF output voltage and PZT sensor voltage are measured at room
temperature (24 *C) and with a temperature gradient of 19 *C/cm along the PVDF layer.
The accuracy of the voltage measurements is estimated to be * 4 mV. These
measurements are performed at drive frequencies of 10 kIiz and 20 kHz.

2) The PVDF layer leads are connected across a 10 k€ load resistor. The PZT
driver is driven at 200 V peak-to-peak. The loaded PVDF output voltage amplitude and
phase relationship with respect to the PZT driver voltage and current are measured at
room temperature and with a temperature gradient of 19 “C/cm along the PVDF layer.
The accuracy of the phase measurements is estimated to be + 3°. These measurements
are performed at drive frequencies of 10 kHz, 20 kHz, and 30 kHz.
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4.3.2 Experimental Results

1) The peak-to-peak PVDF output voltage is plotted against the peak-to-peak
PZT sensor voltage at 10 kHz and 20 kHz in Figure 4-7. Because the piezoelectric and
elastic properties of PZT are not significantly affected by presence of the temperature
gradient,37 the PZT sensor voltage gives a temperature independent measure of the stress
level in the stack. The observed stress levels and PVDF output voltages observed are
slightly lower with the temperature gradient applied along the PVDF layer. However,
this is consistent with the temperature dependence of the elastic and piezoelectric
properties of PVDF.30:36 The PZT sensor voltage is observed to be exactly in phase with
the PVDF and PZT drive voltages.

2) Data from the measurements performed on the 10 kQ resistor-loaded PVDF
layer is given in Table 4-1. The measured PZT drive voltage and current, the load
resistor voltage, the PZT sensor voltage, the phase difference between the PZT drive
voliage and current (cty.1), and the phase difference between the PZT drive voltage and

the load resistor voltage (ap.p) are given for measurements performed at room
temperature and with a 19 °C/cm temperature gradient applied along the PVDF layer.
The PZT sensor voltage is observed to be exactly in phase with the PZT drive voltage.
No significant effect of the temperature gradient on any of the measured values is
observed.

4.4 Electrical Drive Experiménts

4.4.1 Experimental Procedure

The PVDF film is driven at 200 V peak-to-peak. The amplitude and phase
relationships of the PVDF input voltage and current and the PZT sensor voltage are
measured at room temperature and with a temperature gradient of 19 °C/cm applied
along the PVDF layer. These measurements are performed at drive frequencies of 10
kHz, 20kHz, and 30kHz.

4.4.2 Experimental Results

Data from the electrical drive experiments performed on the PVDF layer is given
in Table 4-2. The measured PVDF drive voltage and current, the load resistor voltage,
the PZT sensor voltage, the phase difference between the PVDF drive voltage and current
(ay.1), and the phase difference between the PVDF drive voltage and the PZT sensor
voltage (ap.p) are given for measurements performed at room temperature and with a 19

*C/cm temperature gradient applied along the PVDF layer. No significant effect of the
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a) Operating frequency 10 kHz:

room temperature

with temperature

gradient (19 °C/cm)
PZT Drive Voltage 200 V p-p 200 V p-p
PZT Drive Current 20.0 mA 21.0 mA
PZT Sensor Voltage 1.80 V 1.78 V
Load Resistor Voltage 0.344 V 0.352 V
oy.| 115° 114°
op-p 62° 62°
b) Operating frequency 20 kHz:
room temperature with temperature
‘gradient (19 °C/cm)
PZT Drive Voltage 200 V p-p 200 V p-p
PZT Drive Current 40.0 mA 38.4 mA
PZT Sensor Voltage 1.58 V 1.60V
Load Resistor Voltage 0.500 V 0.528 V
ay-| 103° 103°
Op-p 44° 45°
c¢) Operating frequency 30 kHz:
room temperature with temperature
gradient (19 *C/cm)
PZT Drive Voltage 200Vp- 200 V p-p
PZT Drive Current 57.6 mA 60.0 mA
PZT Sensor Voltage 1.20V 1.26 V
Load Resisto Voltage 0.544 V 0.576 V
ov.I 99° 08°
op.p 35° 36°
Table 4-1. Data for the 10 k2 resistor—loaded single PVDF layer experiments.




a) Operating frequency 10 kHz:

room temperature with temperature
gradient (19 °C/cm)
PVDF Dirive Voltage 200 V p-p 200 V p-p
PVDF Drive Current 17.0 mA 18.0 mA
PZT Sensor Voltage 146V 1.36 V
ay.1 122° 120°
Op.p 75° 74°
b) Operating frequency 20 kHz:
room temperature with temperature
gradient (19 *C/cm)
PVDF Drive Voltage 200 Vp-p 200V p-p
PVDF Drive Current 31.2 mA 33.2mA
PZT Sensor Voltage 280V 272V
oy.1 109° 108°
ap.p 80° 80°
¢) Operating frequency 30 kHz:
room temperature with temperature
gradient (19 *C/cm)
PVDF Drive Voltage 200 V p-p 200 V p-p
PVDF Drive Current 44.8 mA 48.8 mA
PZT Sensor Voltage 462V 424V
Qv 104° 105°
op.p 81° £1°
Table 4-2.

Data for the single PVDF layer electrical drive experiments.
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temperature gradient on any of the measured values is observed. The PZT sensor voltage
is observed to be exactly in phase with the PZT drive voltage within the limits of
experimental error (£ 3 *).

4.5 Mechanical and Electrical Drive Experiments

4.5.1 Experimental Procedure

The PVDF layer is driven electrically at 50 V peak-to-peak while being driven
mechanically by the PZT driver element, which is driven at 100 V peak-to-peak. The
relative phase of the two drives (ap) is varied from 0-180°. The PZT sensor voltage,
PVDF drive current, the phase difference between the PZT sensor voltage and the PZT
drive voltage, and the phase difference between the PVDF drive voltage and current are
measured at room temperature and with a temperature gradient of 19 *C/cm applied along
the PVDF layer. These measurements are performed at drive frequencies of 10 kHz and
20kHz.

452 Experimental Results
The power consumption in the PVDF layer P is given by

P=VIcosay_; (4-9)

where V is the PVDF layer drive voltage, / is the PVDF layer drive current, and ay_;

is the phase difference between the drive voliage and current. P is plotted versus the
relative drive phase in Figure 4-8. The results of measurements peformed at room
temperature and with a 19 *C/cm temperature gradient applied along the PVDF layer at
frequencies of 10 kHz and 20 kHz are shown. No significant effect of the temperature
gradient on P is observed. '

4.6 Conclusions

Various experiments are performed using a single layer of PVDF mounted in an
inertial clamp assembly. The PVDF layer is driven mechanically and electrically, while a
temperature gradient is applied across the PVDF layer. Various combinations of drive
conditions are imposed upon the PVDF layer, while the amplitude and phase
relationships of the input/output voltages and currents are observed for any energy
conversion effects (or electrical spiking, as descrioed by Strachan).
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No significant effect of the temperature gradient on energy conversion in the stack
strucrure is observed. The temi)erature gradient does affect the elastic and piezoelectric
properties of PVDF, but these relationships are fairly well understood and explain the
experimental results well. No electrical spiking or other energy conversion effects
similar to those described by Strachan are observed.

