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PREFACE

The development of a temperature compensated pressure transducer is

described. The pressure sensing element of this transducer is a thin film

of polyvinyl idene fluoride which is both piezoelectrical ly and pyroelectrically

active. In order to measure accurately a pressure pulse which is also accompanied

by a temperature pulse due to adiabatic compressional heating, it is necessary

to correct for the pyroelectric signal. The temperature compensation technique

which we use is to measure the temperature with a fast response thermocouple, to

amplify the thermocouple signal in accordance to the pyroelectric response of the

transducer and to combine the transducer and amplified thermocouple signals

to produce an output voltage proportional to pressure only. A compensation

circuit with a frequency range of 1 Hz to lo'' Hz was constructed and tested.

The transducer was calibrated and tested using pressure pulses whose peak

value was 2.1 x 10^ Pa (3000 psi) and whose pulse width was approximately

5 to 10 ms. For these measurements, the transducer was placed in an oil

pressure chamber at room temperature and the pressure pulse was initiated

by dropping a 16 kg mass onto a plunger in the chamber. Signals from the

PVDF transducer, from a reference pressure transducer and from a thermocouple

were captured by a transient recorder. The pressure measured with the

calibrated and compensated PVDF transducer was found to agree satisfactorial ly
v/ith the signal from the reference pressure gage.





SECTION I

INTRODUCTION (U)^

The piezoelectric material which forms the active element in this

pressure gage is polyvinyl idene fluoride (PVDF). It is available as thin

sheets or films which are normally inactive and becomes piezoelectrically

and pyroelectrically active by poling a region of the material with a large

electric field. Because of its transducer behavior, PVDF has been studied

and characterized in many materials experiments and transducer applications in

12 3 4.

our laboratory and elsewhere ’
’ The designs of a variety of gages, hydro-

phones, pyroelectric detectors and acoustic drivers have incorporated an active

5 6 7
PVDF element ’

’
. Although most of these applications involve small pressure

signals, there have been some published data on the use of PVDF to measure

pressure in shock tests. In laboratory shock tube experiments, Bauer has

9 2
shown that PVDF can be used as a detector up to pressures of 2.5 x 10 newtons/m

C Q

(Pa) (3.6 X 10 psi) . There appears to be no inherent materials shortcoming

which would inhibit the use of PVDF at high pressures.

One of the thermodynamic consequences of pulses of high pressure imposed

on a PVDF pressure gage and its surroundings is adiabatic heating which will

produce a pyroelectric response along with the piezoelectric response. This

effect was discussed by DeReggi et al who considered the relative time effects

of pressure induced temperature changes in PVDF and temperature changes which

5
occur in the surrounding medium . Adiabatic heating of the PVDF will occur in

coincidence with its pressure change, i.e. there will be no time delay of a therm

energy pulse with respect to the pressure pulse. When adiabatic heating of the

®(U) indicates that this material is unclassified.
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surrounding medium occurs, the thermal time constant for diffusion of heat

into the gage will determine its pyroelectric response as a function of time.

If the temperature changes In PVDF and its surroundings are identical, then

there will be no heat transfer and the pyroelectric response will be due to

adiabatic heating of the PVDF only. Calculations for this special case show

that the pyroelectric charge signal is approximately 8% of the piezoelectric

c

charge . In general, adiabatic heating in both PVDF and its surroundings

along with the time scale of each effect must be considered. For the PVDF

gages used in this investigation, the time constant, x, for heat to diffuse

into the gage from the surroundings is approximately 30 milliseconds (ms).

For pressure measurements at t « x temperature compensation can be achieved

by applying the 8% correction to the transducer signals. For longer times

the conduction of heat from the surroundings must be measured in order to

apply the appropriate correction to the electrical signal from the PVDF gage.

The measurement system, which we describe here, has been developed for

the purpose of obtaining accurate dynamic pressure data in the presence of a

changing thermal environment. Compensation is achieved by using a thermocouple

with a fast response time to measure temperature changes in the PVDF gage. The

dynamic range of the compensated measuremient can be as broad as 0.1 Hz to 10^ Hz.

6 8
Pressure measurements at higher frequencies, 10 - 10 Hz, can also be made

as long as the 8% temperature compensation is applied.

