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SUMMARY

The theory of piezoelectricity in so far as it relates to pressure
sensing elements is briefly outlined and various configurations are compared.
relative merits of charge and voltage amplifiers are discussed and & practical
charge amplifier and charge calibrator are described. Both acoustic and
electronic filters are considered and the extent to which a filter afflects the
useful rise-time of a transducer is emphasised. Several prototype transducers
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 disc in bending,
this transducer having a natural frequency of 19 klz., Environmental tests in a
shock tube and in the hypersonic nozzle of a shock tunnel are also described.

The

Some brief comparisons with commercial transducers are made.

* Replaces A.R.C.31 767
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1. 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 awoid the incon-
venience 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
square in cross-section. At present the shock-tube is fitted with a 10°
half-angle conical nozzle having an exit diameter of 305 mm and various

throat inserts are available 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 mm in diameter. This test chamber is fitted
with observation ports and other access ports, one pair of which carries the
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 0.05-1 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 borme 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 re-
leased 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, piezo-
electric matenrals* have the distinct advantages of being self-generating
rather than passive devices and they also have a relatively high sensitivity.

* Piezo-resistive materials which have recently evolved as a product of
semi-conductor technology may also be suitable.
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In 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 sensi-
tivity and natural frequency of elements in each of these modes. These are
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 piezo-
electric 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
per formance, 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
per formance of a transducer are:

(i) charge sensitivity to pressure,
(ii) natural frequency,

(iii) acceleration response and cross sensitivity,

(iv) thermal response,
(v) linearity and hysteresis,
(vi) repeatability from day to day,

and (vii) a degree of repeatability between nominally
identical transducers is desirable from a
practical point of view.

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 Sectiomn 3.

Transducers normally "ring" at their natural frequency and it is
usually necessary to filter the output in some way so that the recorded signal
is easily interpreted. The relative merits of acoustic and electronic
filtering are discussed in Section 4.

Detailed interpretation of the recorded signal is only possible
however when the measuring system has been calibrated. Considerable attention
was paid to this topic for it had been reported (Pallant 1966) that different
calibration factors were applicable to some transducers depending upon whether
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a static or a dynamic calibration had been carried out. It is easily recog-
nised 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 shock-
tube 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 8 the results are briefly assessed in relation to
the aims of the project.

2. Piezoelectric sensing elements

2.1 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 S, the electric displacement D, and the electric field strength E.

Assuming a linear relationship between the electric displacement and
the stress which causes it, we may combine this "piezoelectric property
equation" with that for a dielectric material relating D to E to give

= T
D1 dljijk + EijEj ...‘.(1)

where the superscript T denotes that the dielectric permittivity €4 is to
be evaluated at constant stress. J

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

E

515 T SijkeTke * %kisBx e ee o(2).

It is then possible to show that for weak electro-mechanical coupling the
voltage generated is

- -1 °E
Vo= a/c = EJB(dijkTikEi)dB ceeen(3)
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vhere Co is the capacitance, Q the apparent charge, T the stress distribution
in the electrically free element and i, 1s the field produced by unit applied
voltage to the mechanically free element the integral being taken over the
volume B of the element. Thus T: and E. may be obtained as solutions of a
purely elastic and a purely elec%rlcal p%oblem.

When the element is essentially a thin plate, that is when the dimension
t in the x, direction normal to the conducting plates is small, so that

F3 = 1/t, équation (3) simplifies to
T A
€
33 1 o)
VoI } o= -_J (d.,.. T )dB ceead(l)
t t)B* 33k ik

where A is the plated surface area.

Because it simplifies the problem considerably and applies closely
to most cases of present interest, equation (4) will be used thgoughout the
remaining discussion. The general approach will be to insert T, as the

solution of the purely elastic problem in order to determine 1% Q and V.
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 di' . Although a very large number of materials

are piezoelectric those I¥ most readily available and having significant
values of d. are quartz, Rochelle salt and a variety of ceramic materials
based upon %ﬁrlum 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 deter-
mine the natural frequency of the element, and the change of piezoelectric
constants with temperature.

The material properties must be referred to a specific set of axes
which avoid ambiguity, such as crystallographic or polarisation axes and
care must be exercised regarding the orientation of this set to those used
in the stress analysis. In this work transducer axes refer to those used
in the stress analysis which do not necessarily coincide with the crystallo-
graphic or polarisation axes. It is very common to find, particularly in
commercial literature, that a 'restricted tensor notation' is employed.

