R3y1;
C.P. No. 1219

MINISTRY OF DEFENCE [PROCUREMENT EXECUTIVE)
AERONAUTICAL RESEARCH COUNCIl
CURRENT PAPERS

The Design

of High

Sensitivity

Pressure

for Use in Shock-Tunnels

BY
/z 0. Goodchild
and
I. Bernstein

Queen Mary College
London.

LONDON:

HER MAJESTY’S

STATIONERY

1972
flb35

net

OFFICE

Transducers

\

\-

CP Yo. 1219*
Septeiher

1969

The Design of High Sensitivity
Pressure Tre.nsducers
for Use in Shock-Tunnels

R. 0. Goodchild

aa

L. Bernstein
Queen Mary College
London.

--SUnLAFtY

The theory of piezoelectricity
in so far as it relates to pressure
sensing elements is briefly
outlined and various configurations are compared. The
relative merits of oharge and voltage amplifiers are discussed aa a practical
oharge amplifier
and charge calibrator are described. Both acoustic and
electronic filters
are considered and the extent to nhich a filter
affects t'ne
useful rise-time
of a transducer
is emphasised. Several prototype trensducers
using sensing elements in compression, shear or bending were built and calibrated.
A sensitivity
of 48.9 pC/torr was achieved using a PZT bimorph aisc in bending,
this transducer having a natural frequency of 19 IrHe. Environmental tests in a
shock tube and in the hypersonic nozzle of a shock tunnel are also described.
Some brief

* Replaces A.R.C,ji

comparisons with commercial

767

transducers

are made.

List

of Contents
Page

1.

Introduction

. ..

.. .

...

...

...

2.

Piezoelectric
sensing elements
. ..
2.1. Some theoretical
considerations

...

.. .

...

...

. ..

...

...

...

. ..

...

...

...

.. .

...

...

.. .

...

...

.. .

10
11

. ..

.. .

. ..

13

. ..

. ..

...

14

...

.. .

...

...

15

transducers

. ..

...

...

.. .

17

of transducers

...

. ..

...

...

18

...
...
...

...

...

. ..

.*.

...

...

...

...

...

...

. ..

.. .

19
19
21

...

...

...

...

...

...

. ..

...

. ..

...

...

. ..

...

...

...

. ..

...

.. .

. ..

...

...
...
. ..
Prototype transducers
7.1. Normal compressive mode transducers

...

...

...

. ..

...

...

transducer
transducer
transducer
7.1.3.
. ..
...
. ..
Shear element transducers
The type G shear-tube transducer
7.2.1.
.. .
. ..
Bimorph disc transducers
...
7.3.1.
The type H bimorph-disc transducer
. ..
...
Bimorph beam transducers
...

...

...

2.2.
3.

...

amplifying

Charge and voltage

3.2.

Elementary
Calibration

Filters

5.

Calibration

6.

General design features

6.3.

amplifiers

charge amplifier
design
of the charge amplifier

4.

. ..

...

of pressure

Sensitivity

modes
...

systems

3.1.

6.1.
6.2.

...

Comparison between the various

Electronic

3.3.

7.

...

...

. ..

...
.. .

Natural frequency
Acceleration
response . . .
6.3.1.
Transducer mounting

...

6.4.
6.5.

Cross-axis sensitivity
Thermal response

...

...
...
...

6.6.
6.7.

Linearity
and repeatability
General mechanical features

...
...

7.1.1.
7.1.2.

7.2.
7.3.
7.4.

7.4.1.
7.5.

The type E compression
The type F compression
The type I compression

The type K bimorph-beam transducer

Environmental

testing

.. .

...

.. .

32

.. .

.

.

.

. ..

.

.

. ..

.

.

.

.

.

.

.

.

.

.

...

.

.

.. .
.. .

.

.

.

.

24
25

...

.

.

23
24

. ..

.

.

22
22
23

25
26
27
28
28
29
29
30
31

l

.

1

. ..

8.

Discussion

...

.. .

...

...

. ..

...

....

...

Page
33

References

.-.

.. .

...

...

...

...

.. .

...

...

35

Notation

..*

.. .

.. .

. ..

...

...

. ..

...

...

37

Table 1

...

.. .

. ..

...

.. .

. ..

. ..

.. .

.).

39

Table 2

...

...

...

.."

...

...

...

...

...

43

.

.

.

.

l

.

.

.*,

.**

Table 3

.

.

.

.

.

.

.

.

.

.

.

.

.

.

44

- l1.

Introduction

The hypersonic shock-tunnel at Queen Mary College is designed to
operate in the reflected
shock mode using cold hydrogen to drive shocks in
nitrogen.
By current standards the tunnel is a relatively
low pressure
device, the maximum driver pressure being of order 100 atmospheres.
The
gases are taken from banks of commercial cylinders,
and to avoid the inconvenience of frequent bottle changes the driver pressure is usually limited
to about 35 atmospheres.
The driver section is about 2.4 m long and 104 mm in internal diameter.
The driven section of the shock-tube is some 9.5 m in length and is 76.2 mm
At present the shock-tube is fitted
with a 10'
square in cross-section.
half-angle
conical nozzle having an exit diameter of 305 mm and various
throat inserts are amilable
ranging in diameter from 3.17 mm to 12.7 mm.
The hypersonic stream forms a "free jet" in the test section which is a
cylinder about 1 m long and 430 mn in diameter.
This test chamber is fitted
one
pair of which carries the
with observation ports and other access ports,
support for models undergoing test.
Depending upon which nozzle throat insert is in use, pitot pressures
in the range 5-100 torr and static pressures in the range 0.05-l torr are to
be expected (Bernstein,
1963) with a running time between 1 and 2 ms when the
tunnel is operated in the tailored-interface
mode.
These constraints
led to specifications
being formulated for two types
of transducer to be used in the hypersonic working section, one to cover each
of the above ranges.
Both types were to be capable of measuring any pressure
within the design range to within about 1% and the response times were to be
as low as possible,
and preferably
less than 50 ps (i.e. 5% of available
test
time).
Transducer size was not considered to be of paramount importance in
the early stages, but the need for later miniaturisation
was to be borne in
mind during design.
A sensing face diameter of 15 mm and an overall length
of 25 mm were considered as reasonable maxima for prototype gauges.
No pressure measuring systems satisfying
these requirements are
commercially available.
Several workers (Edwards, 1958; Lederman & Visich,
1965; Martin et al, 1962; Pierce, 1964; Macdonald & Cole 1963) have published
information
on transducers of their own design but in most cases they either
do not meet the above specifications
or insufficient
details have been released to enable the designs to be adopted.
Some comparisons between the
transducers described in Section 7 and other designs are made in Section 8
and Fig .29 .
An investigation
of the pressure sensing devices available when this
study began showed that while it may well be possible to achieve the required
response time using strain gauge, inductance or capacitance sensors, piezoelectric
materials* have the distinct
advantages of being self-generating
rather than passive devices and they also have a relatively
high sensitivity.

*

Piezo-resistive
semi-conductor

materials
technology

which have recently evolved as a product
may also be suitable.

of

-2In such materials
a change in the mechanical
stress
distribution
gives rise
to a change in the electric
polarisation
which may be detected
as an apparent
redistribution
of charge.
Clearly
the stress
distribution
in any sensing
element
will
depend not only upon the magnitude
of the load applied,
but also
upon the manner of its application
and upon the size and shape of the sensing
element.
Accordingly
a theoretical
study was undertaken
to determine
the
most suitable
configurations.
Several
modes were considered;
in particular
the compressive
mode with the stress
either
co-linear
with or perpendicular
to the axis of polarisation,
the shear mode and two bending
modes.
Making
several
fairly
realistic
assumptions
expressions
were derived
for the sensiThese are
tivity
and natural
frequency
of elements
in each of these modes.
given
in Section
2 where attention
is drawn to the product
of charge
sensitivity
and natural
frequency
as a measure
of the mode effectiveness.
Several
piezoelectric
materials
are also compared.
To make use of an element
in any of these modes it must be incorporated
into a practical
design.
This latter
will
normally
include
a casing
of some
kind together
with a diaphragm
to provide
sealing.
In addition
if the mode
used is force-sensing
as opposed
to pressure-sensing
an "anvil"
will
be
needed to transmit
the stress
to the element
in the appropriate
direction.
The ancillary
parts
of a practical
transducer
may have a major effect
on the
performance,
depending
on factors
such as mass, stiffness,
size and the manner
in which the parts
are bonded to one another.
These effects
are difficult
to
analyse
in general
circumstances
and several
prototype
gauges were therefore
built
and tested.
The parameters
considered
most important
in defining
the
performance
of a transducer
are:

(i>
(ii)
(iii)

sensitivity

natural

to pressure,

frequency,

acceleration

response

(iv)

thermal

response,

(v)

linearity

and

(vi>
and

charge

(vii)

repeatability
a degree
of
identical
practical

and cross

sensitivity,

hysteresis,
from

day

to day,

repeatability
between
nominally
transducers
is desirable
from
point
of view.

a

In order
to investigate
the behaviour
of the transducers
in relation
to these features
and having
regard
also to the specifications
laid
down
earlier
it is clearly
necessary
to ensure
that
the amplifying
and recording
system should not introduce
further,
large,
unknown errors.
Consideration
has been given to both voltage
and charge
amplifying
systems
and the latter
was chosen largely
for the practical
reasons
which
are outlined
in Section

3.

at their
natural
frequency
and it is
Transducers
normally
"ring"
usually
necessary
to filter
the output
in some way so that the recorded
signal
The relative
merits
of acoustic
and electronic
is easily
interpreted.
filtering
are discussed
in Section
4.
Detailed
interpretation
of the recorded
signal
however
when the measuring
system has been calibrated.
was paid to this
topic
for it had been reported
(Pallant
calibration
factors
were applicable
to some transducers

is only possible
Considerable
attention
1966) that different
depending
upon whether

-3a static or a dynamic calibration
had been carried out.
It is easily recognised that only the overall calibration
of the total measuring system
(pressure vs. recorded signal) is necessary in principle,
but because in
practice the gain of the amplifier
and the oscilloscope
are adjusted according
to the expected magnitude of the transducer output, a more practical
system
was adopted.
This employs a "charge calibrator"
which is used in conjunction
with a digital
voltmeter.
An accurately measured charge is thus injected
into
the system immediately after a transducer output has been recorded.
The shocktube was used to provide pressure steps for a dynamic calibration
of the less
sensitive
gauges and a solenoid-operated
semi-dynamic system was used with the
high sensitivity
gauges. The calibration
is discussed briefly
in Section 5.
In Section 6 some of the general design features of transducers are
considered and in Section 7 some prototype gauges are briefly
described and
their performances are compared with those expected under calibration
conditions.
Some preliminary
measurements made in their design environment are also
described.
Finally
in Section
the aims of the project.
2.

Piezoelectric
2.1

8 the results

are briefly

assessed in relation

to

sensing elements

Some theoretical

considerations

Piezoelectricity
is the name given to the property possessed by some
materials which exhibit a change in electrical
polarisation
when undergoing
a mechanical strain,
When parts of the surface are plated with conducting
material this change manifests itself
as a potential
difference
across the
plated parts.
The important parameters are the mechanical stress T, the
strain 2, the electric
displacement c, and the electric
field strength g.
Assuming a linear relationship
between the electric
displacement
the stress which causes it, we may combine this "piezoelectric
property
equation" with that for a dielectric
material relating
Q to g to give
Di

=

d.. T.
1Jk Jk

+

T denotes that
where the superscript
be evaluated at constant stress.

ET.E.
1J 3
the dielectric

and

. . ...(l)
permittivity

E.. is to
1J

For a material which obeys Hooke's Law it may be shown that including
the effect of the electric
field on the strain,
the latter
is given by
=

Sij
It

is then possible

voltage

generated

E
'ijkaTkfi

to show that

' 4cijEk
for weak electrolnechanical

. . ...(2).
coupling

the

is

v

=

Q/Co = -

(dijkTgkii)dB

;
oB
i

. . ...(3)

-4where

in the
voltage
volume
purely

C

is the capacitance,
Q the apparent
charge,
Tyk the stress
distribution
glectrically
free element
and I+ is the field
produced
by unit
applied
to the mechanically
free element
the integral
being taken over the
B of the element.
Thus To
and E. may be obtained
as solutions
of a
elastic
and a purely
elec ikrical
pioblem.
*

When the element
is essentially
a thin
t in the x 3 direction
normal
to the conducting
E3 = l/t,
equation
(3) simplifies
to

plate,
plates

that
is when the dimension
is small,
so that

tT A
V{33}

=

where

A is

the

plated

surface

. . ...(4)

- + ,(djjkTok)dB
3

t
area.