There are many possible explanations for the lack of any observed "Strachan"-
type effects. The stresses developed in the stack may not be high enough to couple
mechanical and electrical action with thermal action in the PVDF layer. Also, the drive
frequencies used may not be in the proper range for observation of any energy conversion
effects (It was learned after this experiment was performed that Strachan's first prototype
device operated at 2 MHz, whereas it had originally been reported that the electrical
"spiking" was observed in the kHz frequency range).
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5. CONSTRUCTION OF THE "STRACHAN" PVDF STACKS

5.1 Introduction

In each of the prototype devices, Strachan used stacks of 28 pm thick PVDF that
were constructed so as to be half-wave resonant at MHz-range frequencies (~0.55 mm
thick). Strachan's construction technique, which is outlined in Chapter 2, consisted of a
complex series of surface treatments and cure cycles involved with the use of a
cyanoacrylate adhesive, which was required to provide for high-quality acoustic coupling
between the PVDF layers and between the PVDF stack elements and the acrylic half-
wave plates.

In order to accurately duplicate the construction of Strachan's prototype devices, it
is necessary to duplicate the cyanoacrylate bonding technique he developed, or develop a
bonding technique of equal or superior quality. Unless the cyanoacrylate adhesive or
surface treatment used by Strachan is critical for observation of energy conversion
effects, then any bonding technique that provides for very thin bond lines and high-
quality acoustic coupling in the PVDF stack is adequate. Investigations of various PVDF
bonding techniques (including Strachan's method) are described in this chapter.
Microscopic observation methods are developed to observe bond line thicknesses. A
piezoelectric resonance method is developed to test the resonant quality factor of the
PVDF stacks constructed. A bonding technique using a low-viscosity strain gauge epoxy
is determined to be the most effective of the bonding methods investigated and is used to
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construct the MHz-resonant PVDF stacks that will be utilized in the replica of the
Strachan-Aspden prototype devices.

5.2 Cyanoacrylate Bonding Experiments

An attempt is made to duplicate Strachan's cyanoacrylate bonding technique. The
method used is very similar to that used by Strachan, which is described in section 2-2.
Test stacks of PVDF are constructed using cyanoacrylate adhesive and the resultant
bonds are inspected for strength and quality.

28 um thick uniaxially stretched PVDF film from AMP Inc., coated with 2200
angstroms Ni and 800 angstroms Al on one side, is used. The film is supplied with
metallization on both sides. A pencil eraser is used to remove the metallization from one
side. The film is cut into twenty 25.4 mm x 38.1 mm pieces. Both sides of each are
treated with a 2% solution of tetrabutyltitanate in petroleum ether in a dry atmosphere.
After this treatment, the metallized surfaces appear iridescent. Each surface is then
exposed to a 100% humidity atmosphere at 40 °C for 30 seconds. A white, powdery
substance is observed on each surface after this treatment. The purpose of this surface
treatment is to produce an alkaline surface condition for better cyanoacrylate bonding.

The PVDF stack is built up one layer at a time to a thickness of 0.55 mm (2 MHz
half-wave resonant). Loctite 406 ethyl cyanoacrylate adhesive is used. After each layer
is added, the stack is placed in a press with teflon platen surfaces. The press setup is
shown in Figure 5-1. Each bond is cured for 2 minutes at a cure pressure of
approximately 7 x 105 Pa. The 25.4 mm x 38.1 mm x 20 layer thick stack is then
trimmed using sheet metal shears into 10 stack elements, each 25.4 mm x 3.8 mm x 20
layers thick.

Using this-method;-a-bond-line-thickness-of 64-ptm-is-achieved, which-only-allows
6 layers of 28 um thick PVDF film to be used in each 0.55 mm thick stack. The bond
line thicknesses were measured using a Bausch & Lomb stereo microscope. The bonds
produced by this technique are very weak. The individual layers can be easily peeled
apart. Inspection of the bonded surfaces reveals that the cyanoacrylate adhesive forms
small islands on the surface, which leaves many large voids between the bonded layers.
This bonding cannot provide the desired acoustic coupling and structural strength for the
PVDF stacks. Therefore, the cyanoacrylate bonding method is abandoned. It is unclear
why Strachan's cyanoacrylate bonding technique could not be duplicated in this
experiment. The cure pressures used in this experiement (~7 x 105 Pa) were much lower
than those used by Strachan (~108 Pa). Also, Strachan used ammonia to speed the
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Figure 5-1.  Schematic of the cyanoacrylate bonding press setup.
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cyanoacrylate adhesive curing process. It is possible that these differences may account
for the lack of success in duplicating Strachan's technique.

Loctite type 312, 411, and 325 adhesives are also used in the construction of
several PVDF stacks. The bonds produced are found to be unsatisfactory for the desired
application.

5.3 Strain Gauge Epoxy Bonding

The use of a cyanoacrylate adhesive for bonding PVDF is abandoned in favor of
the use of a high-temperature setting, low viscosity strain gauge epoxy. Good adhesive
layers of submicron thickness have been realized using this type of epoxy for bonding
PVDF.38.39 Measurements Group, Inc. type AE-15 epoxy is used. Experiments are
performed to test the quality of the PVDF stacks constructed using this epoxy in order to
optimize the bonding procedure.

5.3.1 Strain Gauge Epoxy Press Setup

In order to cure the PVDF stacks bonded using strain gauge epoxy at elevated
temperatures and high pressures, a heated press setup is used. A schematic of the press
setup is shown in Figure 5-2. A hand-cranked hydraulic press (constructed by Advanced
Mechanical Technologies, Watertown, MA) is used. A Wagezelle 1 x 105 N load cell, 2
V full-scale, is mounted on the press in order to measure the applied loads. Two face
ground hardened steel platens measuring 102 mm x 38.1 mm x 25.4 mm thick are used.
A cartridge heater is mounted in each platen to provide for elevated-temperature
operation. A NANMAC temperature controller is used to provide thermostat control,
using a type K (Chromel-Alumel) thermocouple mounted in the upper platen. A type K
thermocouple is mounted in the lower platen and is monitored using a Keithley model
871 digital thermometer. The stack bonding procedure is as follows:

1) The PVDF film is cut to size.

2) The epoxy is mixed. The PVDF stack is built up one layer at a time. A thin
film of epoxy is applied between successive layers. Two stacks are made.

3) The stacks are mounted between the steel platens using wax paper as a mold
release. The stacks are aligned to be equidistant from the press centerline.



79

4) The desired pressure is applied using the press hand crank, while observing
the load cell voltage output.