The relation between the two notations is given by Mason (1947). 1In this
notation equation (4) becomes:-

- Y
V (——} Q t !B(d3nTn)dB ceeea(5)

where the x3-direction is normal to the plated surfaces.
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Quartz is commonly 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 porcelain-
type 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
X,~axis in the direction of polarisation, and the ceramic has properties
aXi-symmetric about this axis.

Of these materials Rochelle salt has found little use in measuring
instruments. It is af fected 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
from the defect of being pyroelectric. A large amount of commercial research
has been applied to quartz transducers. The high sensitivity demanded in the
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-zirconate-
titanate (PZT) based ceramics and the latest, PZT-5H, is about twice as sensi-
tive 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
larger than that of barium titanate. Because of these advantages PZT has been
used as the sensing element in all the prototype transducers described later.

Some of the properties of quartz, barium titanate and PZT are listed
in Table 1.

The transient response of a transducer is chiefly governed by its
natural frequency. The overall construction of the transducer will clearly
play a large part in determining the natural frequency, but because of the
number of variables involved it is difficult to generalise. The natural
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
loading of the element affects f . The modes of interest involve longitudinal
compression waves both parallel nd perpendlcular to the axis of polarisation,
transverse shear waves and vibration in bending.

We consider first the normal compressive mode in which pressure waves
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travel parallel to the polarisation axis. The transient response of the
element to a step input will depend upon the transit time T of the stress

wave through the element and upon the way in which the wave is reflected from
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 fullout-

put voltage is reached in time 1 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 41 be used. With a
"rigid" backing - that is one for which the step input is totally reflected

in like sense - the period is again 4t, but for a ''free" backing the period

is 271. 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 £ = 1/471 would seem more realistic. It is not

dif ficult to show that the approBriate velocity v of wave propagation for

this case is given by v~ = 1/(p533).

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 (196lb% shows that the appropriate wave
velocity for this case is given by v~ = l/(psE ) and it may be argued on
physical grounds that the frequency should ag%}n 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
to both the direction of wave propagation and the polarisa?ion axis. Tpe
appropriate wave speeds are respectively (p344)'i, (0544)'5 and (0566)‘5

the external circumstances governing whether these are evaluated at constant
field or constant electric displacement. For pressure measurement the load
must be transmitted to a shear element by means of an anvil or force trans-—
mitter, and the mechanical loading will have a considerable effect on the
natural frequency of the transducer as a whole.

The natural frequencies of the anvil itself may also effect the
vibration of the transducer as a whole, and in practice it is likely that
calculations of the natural frequencies of a shear element transducer willbe
no more than very approximate. Differences between sD and sE are not there-
fore likely 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
material having the same elastic properties. However the readily available
results for the vibration of even simple beams and plates all assume an
isotropic material. To apply these results we must decide which elastic
constants are likely to approximate best the conditions within the element.
The configurations of interest are generally thin plates or beams polarised
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in the thickness direction (x,). The restoring forces in bending are tensile
forces within the"plane" of tae element and the appropriate elastic constant
would thus be s... Comparison of this case with that in which compressive
waves are propagated in the x,-direction suggests that the elastic compliance
should be evaluated at,constant _electric field, so that the appropriate wave
velocity is given by v~ = (1/ps%1).

We now proceed to a consideration of a variety of ceramic element
configurations, in particular those illustrated in Fig.l. We assume through-
out that the polarisation axis is in the x,-direction. The sensitivityto
both a uniform pressure loading over one face and to a point force are of
interest because even though our present application is to pressure measure-
ment it may be necessary for practical reasons to load the sensing element
indirectly, as in the case of shear modes. The capacitance C_ 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 gield is

[
]

h =0 forn # 3 ; T3 =p eeees(6).

Using equation (5),

o
|

-1 - -
== JB(d33T3)dB d,4Ap ceen (D).