Because it simplifies
the problem
considerably
and applies
closely
to most cases of present
interest,
equation
(4) will
be used throughout
the
remaining
discussion.
The general
approach
will
be to insert
To as the
jk Q andV.
solution
of the purely
elastic
problem
in order
to determine
Usually
of course
these solutions
of the elastic
problem
will
themselves
be
approximations.
In particular
it is usual
to assume that the material
is
isotropic
which is not justifiable
for piezoelectric
materials,
and in
addition
some of the stress
components
will
often
be neglected.
There are
thus two fields
of approximation;
one involved
in the derivation
of the
piezoelectric
equations
(3) and (4) and the other
connected
with determining
the mechanical
stress.
In so far as we seek to compare elements
of different
configuration,
these approximations
are not serious.
Before
examining
different
element
configurations,
we may note that
the performance
of an element
depends
directly
upon the magnitude
of the
piezoelectric
constants
d..
Although
a very large
number of materials
I-Jk'
are piezoelectric
those
most readily
available
and having
significant
values
of d..
are quartz,
Rochelle
salt
and a variety
of ceramic
materials
based upon 6ak*rium titanate
or lead-zirconate-titanate
(PZT).
Other properties
are also important.
Account
must be taken of the relative
permittivity,
the
natural
time constant
of the material
which has a direct
bearing
on the low
frequency
characteristics,
the elastic
constants
and the density
which determine the natural
frequency
of the element,
and the change of piezoelectric
constants
with temperature.
The material
properties
must be referred
which avoid
ambiguity,
such as crystallographic
care must be exercised
regarding
the orientation
in the stress
analysis.
In this
work transducer
in the stress
analysis
which do not necessarily
graphic
or polarisation
axes.
It is very common
commercial
literature,
that
a 'restricted
tensor
The relation
between
the two notations
is given
notation
equation
(4) becomes:-

)=

Q

t

t
where

the

x3-direction

is normal

z-1

to

the

plated

B

to a specific
set of axes
or polarisation
axes and
of this
set to those used
axes refer
to those used
coincide
with the crystalloto find,
particularly
in
notation'
is employed.
by Mason (1947).
In this

(d

3nn

T )dB

surfaces.

. . ...(5)

-5Quartz is conrnonly found in two forms, alpha-quartz and beta-quartz.
The former is more widely used. Rochelle salt is rhombic in structure and
the crystallographic
axes of this and of quartz are discussed by Cady (1964).
Although barium titanate
and lead-zirconate-titanate
exist in crystalline
form, they are usually used in ceramic form. Combined with a porcelaintype clay the mixture is fired.
The random orientation
of the crystals
results in no net piezoelectric
effect.
However after being machined, the
ceramic is placed in a high intensity
electric
field while at the same time
it is heated above its Curie temperature and then allowed to cool slowly.
The applied field reorients
a significant
proportion of the crystals
so that
their axes are aligned more or less parallel.
The specimen is thus polarised
and exhibits
the piezoelectric
effect.
It is conventional
to choose the
and
the
ceramic
has
properties
x3-axis in the direction
of polarisation,
axi-symmetric
about this axis.
Of these materials
Rochelle salt has found little
use in measuring
instruments.
It is affected considerably
by both humidity and temperature
and its properties
appear to vary not only from one sample to another but
also to depend strongly on the stress level (Cady, 1964). Since linearity
and repeatability
are desirable features of a transducer Rochelle salt may
be dismissed as a sensing element material for high accuracy instruments.
Quartz has found a somewhat greater use in commercial instruments
than ceramics.
It has a lower temperature sensitivity
than ceramics and a
very high resistivity
thus giving it an inherently
long time constant which
permits static calibration.
It exhibits
linearity
over a very wide range of
stress levels.
The ceramics have considerably
higher sensitivity
but suffer
A large amount of commercial research
from the defect of being pyroelectric.
The high sensitivity
demandedin the
has been applied to quartz transducers.
present application
has led to attention
being concentrated on ceramic materials
rather than quartz. Clearly
the basic approach is similar
for all piezoelectric
materials,
but detailed design of both the transducers and the associated
electronic
circuits
is affected by the choice of sensing element materials.
The manufacturers usually refer to the ceramic materials by code letters.
Throughout this design study improvements were being made in the lead-zirconatetitanate
(PZT) based ceramics and the latest,
PZT-SH, is about twice as sensitive as the earlier
PZT-5A which is itself
some two or three times more sensitive
than barium titanate.
Moreover the material time constant of PZT is considerably
Because of these advantages PZT has been
larger than that of barium titanate.
used as the sensing element in all the prototype transducers described later.
Some of the properties
in Table 1.

of quartz,

barium titanate

and PZT are listed

The transient
response of a transducer is chiefly
governed by its
The overall construction
of the transducer will clearly
natural frequency.
play a large part in determining the natural frequency, but because of the
The natural
number of variables
involved it is difficult
to generalise.
frequency of the piezoelectric
sensing element is obviously of some relevance,
so as a first
step in comparing the various sensing modes we shall consider
the natural frequency f. of a number of vibration
modes for elements of
practical
configurations.
Attention
will be drawn later to the way in which
involve longitudinal
loading of the element affects f . The modes of interest
compression waves both parallel
&d perpendicular
to the axis of polarisation,
transverse shear waves and vibration
in bending.
We consider

first

the normal compressive

mode in which pressure

waves

-6

-

travel
parallel
to the polarisation
axis.
The transient
response
of the
element
to a step input
will
depend upon the transit
time 7 of the stress
wave through
the element
and upon the way in which the wave is reflectedfrom
the end face of the element.
When the element
is "backed"
by a material
of the same acoustic
impedance,
no reflection
takes place,
and the fullatput voltage
is reached
in time
T after
which the output
remains
steady.
In
this
configuration
the output
reaches
its full
value
for the first
time
after
one quarter
of a cycle when the vibration
is sinusoidal
and this
suggests
that a natural
frequency
corresponding
to the period
4r be used.
With a
"rigid"
backing
- that
is one for which the step input
is totally
reflected
in like
sense - the period
is again 4-r, but for a "free"
backing
the period
is 2-r.
The latter
is the value
usually
quoted
in manufacturers'
literature
because
they have in mind the more common application
as electrical
oscillators
when mechanical
loading
is kept to a minimum.
However for the present
application
a value of f = 1/4r would seem more realistic.
It is not
difficult
to show that
e appro riate
velocity
v of wave propagation
for
8 this
case is given by v @ = l/ (PS,,)
When used in the transverse
compressive
mode, a natural
frequency
based upon the transit
time
of waves in a direction
perpendicular
to the
polarisation
axis is important.
This mode is rarely
used because
the
sensitivity
is poor.
Redwood (1961bJ
shows that
the appropriate
wave
) and it may be argued
on
velocity
for this
case is given by v = l/(psE
physical
grounds
that
the frequency
should
ag &fn be based upon a period
of four times the stress
wave transit
time along the length
in the
xl-direction.
With compression
waves the particle
displacement
is in the same
direction
as the wave motion.
Shear waves are transverse
waves however,
and the displacement
is perpendicular
to the direction
of wave propagation.
For waves travelling
parallel
to the axis of polarisation,
there
is only
one type of wave because
of axial
symmetry.
For waves moving normal
to the
polarisation
axis there
are two types of wave; one in which the displacement
is parallel
to the polarisation
axis,
and the other
in which it is normal
The
to both the direction
of wave propagation
and t_hF polarisation
axis.
appropriate
wave speeds are respectively
(ps,,)
5, (PS~~)-!
and (ps66)-6
the external
circumstances
governing
whether
these
are evaluated
at constant
For pressure
measurement
the load
field
or constant
electric
displacement.
must be transmitted
to a shear element
by means of an anvil
or force
transmitter,
and the mechanical
loading
will
have a considerable
effect
on the
natural
frequency
of the transducer
as a whole.
The
vibration
of
calculations
no more than
fore likely

natural
frequencies
of the anvil
itself
may also effect
the
and in practice
it is likely
that
the transducer
as a whole,
of the natural
frequencies
of a shear element
transducer
willbe
Differences
between
sD and sE are not therevery approximate.
to be important.

Lewis
(1961) has shown that
to a first
approximation,
the natural
frequency
of an element
in bending
is the same as that of a non-piezoelectric
However the readily
available
material
having
the same elastic
properties.
results
for the vibration
of even simple
beams and plates
all assume an
To apply
these results
we must decide
which elastic
isotropic
material.
constants
are likely
to approximate
best the conditions
within
the element.
The configurations
of interest
are generally
thin plates
or beams polarised

-7in the thickness direction
(x ). The restoring
forces in bending are tensile
forces within the"plane" of t ;1e element and the appropriate elastic
constant
would thus be sll.
Comparison of this case with that in which compressive
waves are propagated in the x l-direction
suggests that the elastic
compliance
should be evaluated at constant electric
field,
so that the appropriate wave
velocity
is given by v2
=

wPs;l)

l

We now proceed to a consideration
of a variety of ceramic element
configurations,
in particular
those illustrated
in Fig.1.
We assume throughout that the polarisation
axis is in the x -direction.
The sensitivityto
both a uniform pressure loading over one f&e and to a point force are of
interest
because even though our present application
is to pressure measurement it may be necessary for practical
reasons to load the sensing element
indirectly,
as in the case of shear modes. The capacitance Co has some bearing
on the design of the amplifier
and this is also examined.
As a simple illustration
of the application
of our previous results
we examine the configuration
of Fig.l(a),
in which a thin plate of thickness
t is subject to a uniform pressure p in the x -direction.
Neglecting lateral
stresses as a first
approximation the stress 2.ield is
Tn =0
Using equation

forn#3;T3=p

(5),
Q = - +

to force

. . ...(6).

J

D(d33T3)dB

Defining the charge sensitivity
as Q,= Q/F, we arrive at

= -d33Ap

to pressure

. . ...(7).
as Qp = Q/P and that

= -Ad33
and
Q, = -d33
. . ...(8).
QP
We may note that in this direct compressive mode (as distinct
from bending)
Q, depends only upon the piezoelectric
constants of the material and not
upon the dimensions of the element.
Since

co = ET3A/t
we obtain

the voltage
V =
P

sensitivity
tds3/Ei3

to pressure
and

. . ...(9)*
V and to force
P
'F=

td33
T
AE33

VF as
. . . ..(lO)*

For this configuration
we see that Q and V are respectively
proportional
to the area and the thickness ofPthe elgment, so that it would
appear that the element should be made as large as possible to give maximum
sensitivity.
We shall see later that Q is somewhat more important thanV
P
and in addition increasing the thicknesg lowers the natural frequency.
In a practical
transducer the area A will be limited by the allowable
overall size.
It is possible to increase the effective
area by "stacking"
a number of plates one above the other and connecting them in parallel.
The
voltage sensitivity
remains as given by equation (10) but Q will be multiplied
by the number of plates in the stack.
However the natural 'frequency of the
Thusthe
stack is that of a single element divided by the number of plates.

-8-

product
Q f remains
unchanged
when a number of identical
elements
are
stacked,
In8 this
suggests
that
this
product
is a useful
measure of the mode
effectiveness.
(It is analogous
to the gain-bandwidth
product
which governs
the performance
of some electronic
amplifying
circuits.)
The natural
frequency
for this
mode as suggested
earlier
is given by
fo

1

=

....

(11)

. ...

(12)

4t 4&
so that

for

this

configuration

QPfo

=

Ad33
~4t:(ps;3)

This expression
must be used with
some care.
It applies
for
a stack of n identical
elements
cascaded
in an appropriate
fashion,
so that
for an overall
thickness
nt the charge
sensitivity
to pressure
is proportional
to n.
Consequently
we may decide
upon an overall
thickness
consistent
with
the desired
natural
frequency
and increase
Q by building
this
overall
thickP
ness from as many elements
as is practical.
In a similar
manner one may determine
the sensitivities,
static
capacitance
and natural
frequencies
for the other
configurations
shown in
Fig.1.
The results
are summarised
in Tables
2 & 3.
The latter
table
has
been drawn up using
the piezoelectric
constants
for PZT-SA and the dimensions
of the elements
are expressed
in units
such that each dimension
is of order
unity.
This makes immediate
comp,arison
easy.
One or two

remarks

concerning

some of

the

modes

are

in

order

here.