5) The cure pressure is applied for 5-10 minutes before applying heat to the stack.
This is done to allow additional time for the epoxy to be squeezed out from
between the PVDF layers before the cure temperature is applied.

6) The temperature control is adjusted and heat is applied to the stack. It takes
approximately 4-5 minutes for the cure temperature (70 “C) to be reached.

7) The epoxy takes approximately 1.5 hours io cure. The press loading and cure
temperature are maintained at the desired levels during this time.

5.32 Bond Line Thickness

An attempt is made to measure the bond line thickness of the strain gauge epoxy
bonds. A Bausch & Lomb stereo microscope is used to observe sectioned PVDF stacks.
A precision micrometer (+0.005 mm resolution) is used to measure the thickness of the
PVDF stacks.

Using these measurement methods, the bond line thickness is determined to be 7
*1 pum for PVDF stacks assembled with strain gauge epoxy and cured at low pressures
(1.4 - 3.4 x 105 Pa). Measurements performed on stacks cured at higher pressures (1.4 -
5.5 x 107 Pa) could not resolve any bond line thickness. Therefore, the bond line is
estimated to be less than 1 pm for the stacks cured using higher cure pressures.

Thinner bond lines result in better acoustic coupling, as epoxy is a highly
acoustically dissipative material (~1-3 dB/cm attenuation coefficient).40 The relative
dielectric costant € of the epoxy resin is approximately 2-3,41 as opposed to e~10 for
PVDF. Therefore, because the epoxy in the PVDF stacks is situated berween the
capacitor plates of the successive PVDF layers, the voltage applied across each PVDF
layer will be diminished due to the effective capacitive divider circuit if the bond line
thickness is significant compared to the PVDF layer thickness.

5.3.3 Erching Procedure for the PVDF Film Metallization
The 28 pum thick uniaxially stretched PVDF film is supplied by AMP, Inc. with a

metallized coating of 2200 angstroms Ni and 800 angstroms Al on both sides. The
metallization can be removed using a standard pencil eraser. However, this technique is
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time consuming, may result in the presence of wrinkles in the PVDF film, and leaves a
rubber "eraser dust” that must be washed from the PVDF film surface.

In order to remove the metallization from the 28 pm thick PVDf film, an etching
technique using Hydrochloric acid (HCI) is developed. The PVDF sheet, measuring 21.6
cm x 28 mm, is placed in a Pyrex tray. Butyl rubber sealant is placed around the outside
edge of the film in order to pzevent any HCI from reaching the bottom side of the PVDF.
A 92% HCI solution is poured over the top surface of the PVDF and allowed to etch the
surface for approximately 1 minute. The entire tray is then rinsed thoroughly using
distilled water and dried with lint-free tissues. The etched PVDF is then cut from inside
the butyl rubber sealant using a razor blade.

5.34 Resonance Experiments

Various PVDF stack configurations are constructed using a cure pressure of 1.7 x
107 Pa, and are tested for bond quality by resonating the stacks in the "free-free"
condition (unconstrained ends) and measuring the resonant quality factor, Q. The
resonant frequency and resonant Q are measured for each stack. Measurements are
performed at room temperature (~24 °C) and at liquid nitrogen temperatures (~77 K).

The PVDF stacks are constructed from 28 and 119 pm thick PVDF film from
AMP, Inc. and Pennwalt Corp., respectively. The metallization is removed from one side
using a pencil eraser for the 119 pm thick film and the HCI etching technique described
above for the 28 pum thick film. Electrical connection is made by copper brush leads
touching either side of the stack. The stacks constructed from 119 pm PVDF film have a
face area of 12.7 mm x 12.7 mm, whereas those constructed from 28 um filin have a face
area of 5.1 mm x 25.4 mm.

The measurement setup is shown in Figure 5-3. A HP 33120A signal generator is
used to provide the drive signal, which is passed through an Ele.:ironic Navigation
Industries, Inc. model 310L 10 watt RF amplifier. This produces a drive veltage of
approximately 30-40 V peak-to-peak. A resistor sized to the approximate value of the
PVDF stack impedance at the estimated resonance frequency is connected in series with
the PVDF stack. A Tektronix TDS360A digitizing oscilloscope is used to measure the
drive voltage, the PVDF stack voltage, and the phase difference between the two
waveforms. This allows measurement of the PVDF stack impedance with varying drive
frequency.

The equivalent circuit for a piezoelectric resonator developed by Ohigashi [31] is
shown in Figure 5-4. The circuit element values Cy, C, L, and R are given by3!
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Figure 5-3.  Setup for the PVDF stack resonant Q measurements.
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Figure 5-4.
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Equivalent circuit for a piezoelectric free resonator (from Ohigashi [31]).
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_Agg i
Co= r (5-1)
8C,
C= ;20"‘323PVDF (5-2)
1
L= —3 (5-3)
(znfg)°C
tand
R= o (5-4)

where A is the stack face area, € is the relative dielectric constant of PVDF, g is the
permittivity of free space (€y = 8.854 x 10-12 Farad/m), d is the thickness of the PVDF
stack, k33pypr is the electromechanical coupling constant of PVDF, tané is the
mechanical loss tangent of PVDF (tand=1/Q), and f( is the half-wave resonant

frequency of the PVDF stack, which is given by3!

05 2
= (2d)"! _6‘3_3) 1 = Ak33pvDF 5.5
fo=(d) (,, ( —%1— (5-5)

where c33 is the thickness elastic constant of PVDF and p is the density of PVDF.

Properties of PVDF film at 24 °C and 77 K are adapted from Ohigashi [31].
The impedance of the PVDF stack, Z, is then given by

(jai.+—.;1£—+R)-——jw1C
J 0
Z=
ij+,—1-+R+ - 1
joC JjoCy

(5-6)

where o is the angular drive frequency.

Using this model, predictive curves for the magnitude of the stack impedance
(|Z]) versus frequency are developed. By varying the value of tand to fit the predicted
and experimental impedance versus frequency curves (see Figures 5-5 and 5-6), the
resonant Q of thie PVDF stack can be determined. The measured resonant Q values at Z4
*C and 77 K are given in Table 5-1.
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The bulk PVDF resonant Q at 9.17 MHz and 24 °C is measured to be 10, using a
single layer of 119 pum thick film (see Figure 5-5). This shows good agreement with the
results of Ohigashi [31], who reports a mechanical loss tangent of 0.1 for PVDF in the
MHz range, whick corresponds to a Q of 10. The resonant Q for a 20 layer stack of 28
pm stack of PVDF is measured to be 5.6, which indicates that the acoustic dissipation is
nearly doubled by the presence of several epoxy bonds. The 77 K data show that acoustic
dissipation of PVDF is greatly decreased at lower temperatures. The drop-off in Q with
increasing number of PVDF layers is much more severe at 77 K than at 24 *C because the
additional acoustic dissipation due to the presence of the epoxy bonds is much greater
than the bulk dissipation of the PVDF material at 77 X, whereas the acoustic dissipation
due to the epoxy bonds and the bulk PVDF acoustic dissipation are of comparable
magnitude at 24 °C.