SECTION II

METHOD OF COMPENSATION (U)

The method of temperature compensation we have chosen is: (a) to measure th

temperature change of the PVDF transducer using a thermocouple; (b) to

amplify the thermocouple voltage to equal that generated by the pyroelectric
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response of the gage; and (c) to add the transducer voltage to the amplified

thermocouple voltage yielding a corrected gage voltage. This corrected output

is proportional to the pressure which is applied to the active area of the

transducer.

Figure 1 illustrates the compensation method. Since the PVDF transducer

is a charge generating device, its signal is converted to a voltage via a feedback

capacitor C^, in a charge amplifier. When the transducer responds to both

temperature and pressure simultaneously, the transducer charge, = Pp -

where
qp

is the charge proportional to pressure and
q^^

is the charge proportional

to temperature. These charges combine out of phase because a positive pressure

and a positive temperature will generate charges of opposite sign. The feedback

capacitor converts these charges to corresponding voltages,

e^ = qp/C^ - ~
^p

'
^th ®th

voltage proportional to the

temperature change AT, ep is a voltage proportional to the pressure change AP,

and e^ is the output (transducer) voltage from the charge amplifier. In terms

of pyroelectric and hydrostatic piezoelectric coefficients X and d^ we have

‘’th
"

where fs the area of the electrodes. Equations (1) and (2) define the

coefficients X and d, .

h

The thermocouple junction, which is positioned close to the active area

of the transducer, provides a voltage, = KAT where K is the thermocouple

constant. is amplified to equal the quantity e^^ by an amplification factor,

A^, so that When e^^ is set equal to e'^ by adjusting A^ and whtn

e^ and e^^ are added, we have

®t ®th
= e. - e

th
+ e

th
= e (3)

and the compensation is achieved.
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can be obtained experiimntally by subjecting the transducer to a temperature

change with no accompanying pressure change. In this case, the gage output

should be zero. In experiments to be described below, the transducer is

irmersed in hot or cold water and the value is adjusted until the addition,

Vth ^

A calculation of A^ can be carried out by noting that

XA^AT
e

Substituting AT = V^^/K into equation (4) we have

Our objective is to achieve the equality, e^^ = e^^, where

e
th Mth*

(4)

(5)

( 6 )

Thus, a comparison between (5) and (6) yields

(7)

which is a dimiensionless quantity.

4
A^ is proportional to a and inversely proportional to C^. Using = 10

picofarads (pf) and considering typical values of X = 4 nanocoulombs per square

2 2
centimeter per degree Centigrade (nC/cm °C), A^ = 1 square centimeter (cm ) and

K = 41 microvolts per degree Centigrade (viV/°C) (for copper-constantan )

,

XA

C^K ( 3 )
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SECTION III

THE MEASUREMENT SYSTEM (U)

The temperature compensated pressure gage contains three essential elements:

(a) the active PVDF transducer; (b) a thermocouple having a short rise time;

and (c) compensation amplifiers which add the transducer and thermocouple

signals.

1. (U) DESIGN OF THE TRANSDUCER

The PVDF transducer with thermocouple is shown in Figure 2. It is made

from four sheets of PVDF which have been laminated together using epoxy. The

inner two sheets (12 micrometer (ym) thickness) contain active areas on which

aluminum electrodes have been deposited. The active area is 1 cm in diameter.

The outer two layers (25 micrometer (ym) thickness) serve as protection for the

inner two so that the gage can be used in environments requiring mechanical

ruggedness. A copper-constantan thermocouple junction, made with 75 ym

(3 mil) wire, is placed between the inner two sheets and within 2 millimeters

(mm) of the active transducer area. The overall thickness of the transducer

is approximately 0.13 mm.

Prior to lamination the electroded regions are made piezoelectrical ly

active by poling them at room temperature with an electric field of 2 megavolts/

centimeter (MV/cm). The active areas are then laminated face-to-face so

that the polarization vectors in each element point in opposite directions.

In this bilaminate pattern, the ground electrodes are on the exterior surface

and the inner electrodes carry the signal potential. One of the advantages of
I

this design is that signals generated in the two elements by bending are opposite

in polarity and add to zero. Other details regarding gage construction can be

q IQ
obtained from published reports ’

.
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We have chosen the symmetric geometrical configuration of Figure 2

because this arrangement will yield nearly coincident thermal response times

for both the transducer charge, q(t),and the thermocouple voltage, V^^(t). If

we consider thermal energy associated with a pressure pulse traversing across

the thickness of the PVDF film from one side to the other, the conduction of

heat can be described approximately by a solution to the heat flow equation

in one dimension'*'*. The responses q(t) and V^^(t) will not be exactly the same,

however, because V^^(t) changes directly with T(t), the temperature change, but

12 13
q(t) follows the integral of temperature over the thickness of the film ’

.