The plate
undergoing
transverse
compression
is similar
to that
in
thereby
reducing
the sensitivityby
direct
compression
but d31 replaces
d
a factor
of two or three.
Consequent
?3y it has found little
use although
a variation
consisting
of a thin-walled
tube,
polarised
radially,
could prove
useful.
A shear stress
T5 on the plate
produces
a field
in the x -direction.
We see from Table 3 that
for ceramics
Q, for the shear mode is high&
than
for the direct
compressive
mode because
d15
is somewhat
greater
than d33.
It is not possible
to assess the sensitivity
to pressure
since
some means of
transmitting
the pressure
as a tangential
force
is required.
Again the thinwalled
tube is a useful
variation
in which the load is applied
tangentially
to the inner
surface
and the outer
one is fixed.
A stack of plates
with
co-directional
polarisation
axes,
connected
in parallel,
may also be used in
the shear mode.
The effects
of cascading
are analogous
to those for the plates
in compression.
The bending
modes invariably
use elements
of bimorph
construction.
These consist
of two similar
plates
with
conducting
plating
on the upper and
lower
faces,
which
are connected
mechanically
and electrically
along their
common surface.
They are polarised
in the thickness
direction.
Applying
equation
(5) to the simple
case of a beam undergoing
two dimensional
bending
we obtain
t/2
. . . . . (13)
(djlTl)dx3
1 dxlb2
i
0
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Since the simple

theory of bending gives

Tl(x1,x2,x3)

. . . ..(14)

= -Tl(x1,x2,-x3)

the voltage generated is zero. This is because the potential
difference
across the upper plate is equal but opposite in sign to that across the
lower plate, so that the voltage developed between the upper and lower surfaces
is zero.
However by appropriate electrical
connection the potential
differences
may be added, or alternatively
by using plates polarised in opposite directions
(so that the sign of d31 is changed in one of the integrals
of equation (13))
we may obtain an output across the outer faces.
These two configurations
are
known respectively
as paralleland series-connected.
It is easy to see that
the series-connected
configuration,
which is the more practical,
has twice
the voltage sensitivity,
half the charge sensitivity
and a quarter the static
capacitance of the parallel
connection.
According to the simple theory of bending, the stress Tl at a
distance x3 from the neutral axis is related to the bending moment M and the
second moment of area I of the cross section by
Tl
obtain

=

bk3/I.

For a simple beam of length
for the series connection
Q = -3d31
g

R and rectangular
11
oM(xl)dxl

J

cross section

we

. . . ..(15)

According to a well known theorem in the theory of simple bending the integral
in equation (15) is proportional
to the difference
in slopes between the two
ends of the beam. The end fixing
should therefore be such as to make this
difference
a maximum. A beam built-in
at both ends would have zero sensitivity.
For this configuration
we only evaluate the sensitivity
to force
since the beam is not a practical
shape for the direct measurement of pressure.
A bimorph disc may however be
can be calculated.
Using the values
QP
given by Roark (1954) the sensitivities
the natural frequencies these are listed
of loading. Again the clamped edge case
2.2

Comparison between the various

loaded directly
by pressure so that
of circumferential
and radial stress
have been derived and together with
in Tables 2 & 3 for various kinds
gives zero sensitivity.
modes

In order to make some comparisons of the various modes we shall
the conclusions of Section 3 we shall use
make use of Table 3. Anticipating
the charge sensitivities
rather than the voltage sensitivities
for comparison,
discussing the direct pressure sensing modes first.
At first
sight it would
appear that the mode with the highest charge sensitivity-natural
frequency
product is the only one that need be considered, but with the limitations
imposed by transducer size it is often not possible to obtain a sufficiently
high sensitivity
using this mode. In such circumstances a mode with a lower
value of Qpfo must be chosen and natural frequency sacrificed.
Table 3 shows that the disc (or plate) in
the largest value of Qpfo and we have seen that for
same overall thickness t this product is n times as
highest Q, obtainable with PZT in this mode is only

normal compression gives
n elements having the
Even so the
large.
of the order of several
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pC/torr.
The modes with the next highest value of Qpfo use the bimorph
disc.
Although the pinned edge disc is slightly
superior from the natural
frequency viewpoint,
such conditions
are difficult
to achieve in practice.
Charge sensitivities
approaching 100 pC/torr would seem to be feasible
although the natural frequency would then only be of order 10 kHz. The only
other mode which may be used for direct pressure sensing is the plate in
transverse compression and.we have already noted that this is inferior
to
the direct compressive mode.
The force-sensing
modes should not only be compared with each
other but also as regards their suitability
for use in a pressure transducer.
Such a transducer will usually consist of a diaphragm and an anvil to transmit
the load.to the element.
The mechanical loading on the element will have an
effect on the natural frequency which is not easy to determine.
A pressure
of 1 torr acting on a diaphragm 1 cm in diameter would produce a force of
about 0.01 newton. Thus for comparison with the direct pressure sensing
modes we shall consider the output of a force-sensing
element to a load of :
1 cN.
For such a load the output of the two direct modes, compressive
and shear, are about4 pC and 6 PC. The shear mode however, because of its
high stiffness
could offer a higher natural frequency even with mechanical
loading, so it deserves further investigation.
The outputs
from the bending
modes are of order 100 PC, the cantilever
being about twice as sensitive
as
the other configurations.
With these figures in mind we now proceed to a brief
of electronic
amplifying
systems.
3.

Electronic

amplifying

discussion

systems

For the measurement of transient
pressures it is commonpractice
to use a‘transducer
in conjunction
with a cathode ray oscilloscope
(C.R.O.),
the display being recorded photographically.
In order to do this an amplifier
with special characteristics
is necessary to couple the transducer to the
C.R.O. Two aspects are of particular
importance: the effect of the capacitance of the connecting cable and the input impedance of the amplifier
which
largely determines the low frequency response characteristics
of the system
and thus has a direct bearing on the possibility
of static calibration.
In order to discuss
it

is

convenient

the equivalent
is

that

shown

of the transducer to the amplifier
circuit
concept.
One common form of

to use the equivalent
circuit
of the piezoelectric
in Fig. 2 (a) where Co represents

impedance of the element,

*

the matching

the voltage

element
“as seen
the capacitance

V being that

from the outside”
and R. the d.c.

generated on open-circuit.*

This equivalent circuit
is not to be confused with one which represents
the internal
behaviour of a piezoelectric
element - this is considered
in detail by Redwood (1961a)
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Charge and Voltage

amplifiers

There are two approaches to suitable amplifier
design; either
voltage or charge amplification
may be used. In discussing them we shall
need to have particular
regard to their performance at low signal levels
since this will determine the practical
limit of transducer sensitivity.
Since the present application
is also concerned with the measurement of
relatively
high speed transients,
the high frequency response is also of
some importance.
Consider first a voltage amplifier
of gain 111having an input
impedance Ri - the equivalent circuit
is shown in Fig.2(a).
Assuming an
infinite
bandwidth and writing
the generated voltage as V(U) where w is
the frequency, the output voltage J&is given by
v.

where

=

T

-mV(w)jur
1 + jw-r

= RRi:R
i

co

. . . ..(16)

cO+ce

. . . ..(17).

(Co + Ce>
0

Thus the effective
input voltage to the amplifier
is reduced by the presence
of the connecting cable capacitance C . Since a typical
cable capacitance
'is of the order of 100 pF/m this may %e quite serious for practical
cable
lengths.
A quartz element will typically
have a capacitance of about 10 pF
The capacitance of ceramic
and so attenuation
factors of ten or more are likely.
transducers is usually an order of magnitude greater than for quartz transducers and the attenuation
is correspondingly
less.
The low frequency performance depends upon the time constant T.
With quartz we may expect the capacitance term to be of order 100 pF so thata
time constant of 1 second would require the resistive
term to be about 1O1oohm.
It is relatively
easy to achieve a value of Ro>>lO1° ohm with quartz and using
an electrometer valve or an insulated-gate
field effect transistor
values of
Ri > 1012 ohm are readily obtainable.
Large time constants are more difficult
to obtain with ceramics.
It is reasonable to assume for ceramics that Ce<eo
and Ri>>Ro SO that 'C 2: R,C,.
This product is independent of the size of the
element and depends only upon the resistivity
and permittivity
of the material.
For barium titanate,
r = 100 second and for PZT it is about 2000 second though
for both materials
it decreases rapidly with increasing temperature.
A charge amplifier
is ideally a d.c. coupled amplifier
with capacitative feedback.
The equivalent circuit
is shown in Fig.2(b).
It is similar
to that of the voltage amplifier
but has a feedback capacitor Cf and resistance
Rf added.
The latter may be either a separate component or the leakage
resistance of the capacitor.
The amplifier
output voltage V. is

v. = -v b){

mc0
Ce + Co +(m+l)Cf

where
T =

I{

jwT

1 + j,r'

. . . ..(18)

Co + Ce +(m+l)Cf
1 + 1 + (m+l)
riii
R.
Rf

. . . ..(19)
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Equation

In most amp1 ifiers
(18) then reduces
v.

m is

sufficiently

large

that

(m+l)Cf>>Ce

+ Co.

to
=

-V(w>jwr
l+jw-r

Co
___
cf

Thus the output
varies
inversely
as Cf and directly
as the
This product
is the apparent
charge given by equation
(4),
amplification
is l/Cf.

. . . . . . (20)

product
and the

C V(w).
&arge

One of the advantages
of this
circuit
is that
the gain is almost
of cable capacitance,
provided
that mC >>C . In a practical
may not be always possible
to achieve
ttifs., $d on the most sensitive
there
will
be some dependence
on cable capacitance.
ranges,
when Cf is smallest,
To obtain
high accuracy
it is always necessary
to calibrate
the system:
however
it is not necessary
to calibrate
just
prior
to an experiment
in ,order
to determine
suitable
sensitivities
at which to operate
the equipment.
independent
design
it

In an arrangement
for which Rf/(m + 1)“Ri
,Ro we have from equation
T = CfRf.
The time constant
is
then nearly
independent
of the cable
(19))
capacitance
and the properties
of the transducer.
this
simple
However,
circuit
does have some disadvantages
mainly
as regards
its drift
characteristics
and in improving
the d .c. stability
the low frequency
performance
may be degraded.
The addition
of a biasing
resistance
RR,Fig.2(c),
suitably
decoupled
for low frequencies
provides
one solution
and by careful
design
a time constant
approaching
(m+l)RoCf
may be obtained.
This may be considerably
larger
than
the inherent
time constant
of the piezoelectric
material
(so that
static
calibration
is possible).
The performance
.of an amplifier
at low signal
level
is dependent
directly
upon the noise generated
within
the system as a whole.
Noise will
arise
from three main sources;
the transducer
itself,
the connecting
cable
Noise
generated
within
the
first
two
of
these
are
indisand the amplifier.
tinguishable
from the required
signal
and some care is necessary
in minimising
it.
Where for example
the amplifier
is such that
a d.c.
potential
exists
at
input,
a leakage
current
will
flow through
the piezoelectric
material
and
this may give rise
to noise.
A coaxial
cable may give rise
to noise when
it so vibrates
that
the conductor
and inner
insulator
become separated.
Here
friction
(and perhaps
a weak piezoelectric
effect)
produces
a potential
difference
which
leads to charge
separation
on the conductor
and insulator.
The charge on the insulator
induces
one on the inner
conductor
so that
a
potential
difference
is produced
between
the inner
and outer
conductors.
This
source
of noise may be reduced
by using
special.graphite
filled
low noise
cables
and by ensuring
that
cable movement
is kept to a minimum.
Noise
is generated
within
an amplifier
in a wide variety
of ways.
The subject
is a somewhat
complex one and is dealt
with
in some detail
by
When the first
stage of an
Valley
& Wallman
(1948) and van der Ziel
(1954).
the noise generation
in later
stages may
amplifier
has a large
power gain,
be neglected.
It is common practice
to represent
amplifier
noise by equivalent
noise
generators
at the input
of the amplifier.
A simplified
analysis
shows
that
although
the overall
gain is affected,
the relative
magnitude
of the
Thus even though
noise over a given band width
is unchanged
by feedback.
cable capacitance
barely
affects
the gain of a charge
amplifier
, the noise
performance
is degraded
by the additional
capacitance.
The overall
noise

- 13 level depends upon the bandwidth of the amplifier,
the noise voltage being
reoughly proportional
to the square root of the upper cut-off
frequency.
It is well known that negative feedback improves the frequency response of
an amplifier , and in view of the large amount of capacitative
feedback we
should expect the upper cut-off
frequency to be far higher for a charge
amplifier
than for a voltage amplifier.
While this is true to some extent,
the frequency response has to be carefully
tailored
at high frequencies to
ensure stability.
The net effect is that while voltage amplifiers
typically
have upper cut-off
frequencies of about 300 kHz, charge amplifiers
rarely
have a value greater than 150 kHz. The limiting
factor in the voltageamplifier
is the electrometer
valve in the input stage. Although using
insulated gate field effect transistors
higher cut-off frequencies may be
achieved without lowering the input impedance, the noise performance of
these devices is not very good at present.
Thus the charge amplifier
has advantages where a long input time
constant is required using relatively
low impedance ceramic elements.
The
voltage amplifier
is necessary where high frequency performance is of major
importance.
Although neither system is clearly
to be preferred in the
present context, the charge amplifier
has received more commercial attention
because it has definite
advantages in fields
allied to the present one.
3.2