Stacks cured at pressures up to 5.5 x 107 Pa are tested, but no increase in resonant
Q with increasing cure pressure is observed at cure pressures over 1.7 x 107 Pa,
Therefore, it is determined that a cure pressure of 1.7 x 107 Pa is adequate.

5.4 Conclusions

In this chapter, an attempt to duplicate Strachan's cyanoacrylate bonding
technique is reported to result in unsatisfactory bond thickness and quality, and is
therefore abandoned. An alternative PVDF bonding method using a low viscosity strain
gauge epoxy is developed. Thickness measurements and piezoelectric resonance
experiments are used to determine the effect of the number of bonds on the resonant Q of
a PVDF stack, and to optimize the bonding procedure. Using Measurements Group, Inc.
type AE-15 epoxy, and curing at pressures over 1.7 x 107 Pa for 1.5 hours at 70 *C, high-
quality bonds can be achieved. A resonant Q of 5.6 is reported for a 20 layer stack of 28
pm thick PVDF at 24 °C.

The bonding procedure developed will be used to construct the MHz-resonant
stacks for the Strachan-Aspden replica device, which will be described in the following
chapter.
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stack stack resonant resonant Q resonant resonant Q
configuration | thickness | frequency @24°C frequency @77K
(# layers x @24°C @ 77K
thickness of
each layer)
1x119 um 119um | 9.17 MHz 10 12.0 MHz 300
2x 119 um 242 pm " 450 7.0 6.10 167
5x28 um 165 pm 7.04 5.9 8.92 33
20 x 28 um 650 pm 1.56 5.6 2.07 7.1
Table 5-1. Measured resonant frequency and Q for the PVDF stack samples.
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6. CONSTRUCTION AND TESTING OF THE
STRACHAN-ASPDEN REPLICA DEVICE

6.1 Introduction

In order to reproduce the results obtained by Strachan and Aspden, a replica of the
first prototype device is construcied. This experiment attempts to duplicate Strachan's
first experimenis involving thermoelectric energy conversion in PVDEF, where he
observed electrical spiking associated with the application of a temperature gradient
across the first prototype device (see section 2.2).

Several PVDF stack elements are constructed using the epoxy bonding technique
described in chapter 5. The elements are tested for electrical integrity. These elements,
along with several acrylic half-wave plates, are used in the construction of a composite
stack similar to Strachan and Aspden's first prototype device. The device consists of 10
PVDF "driver" elements and one PVDF "listener” element. Unlike Strachan's first
prototype device, no magnetic recording tape or PZT is incorporated into the stack
structure (the PVDF "driver" elements are used to provide the acoustic drive). A high-
voltage drive system is developed to drive the PVDF "driver" elements at frequencies
from 10 kHz-2 MHz and voltage levels from 0-400 V peak-to-peak. 2 °‘mperaiure
gradient assembly is developed to apply a transverse temperature gradier:: i ine replica
device. It is hoped that the conditions of Strachan's first experiment can be achieved
using this device and that his observation of voltage spiking in a PVDF element not
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connected to the drive circuit (the "listener” element) can be confirmed. A series of tests
is used to characterize the performance of the device replica with varying drive frequency
and teraperature (and temperature gradient), while searching for any anomalous effects
related to energy conversion.

6.2 PVDF Stacks
The strain-gauge epoxy bonding method described in section 5-3 is used to

construct the Strachan-Aspden replica device. PVDF stacks are constructed using 21
layers of 28 pm thick PVDF film from AMP, Inc., coated on one side with 2200

angstroms Ni and 800 angstroms Al. This PVDF film is similar to that used by Strachan
in the construction of the prototype devices. The HCI etching technique described in
section 5.3.3 is used to remove the metallization from one side of the PVDF film.

A schematic of the stack ussembly is shown in Figure 6-1. The face dimension of
the PVDF stack is 5.1 mm x 25.4 mm. The stretch direction of the PVDF film is oriented
in the 5.1 mm dimension. A single layer tab of PVDF 12.7 mm long extends from the top
and bottom of the stack for electrical connection. All PVDF layers are metallized on the
top side only. The stacks are cured at 70 °C and 5.5 x 107 Pa for 1.5 hours. 15 stacks are
constructed. The average stack thickness is 0.64 mm.

The capacitance and resistance between the leads of each PVDF stack are
measured using a BK Precision 875A LCR meter. The stack capacitance is calculated
using equation (5-1) to be approximately 20 pF. The resistance between the leads of a
properly made stack is assumed to be >>10 MQ. Those stacks that deviate significantly
from these expected values are discarded. After this testing procedure, 11 "good" stacks
remain. Using equation (4-3), the half-wave resonant frequency of the PVDF stacks is
calculated to be approximately 1.55 MHz at 24 °C.

6.3 Stack Assembly

6.3.1 Acrylic Half-Wave Plates.

The speed of sound in the acrylic material used in the construction of the
Strachan-Aspden replica device is measured to be 2613 m/s at 24 *C using PZT "driver"
and "listener” elements mounted on either side of a sample of the acrylic material. This
shows good agreement with the measurement of 2717 m/s for acrylic reported by Folds
[42]. Using equation (4-3), the thickness of acrylic required to be half-wave resonant at
1.55 MHz is 0.84 mm. Several 5.1 mm x 25.4 mm x 0.84 mm thick acrylic plates are
constructed.
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Table 6-1.
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Capacitance (pF)
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of the stack. 0.023 mm thick m.ylar sheets on either side of the stack are used to provide
for electrical insulation. A thin layer of heat sink compound is used between each layer
to provide for better thermal contact and electrical insulation. Type K thermocouples are
mounted in the aluminum block and the copper shim piece under the thermofoil heater to
provide for temperature measurement. An additional Minco thermofoil heater can be
mounted under the aluminum block in order to provide for isothermal device operation at
temperatures above 24 "C. A 1 kg steel weight and delrin spacer are used to apply a
vertical clamping force on the temperature gradient assembly to provide for better
thermal contact between the individual layers and to prevent buckling of the PVDF-
acrylic composite stack.

6.42 Clamping

A schematic of the device setup is shown in Figure 6-4. The PVDF-acrylic
composite stack is clamped in a precision machinist's vise. Belleville disc springs are
mounted on the clamping bolt apd are used to apply a clamping force of 400-450 N. This
produces a compressive stress of ~4-5 MPa in the PVDF-acrylic composite stack. This
assures that the composite stack is always in a compressive condition during operation.

6.43 Electrical Grounding

The vise and the copper shim pieces are both connected to electrical ground. The
whole assembly is epoxied to a delrin baseplate. A copper ground sheet is placed under
the delrin baseplate and connected to electrical ground. The PVDF "driver" and
"listener" stack leads pass through electrically grounded copper tubing. This grounding
helps to reduce capacitive coupling between the PVDF "driver” and "listener” stack leads.