Defining the charge sensitivity to pressure as Q_ = Q/p and that
to force as QF= Q/F, we arrive at P

Qp = _Ad33 aIld QF = -d33 .....(8)-
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

T
Co - €33A/t ..-.-(9)'

we obtain the voltage sensitivity to pressure VP and to force VF as

, T _ My

Agqq

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_ 1is somewhat more important thanV
and in addition increasing the thicknes® 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
stack is that of a single element divided by the number of plates. Thus the
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product Q f remains unchanged when a number of identical elements are
stacked, Bnd 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

£ o= 1
oD e 1)
4t V(psy3)
so that for this configuration
Ad
Qf, = N (12)

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 1s proportional
to n. Consequently we may decide upon an overall thickness consistent with
the desired natural frequency and increase Q_ by building this overall thick~
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.l. The results are summarised in Tables 2 & 3. The latter table has
been drawn up using the piezoelectric constants for PZT-5A and the dimensions
of the elements are expressed in units such that each dimension is of order
unity. This makes immediate comparison easy.

One or two remarks concerning some of the modes are in order here.

The plate undergoing transverse compression is similar to that in
direct compression but d,, replaces d,., thereby reducing the sensitivityby
3. .
a factor of two or three’ Consequent%y it has found little use although
a variation consisting of a thin-walled tube, polarised radially, could prove
useful.

A shear stress T. on the plate produces a field in the x,-direction.
We see from Table 3 that for ceramics Q_ for the shear mode is highér 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 thin-
walled 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
1 y e
vV = ——T_;__~ J {{J(d31Tl)dx3 + J(d31T1)dx3 }dxldx2 ceens (13)
©33%  Area=t/,
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Since the simple theory of bending gives
Tl(xl,xz,x3) = -Tl(xl,xz,-x3) coess (14)

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 dg; 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 parallel- and 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 T; 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

T1 = MX3/I.

For a simple beam of length % and rectangular cross section we
obtain for the series connection

3d L

Q = 3 JM(Xl)dxl veees (15)
t2 o

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 sensi-

tivity. 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 loaded directly by pressure so that
Q, can be calculated. Using the values of circumferential and radial stress
given by Roark (1954) the sensitivities have been derived and together with
the natural frequencies these are listed in Tables 2 & 3 for various kinds
of loading. Again the clamped edge case gives zero sensitivity.

2.2 Comparison between the various modes

In order to make some comparisons of the various modes we shall
make use of Table 3. Anticipating the conclusions of Section 3 we shall use
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 limitatioms
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 pro must be chosen and natural frequency sacrificed.

Table 3 shows that the disc (or plate) in normal compression gives
the largest value of Q,f, and we have seen that for n elements having the
same overall thickness t this product is n times as large. Even so the
highest Qp obtainable with PZT in this mode is only of the order of several
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pC/torr. The modes with the next highest value of Q f, 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 0.0l 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 eN.

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 discussion
of electronic amplifying systems.

3. Electronic amplifying systems

For the measurement of transient pressures it 1s common practice
to use a transducer in conjunction with a cathode ray oscilloscope (C.R.0.),
the display being recorded photographically. 1In order to do this an amplifier
with special characteristics is necessary to couple the transducer to the
C.R.0. Two aspects are of particular importance: the effect of the capaci-
tance 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 the matching of the transducer to the amplifier
it is convenient to use the equivalent circuit concept. One common form of
the equivalent circuit of the piezoelectric element "as seen from the outside"
is that shown in Fig.2(a) where C, represents the capacitance and Ro the d.c.
impedance of the element, the voltage V being that 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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3.1 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 -m having an input
impedance R; - the equivalent circuit is shown in Fig.2(a). Assuming an
infinite bandwidth and writing the generated voltage as V(w) where w is
the frequency, the output voltage Y is given by

: C
Vo= vwjer S veee.(16)
1+ jor CotCe
R.R_
where = __=-9 + ceoes
r T R, ¥ RO(cD ce) (17).