Elementary

charge amplifier

design

The sensitivity
of a charge amplifier
is approximately
l/Cf, so
that C should be small for high gain.
For practical
reasons
values
of Cf
below f 0 pF (corresponding to a sensitivity
of 100 mV/pC) are rarely used,
since stray circuit
capacitance which may amount to several picofarads would
Where greater sensitivity
is required the approach
make the gain unreliable.
must be to improve the noise level of the charge amplifier
and introduce
additional
voltage amplification
stages.
To achieve amplification
independent of the cable and sensing
shouldbe
element capacitance the open loop gain -m, o f the charge amplifier
For maximum sensitivity
corresponding to Cf = 1OpF and
made very large.
for a value of (C + Ce) = 1000 pF typical of ceramics, the open loop gain
not exceeding 1%. This
would need to be 8 OdB to give a gain variation
However in practice the amplifier
is
imposes severe stability
problems.
used in conjunction with a cathode ray oscilloscope
which may well have a
Thus calibration
must be performed
variation
in its gain of several per cent.
and as we shall see the most convenient way of doing this is to calibrate
the amplifying
and recording system as a whole just before or just after
In these circumstances*
a small dependence of
each pressure measurement.
the gain on sensing element and cable capacitance is unimportant and in the
light of experience it is probably better to restrict
the open loop gain to
40dB when stability
problems are very much eased since this gain may be
It is probable that the frequency response
obtained with a single stage.
will thus be much improved, since it is not necessary to degrade it to achieve
In order to avoid excessive phase shifts the output impedance
stability.
of the open loop amplifier
should be small compared with that of the feedback

*

This point was not appreciated
be improved.

initially

and the design described

could

- 14 capacitance
over the required
bandwidth.
An output
impedance
of about lOOohm
may be readily
obtained
using
an emitter
follower.
Where the low frequency
response
is to be independent
of the sensitivity
range R may be conveniently
changed with Cf by connecting
appropriate
values
in para f lel on the range
switch.
A maxlmum pulse droop
of 1% over a measuring
period
of 10 ms requires
a time constant
of at least
1s.
Using
the conventional
biasing
arrangement,
so that
on maximum sensitivity,
when Cf = 10 pF we should need
T = RfCp
Rf = 1011 ohm.
Since it is important
that Ri>> Rf, the input
impedance
should
exceed 1013 ohm, a value which may be realised
with electrometer
valves
or insulated
gate field
effect
transistors.
Since the r.m.s.
noise voltage
increases
with
increasing
bandwidth,
the bandwidth
should
be kept to the minimum consistent
with
the requiredrisetime.
This latter
is likely
to be determined
largely
by the natural
frequency
of the transducer,
and the bandwidth
is conveniently
limited
by the highfrequency
filter
which
is usually
necessary
to remove the oscillatory
component
of the transducer
signal
(see section
4).
A charge
amplifier
was built
according
to some of these
ideas
and the circuit
is shown in Fig.3.
The first
stage uses an electrometer
valve
which may be operated
from the same power supply
as the transistors.
The anode load is limited
to 150.kR by the impedance
of the following
stage
The
which together
with the third
stage provides
the main amplification.
final
stage
is an emitter-follower.
Because the input
grid
is not at ground
potential
a large
series
capacitance
with
a high insulation
resistance
is
used.
Negative
feedback
was applied
between
the emitter
of the output
transistorand
the emitter
of the second-stage
transistor
to overcome
a tendency
to instability.
The components
of the feedback
network
were adjusted
02 test
so that
in the range up to 1 MHz the phase shift
did not rise
above 100 . The
nominal
sensitivity
may be varied
in seven switched
ranges
from 0.1 to
100 mV/pC, the maximum output
on each range being
limited
to +2 volts
by the
The rise-time
on most ranges
is less than 1 ~.ls
requirements
of linearity.
but it rises
with
increasing
sensitivity
and increasing
source
capacitance,
exceeding
5 J,JS only on the two most sensitive
ranges with
a source
capacitance
The low frequency
response
is such that a time constant
of at
of 1000 pF.
The noise
level
has been very
least
1s may be obtained
on all ranges.
approximately
estimated
and is less than 0.01 pC referred
to the input
on
the most sensitive
range for a source
capacitance
of 10 pF but it rises
to
As suggested
earlier
limiting
O.aS$ with
a source
capacitance
of 1000 pF.
the bandwidth
reduces
the noise
level
but the situation
is a little
complicated
by the noise
introduced
by the filter.
3.3

Calibration

of

the

charge-amplifier

Although
the overall
gain of the charge
amplifier
is substantially
small variations
may occur.
Moreover
independent
of the source
capacitance,
the cathode
ray oscilloscope
which
is commonly used to record
the transient
pressure
signal
has sensitivity
variations
from the nominal
of several
per
Consequently
it is necessary
cent and day-to-day
variations
of the same order.
to calibrate
the system.
Separate
calibration
of each item in the measuring
system
leads to considerable
scatter
in the points
determined
for a transducer
This scatter
arises
from the random errors
in the calibration
calibration.
of each item.
Clearly
this
scatter
may be reduced
by calibrating
the 'chainr
as a whole.

capacitance

By applying
a suitable
Ccal a charge
input

voltage
V,,lC,,l

V,,l
to the
is simulated.

system through
The voltage

a series
may be of

- 15 any wave form bearing in mind the frequency limitations
of the amplifier,
but square waves or step functions are most common. The charge calibrator
will itself
need to be calibrated
against an accepted standard and ane
aim in its design should be that this calibration
may be carried out easily
and frequently.
A second aim is that the calibrator
should be so incorporated
into the measuring system that the distribution
of capacitance in the system
is as nearly identical
in the calibrate
and operate modes as is possible.
The calibrator
which has been designed owes much to commercially
available
instruments but several refinements have been incorporated.
It
consists of a constant-amplitude
square-wave generator which feeds a tenturn helical
potentiometer,
Fig.4.
The output is taken via a ‘monitor
socket' to a switching arrangement for connecting the appropriate
series capacitor.
Values of 10 pF, 100 pF, 1000 pF are used, trimming capacitors
enabling adjustment of the values to within 0.1% (the bridge error) using
an impedance bridge.
Errors in
side of the series
Accordingly each of
so that up to three
connecting cables.

gain of order C,,l/mCf may be produced if the calibrator
capacitor is not grounded when the calibrator
is off.
the three output channels has to have a set of capacitors
amplifiers
may be calibrated
and operated without changing

In its early form the power supply was a mercury cell, but this was
found to be subject to as much as 2% variation,
so the stabilised
power unit
supplying the charge amplifier
was used. The square wave output is adjusted
to 10 volts (with the helical
potentiometer
set at 10) using a small 50 turn
trimming resistance.
This is done in the following
way. One of the switch
positions
on the multivibrator
- the 'calibrate'
mode - enables the output
transistor
to be switched on continuously,
the other transistor
being cut off.
The output voltage is then measured and adjusted using a digital
voltmeter.
To ensure that the square-wave and calibrate
positions
produced the same
voltage,
the outputs were compared on a d.c. coupled oscilloscope
at high
sensitivity.
A differential
amplifier
and a 10 volt biasing source were used
to keep the trace on the screen.
The difference was considerably
less than
lOmV, corresponding to an error of less than 0.1% for a 10 volt output.
4.

Filters

It has been remarked that each transducer will have a natural frequency
somewhat lower than that of the element alone. When a step change in pressure
is applied to the transducer the latter will 'ring'
since the step will include
a component at the transducer natural frequency.
The amplitude of this
oscillatory
component is usually comparable with the response to the step
input and to facilitate
interpretation
it is conxnonpractice to filter
the
signal*.
One of two methods is usually employed: acoustic filtering
or electronic filtering,
though on occasion both may be used.
Since the specification
of the pressure measuring system calls for
errors of less than l%, the filter
should be such as to reduce the relative
amplitude of the oscillatory
component to less than 1%. Such a filter
will
have a rise-time
longer than that of the transducer itself
and the effect of
this on the overall
system rise-time
will be considered later.
Clearly the

*

This is not necessary with

a 'matched-backing'

transducer.

- 16 rise-time
of.the
the requirements

filter
alone should be as short
regarding rejection
ratio.

as possible

consistent

with

An acoustic filter
consists of a cavity and.orifice
which serves
to shield the transducer from the more rapid pressure changes. This effectively limits
the rise-time
of the applied pressure so that the component it
contains at the natural frequency of the transducer is negligibly
small and
the gauge ringing is minimised.
In shock tunnel applications
the pressure
being measured is often that of a very hot gas , and an orifice
and cavity will
usually have a sufficiently
large thermal capacity to reduce the thermal
'loading'
of the transducer to negligible
proportions.
This may be particularly important when piezoelectric
sensing elements are used, since such
materials
are frequently
pyroelectric
also, as noted in Section 2.
In many cases where model surface pressures are to be measured,
the
model size and shape preclude the transducer from being mounted flush with
the surface.
ft is then necessary to use an orifice
and a cavity - and
perhaps a length of pipe connecting
one to the other.
Such a filter
alters
of the-effect
for any given orifice/
the signals in a complex way. Analysis
cavity configuration
is difficult
and at best approximate.
This means that
for an acoustic filter
an exact 'transfer
function'
cannot be defined and
thus the input wave form cannot be reconstructed
from the output signal.
Moreover it is not a simple matter to adjust the characteristics
of the filter
to match a given situation.
The major advantages of the electronic
filter
are that its transferfunction,
which is linear, may be accurately calculated,
its components are
readily altered to match the transducer characteristics
and it may be 'switched
out of circuit'.
The three forms which have found the widest application
are the
the parallel-tee
filter
and the cascaded
inductance-capacitance
filter,
resistance-capacitance
filter,
see Fig.5.
The basic low pass L-C filter
is well known. The inductance and
capacitance form the filter
thereby determining the frequency scale and a
series resistance R provides the damping. The fastest rise-time
consistent
with no overshoot occurs when the damping is critical,
and in this condition
the circuit
is equivalent to two identical
cascaded R-C filters,
The parallel
(or twin) tee R-C network has the advantage that the
minimum gain and the minimum gain frequency may.be independently adjusted.
Thus careful choice of components can lead to zero gain at the critical
frequency. Although an asymmetrical network provides.better
rejection,
it is
usual to use the simpler symmetrical form. Moreover best rejection.near
resonance is obtained when the parallel
resistance
is half the series values
and the parallel.capacitance
twice the series capacitances.
Such filters
easily achieve rejection
ratios of 1OO:l and may attain 1OOO:l with careful
design.
Only one stage is therefore necessary.
However there are some disladvantages.
When the signal has components at more.than one frequency to be
filtered
or when the natural motion of the transducer is not strictly
sinuThe frequency response of the parallel
tee
soidal, the filter
is not ideal.
is symmetrical about the resonant frequency, so that components
above this
The gain at frequencies above resonance may be
frequency are amplified.
reduced by the addition of a further stage, or stages, such as an L-C filter.
Thus the parallel
tee is most useful when a signal of one frequency is dominant
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Such responses are charactersmaller components at higher frequencies.
of transducers which are diaphragm dominated.

'The multi- stage cascaded R-C filter
is widely used. For an n-stage
filter
the asymptotic slope of the frequency response curve is 6n dB/octave.
Although the rise time increases with
This is approached quite rapidly.
the number of stages there is a decided advantage in using several stages.
This is because the basic requirement is for an overall rejection
ratio of
say 1OO:l (40 dB) at a particular
frequency, and each stage therefore has
This more than coma lower RC product the greater the number of stages.
pensates for the increase in rise time for several stages as compared to
one stage. For example a 4-stage filter
has a rise time 0.066 times that
of a single stage providing the same rejection
ratio.
The advantage rapidly
diminishes above n=4.
In most multi-stage
filters
buffer amplifiers
are usually necessary
between stages to avoid interference
and at input and output in order to
match the source and load impedances.
Two practical
filter
circuits
are
shown in Fig.6.
5.