Solutions to the heat equation are that both T(t) (or V^^(t)) and q(t) are expressed

as Fourier series both of which contain the same dominant thermal time constant,

where I is the thickness of the transducer and k is its thermal conductivity.

Since the time constant varies with it is important that thickness of the

transducer be the same at the region of piezo-sensitivity and at the location

of the thermocouple.

The differences in V^|^(t) and q(t) appear in the coefficients of the Fourier

series and in the constant term, but these differences are minimized in the

symmetric configuration. For a transducer thickness of 2 mil (50 micrometers)

with thermocouple and piezo-sensitive region symmetrically positioned in the

center, calculations show that V^j^(t) lags q(t) by 0.4 milliseconds (ms) and that

the overall rise time is approximately 9 ms. (It should be emphasized that

this response time corresponds to the thermal response of the gage and is not

indicative of its response to pressure. Response to pressure as fast as 50

O

nanoseconds (ns) has been observed in shock tests by Bauer .

)





The inherent rise time of the thenr.ocouple, independent of its surroundings,

was measured using a light flash to deposit thermal energy at the thermocouple

junction. In this experiment the thermocouple signal is not determined by the

thermal conductivity of the medium surrounding the junction, but rather by the

geometry and electrical characteristics of the junction itself. Using a light

pulse with a 20 microsecond (ys) rise time, we observed that the rise time of

the thermocouple was 50 ys. Thus, the thermocouple can be used to detect adiabati

heating in the PVDF for times longer than 50 ys and can detect satisfactorially

the diffusion of heat from the surroundings into the PVDF §age, for which the

time constant is 30 ms. For times shorter than 50 ys, an 8% correction due

to the adiabatic heating of PVDF should be used.

2. (U) DESIGN OF THE COMPENSATION CIRCUIT

In Figure 3 we show the amplifiers to which the signals from the transducer

and the thermocouple are connected. The PVDF transducer is grounded on the

side of negative polarization so that the output voltage of the charge amplifier

is negative when a positive pressure is applied, i.e. e^ = -AQ/C^ where AQ is

the charge generated by a positive pressure change AP. The time constants,

R^C- and R
2
C
2

, determine the high and low frequency 3 db points and are set at

220 ms and 32 ys respectively; this corresponds to a frequency range from

4
1 Hz to 10 Hz. The amplifier ^ voltage follower with a gain of 1 which

serves as a buffer.

Amplifiers A^ and A^ determine the amplication factor A^ for the thermocouple

signal. The exact value of A^ which is needed for a particular transducer can

be obtained by adjusting the gain of A^. The value of the input amplification,

A,, is set at 400. High and low frequency 3db points are established using

time constants R^C^ and R^C^ where R^C^ = R
2
C
2

and R^C^ = R^C^ so that the

phase shifts for the transducer and thermocouple amplifiers are the sam,e.
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Since positive AP will contract the volume of the transducer and positive

at will expand the volume, these two energy excitations will produce opposite

electrical charge responses in the transducer. Therefore the corrected signal

ep is obtained by adding e^ and e^^. This is done in the adder A^. The output

of Ac is the reverse polarity of the input and is a positive voltage for a

positive AP applied to the transducer.

In the compensating circuit, low noise operational amplifiers are used.

This is particularly necessary at the high gain input amplifier A^ where an

0P16E operational amplifier is used. The resultant noise level permits a

sensitivity of AT = 0.2 ®C. Values of circuit elements are listed in the

Appendix.

The compensation circuit also contains output connections so that the

thermocouple signal and the uncorrected transducer signal can be monitored.

By inspecting the uncorrected signal, it is possible to obtain information

4
about the pressure pulse at frequencies higher than 10 Hz.

SECTION IV

TESTING THE COMPENSATION CIRCUIT (U)

The operating characteristics of the compensating circuit were examined

by measuring the outputs, e^ and e^^, when a step function charge signal and

a step function voltage signal were applied to the transducer and thermocouple

amplifiers. The input charge signal consisted of a 5V step in series with

a 3300 pf capacitor having a rise time of 5 ys. The input voltage to the

thermocouple amplifier, A^, was a 4 mv step with a rise time of 5 ys. The

outputs e^ and e^^, display a characteristic roll-off with a 220 ms time constant

which is identical in both amplifiers and therefore the resultant phase shift for

each signal is the same.