6.4.4 Electrical Drive and Measurement Setup

A schematic of the drive and measurement setup is shown in Figure 6-5. An
Hewlett Packard 33120A function generator is used to provide the drive signal for the
replica device experiments. The HP function generator can operate at voltages up to 20 V
peak-to-peak. The Crown DC300A audio amplifier and 5:1 transformer board (see
Figure 4-5) used for the single PVDF layer energy conversion experimen: {described in
chapter 4) is used to provide drive voltages up to 320 V peak-to-peak at frequencies
ranging from 10-160 kHz. An Electronic Navigation Industries, Inc. model 310L 10 watt
RF amplifier and 42:1 ferrite core transformer board (see Figure 6-6) is used to provide
drive voltages up to 400 V peak-to-peak at frequencies ranging from 70 kHz-2 MHz.
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A Tektronix TDS460A digitizing oscilloscope is used to display the PYDF "driver" and
“listener" stack output voltages and perform amplitude and phase measurements. The
accuracy of the amplitude and phase measurements is estimated to be 1 mV and £ 2°,
respectively.

6.5 Experimental Procedure

The 10 PVDF "driver" stacks are driven at voltages ranging from 0-400 V peak-
to-peak at frequencies ranging from 10 kHz-2 MHz. The PVDF “listener” stack output
voltage amplitude and phase relationship to the drive signal is observed at various stack
temperatures and with various applied temperature gradients. The "listener" stack output
is observed for the presence of any electrical "spiking" as described by Strachan.

6.6 Results and Discussion

6.6.1 Frequency Sweeps
The device performancé is characterized by performing frequency sweeps at a
drive voltage of 20 V peak-to-peak using the HP33120A function generator. Figures 6-7

and 6-8 show the ratio of the PVDF "listener" stack output voltage to the drive voltage
(V,u / Vin) and the phase difference between the PVDF "listener" stack output voltage

and the drive voltage (&) versus frequency at stack temperatures (isothermal condition)
of 26.8 °C, 34.6 °C, and 45.6 °C. Figures 6-9 and 6-10 show the same quantities for
frequency sweeps performed with temperature gradients of 17.7 *C/cm and 39.4 *C/cm
applied across the stack assembly.

Acoustic resonances are found at frequencies of approximately 80 kHz, 340 kHz,
600 kHz, 900 kHz, and 1.5 MHz. V,,, /V;, ranges from 0.5 - 15 x 103, a ranges from

0-500°. No siginificant differences are observed between the measured V,,, / Vi, and &
values versus frequency for the frequency sweeps performed with an isothermal stack
condition at elevated temperatures and with a temperature gradient applied across the
stack. No "Strachan-type" spiking is observed during these experiments.

6.6.2 Ousput Voltage Model
The ratio of the PVDF "listener" stack output voltage V,,, to the PVDF "driver"

stack input voltage V;,, derived from equations (4-4) and (4-8), is given by

Zaut.-_-g ld33Xg, 1__£d_ (6-1)
Vin A K4+K,
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Figure 6-7. Measured V,,, / V;, versus frequency at (isothermal) stack
temperatures of 26.8 °C, 34.6 °C, and 45.6 °C.
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Figure 6-8.  Measured phase angle a versus frequency at (isothermal) stack
temperatures of 26.8 °C, 34.6 °C, and 45.6 °C.
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Figure 6-9. Measured V,,,, / V;, versus frequency at 26.8 °C and with temperature
gradients of 17.7 *C/cm and 39.4 *C/cm applied across the stack assembly.
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Figure 6-10. Measured phase angle a versus frequency at 26.8 °C and with temperature
gradients of 17.7 *C/cm and 39.4 *C/cm applied across the stack assembly.
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where g33 and di3 are the piezoelectric stress and strain constants of PVDF, [ is the
thickness of the PVDF "listener" stack, A is the cross-sectional area of the stack, K is
the combined stiffness of the PVDF "driver" stacks, and K| is the combined stiffness of
the PVDF "listener" stack and acrylic half-wave plates. K, and K] are calculated using

equation (4-6). The vise clamp faces are assumed to be infinitely stiff.

Using equation (6-1), and the temperature dependence of the properties of PVDF
and acrylic,3143 V ,, / V;, can be calculated versus temperature. The predicted and

experimental values of V,, /V;, versus temperature are shown in Figure 6-11. The
experimental values are all derived from measurements at 10 kHz, to avoid the effects of

resonant behavior (see section 6.6.3, below). Good agreement is observed between the
predicred and experimental values of V,, / V;y.

6.6.3 Acoustic Resonances

In addition to loading effects of stray capacitances on the measured output voltage
of the PVDF "listener" stack (see Appendix B), acoustic resonances should also account
for variation of V,,, /V;, with frequency. Because the acoustic impedances of PVDF
and acrylic are similar (Zpypf = 3.9 x 106 kg/m2s and Zgerylic = 3.3 x 108 kg/m2s), the
half-wave resonance of the PVDF-acrylic stack assembly, fg 4.k, is approximated by

-1
2n,l
f suack =(——“—2"' + = ] 62)
c, cp

where n, and n, are the number of acrylic half-wave plates (12) and PVDF stacks (11)
in the stack assembly, respectively, I/, and /, are the thickness of the acrylic half-wave
plates and PVDF stacks, respectively, and ¢, and ¢, are the speeds of sound in acrylic

and PVDF, respectively. Using material properties from Folds [42] and Ohigashi [31],
fsuck is calculated to be 75 kHz at 25 *C. Harmonic resonances are expected at

approximately 150 kHz, 300 kHz, etc. This shows good agreement with the observed
stack resonance values in the 20 V peak-to-peak frequency sweep experiments. fggcx iS

plotted versus temperature in Figure 6-12. Good agreement is observed between the
predicted and experimental values.

The half-wave resonant frequency of the PVDF "listener” stack, fpypr., is given
by

c
frvpr ==t (6-3)
21 p
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sing material properties from Folds [42] and Ohigashi [31], fpypr is calculated to be
1.55 MHz at 25 *C. fpypF is plotted versus temperature in Figure 6-13. Good

agreement is observed between the predicted and experimental values.

6.64 High Voltage Drive Experiments

The audio-range and RF-range high-voltage drive setups described in section
6.4.4 are used to drive the PVDF "driver" stacks in order to achieve higher stress and
voltage amplitudes in the PVDF "listener"” stack. The maximum applied drive voltage
versus frequency is shown in Figure 6-14. The highest applied voltage is approximately
400 V peak-to-peak between 70 and 140 kHz, which is achieved using the RF amplifier
and ferrite core transformer board. Higher voltages between 70 and 140 kHz could have
been achieved, but a voltage of 400 V peak-to-peak is determined to safely avoid any
arcing or dielectric breakdown in the PVDF stacks. At other frequencies, the maximum
voltage used is limited by the output power of the drive setups.