Calibration

of oressure

transducers

In meeting a specification
which calls for pressure measurements
to within l%, special attention
must be paid to calibration
of the transAs a general rule the measurement of static quantities
may be
ducers.
carried out far more accurately than that of transients.
One approach is
therefore to design the transducer and measuring system so that it has a
flat response from d.c. through the required dynamic range.
It may then be
calibrated
staticallyfor example using a deadweight tester in the case of
pressure measuring systems - and used dynamically.
However the time-constants
available with transducers using piezoelectric
sensing elements are not really
large enough for static calibrations
to be made. Another approach is to use
a calibrating
device which can apply the calibration
pressure at varying rates
from d.c. through the dynamic range needed. The device itself
may then be
calibrated
statically
against a standard.
One such device which makes use
of the electrostatic
attraction
that exists between two metal plates having
a potential
difference
between them, has been designed and built at Queen
Mary College.
It may only be used for transducers having a metal diaphragm,
and is limited
at present to pressures below about 0.5 torr, though modifications are possible which should increase its range.
This is just the range
in which calibration
pressures are difficult
to produce by other means, and
although the device has been only partially
successful,
further development
is proposed.
Two other methods are commonly used. In one the transducer is
shielded from a vessel containing air at an accurately known pressure by a
suitably
designed solenoid-operated
valve.
The small space between the transducer face and the valve is evacuated to a negligible
pressure and then the
valve is rapidly opened. Opening times of order 1 ms are possible by "overrunning" the solenoid (see for example, Pennelegion et al, 1966 and Aronson
& Waser, 1963). This method is often referred to as "semi-dynamic" the.. term
"dynamic" being reserved for calibration
systems in which the pressure risetime is substantially
less than 100 us.
Such a system is the shock-tube,

in which the rise-time

for a wall-

- 18 mounted transducer depends upon the.transit
time of the shock.across its
face.
The undisturbed .gas pressure.pl
before shock arrival
and the shockwave Mach-number Wll must be.accurately,determined.
The pressure rise to
which the transducer is subjected is, for shocks of moderate strength given
bY
. . ..(21)
where y is the ratio
order unity.

of the principal

specific

heat capacities

and is of

Clearly an error in determining pl is directly
reflected
in a
similar
fractional
error in Ap. Some care must be exercised in examining
the effects of errorsin estimating
the shock Mach number. Thus a small
fractional
error 6 in Wll leads to a fractional
error in Ap of approximately
n

2WL 6
wy
While for shack Mach numbers greater than about 2, the relative
error in Apis only a little
more than double that in Wll, at a value of
error is four times that in shock Mach number. Thus
Wll = 1.5, the relative
weak shocks should be avoided unless the shock Mach number can be measured
with the necessary accuracy.
Among the more important sources of error are
the response times of the shock-passage detectors,
the gating errors introduced by the trigger amplifiers
used to start and stop the chronometer, gating
of the shock strength as it passes
errors within the chronometer, attenuation
and
transducer
and shock-detector
positioning
between the timing stations,
errors.
The maximum error in Ap may easily reach 4 - 5%, the chief sources
of this error being in measuring the shock velocity
and comparing oscilloscope traces.
The first
of these errors may be reduced but two factors
should be borne in mind. First the quoted figures are maximum errors; the
most probable error is about half this, and the error in the slope of a
linear calibration
curve will be somewhat less than the individual
errors.
Secondly where exper.imental measurements are made using a C.R.O. as a recorder
there is little
advantage in calibrating
to a higher accuracy than that to
which the C.R.O. trace may be read.
These errors and otherimportant
features of the calibration
proceIn calibrating
the prototype transducers
dure are to be discussed elsewhere.
described in the next section a shock-tube was used with nitrogen in both
channel and chamber for the less sensitive
transducersand the National
Physical Laboratory's
semi-dynamic calibrator
(Pennelegion et al, 1966) for
the two most sensitive
which could easily be damaged in the shock-tube enviImmediately after recording the response of a transducer to a
ronment.
calibration
pressure, a known charge was injected into the system from the
the response being recorded on the same
charge calibrator
described earlier,
~ photograph.
6.

General design features

we shall

of transducers

Before describing the prototype transduces and their performance
examine some of the general features of transducer design bearing

in

- 19 mind those factors
assessed.
6.1

listed

in the Introduction

by which performance may be

Sensitivity

The sensitivity
required of a transducer depends directly
on the
minimum signal which may be measured by the charge amplifier
to the desired
accuracy.
In Section 3 we saw that on the most sensitive
range the noise
level at input to the charge amplifier
was 0.01 PC. For pitot pressures in
the range 5-100 torr, the greatest sensitivity
required is therefore 0.2
pC/torr,
while for static pressures in the range 0.05-l torr, we should require
sensitivities
of 20 pC/torr.
The pressure is usually transmitted
to the sensing element by means
of a diaphragm and perhaps also an anvil.
This diaphragm has a direct effect
on the sensitivity.
The load on the sensing element (or anvil) is made up
of two parts, the first
W& due to the pressure acting directly
on the element,
and the second part Wb,due to the reaction by which the element supports the
inner edge of the diaphragm, Fig.7.
The remainder of the total load W is
Assuming that the stiffness
of the diaphragm
supported by the outer casing.
is low the fraction
W'/W of the total load transmitted
to the element varies
from 0.25 at z = 0 to 1 at z = 1, see Fig.7.
Thus for high sensitivity
the diameter
be a large fraction
of that of the diaphragm.

of the element or anvil

should

When the stiffness
of the diaphragm is not low the situation
is more
complex. Obviously for a very stiff
diaphragm, very little
of the load is
transmitted
to the element.
A good guide is to make the "point-load"
stiffof the diaphragm much less than the stiffness
parameter
k, of
ness .parameter
the element (incP uding the rigidity
of the backing)*.
In cases where z+ 1
this condition
is difficult
to apply since kp depends critically
on (1 - z),
With comparatively
stiff
and diaphragm edge conditions
are usually uncertain.
is
elements, say in the compressive or shear mOdes, the diaphragm stiffness
Bending elements have comparatively
low stiffunlikely
to be significant.
ness, and in these cases it is essential
to ensure that the diaphragm stiffness -is sufficiently
low.
In some cases it may be necessary to minimise the mass loading of
the element, so that the anvil must be small.
In this case z will be small,
and the response will be "diaphragm-dominated."
For such a transducer the
transmitted
load is l/4 of the total load when the diaphragm is very thin;
for a thick diaphragm it will be very much less.
6.2

Natural

frequency

The lowest natural frequency of a transducer is the chief factor
governing its response time.
When the transducer is excited by a step-rise
in pressure (e.g. from a shock front parallel
to its sensing face), then all
its natural modes will be excited.
The output will consist of a steady state
value plus oscillatory
components which may initially
be of comparable amplitude, and these oscillations
may take many tens of periods to die away to say
1% of the steady state value.
Where the shock passes across the sensing face,

*

See Notation

for definitions

of kp and k,.

- 20 the transit
time will affect the relative
amplitude of the oscillations,
but
these are rarely so small as to be negligible
in shock-tunnel applications.
Some means must therefore
approaches are possible,

be used to limit

this

"ringing".

(a)

design a transduc.er which does not ring,

(b)

limit the rise-time
of the applied pressure pulse
by means of an orifice
and cavity so that the
natural modes are not excited.
use electronic
filtering
to remove the oscillatory
components of the response.

(cl

Three

The first
of these three approaches has been discussed in detail by Edwards
(1958).
It is only useful where size is not important,
since it leads to
rather 'long' transducers,
but for fast response, the "matched-backing"
transducer is unsurpassed.
The other two approaches have been discussed in Section 4, where it
is concluded that electronic
filtering
is superior to acoustic filtering.
Assuming that the signal to be filtered
the initial
amplitude of which
at a frequencyf:
state response, then it may be shown that for a
rejection
ratio of 1OO:l the rise time is given

tfr

=

Of,12

(loqh - ,)1

has an oscillatory
component
is a fraction
q of the steady
4-stage RC filter
having a
approximately
by

for q >'O.Ol.

. . . ..(22)

0

Taking the transducer rise time as 1/4:fi
mate expression for the overall rise-time
as
t

r

= (6.6q’

- 0.6)’

we arrive

at the approxi-

. . . ..(23)

2;
Thus as q goes from 0.01 to 1 the product'fAtr
goes from 0.25, which is the
value for the transducer alone, to 2.45. Hence the useful rise time of.a
transducer depends not only upon its natural frequency but also upon the
relative
amplitude of the oscillatory
component at this frequency.
The vibrations
of the diaphragm may contribute
a significant
portion
Supposing
of the oscillatory
signal unless some care is exercised in design.
that vibration
of the element (and anvil) may be neglected, the force transmitted to the element will consist of a steady part Wi and a fluctuating
part
In a single-degree
of freedom system excited
WA due to the diaphragm reaction.
the peak stress is twice its steady state value, with this
by a step-input,
By analogy it seems a reasonable
steady response as the mean of the vibration.
inference that the force transmitted
to the element will have an oscillatory
component of amplitude 2WA at a frequency corresponding to the particular
diaphragm mode excited.
Where the response is to be “element-dominated",
WA should therefore
be small, and this corresponds to z -+ 1 which is the same requirement as for
high sensitivity.
Additionally
the diaphragm thickness should be such asto

- 21 give a high natural frequency, but its stiffness
must be low to meet the
requirements of high sensitivity.
According to Southwell (1936),
f diaph.

=

. . . ..(24)

where

z

0

B 1.93

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

2.30

2.86

3.70

5.02

7.18

11.2

19.9

44.3

(179)

When the response is not element-dominated
, the oscillation
modes
of the diaphragm are likely
to interact
with those of the element and anvil.
It is not possible to generalise any further and designs must be considered
individually.
6.3

Acceleration

response

One of the most serious problems associated with the measurement of
pressure using piezoelectric
sensors is that the element responds also to
acceleration
and vibration.
The difference
between the two is largely one
of the wavelength of the motion.
When the wavelength is much longer than a
typical
dimension of the transducer,
the latter undergoes an acceleration;
when the two are of the same order, the transducer vibrates.
The transducer
will respond to an acceleration
in any direction,
but usually the most
important direction
is normal to the sensing surface.
A convenient measure
of the acceleration
response is the equivalent pressure causing the same
output as an acceleration
of one 'gn' .
We may represent by m the combined mass loading on
the sensing surface of the element due to the
pressure plate, diaphragm, anvil and any other
A attached parts.
When the transducer is subject
to an acceleration
ngn as shown, there will be
an effective
negative pressure Ap on the sensing
element given by
Ap = wgnfA
so that the acceleration
sensitivity
convenient unit being 'torr/g,'.
Although
pressure

. . . ..(25)
is mg,,/A

It is thus proportional
to the mass/area supported by the element.
it depends to some extent on the relative
areas of element and
plate, typical values for brass are:
0.15 torr/gn
1.0 toIT/g,
In addition

there is an effect

for a diaphragm 0.25 mm thick
for a pressure plate 1.6 IIKUthick
due to the mass of the element itself,

- 22 and this may be taken into account by assuming a mass of one half
the element distributed
over its surface.
For a PZT-5 element 1 mm in. thickness,
is about 0.3 torr/gn.

the acceleration

that

of

sensitivity

The acceleration
sensitivities
in directions
other than normal to
the sensing surface depend upon the appropriate
element sensitivities
in
those directions.
It is not possible to generalise in this case, but it is
clear that in all cases the mass supported by the element should be minimised.
6.3.1

Transducer

mounting

The way in which the transducer is mounted will have an effect on
the acceleration
response.
Often it is necessary to provide a vacuum seal
in the form of a rubber O-ring or washer. When this is mounted 'behind' the
transducer,
the force on the transducer due to the pressure on its sensing
surface can produce significant
accelerations.
Seals should therefore be
mounted in front of a shoulder, with a rigid backing behind the transducer.
With pressure transducers located in stinglnounted
models, the forces and
moments on the model often produce large accelerations.
In these circumstances
it is necessary to compensate for the acceleration
response.
This is usually
done by having a second element within the transducer as nearly identical
in
properties
and mechanical loading as is possible,
but not subjected to the
pressure being measured. The difference
in output between the two elements
then corresponds to the required pressure sensitivity,
compensated for
acceleration
response.
It has sometimes been the practice to remove vibration
components
by electronic
filtering.
This is undesirable because the frequencies of
With elecsuch components are often within the dynamic range of interest.
tronic filtering
the lowest vibration
frequency will determine the upper
rise
limit of the usable frequency response, and consequently the effective
time.
Since these vibration
frequencies are usually lower than the natural
filtering
does not allow the transducer to be usedto
modes of the transducer,
full advantage.
6.4

Cross-axis

sensitivity

In addition to responding to loads normal to the sensing face, transducers often respond to loads parallel
to the diaphragm.
Such forces may be
Two factors are important in deterapplied by vibration
of the mounting.
The first
isthe
magnitude of the stress
mining the cross-axis
sensitivity.
in the element induced by a transverse load applied to the transducer case,
and this will depend on the way the element is mounted. The second is the
element sensitivity
in the appropriate mode.
Once the basic sensing mode has been chosen, nothing can be done
The only way therefore to.reduce the crossabout the transverse sensitivity.
axis sensitivity
is to reduce the stress in the element caused by transverse
loading of the case. This may be partly a question of design, but mounting
of the transducer is of some importance.
A minimum of rigid contact between
the transducer and its mounting.should
be provided, though some means of positive location is usually required.
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Thermal response

In addition to their pressure response , many piezoelectric
materials
are also pyroelectric.
A temperature change within the material is indistinguishable
from a pressure change so far as the electrical
output is
concerned.
In addition,
the piezoelectric
constants themselves change with
temperature.
(The two effects are related).
'Where the temperature of the test gas whose pressure is being
measured is high, the heat flux into the transducer may affect the element
and consequently the accuracy of measurement.
In some transducers it may
be possible to use a sufficiently
thick diaphragm or pressure plate so
that the element is effectively
shielded, but in high sensitivity
transducers
this cannot be done. There is some compensation in that the regions of highest
heat flux are usually stagnation regions where less sensitive
transducers may
be used.
Where transducers cannot be designed with adequate shielding,
it is
common to avoid direct contact between the hot flow and the transducer by
mounting the latter
behind a cavity and orifice.
The thermal capacity of
the gas within this cavity is then low enough for it to be close to the
temperature of the surrounding metal.
(Where necessary this may be cooledparticularly
in continuous flow environments).
The orifice
and cavity have a considerable effect on the transducer
- in particular
the effective
response time is
response characteristics
lengthened.
6.6