In order to determine the amount of temperature compensation attainable

using this circuit, two experimental tests were designed. In one test, a

transducer with encapsulated thermocouple was immersed into a cold water bath

by slapping the broadside surface of tne transducer against the surface of

the water. In the other test, the surface of the transducer was sprayed with

a dull black paint which serves as a light absorber. A light pulse was then

directed at the surface of the transducer and a pulse of thermal energy was

absorbed. In both experiments, we attempt to simulate the onset of a thermal

pulse at the site of the transducer.

The physics of the two experiments are somewhat different, however.

For the water immersion experiment, the surface of the transducer in contact

with the water is held at the bath temperature and heat diffuses in such a

way that the transducer reaches an equilibrium temperature equal to that of

the bath. For the light flash experiment, a pulse of thermal energy is

imparted to the surface of the transducer and subsequently diffuses into the

gage; at longer times the transducer has an average temperature which is

higher than the surroundings. The water immersion test approximates

the physical conditions present when the transducer is buried in soil, i.e.

the transducer maintains contact with the soil which acts as a thermal

reservoir. The thermal flash approximates conditions relevant to the trans-

ducer in air.

Although we have obtained valuable information from both tests, v;e

have relied on the water immersion test to set the gain level of amplifier

A^. Since this experiment is carried out at zero pressure change, the

desired output of the compensation circuit is zero. In Figure 4, v/e

show the response curves from two immersion tests: Each experiment yields

three curves: (a) the output from the transducer, e^; (b) the signal, e ;
C L II





10

and (c) the corrected (temperature compensated) output, 6p. In Figure 4a, the

gain level has been set too high. In Figure 4b the gain has been set at the

optimum for maximum cancellation of the thermal or pyroelectric signal.

For the data of Figure 4, the peak temperature change is approximately 3 °C

and the peak value of e^ is approximately IV.

When the initial response of the transducer and thermocouple is

coincident and the rise time of each signal is the same, maximum compensation

will be achieved. In Figure 4b, we note that small differences in the two

signals lead to small excursions from zero in the output, Op. Typically,

95% or more of the pyroelectric signal can be compensated by this method.

SECTION V

CALIBRATION OF GAGE IN AN OIL PRESSURE CELL (U)

The objective of the calibration is to obtain a value of d^, the

hydrostatic piezoelectric constant, for dynamic pressure pulses having a

pulse width of approximately 10 ms and peak pressures between 100 and 3000

5 7
psi (7 X 10 and 2.1 x 10 Pa). For short pressure pulses, a temperature

change usually accompanies the pressure change, so that

‘'t
"

'’P
- \h =

'‘h ''e'’
-

• (1°)

When T, P and are functions of time,

qjt) + T{t)

‘‘h
" AgPtt)

( 11 )

Since this equation will be the relationship used to determine d^,

we must make an independent measurement of X. This is done by subjecting

the transducer to a temperature change at zero pressure change. The water
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immersion experiment, by which we adjust the value of A^, can also be used

to determine X. From the data of Figure 4, X can be determined by taking

the ratio of charge to change in temperature and dividing by the area of the

electrodes. Values of X for several transducers are shown in Table I.

For the pressure experiment, the PVDF transducer is placed in an oil

pressure cell at room temperature and the pressure pulse is initiated by

dropping a 16 kg mass through a distance of approximately 30 cm onto a plunger

in the cell as shown in Figure 5. Signals from an accelerometer (attached to

the drop weight), the transducer, the reference pressure transducer and the

thermocouple are captured by a transient recorder signal processor.

The pressure cell consists of a stainless steel block, 7.5 cm wide x 16 cm

deep X 15.2 cm high (3 in. x 6^ in. x 6 in.), with a 1.90 cm bore traversing

the 16 cm dimension. At one end of the bore, the reference transducer, which is

a resistive device with a response time of 60 ys, is placed; at the other end,

feedthrough connectors carry signals from the PVDF transducer and thermocouple.

The plunger fits as a piston into a 2.54 cm bore with vertical orientation which

intersects with the horizontal bore. In preparation for the measurements, the

cell is filled with either a vacuum pump oil or an alkyl benzene dielectric oil.