Frequency sweeps are performed from 10 kHz-2 MHz using the high-voltage
drive setups at 24.7 °C and with a 43.8 "C/cm temperature gradient applied across the
stack assembly (Tq = 50.5 *C, Tc = 34.9 °C). The observed values of V, / Vip and
during the high-voltage drive experiments are very similar to those measured in the low-
voltage (20 V peak-to-peak) frequency sweeps. Also, no electrical spiking is observed in
the PVDF "listener” stack output voltage profile.

6.7 Conclusions

A replica of Strachan and Aspden's first prototype device is constructed,
consisting of ten 1.55 MHz-resonant PVDF "driver" stacks, one 1.55 MHz-resonant
PVDF "listener” stacks, and 12 acrylic half-wave plates. A high voltage drive system is
developed to provide drive voltages up to 400 V peak-to-peak at frequencies ranging
from 10 kHz-2 MHz. A series of frequency sweeps are performed to characterize the
performance of the device with varying temperature (and temperature gradient). The
observed variation of stack voltage output and resonant frequencies with temperature is
consistent with the temperature dependent properties of the stack materials. No
significant differences are observed between frequency sweeps performed with an
isothermal stack condition at elevated temperatures and with a temperature gradient
applied across the stack. No electrical spiking like that reported by Strachan is observed.
No other anomalies that could be related to energy conversion effects are observed.
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7. Conclusions and Recommendations

In this study, Strachan and Aspden's claims of a high-efficiency AC
thermoelectric generator design are investigated. An overview of Strachan’s experiments
with the prototype PVDF stack devices is given. Aspden's explanation for the operation
of the devices involving AC effects on circulating DC thermoelectric currents and the
experiments performed by Strachan to test this hypothesis are described. An analysis of
DC thermoelectric effects in the Ni-Al bimetailic coatings is performed, showing that a
circulating DC thermoelectric current on the order of 18 mA and a transverse magnetic
field on the order of 2.6 gauss can be developed by Seebeck action in the bimetallic
coating of the PVDF film when a transverse temperature gradient of 70 °C is applied. No
connection is established between this Seebeck action and any possible energy
conversion mechanism. DC thermoelectricity in the bimetallic coating of the PVDF film
is shown not to be able to account for the efficiencies and temperature gradients observed
by Strachan in the prototype devices.

The dielectric, piezoelectric and pyroelectric aspects of PVDF are reviewed, as
any or all of these propertics may be involved in the energy conversion mechanism
observed by Strachan. The relative dielectric constant and dissipation factor of PVDF are
measured with a transverse magnetic field imposed across the PVDF film sample, to
determine if Aspden's hypothesis of the presence of a magnetic field due to circulating
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DC thermoelectric currents could somehow affect the dielectric properties of PVDF. No
effect of the transverse magnetic field on the dielectric properties of PVDF is observed.

To test for energy conversion effects in PVDF, a single layer of PVDF is mounted
in an inertial clamp assembly with a PZT piezoelectric driver element. The PVDF layer
can be driven electrically and/or acoustically (with the PZT), using a high-voltage (0-300
V peak-to-peak) audio-range drive system at frequencies ranging from 10-30 kHz. The
relative phase of the electrical and acoustic drives car be varied from 0-180°. Various
experiments are performed in which the relative phase and amplitude of the electrical and
acoustic drives is varied with and without a transverse temperature gradicat of 19 *C/cm
applied across the PVDF layer. Experiments are performed with the PVDF layer output
leads open-circuited and connected across a 10 kQ resistor. No anomalous effects that
could be related to energy conversion (such as electrical spiking) are observed.

An attempt to duplicate Strachan's cyanoacrylate bonding method for the
construction of multilayer PVDF stacks is reported to result in unsatisfactory bond
thickness and quality, and is therefore abandoned. An alternative PVDF bonding method
using a low-viscosity strain gauge epoxy bonding method is developed. Thickness
measurements and piezoelectric resonance experiments are used to optirnize the bonding
procedure. A cure cycle for Measurements Group, Inc. type AE-15 epoxy at 1.7 x 107 Pa
and 70 °C for 1.5 hours is found to produce high quality bonds. A resonant Q of 5.6 is
reported for a 20 layer stack of 28 pm thick PVDF at 1.56 MHz and 24 °C.

The strain gauge epoxy bonding method is used to construct 21 layer stacks of 28
pm thick PVDF for use in a replica of Strachan'’s first prototype device. It is hoped to
duplicate the conditions of Strachan's experiments with the first prototype device, where
he observed electrical spiking ina PVDF stack not connected to the drive circuit.10 The
replica consists of ten PVDF "driver" stacks and one PVDF "listener" stack mounted in a
clamp assembly. High-voltage audio-range and RF-range drive systems are used to drive
the PVDF "driver" stacks at voltages up to 400 V peak-to-peak at frequencies ranging
from 10 kHz-2 MHz. The listener stack output voltage and phase relationship to the
drive voltage is monitored during frequency sweeps performed at several stack
temperatures (isothermal condition) and with temperature gradients of up to0 43.8 "C/cm
applicd across the stack. No siginificant differences are observed between frequency
sweeps performed with an isothermal stack condition at elevated temperatures and with a
temperature gradient applied actoss the stack. The PVDF "listener” stack output voltage
and resonance frequency peaks agree well with static and acoustic models developed for
the replica device. No anomalous effects are cbserved due to the presence of the
transverse temperature gradient.
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If a "Strachan"-type energy conversion mechanism exists, then there are several
possible reasons why it is not observed during the course of this study. First, the stress
and/or voltage levels achieved in the PVDF layers/stacks is this study might not be high
enough to couple the energy conversion mechanism. Strachan reports voltage levels of
approximately 2000 V peak-to-peak in a 20-layer PVDF stack not connected to the drive
circuit in the first prototype device,!0 which corresponds to a stress amplitude of
approximately 10-11 MPa peak-to-peak. In this study, the maximum stress amplitude
achieved is approximately 0.04 MPa peak-to-peak (in the single PVDF layer energy
conversion experiment described in chapter 4). Second, since Strachan's bonding method
using ethyl cyanoacrylate adhesive with a tetrabutyltitanate/petroleum ether/water vapor
surface treatment is not uscd in either the single PVDF layer or replica device
experiments, any mechanism related to chemical reactions involved with either the
surface treatment or adhesive could not be observed. Third, the manner of PYDF
excitation might not be the same used by Strachan in the operation of his prototype
devices. It is unclear whether the output voltage reported by Strachan for the first
prototype device was from a PVDF stack that was only driven acoustically. It may be
necessary to provide an electrical drive to the PVDF stack while also driving it
acoustically. Although various drive conditions are attempted during the single PVDF
layer energy conversion experiments and Strachan-Aspden replica device experiments, no
anomalous effects are observed.