Linearity

and repeatability

The linearity
of a calibration
is to some extent a matter of conIf the calibration
curve is known over
venience and ease of interpretation.
Perhaps
this
is to state the
the working range linearity
is unimportant.
obvious.
But the calibration
curve must be known not only for the transducer
but for all elements of the measuring system such as the amplifier
and C.R.O.,
The 'convenience'
and for all combinations of the likely
sensitivity
settings.
of a linear calibration
is now apparent.
There are two aspects of repeatability.
The first
relates to the
consistency of performance of a single transducer (and its associated amplifier)
and the second to different
transducers of nominally identical
construction.
should be freeof
If frequent recalibration
is to be avoided, the sensitivity
It must therefore be insensitive
to
long term and short term variatinns.
- humidity and temperature -and ageing should not affect
ambient conditions,
its
effects of nonimportant components. The aim should be that the combined
linearity
and ambient conditions,
etc. should be less than 1% of the nominal
sensitivity.
The similarity
in performance between nominally identical
transducers
is really a reflection
of the amount of control the designer actually
has over
It is unlikely
that successive samples of a particular
transducer performance.
design will have sensitivities
and natural frequencies which differ
by less
than about + 10% since at present the piezoelectric
properties
of ceramics vary
From a commercial viewpoint
by up to + 72, (though quartz is rather better).
a verylarge proportion of the transducers built should be usable, so that the
design should ensure that those factors which have significant
effects are
Where for example the sensitivity
depends critically
accurately controllable.
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of a glued joint,
poor repeatability
is likely.
One
beneficial
side-effect
of this requirement is that designs are basically
simple.
Howeverto examine.this
aspect of repeatability
would require at
least half a dozen transducers built to the same design, and this was outside
the scope of the project.
6.7

General mechanical

features

Where pressure transducers are to be mounted in a model in the
or even an ordinary wind tunnel, size is usually of some
shock-tunnel,
importance.
Moreover it is desirable that the pressure should be "averaged"
Frequently it is necessary to use a small
over as small an area as possible.
hole in the surface of the model, this hole being connected via tubing and
perhaps a cavity to the sensing face of the transducer.
As we have seen this
impairs the high frequency response, and even where it is necessary it is
Since all the transadvantageous to have a small cavity and connecting pipe.
ducers to be described were prototypes rather than production models, less
However the possibility
of
emphasis has been placed on reduction in size.
later miniaturisation
has been borne in mind during their design.
So that a minimum of disturbance to the flow occurs, pressure transA positive
means of location
ducers are mounted flush with the model surface.
is therefore required, and this is conveniently
provided by a spigot, so that
fixing is obtained by clamping it against a suitably machined surface.
Where
vacuum sealing is needed an O-ring or similar
seal may frequently
be incorporated around this spigot.
The transducer should also be designed as a
sealed unit, since leakage will affect the load on the diaphragm. Co-axial
sockets are a frequent source of such leakage.
Finally
a piezoelectric
element is a high impedance device, and
consequently a significant
e.m.f. may be induced as "pickup".
One way of
minimising
this pick-up is to have the system electrostatically
shielded.
So far as the transducer is concerned, the outer case should be of a good
conducting material,
with good electrical
connection between its various parts.
It is common practice to use the case as one Irsider' of the transducer output
connection.
7.

Prototvne

transducers

In section 2 the relative
merits of a variety
of piezoelectric
element
sensing modes were assessed.
It was concluded that for direct pressure
sensing the normal compressive mode and the bimorph discinbending
were best,
while the shear mode and the bimorph beam cantilever
were best suited for the
force-sensing
type of transducer.
Fig.8 (a)-(g).shows
various ways in which
the elements may be incorporated
into a transducer ina fairly
simple fashion.
The first
three use elements in the normal compressive mode. Fig.8(a)
shows
an element used in a "matched-backing"
transducer.
No transducers of this
type were built since they would be too large for the present application.
The second and third type differ only in the relative
diameters of the diaphragm and sensing element/anvil.
Type (b) will be element-dominated while
type (c) in which only the central region of the diaphragm is supported, will
have its response dominated by the diaphragm.
The most convenient way of using the bimorph disc in bending is
shown at (d), the.element being centrally-supported.
The only other suitable
mode uses pinned edge conditions which are difficult
to achieve in practice.
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The element is fixed to the case at the outside and
transmit the pressure.
to the anvil on the inside of the tube.
The two final configurations
shown at (f) and (g) illustrate
the
bimorph cantilever.
The first
will produce a diaphragm-dominated response,
whereas that at (g) having the diaphragm supported over most of its surface
Although a diaphragm-dominated response is not
will be element-dominated.
usually desirable,
in this case type (g) is not necessarily
superior because
of the low-stiffness
of the element.
A variety of transducers has been built and tested to measure some
of the more important quantities
mentioned in Section 6. The charge sensitivity, the natural frequency and the minimum useful rise time of the less
The more sensitive
transsensitive
types have been measured in a shock-tube.
semi-dynamic
calibrator
since
these
ducers were calibrated
using the N.P.L.
transducers could easily be damaged in the shock-tube environment (as distinct
from the expanded flow in the hypersonic working section for which they are
intended).
Their natural frequencies were estimated by examining their response to the noise made by knocking sharply together, two pieces of metal, it
being ascertained that.the particular
metal used was unimportant.
Although
the other parameters mentioned in Section 6 have been taken into account
during design, it has not yet proved possible to measure them.
7.1

Normal compressive

mode transducers

For an element in the normal compressive mode the charge sensitivity
to pressure $ is proportional
to the sensing surface area and the natural
frequency fo is inversely proportional
to the thickness.
Thus optimum performance is obtained by thin discs of large surface area. Although "stacking"
only single element transducers have
plates will improve the sensitivity,
been built so far, mainly in the interest
of simplicity
in the development
stages.
The natural frequency of the transducer will be determined not only
by the element but also by the backing material,
though the effect is rather
complex. As in all transducers the mass loading on the element should be
kept to a minimum in order to diminish the acceleration
responses.
7.1.1

The type E compression

transducer

The first
compression element transducer designed and built is shown
in Fig.9. It uses as the sensing element a cylinder of PZT-5H, 3 mm in
diameter and 3 mm thick,
so that the basic parameters for the element alone
are

B

= 0.56 pC/torr

;

f.

= 320 kHz.

The transducer case is brass, and the cavity in which the element
is mounted is 6.3 nun in diameter and.6.3 mm deep. This diameter ensured that
in cementing the diaphragm into place , any cement displaced into the gap
between the walls and the element did not glue the element to the walls and
hence impair the sensitivity.
After soldering the electrical
leads to the
the
ends
were
built
up
with
a
layer
of
Araldite
about 1.5 mm
plated surfaces,
thick to provide the necessary insulation.
This transducer was shock-tube calibrated,
being shown in Fig.11.
Some typical output traces
with and without electronic
filtering.

two calibration
curves
are also shown in Fig.10
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is 0.92 pC/torr compared with the figure
of 1.35 pC/torr when account is taken of the diaphragm.contribution
to sensitivity.
The difference
is probably due to surplus cement on the diaphragm;
small amounts will readily alter the effective
ratio z of innerto.outer
diameter, and this causes large changes in sensitivity.
This suggests that
cementing is not a good way of attaching the diaphragm.
The linearity
appears to be good and is certainly
within the limits
of experimental error.
This gauge has been calibrated
on separate occasions,
yielding
figures of 0.929, 0.914 and 0.925 pC/torr over the range O-900 torr.
These differences
are within the experimental error.
From traces such as that in Fig.10, the fundamental resonance appears
to be at about 45 kHz with a higher frequency component at about 240 kHz superimposed. Since the diaphragm contribution
to sensitivity
is some 40%, it is
likely
that this low resonant frequency is also due to the diaphragm.
Assuming
a clamped edge the natural frequency of the diaphragm was estimated to be about
100 kHz, but the fact that it is cemented in place probably means that the
fixing is not very rigid and in addition the attached mass would have some
effect.
The low frequency could also be due to a vibration
in bending of part
of the housing.
The high frequency component is probably attributable
to the
element.
7.1.2

The type F compression

transducer

The type F transducer in Fig.12 was designed to offer higher sensitivity
and natural frequency than the type E, and also to assess the acceleration
compensation technique.
The two identical
discs of PZT-5H are 6 mm in diameter
and 2 mm thick, and they are mounted back-to-back in such a way that the rear
The basic performance parameters of the isolated
disc senses only acceleration.
element are

B

=

2.23 pC/torr

;

f. = 480 kHz .

The construction
technique was similar
to that of type E. In an effort
the
lead
out wires were taken through
to ensure similarity
of the two halves,
It had been
the clamped rather than the active portion of the rear diaphragm.
hoped that the output from each disc could be brought out through its own co:
axial socket, but the sockets available at the time were too large.
The results of shock-tube calibration
are shown in Fig.14; the lower
range calibration
from O-300 torr shows non-linearities
of order 2% and an
intercept
on the charge axis at about 8 pC both of which are at the limitof
the estimated experimental error.
The results of three separate calibrations
are 3.11, 3.12, and
3.12 pC/torr,
which is again some 40% higher than the basic element sensitivity,
for similar reasons to those for type E.
The transient
responses illustrated
in Fig.13 show the major resonant
frequency at 64.kHz with a smaller component at half this frequency.
The
oscillations
are far less regular in amplitude than those of type E, and again
none of the frequencies correspondsclosely
to any of those calculated.
The difficulty
of assessing accurately the factors which govern the
transient
response constitutes
the major deficiency
of the type E and type
F transducers.
An attempt was therefore made to simplify
the design to one

- 27 which might allow
7.1.3

a closer

theoretical

The type I compression

examination

of the performance.

transducer

The two compression transducers previously
described had their
diaphragms cemented in place, and this meant that the gap between the element
and case had to be relatively
large and so also did the walls of the casing
in order to ensure an adequate surface for adhesion.
The transducer is thus
rather larger than is perhaps necessary.
Spot welding would seem to be a
suitable method of fixing the diaphragm, but unfortunately
facilities
were
not available.
By using the assembly technique to be described, the number
of cemented joints was somewhat reduced.
After machining the main case, see
Fig.15, the diaphragm and pressure plate were made in one piece, the diaphragm
being left some 0.3 mm thicker than finally
required, but its outside diameter
was accurately dimensioned.
The upper surface of the case and the corresponding
diaphragm surface were tinned with soft solder , any surplus being removed. Ihe
two parts were reheated, placed together in a jig and allowed to cool slowly.
The edge of the diaphragm was then trisnned in a lathe and the face machined
away carefully
to leave the desired thickness.
The disc of PZT-5H and the
backing piece were cemented together and the locking nut and coaxial socket
screwed together.
The uppersurfaces of the latter were covered with Araldite,
which was then machined leaving the tip of the pin protruding.
The hole in the
backing plate was filled
with conducting paste and when assembly was complete
Araldite was used to fix the locking cylinder
in place.
Two examples of this type,11 and 12 were built,
using ceramic discs
1 mm thick.
The first
has a disc 5 mm in diameter giving basic performance
figures of
QP = 1.55 pC/torr and f. = 960 kHz
= 2.23 pC/torr.
The second has a disc of 6 mm diameter, giving
B
The results of shock-tube calibration
are shown in Figs.
for I1 and I2 respectively.
We consider type I1 first.

17(a) & (b)

The most noticeable feature is the discontinuity
in slope at about
650 torr.
The slope of the lower curve is 1.08 pC/torr and that of the upper
portion 1.37 pC/torr.
The calibration
over the range O-300 torr has a slope
These
of 1.11 pC/torr and an intercept
on the pressure axis at about 3 torr.
features are almost certainly
due to the transducer being assembled using a
"pre-loading"
technique.
Unless all the surfaces are flat and parallel
during
assembly there is bound to be some play in the system. This would imply that
at low pressures a larger portion of the load is carried by the case than at
would thus increase
higher pressures when the play is taken up. The sensitivity
with pressure level.
It is interesting
to note that the sensitivity
at the
higher pressure levels compares well with the expected value.
The natural frequency of the type 11 is about 40 kHz, very.much lower
than the theoretical
value.
The transducer was designed in the hope that only
compressive vibrations
would be excited.
The overall length is about 16 mm,
so that a compressive wave would take about 5 us to reach the back (at about
3360 m/s in brass).
The corresponding frequency would be 50 kHz. The first
of the response, Fig.l6(a),
are close to ramp functions which
two 'cycles'
suggest that the initial
response is caused by the reflection
of compression
waves. It seems clear that a detailed investigation
into the effects of
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material

is needed.