Care was taken to remove all visible bubbles from the oil, but we did not degas

the oil under vacuum. During the test, the cell is placed at the bottom of a

vertical column which guides the drop weight as it falls onto the plunger.

Signals from the accelerometer, PVDF, thermocouple and reference pressure

gage, respectively a(t), q^(t), T(t) and P (t), are captured individually by

a signal processing system. The compensation circuit is not employed here,

but rather, these four signals are used to verify its operation and to

independently ascertain the degree of compensation which is attainable.

Examples of the signals observed during a drop test are shown in Figures 6 and
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7. Here, we note that T(t) contains a significant amount of unwanted noise. It

is the result of low signal-to-noise ratio at the input amplifier of the signal

processing system. The total temperature change is about 0.5 °C or a thermocouple

signal of 20 microvolts (yV) and the overriding noise is approximately 2.5 uV

peak-to-peak. The correction to the transducer signal due to the pyroelectric

effect will be about 15%.

The data of Figure 6 are captured digitally, each trace containing several

hundred points. Using equation (11), we make a point-by-point calculation of d^

across the trace of the pressure pulse. The result is shown in Figure 7 where

d^ for transducer AF-31 is plotted versus time along with a(t). Near zero time,

oscillations occur in the result because the signals are small and contain

electrical and ringing noise. When P(t) (or a(t)) is close to zero the

calculation involves dividing by a small number and obtaining an abnormally

large value for Over the central region of the pulse, however, d^ is

seen to be constant with a value of 13.6 ^
SECTION VI

MEASUREMENT OF PRESSURE USING THE COMPENSATION CIRCUIT (U)

The calibrated transducer AF-31 and the compensator were employed

together for the measurement of pressure pulses in the same oil cell. A

comparison was made to a reference pressure pulse obtained from the

accelerometer signal, a(t). Here,

'^These numbers are called gage constants and are calculated using the area of

the face of the transducer A . The material's d constant is this vino

since the bilaminate configuration would require dividing t..e chaige by

instead of A^.





where m is the mass of the drop weight and A is the area of the plunger.

Equation (12) was checked in turn with the resistive pressure gage in the

chamber. The estimated uncertainty in the measurement of P(t) using the

accelerometer signal is ± 1^.

The two pressure signals are shown in Figure 8. It is seen that the PVDF

pressure pulse faithfully follows the reference signal. There is, however,

noise on the PVDF signal which is attributed entirely to the thermocouple input

amplifier. If translated into pressure, the uncertainty in the PVDF pressure

5
measurement due this noise is ± 3.50 x 10 Pa (± 50 psi).

SECTION VII

DISCUSSION AND CONCLUSIONS (U)

The adiabatic heating under pressure of the PVDF and oil was just large

enough that compensation was appropriate. In soil, which usually contains a

small fraction of gas, or in air, we expect that adiabatic heating will be larger

and the need for compensation greater. It should be emphasized that compensation

achieved for times greater than 50 ps which is the rise time of the thermocouple.

At shorter times the adiabatic heating of the PVDF will produce a pyroelectric

signal which decreases the transducer output by approximately 8%. Both long

and short time data can be acquired using the compensating circuit because the

uncorrected signal, e^, from the charge amplifier will contain short-time

information. If e^ is sent thru a high pass RC filter, whose time constant

is 32 ps, and if this signal is then increased by Q% and added to e (the compensa
P

signal), a full spectrum of pressure data for long and short times will be

obtained.

A constant value of d^, which we observe up to a pressure of 2.1 x 10^ Pa

(3000 psi), indicates that we are operating the transducer in the linear range.

At much higher pressures (5 x 10^ psi). non-linear effects can be expected since



!L '; •
I »r :,
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g
the compressibility of the PVDF decreases with pressure . This would be reflected

as a decrease in output charge per unit applied pressure or, in other words, an

effective decrease in d^. A close inspection of the data of Figure 7 shows a

slight dip in the center of the curve corresponding to a minimum in d^^ at peak

pressure. We observed this effect routinely in the calibration experiment when

the peak pressure surpassed 7 x 10'^ Pa (1000 psi). The effect is small at these

relatively low pressures, only 3 or 4%, i. e. several times less than the overall

accuracy of our measurement of pressure which we estimate to be ± 10% with a

sensitivity of 3.5 x 10^ Pa (50 psi).