There are various possible explanations for the energy conversion mechanism
related to the operation of Strachan's prototype devices. Aspden's hypothesis regarding
AC effects on circulating DC thermoelectric currents in the bimetallic coating of the
PVDF film is described in section 2.5 and in several publications.3-6 The piezoelectric
and pyroelectric nature of PVDF may be involved in a possible energy conversion
mechanism. A chemical reaction involving PVDF, Ni, Al, and/or any of the chemicals
used by Strachan for surface preparation and bonding in the construction of his PVDF
stacks could possibly be involved in a chemical reaction energy conversion mechanism.
This could explain the limited operational lifetime of the prototype devices.!0 Strachan
now feels that magnetic recording tape and tetrabutyltitanate are required in the
construction of the PVDF stacks for the energy conversion effect to be observed, even
though the second prototype device was constructed without using magnetic recording
tape.%: 1144 As of yet, no satisfactory explanation for the operation of Strachan's
prototype devices has come to light.

The high voltage levels necessary for observation of the energy conversion effect
in Strachan's prototype devices may couple a polarization switching mechanism in the
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PVDF film. Extremely high electric potentials can be developed if polarization switching
occurs in a stack of PVDF layers where the polarizations of the layers are all parallel and
vertical.25 Spiking can be observed in the poling current of PVDF films, which may or
may not be related to Barkhausen pulses observed in other ferroelectrics.25 This may
explain the electrical spiking observed by Strachan in his experiments with the first
prototype device. It is not known how this mechanism could be related to an energy
conversion effect.

In order to provide for higher stress and voltage levels to be achieved in the PVDF
material to more accurately duplicate the conditions of Strachan’s prototype devices, a
simple experiment is proposed. A schematic of the experimental design is shown in
Figure 7-1. The device consists of ten PZT "driver” elements, 254 mmx 2.5 mm x 1 mm
thick, two acrylic insulator plates, 25.4 mm x 2.5 mm x 0.84 mm thick, and one PVDF
"listener" layer, 25.4 mm x 2.5 mm x 28 um thick. The stack is assembled using the
strain gauge epoxy bonding technique described in section 5.3. The stack assembly is
mounted in a clamp assembly, and provision is made for a temperature gradient of up to
70 *C to be applied across the PVDF layer in the 2.5 mm dimension. A high-voltage
drive system can be used to drive the PZT "driver" elements, which are electrically
connected in parallel. The PVDF "listener” layer output voltage can be observed using an
oscilloscope for anomalous electrical effects. The half wave resonant frequency of this
assembly is calculated using equation (6-3) to be 220 kHz at 24 °C. The ratio of Vyu/Vin
for this device is calculated using the model described in section 6.6.2 to be 0.007 at 24
*C. For a drive voltage of 100 V peak-to-peak, this corresponds to a PVDF "listener”
layer voltage of 0.7 V peak-to-peak, and an oscillating stress of 0.074 MPa peak-to-peak.
This is significantly higher than the voltage and stress levels realized in the Strachan-
Aspden replica device described in chapter 6. Also, a resonant Q much higher than the
Strachan-Aspden replica device is expected for this experimental setup, as the mechanical
loss tangent of PZT is much lower than that of PVDF.

Since there are so many possible explanations for energy conversion effects in the
prototype devices, the first priority of any future research in this area is to duplicate
Strachan's result (i.e. to observe an anomaious electrical effect in a PVDF stack driven
acoustically and/or electrically in the presence of a transverse temperature gradient). If
an anomalous effect is discovered, a series of experiments can be designed to determine
the conditions necessary for observation of the effect and to investigate possible
mechanisms. Only after Strachan's result has been duplicated and the energy conversion
mechanism has been well understood can working energy conversion devices be
constructed using the Strachan design.
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Figure 7-1.  Schematic of the proposed experimental setup to provide for higher
voltage and stress amplitudes in the PYDF material.
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Appendix A: Composite Stack Stiffness and Inertial Clamp Mechanical Resonance
for the Single PVDF Layer Energy Conversion Experiment

Stack Stiffness
A schematic of the series spring model used for determination of the stack
stiffness in the single PYDF layer energy conversion experiment (see chapter 4) is shown

in Figure A-1.
M M
stee! Pyrex PZT PVDF Mylar Copper Pyrex PZT steel
cone sensor layer thermal driver cone

bus

Figure A-1.  Series spring model for resonant frequency calculation.

The composite stiffness for this series spring arrangement, K,y is given by

-1
2 2 2 1 1 1
K = + + + + + (A-1)
comp (Kcoue' Kpyrex Kpzr  Kuylar  Kcu KPVDF)

where the stiffness K for each element (except the steel conical sections) is given by

K=— (A-2)

where E is the Young's modulus of the layer material, A is the cross sectional area of the
layer, and ¢ is the thickness of the layer.

The model of the steel conical section used for this analysis is shown in Figure A-
2. The stiffness of the conical section, K, is obtained from

_ EA(x)

dK cone = dx (A-3)
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where x is the distance along the conical section and A(x) is the cross-sectional area of
conical section. A(x) is given by

A(x) = n1(ry — x)° (A-4)

where ry is the larger radius (at x=0), since the included angle of the conical section is
45°. Then ‘

-1
[ dx
dKCOM _(EA(I)) (A'S)

and

(A-6)

Kcone=[ | ———=

———— 1; = 37.8 mm

cylindrical - 50.8 mm
portion

: Y
Yx aBoe }
conical L =28.6 mm

section I ‘J_

r,= 6.4 mm

Figure A-2. Model of steel clamp half, showing cylindrical portion and conical section.

Using Mathsoft Mathcad numerical integration software, K,,, is determined to

be 9.79 x 109 N/m. The stiffness of the 76.2 mm diameter cylindrial portion of the steel
clamp half is calculated to be 7.13 x 1010 N/m, and is considered to be infinitely stiff for
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this analysis. The steel conical-section stiffness calculation is only an approximation, as

some of the steel material is removed to allow space for the temperature gradient
assembly (see Figure 4-3). The calculated stiffness for each stack component and Kcopmp

using material properties at 24 °C is given in Table A-1. Material properties are obtained
from Ohigashi [31], APC technical sheets for type 880 PZT [37], and Crandall, Dahl, and

Lardner [45].

Table A-1.

Stack Calculated

Component Stiffness, K
Steel Conical 9.79 x 10° N/m
Sections (2)
Pyrex Spacers (2) | 7.11 x 109 N/m
PZT elements (2) 1.32 x 1010 N/m
PVDF layer 1.15 x 1010 N/m
Copper thermal bus | 3.94 x 1010 N/m
Composite Stiffness, | 5.02 x 108 N/m
KCO"IP

Calculated stiffness values for the stack components at 24 °C.

Mechanical Resonant Frequency
The inertial clamp can be represented as two masses M and a spring K¢omp with

unconstrained ends (see Figure A-3).