The responses
of the second version
12, shown in Fig.l6(b)
leave
In addition
to the major component
close
to that
observed
much to be desired.
is a significant
component
at about 5 kHz with
a very
for type 11, there
This again is probably
accounted
for by the pre-loading.
irregular
form.
In view of the poor transient
response,
and the difficulty
in interpreting
the traces,
the calibration
is surprisingly
linear.
However the sensitivity
is only 0.66 pC/torr,
some 30% of the theoretical
value.
A substantial
portion
of the load is carried
by the case, and we must conclude
that
preloading
during
construction
is undesirable,
except
perhaps
where facilities
for very accurate
surface
finishing
are available.
7.2

Shear

element

transducers

In section
2 we noted
that
the relevant
sensitivity
parameter
for
elements
in the shear mode is QF and that
this
is independent
of the size
of the element.
Consequently
the sensitivity
of the transducer
will
be
determined
by the total
load transmitted
for a given pressure
and this
will
be directly
proportional
to the surface
area of the anvilwhich
is used to
transmit
the load.
From a practical
viewpoint,
the symmetry
afforded
by using
a
cylindrical
shear tube has considerable
advantage
over a shear plate
which
would probably
lead to a performance
dependent
upon orientation.
Although
the stiffness
in shear is high,
the natural
frequency
of the transducer
is
likely
to be governed
by the vibrations
of the anvil.
7.2.1

The type

G shear-tube

transducer

The basic
construction
of the type G transducer
is shown in Fig.18.
The sensing
element
is a shear tube of PZT-5H the outside
diameter
of which
is 6.33 mm, the length
is 6.35 mm and the wall
thickness
is 0.5 mm. Two
versions
were built,
the main differences
being
in the materials
used and
the method of assembly.
The basic
sensitivity
of the element
is 584 PC/newton,
so that
assuming
the entire
load on the sensing
surface
of the transducer
(0.97 cm2) is transmitted
to the element,
the pressure
sensitivity
is
7.53 pC/torr.
With type Gl the anvil
was first
attached
to the element
and then
the outside
of the element
was covered
with Araldite
and the assembly
pushed
into the case from the front.
It.was
held in place by jigs
while
the Araldite
cured.
The diaphragm
wasthen
cemented
in place using Araldite
again.
Upon
calibration
the sensitivity
was found
to be only about 1 pC/torr.
The diaphragm
wasthereupon
removed
in a lathe
as was also the considerable
amount of surplus
cement which,
as suspected,
had found
its way between
the anvil
and the case.
A new diaphragm
was fixed
in place using
a conducting
paste*
which did not
'run'
as readily
as Araldite.
Upon recalibration
the results
of Fig.20(a)
were obtained;
the two
calibration
values
of 4.94 pC/torr
and 5.10 pC/torr
are much closer
to the
theoretical
values.
There appear
to be non-linearities
of about 5%, but there
was some difficulty
in interpreting
the traces,
a point
we shall
discuss
later
with transient
response.

*

Johnson

Matthey

type

FSP 49.
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experienced with cementing the diaphragm,
a second version was built using a 'spot-welding'
technique.
Stainless steel
was used in place of brass and duralumin.
The diaphragm and anvil were first
spot-welded together around the periphery of the anvil and then the shear tube
was attached.
The diaphragm/anvil
unit wasspotwelded
to the case and Araldite was forced between the case and the element.
It was difficult
to ensure
that none found its way past the element to restrict
the freedom between the
anvil and the case.
The calibration
curve for the type G2 is shown in Fig.20(b).
The
linearity
is somewhat better than that for type G1 but there is an intercept on
the pressure axis at about 20 torr, which suggests a non-linearity
below about
100 torr.
The measured sensitivity
is only 3.03 pC/torr,
well below that of
type Gl and this is probably due to surplus cement. The transient
responses
Fig.19, show that the dominant frequency is rather low, about 20 kHz. It is
difficult
to see how this arises.
The compression wave transit
time over
1 cm is about 2 us, so it is not likely
to be a compressive vibration.
Shear
vibration
of the element/Araldite
layer loaded by the mass of the anvil has
an estimated frequency of 50 kHz for the steel anvil of G2 and about 80 kHz
for the duralumin anvil (Gl).
The only remaining mode would seem to be a
bending one in which either the anvil bends or it rotates as a whole under an
asymmetric shear load in the element.
Since the sensing face of the anvil is
somewhat larger than its base, a transverse shock could well excite this mode.
One way of resolving this would be to test the transducer with a head-on shock.
A second disturbing
feature of the transient
responses is that the
mean signal level appears to increase with time in some cases. A genuine rise
Leakin pressure may be discounted since no other transducers have shown it.
age into the case would cause the signal level to decrease and the element
would appear to be well shielded from thermal effects.
However the acceleration
responses of the type G transducer are rather high due to the mass loading of
the anvil.
The estimated value for type Gl is about 1 torr/g,
and that for
for a compressive type
type G2 about 3 torr /gn compared with 0.1 torr/g,
loaded by a 0.25 mm thick steel diaphragm.
If the effect is due to an acceleration
the characteristic
frequency
is very low and the most likely
source is a longitudinal
bending of the shocktube channel.
7.3

Bimorph disc transducers

The charge sensitivity
to pressure of the bimorph disc is proportional
to the fourth power of the diameter and inversely proportional
to the square
Thus very high sensitivities
are possible using "broad,
of the thickness.
thin discs".
The natural frequency is proportional
to (t/d2).
The stiffness
at the edge of the centrally
supported disc is commust be carefully
paratively
low, so that the effect of diaphragm stiffness
considered.
When the element is cemented to the diaphragm, the element will
be effectively
stiffened
and the sensitivity
will be reduced.
7.3.1

The type H bimorph-disc

transducer

The type H transducer uses a bimorph disc of PZT-5B, 8 mm in diameter
and 0.53 mm thick.
The basic performance parameters are thus Q, = 47 pC/torr
and f, = 17 kHz for the element alone.
The design of this transducer,
illus-
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design of Macdonald and Cole (1963).
Two models were built.
The assembly technique identical
for both, is fairly
obvious and will not be described.
These transducers were designed for low pressures, well below 100 torr
and it was felt unwise to test them in the shock tube where minimum peak
pressures of 1500 torr were likely.
They were therefore calibrated
in the
N.P.L. semi-dynamic calibrator,
a typical
response being shown in Fig.22.
The calibration
curves of both Hl and H2 are shown in Fig.23.
When account
is taken of the diaphragm loading the theoretical
sensitivity
is 66 pC/torr.
The measured values are 48.9 pC/torr for type Hl and 59.6 pC/torr for type
H2. The design appears to use the element to full advantage, at least as
regards sensitivity.
The linearity
is good, but both transducers have intercepts on the pressure axis, roughly 1 torr for the Hl and 2 torr for the H2.
Because of the difference
it seems unlikely
that these could be due to a zero
error in the static pressure gauge used with the calibrator;
the cause remains
undetermined.
The high sensitivity
of these transducers enabled their natural
frequencies to be estimated somewhat crudely by examining their response to
a loud sharp noise.
From these responses the natural frequency of type Hl
was found to be 19 kHz and for type H2,27 kHz. Again surplus cement is
likely
to account for the difference
from the theoretical
value, and in this
case it would decrease the sensitivity
and increase the natural frequency.
However type Hl has the lower sensitivity
and the lower natural frequency so
this cannot be the whole explanation.
Nevertheless it is hoped that improvements in manufacturing
technique will produce a transducer with a performance
even closer to the theoretical.
7.4

Bimorph beam transducers

With a cantilevered
bimorph beam the load is applied essentially
as
a point load.
Were a simple rod to be used as the anvil the fraction
W'/W
of tire load on the diaphragm that would be transmitted
would be little
more
than 0.25.
The larger is the ratio z of the inner to outer diameters, the
larger is the fraction
of the total load transmitted
to the element.
On
the other hand the high sensitivity
of the bimorph beam element arises from
its low stiffness
and a stiff
diaphragm reduces the transmitted
load.
Infor example as z increases
creasing z stiffens
the diaphragm considerably:
from 0 to 0.5 the stiffness
increases by a factor of 10, and from 0 to 0.75
by a factor of 100. Thus as z is increased.to
improve the sensitivity
the
effects on diaphragm stiffness
must be borne in mind.
Estimation of the natural frequency of the transducer is far from
easy. A reasonable assumption is that-the natural.frequency.of
the anvil
is high enough to be neglected,.but
even so we have an annular diaphragm and
From a design point of
a cantilever
beam coupled by the mass of the anvil.
view it is clear that the diaphragm should be asthick
as possible consistent
with sensitivity
requirements and the mass of the anvil should be small.
The.important
sensitivity
parameter QF for the beam is proportional
Although it is possible to
to the square of the length to thickness ratio.
have bimorph beams made in a wide range of sizes to order, beams are available
for use in gramophone cartridges.
One of these stock
from stock, chiefly
sizes was chosen for the type K transducers.
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The type K bimorph-beam transducer

Two type K transducers were designed which differed
only in the
mass of the anvil.
They are illustrated
in Fig.24.
Three versions were
built,
one of type K and two of K2(K2A and K2B). The sensing element is
cut from a series-p0 1arised bimorph strip,
1.02 mm x 0.53 mm in crosssection to a length of 9 mm. The element was cemented into a blind hole in
a perspex rod 3 mm in diameter, which was then cemented into the case. The
active length of the element was 5 mm.
The two anvil types were of the same length and surface area, but
more material was removed from type 2 to reduce its mass. The anvil was in
each case cemented to a stainless
steel diaphragm 0.025 urn thick with
Araldite,
and this assembly was cemented to the case, the tip
of the anvil
being at the same time cemented to the element.
The calibration
curves shown in Fig.26 were obtained using the N.P.L.
semi-dynamic calibrator,
typical
traces being shown in Fig.25.
The low
frequencyresponsesof
Kl and K2A are very poor, the overall time constants
being about 50 ms and 20 ms respectively.
There was no improvement after
careful cleaning of all the electrical
connections and it is inferred that
some of the internal
insulation
is imperfect,
since the type K2B using an
element from the same batch has a very large time constant.
The linearity
of the calibration
of K2B is good but its sensitivity
is only 3.55 pC/torr compared with a theoretical
value of 65 pC/torr.
Since
the sensitivity
is critically
dependent upon the stiffness
of the diaphragm,
it seems likely
that the small gap of 1.5 mm between the anvil and the case
has been partially
filled
with surplus cement.
The low time constants made interpretation
of the traces for K
but the sensitivities
are much higher than t ii e
and K2 somewhat difficult
These are.less
K2B' 93 eing 20.8 pC/torr and 31.1 pC/torr respectively.
than half the theoretical
values, and the deficiency
is probably due to
surplus cement. Indeed at an early stage the diaphragm and anvil assembly
of K~A came away from the case revealing a large amount of surplus cement,
though this had not adhered to the case. It was repaired using Kodak
Eastman type 910 adhesive.
This is a contact adhesive which does not 'run'
once applied, and it merits attention
for future designs.
The natural frequencies were estimated in the same way as those
of the type H transducers.
The measured value of the type Kl is 5.5 kHz.
The natural frequency of the element alone is about 10 kHz and the value
based on the tip stiffness
of the cantilever
and the mass of the anvil is
However the measured
about 3.2 kHz, somewhat lower than the observed value.
sensitivity
is only about one third of the theoretical
value, and this is
thought to be due to stiffening
of the diaphragm by surplus cement. When
the natural frequency is computed using the effective
stiffness
inferred from
this measured sensitivity,
we obtain 5.5 kHz, the observed value.
Corresponding

values

for

the other

two models are
K1

K2A

K2B

Measured, fA/kHz

5.5

7.2

16

Theoretical,
fd/kHz
Semi-empirical,
fA/kHz

3.2
5.5

4.3
6.2

4.3
18
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Thus even for the-type K2R for which the sensitivity
of the theoretical,.this.semi-empirical
value of-the natural.frequency
is
quite,close
to.the measured value, supporting the inference that it is due
to surplus cement..
7.5