A needed improvement in the compensation circuit is to lower the electrical

noise in amplifier A^, the input amplifier for the thermocouple signal. At present,

A^ is an 0P16E, an operational amplifier with 5 yV peak-to-peak noise and wide

bandwidth capacity. At the time of construction of this compensating amplifier,

the 0P16E represented the optimum for low cost, wide bandwidth amplifiers. As

the market and the state-of-the-art improve in this area, other units will be

available to replace the 0P16E.
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SECTION VII

APPENDIX (U)

The following is a list of the components used in the temperature

compensation circuit shown in Figure 3.

f Amplifiers A^ , ^3^* ^4 ^5*

operational amplifier 0P16E

0 Resistors and capacitors:

R. - 5 ohms
in

R^ - 22 X 10^ ohms

R2 - 4.7 X 10^ ohms

R^ - 560 ohms

R^ - 2.2 X 10^ ohms

Rg - 22 X 10^ ohms

Rg - 1 X 10^ ohm variable

Ry - 5 X 10^ ohm

Ro - 5 X 10^ ohm
8

3
Rg - 5 X 10 ohms variable

C^- - 10^ pF

C2 - 6800 pF

- 150 pF

C5 - 10 yF

0 Thermocouple:

Copper-Constantan

d Operational amplifier, 0P27, has lower noise characteristics than the

0P16E and could be used for amplifier A^.
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FIGURE CAPTIONS

Figure 1.. The technique of temperature compensation is described.

Figure 2. A diagram of the PVDF transducer with thermocouple is shewn.

Figure 3. A schematic diagram of the temperature compensation circuit

is shown.

Figure 4. The response curves, e^, e^^ and e^, are shown for two water

immersion experiments. Temperature change was approximately

3 ®C. (a) Amplification factor, A^, set too high; (b) A^

set for optimum compensation.

Figure 5. A diagram of the drop test and pressure cell is shown.

Figure 6. Signals, T(t), q(t) and P^(t),.from a drop test experiment

are shown. Peak pressure is approximately 7 x 10^ Pa (1000 psi

Maximum temperature change is approximately 0.5 ®C. The peak

charge is approximately 7.4 x 10’^ C.

Figure 7. dj^ and a(t) are plotted versus time for PVDF transducer AF-31

.

Figure 8. P(t) is plotted versus time for the reference pressure gage

(the accelerometer) and for the calibrated PVDF transducer

AF-31. The signal with the larger noise component is from the

PVDF transducer.



^ a:?
V,,'.

:--'K .. *i;
.-, S

!?3 E»

* ,' Xi-’ll— >t

T V’^ :*.»

•»‘^‘»* -V
. •.

*
1

l^ii^ i :'si4 !« , .:_

w»«^ as ^ ^ F %.
3<a«^

')'0-«Hl’t?#^l3 A^^ ^C; nUl

Ji2^0'^
,

vj', ' ^^'•Jyjf ''
,

’'|i'-i • -^ '^M3
^ If . \> . , jImVI ^;< _. '1^ — -- A ^ i A .

., _ ra,.

"
'«, ‘,'# '. ®

'

»ii

^\;iA9q 'I^L "

It'
."

' D
' ^ '^'

itet ®"^,-vx V.T if »«''fwi3 g^;.''^^ ,3

T!tCi!tAnw3^ b«!ii«^rq -m U)§ Nt ^6
^

bU i-
PQ9

fc«'’..
,./.J9;,u!5£„8#1®'*i#»i^^^^ j,

^^_
,.

' -«-. w ®fe, '^^^tui

*
I

%fit Itifl^n 9rfT JE-'IA
^

f •’®' ^ . s - .

iai;beflfi*f3 10 '/^'

'ly/.'j';!-

' -V . . :V/: yiUI
' " '*

,
i fe-rt

k'te
sr.8

^ HI



TABLE I

Pyroelectric Coefficient, X

Transducer

AF-16 4,4
nC

cm^°C

AF-18 4.0

AF-19 3.0

AF-31 3.4

These numbers are called gage constants and are calculated using the
area of the face of the transducer, A . The material's X constant is

only half this value since
dividing the charge by 2A^

the bilaminate configuration
instead of A .

e

would require
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Compensation

Cf

_ ^
Cf C,

where = AAqAT

Qp = dhAeAP

Figure 1





PVDF Transducer

Figure 2
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