Figure A-3.

centerline

mp

M'_/KYW_

Inertial clamp mechanical resonance model.
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It is assumed that the length scale of the composite stack that forms the spring is
small compared to the length scale of the inertial clamp halves. Therefore, any motion of
the system is symmetric around the centerline of the system (regardless of any asymmetry
in the stack itself) and can be represented as a single spring of stiffness 2K,y and a

single mass M (see Figure A-4).

2Keomp

Figure A-4.  Spring-mass model for inertial clamp.

Note that the spring constant is now 2K, as the spring is now 1/2 as long, and

therefore twice as stiff. The spring-mass resonant frequency f,, is then given by

1 2 Cco
=1 |2Kecomp A-
2n M (A7)

where K op, is the composite stiffness of the stack and steel conical sections and M is
the mass of each clamp half. Using a Koy, of 5.02 x 108 N/m and a clamp half mass of

2.5kg, fp, is calculated to be 3200 Hz.
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In this study, the output voltage of PVDF capacitive elements is measured in both

the single layer energy conversion experiment and in the Strachan-Aspden replica device
experiments. The effect of loading due to stray capacitances and the oscilloscope input

impedance on the measured voltage in these experiments is analyzed in this appendix.

Loading of PVDF Layer Due to Scope and Mylar Capacitive Divider

In the single PVDF layer energy conversion experiment described in chapter 4,
the stack arrangement is such that the PVDF and Mylar layers form a capacitive divider
(see Figure B-1). The Tektronix TDS460A oscilloscope also possesses an input
capacitance of 13 pF and an input impedance of 1 MQ. The equivalent circuit is shown

in Figure B-2, with the PVDF layer represented as an oscillating current source. The
capacitances of the PVDF and Mylar layers are measured to be 790 pF and 186 pF
respectively using a BK Precision 875A LCR meter.

Copper Thermal Bus
Mylar
+ ¥ to scope
PVDF
Figure B-1.  Schematic of the PVDF-Mylar capacitive divider.
Fm——————
| S+
G=|13PF _SR=1MQ
PVDF | Mylar | v
C =790 pF Cs186pF | —T— meas
I .
I o
— L e o e — — — —
oscilloscope

Figure B-2.  Equivalent circuit for the open circuit single PVDF layer voltage
measurements.
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For a capacitor with dielectric

L =gk +P (B-1)

where q is the free charge, A is the capacitive area, &g is the permittivity of free space,
(€¢ = 8.854 x 10-12 F/m), E is the electric field, and P is the electric polarization.1? If
we assume ¢ is an oscillating function of time, g(r), then

q() = goe’™ (B-2)

where ¢y is the oscillating charge amplitude and o is the angular frequency. Since the

dq

current i is equal to I

. _ . jox _ jot\ _ ; jax .
i=ige ——-(qoe ) Jjaqpe (B-3)
and
i
=— B-4
q o (B-4)
Therefore,
i
—=gE+P B-5
Iy & (B-5)

The measured voltage V., is given by
Vmeas =2 (B-6)

where Z is the circuit impedance, given by

1
R+ —
Jjox(Cpy +Cy)

(B-7)

where R is the oscilloscope input resistance, C,, is the Mylar layer capacitance, and C;
is the oscilloscope input capacitance. Therefore,

1
Vm =El= {R + m) (B-8)



where [ is the thickness of the PVDF layer. Substituting equation (B-8) into equation (B-
S), and rearranging,

. -1

-Pl 1

Vv =El= 1- -
meas = El = ( ( ijsoA/I)+(£0A/(Cm+Cs)I)) ®B-9)

where the quantity —P!/ € is the open circuit voltage (i=0) of the PVDF layer, V;pp.
Vimeas | Vopen is plotted versus frequency in Figure B-3. The voltage attenuation is less

than 2% for frequencies over 10 kHz, and is therefore considered insignificant for the
single PVDF layer energy conversion measurements.

1 T f T |

o8| -
VvV
T}m& sk ]
open

04 -

[ 1 | 1 ]
02 0 5 10 15 20 25 30

Frequency (kHz)

Figure B-3.  Calculated V,eq5 / Vopen Vversus frequency for the single PVDF layer

energy conversion experiments.
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Loaded Single Layer Experiments
In the loaded single PVDF layer energy conversion experiment (see section 43),a
10 kQ resistor is placed in parallel with the PVDF layer. The circuit layout is shown in

Figure B-4.
Fm—————— -
T S+
R=10K2  G= 13pF M R-1MQ
PVDF | Mylar —_— v
C =790 pF G 186 pF [ mess
| ®-
=

oscilloscope

Figure B-4.  Circuit for the 10 kQ resistor-loaded single PVDF layer energy conversion
experiments.

An analysis similar to that for the open circuit measurements, above, shows that

-1
Vineas _ 1-— 1 (B-10)
Vopen (]aﬂpﬁoA /D+ (EOA / (Cm + Cs)l)

where R, is the parallel combination o‘g the oscilloscope 1 MQ input impedance and the
10 kQ load resistance, given by

_1IMQ X 10kS2

o Mo X R 9.9k B-11
P 1MQ +10k02 9.9k (B-11)

Vimeas ! Vopen is plotted versus frequency in Figure B-5. V., is only approximately
35% of V,pen between 10 and 30 kHz, indicating that the PVDF layer is significantly

loaded by the 10 kQ resistor as the experiment intended. Actual measurements show that
Vmeas ! Vopen is approximately 0.61, which shows poor agreement with this prediction.
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Figure B-5.  Calculated V;p,5c / Vpen versus frequency for the 10 k2 resistor-loaded

single PVDF iayer energy conversion experiments.

Strachan-Aspden Replica Device Experiment

In the experiments performed with the Strachan-Aspden replica device, the output
voltage of a 0.64 mm thick PVDF capacitor "listener" stack is measured using the
Tektronix TDS460A oscilloscope (see chapter 6). The capacitive divider arrangement is
shown in Figure B-6 and the equivalent circuit is shown in Figure B-7. The capacitance
of the acrylic half-wave plate is estimated to be approximately 3.5 pF. An analysis
similar to that for the single PVDF layer experiments, above, shows that

-1
M:(l- , ! ) (B-12)
Vopen (jwRegA /) +(€gA [ (C4 +Cs)l)

where C, is the acrylic capacitance value. V.4 /Vopen is plotted versus frequency in
Figure B-8. V., is more 2% greater than V,,,,, for frequencies less than 36 kHz, and

therefore will significantly affect measurements performed below 36 kHz.
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Figure B-6. PVDF-Acrylic capacitive divider arrangement for the Strachan-Aspden
replica device experiment.
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Figure B-7. PVDF-Acrylic capacitive divider equivalent circuit for the Strachan-
Aspden replica device experiment.

1.6 T T T T LI

| ] I |
0 10 20 30 40 50 60
Frequency (kHz)

Figure B-8.  Calculated V,,,,. / Vopen versus frequency for the Strachan-Aspden

replica device PVDF "listener" stack.
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