Environmental

testing

that is the compression types
For the less sensitive
transducers,
and the shear-tube type G, the calibration
procedure carried out in the shock
tube provides a fairly
good test of their likely
performance in the environment for which they were designed.
The type E transducer was used for a
further wide range of measurements in the shock-tube,
using both nitrogen
and hydrogen to drive shocks in nitrogen.
The detailed results produced
could be satisfactorily
explained in terms of the.flow processes known to
occur and no further features of the transducer performance were brought
to light.
The same transducer was then mounted for pitot pressure measurement
in the hypersonic flow formed by expanding theohot nitrogen behind the
reflected
shock in the shock-tube through a 10 half-angle
conical nozzle.
The first
test indicdted an apparent negative absolute pressure after about
21 ms of flow!
The diaphragm, which was wholly exposed to the hot stagnant
gas, was covered with a thin layer of vacuum grease for subsequent tests, and
the effect disappeared.
The pitot pressure records reflect
fairly
clqsely,
with a time lag of course, the pressure variations
in the nozzle reservoir
which were simultaneously
monitored with a Kistler
701A quartz transducer,
Fig.27.
The flow properties
inferred from these.tests
accorded well with
theoretical
estimates which included an allowance for the flow conicity
and
boundary layer growth on the nozzle wall.
The sensitivity
of the type E transducer is 0.9 pC/torr and in view
of the earlier
discussion it should not be used for pressure levels below
about 1 torr.
Used to measure pitot pressure of about 10 torr it was found
but for pitot pressures of about 2-3 torr the traces were
to be satisfactory,
rather noisy.
The type H2 bimorph-disc
transducer was mounted flush with one of
the surfaces of a 250 included-angle
wedge. This wedge was sting-mounted
in the hypersonic stream referred to above, the working-surface
being parallel
to the sting axis and about 2 cm above the flow centre-line.
Tests were
conducted at nominal.incidences
of -4', O", 4*, 8' where negative values indicate
The flow Mach
an expansion from the free-stream to the measuring surface.
number inferred from the pitot pressure measurements was about 9.1 so that
the compression surface had an attached shock.
Again some of the traces, Fig.28, showed an apparent negative absolute
pressure during the useful test time.. It seemed unlikely,that
this was a
thermal response and vacuum grease used as before failed to alter the effect.
The transducer was thenrecessed
from the surface and shielded from the gas.
pressure by taping a piece of steel shim.over.the.cavity;
The model was then
tested at incidences of.-4'
and +8' and the results,
Fi 9* 28 strongly suggest
an accelerationresponse.
At a nominal incidence of r4 .and making an allowance of lo for the model-offset
and flow conicity,
the mean incidence of the
model is 17 1" while at the nominal 8O, the centre-line
incidence is only 51,'.
The acceleration
signals are in the ratio of about.four to.one, and it seems
plausible
that the net lift
on the model causes the sting to vibrate in
bending.
This conjecture is supported by a record taken at a slow C.R.O.
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sweep rate which shows a component of the response at a frequency which
corresponds closely with that of the bending of the sting-model system in
the vertical
plane.
When a linear correction
for the acceleration
response is applied,
the resulting
pressures, which are in the range 0.1 to 1 torr, agree fairly
well with approximate estimates that take some account of the leading edge
effect but not of any possible vibrational
non-equili"strong-interaction"
(The reservoir
pressure and temperabrium effects on the nozzle expansion.
ture were approximately
18 atm and 37OO'K.)

8.

Discussion.

As a general assessment of the prototype transducers described in
Figure 29 has been constructed
Section 7 with those available
commercially,
for comparison.
It will be appreciated from what
using the parameter f'
has been said earlier't P at several other factors are also important.
In
particular
linearity,
repeatability
and an absence of spurious responses
Nevertheless Figure 29 is
are very desirable features of a transducer.
The reason that the commercial
useful for making general observations.
transducers have lower values of charge sensitivity
natural frequency product
is that they use as the sensing element , quartz which has a lower sensitivity.
Thus in this regard the commercial transducers do not meet the specifications
set out in Section 1.
Some of the prototype gauges however show considerable
promise;
in particular
types H and I meet the specifications
as regards sensitivity
and useful rise-time
as defined by equation (23).
Most of the commercial gauges shown in Figure 29 use an element in
the normal compressive mode*.
The basic design of the type I transducer,
which also uses this mode, is felt to be satisfactory
and it gives a smaller
Major
improvements' .are
transducer with a better response than the type E.
however required in manufacturing technique;
in particular,
welding of the
Some doubts remain
diaphragm to the main case should replace cementing.
regarding the linearity
at low pressure levels of transducers assembled
using a 'pre-loading'
technique.
The factors governing the transient
response of compression transduced are not fully understood.
The uncertainties
arise mainly because of
the complex wave interactions
within the backing material rather than the
element, and the type I design lends itself
to an investigation
of various
backing materials
and shapes.
The sensitivity
of normal compressive mode
transducers may be increased by stacking several plates appropriately,
but
the layers of cement used in building
the stack should be thin or the natural
frequency will be adversely affected.
Levine (1961) has conducted some tests on transducers using acceleraIt is important to remember that the compensating
tion compensation elements.
element should have a mass loading as nearly identical
with the pressure
sensing element as is possible.
Since it is unlikely
that all motions of the
transducer will affect both elements equally it may be an advantage to have

*

The Kistler

603 uses an element

in the transverse

compressive

mode.

- 34 separate output terminals
so that different
proportions
of the signals
the.type F, this could not be
be added. In the one-transducer built,
and it has not yet been possible to assessthe
compensation aspect of
design.
It should also be possible by careful design to arrange that
compensating element reduces the cross-axis
sensitivity.

may
arranged,
the
the

The type.G shear-mode transducers have a fairly
good sensitivity
The latter
is largely dependent upon the
but a poor transient
response.
anvil, and this implies lower natural frequencies than compression transducers.
Any increase in sensitivity
will be outweighed by a decrease in natural frequency and except for special applications
it is doubtful whether this design
is worth further development.
The bimorph disc and beam are best suited to high sensitivities.
From the results presented here for the type H transducer and from those of
Macdonald and Cole (1963) the performance of bimorph disc transducers is close
to the theoretical.
It should not be difficult
to make further improvements
and introduce acceleration
compensation into a smaller transducer.
An output
socket at the side would aid mounting in slender models.
The bimorph beam is the best known of the bending modes (Martin et
al, 1962, Lederman and Visich, 1965). For the transducers described in section
7.4 considerable improvements in manufacturing techniques are required.
Because
of the loading by the anvil the natural frequency is somewhat lower than that
obtainable with the bimorph disc and the acceleration
sensitivity'israther
high.
It would therefore be advisable to incorporate
acceleration
compensation
as in those designs referenced above, bearing in mind that the diaphragm as
well as the anvil affects the acceleration
sensitivity.
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Notation
A
a
B
b

area
radius -or major radius
volume of piezoelectric
element
width of element -or minor radius

C

capacitance

CB

decoupling
calibration

ccal
ce
Cf
co
0, Di
d ijks din
d
E
g, Ei
Ei
F
fdiaph
fO

f :,
gn
h
I
i,j ,k,fi
j
K,
ke
k

P

L
R

capacitance,
capacitance

see Fig.2(c)

parallel
capcitance across amplifier
feedback capacitance
transducer capacitance
electric
displacement
piezoelectric
constants

input

(less Co>

diameter
Young's modulus
electric
field strength
electric

field

strength

due to unit

applied

force
natural frequency of diaphragm
natural frequency of piezoelectric
element
lowest resonant frequency of transducer
standard specific
force due to gravity
piezoelectric
element dimension,
see Fig.1
second moment of area
as suffices
1,2,3
complex operator = J-l
stiffness
of element
=

Ke

3(1-v2)a2
4vEt3

=
inductance
length of bending element,

-1

see Fig.1

voltage

- 38 M

.bending moment
amplifier

gain 7or mass
as sufficies
1,2,..,6

m
ml*
n

amplifiercharacteristic
in filter
pressure

P
Q

electric
charge
charge sensitivity
charge sensitivity

QF
B
Q

33
Rf
Ri
R.
&.S.. ,S*
-13
SijkR'Sm
;, T-Jn

=J

t

r'

t’

v

r

input resistance of amplifier
transducer d.c. impedance
elastic
strain
elastic
compliances
mechanical stress (superscript

on open-loop

'refers

to force

= 'V/F

W

W'

load transmitted

wi
w;
X.

’

1

to electrically
free condition)

thickness of element -or diaphragm
rise time of signal

amplifier
output voltage
voltage sensitivity
to pressure
wave velocity
total load on diaphragm

V

component, see

electrical
resistance
biasing resistance
feedback resistance

voltage
calibration
voltage
voltage sensitivity

Vcal
vF
v.
V
P

number of stages

to force = Q/F
to pressure = Q/p

fractional
magnitude of oscillatory
equation 22.

R

t

gain slope,or-

= V/p

to element

diaphragm component of W'
) see Figure
normal force on element
spatial coordinate

7

B

diameter ratio of diaphragm = b/a
frequency coefficient
defined by equation

E..

dielectric

Z

rJ

v
P
T

w

Poisson's
density

permittivity
ratio

time -or time constant
radian frequency

24

- 39 TABLE 1
a-

ProDerties

of Piezoelectric

Materials

quartz
"11

s12

s 13

s14

0

0

s12

sll

s13

-s14

0

0

s13

s13

s33

O

0

0

Y4

O

0

0

s44
0

0

0

-s14
0

"44

2s14

0

0

0

0

2s14

2(s

ell
0

-ell
0

O
0

e14
0

0

0

0

0

Rochelle

0

O
-e14
0

&ll
0
0
ll-s12

O

O

?l
0

O
E33

1

-ell

dll
0

-dll
0

O
0

d14
0

0

0

0

0

0

O

0

-d14

-24

0

0

Salt

sll

s12

s13

O

0

0

"12

s22

'23

'

0

0

s13

'23

s33

0

0

0

0

0

0

s44

O

0

0

0

0

0

s55
0

0

0
0
0

0
0

0
0

%l
0

0

0

E22

O

0

0

E33

s66,

e14

0

0

0

0

0

d14

0
0

e25
0

'

0

0

0

0

e36

0

0

0

0

O

O

d25
0

'
d36
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Polarised

0

0

s13

0

0

s13
0

s33
0

0

0

0

0

0

0

0

0

0

0

sll.

s12

s13

s12

91

s13
0

0
0

ceramics

0
0

e31 e31

0
0

0
e15

e33 O

51

0

%l

O

0

0

s44

0

0

0

E33

s44
0

e15

O

0

0

0

0

0
0
0
Id31
/

0

0
0

0
d15

d15
O

O
O

I

d31

d33

O

O

O

1
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TABLE 1 (Contd)

Quantity

Units

a-quartz
12.77

D

Rochelle
Salt

BaTio

51.8

PZT-5A

PZTjH

8.6

16.4

16.5

8.3

14.4

14.05

-2.6

-5.74

-4.78

-2.9

-7.71

-7.27

-2.7

-7.22

-8.45

-1.9

-2.98

-3.05

12.64

Sll

E

512
D
s12

-1.79

z3

-1.22

15.3

-1.66
-21.1

3

D

s13

-1.22

E

s14
D
614

E

4.50

0

0

0

4.46

0

0

0

E

“22

Sll

D
s22

E

E

34.9

SE

Sll

Sll

E
Sll

D
Sll

D
Sll

81

sf3

s13

s:3

D
513

D
513

513

18.8

20.7
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The theory of piezoelectriclty
In so far as It relates to pressure
sensing elements is briefly
outllned
and various conflguratlone
are compared.
The relative
merits of charge and voltage ampllflers
are discussed and a
pmctlcal
charge amplifier
and charge calibrator
U‘B described.
Both
acoustic and electronic
filters
are consIdered and the extent to which a
filter
aflects the useful rise-t hue of a transducer
1s emphlslsed.
Several
prototype transducers
using sensing elements in compress ion, shear or
bendlng were built
and calibrated.
A sensitivity
of 48.9 pC/torr was
achieved using a PZT blmorph disc In bending, this transducer
having a
tests In a shook tube and in the
natural frequency or 19 kHz. Environmental
hypersonic nozzle of a shock tunnel are also described.

The theory or plezoelectriclty
in so rar as it relates to pressure
sefising elements 1s briefly
outlined
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are compared.
The relative
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are discussed
and a
practical
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and charge calibrator
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acoustic and electronic
filters
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or a transducer
Is emphasised.
Sever81
prototype tra?sdurers
using sensing elements in compression, shear or
A sensltlvity
0r I&9 K/ton- was
bending were built and calibrated.
achieved using a PZT blborph disc In bending, this transducer
having a
tests In 1 shock tube and In the
natural rrequency or 19 kHz. Environmental
hypersonic nozzle or 3 shock tunnel are also described.

The theory of plezoelectriclty
In so Tar as it relates
to pressure
sensing elements 1s briefly
outlined
and various conrlgurations
are cor,lpared.
The rel:+tlve merits or charge and voltage amplifters
are discussed and a
practical
charge ampllfler
and charge calibrator
are described.
Both
acoustic and electronic
filters
are consldered ?nd the extent to t:rhlch a
rllter
affects the useful rise-time
or a transducer
ls emphnslsed.
several
prototyjle
tr,!,1:;ducers us ing sens ing elements in conipress ion, shear or
bendIng were bullt end calibrated.
:: se,;sItivlty
or 48.9 pc’ltorr rras
achieved us inC R PZT blmorpl disc in bending’, this trwsducer
having a
n?tur?l frequency of 10 kHz. i:nvlroimlecL:-1 tests in a shock tube rnd In the
hyoersonic nozzle or a shock tunnel are als@ described.
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