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 Be quite serious for practical cable
lengths. A quartz element will typically have a capacitance of about 10 pF

and so attenuation factors of ten or more are likely. The capacitance of ceramic
transducers is usually an order of magnitude greater than for quartz trans-—
ducers 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 1010 chm.
It is relatively easy to achieve a value of R >>1010 ohm with quartz and using
an electrometer valve or an insulated-gate field effect transistor values of
R; > 10 2 ohm are readily obtainable. Large time constants are more difficult
to obtain with ceramics. It is reasonable to assume for ceramics that Cyo<<Co
and Rj>>Rp so that T = 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, t = 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 capaci-
tative feedback. The equivalent circuit is shown in Fig.2(b). It is similar
to that of the voltage amplifier but has a feedback capacitor C_. and resistance
R, added. The latter may be either a separate component or the leakage
résistance of the capacitor. The amplifier output voltage v, is

mC .
vV, o= V() ° HAEE ceee.(18)
C +¢C +(m+1)Cf 1 + jur
where € ©
+ C_ +(m+l)C
;= e £ ceeea(19)
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In most amplifiers m is sufficiently large that (m+1)Cf>>Ce + Cye
Equation (18) then reduces to

V = -“V(w)jurt CO eeeees(20)
° 1+ jur
Cf

Thus the output varies inversely as C¢ and directly as the product C V(w).
This product is the apparent charge given by equation (4), and the charge
amplification is 1/Cf.

One of the advantages of this circuit is that the gain is almost
independent of cable capacitance, provided that mC¢>>C . In a practical

. . / . : e .
design it may not be always possible to achieve this, and on the most sensitive
ranges, when Cf is smallest, there will be some dependence on cable capacitance.

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.

In an arrangement for which R./(m + 1)>>Rj,Ry We have from equation
(19), t = C¢Rg.  The time constant 1is then nearly independent of the cable
capacitance and the properties of the transducer. However, this simple
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 Rg,Fig.2(c), suitably decoupled
for low frequencies provides one solution and by careful design a time constant
approaching (m+1)R,C¢ 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
and the amplifier. Noise generated within the first two of these are indis-
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
Valley & Wallman (1948) and van der Ziel (1954). When the first stage of an
amplifier has a large power gain, the noise generation in later stages may
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
noise over a given band width is unchanged by feedback. Thus even though
cable capacitance barely affects the gain of a charge amplifier, the noise
performance is degraded by the additional capacitance. The overall noise
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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 voltage-
amplifier 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 1/C_, so
that C_ should be small for high gain. For practical reasons values 6f C
below fO pF (corresponding to a sensitivity of 100 mV/pC) are rarely usedf
since stray circuit capacitance which may amount to several picofarads would
make the gain unreliable. Where greater sensitivity is required the approach
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
element capacitance the open loop gain -m, of the charge amplifier shouldbe
made very large. For maximum sensitivity corresponding to C. = 10pF and
for a value of (C, + C,) = 1000 pF typical of ceramics, the open loop gain
would need to be gOdB to give a gain variation not exceeding 1Z%. This
imposes severe stability problems. However in practice the amplifier is
used in conjunction with a cathode ray oscilloscope which may well have a
variation in its gain of several per cent. Thus calibration must be performed
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
each pressure measurement. In these circumstances* a small dependence of
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
obtained with a single stage. It is probable that the frequency response
will thus be much improved, since it is not necessary to degrade it to achieve
stability. In order to avoid excessive phase shifts the output impedance
of the open loop amplifier should be small compared with that of the feedback

* This point was not appreciated initially and the design described could
be improved.
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capacitance over the required bandwidth. An output impedance of about 100 chm
may be readily obtained using an emitter follower. Where the low frequency
response 1s to be independent of the sensitivity range R_ may be conveniently
changed with C_ by connecting appropriate values in paraflel on the range
switch. A maxiImum pulse droop of 17 over a measuring period of 10 ms requires
a time constant of at least ls. Using the conventional biasing arrangement,

T Rfo, so that on maximum sensitivity, when C¢ = 10 pF we should need

Rf = 1011 ohm. Since it is important that Ri>> Rg, 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 requiredrise-
time. This latter is likely to be determined largely by the natural frequency
of the transducer, and the bandwidth is conveniently limited by the high-
frequency 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 150k{ by the impedance of the following stage
which together with the third stage provides the main amplification. The
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 tran-
sistor and the emitter of the second-stage transistor to overcome a tendency
to 1nstab111ty The components of the feedback network were adjusted on 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.l to
100 mV/pC, the maximum output on each range being limited to +2 volts by the
requirements of linearity. The rise-time on most ranges is less than 1 us
but it rises with increasing sensitivity and increasing source capacitance,
exceeding 5 us only on the two most sensitive ranges with a source capacitance
of 1000 pF. The low frequency response is such that a time constant of at
least 1ls may be obtained on all ranges. The noise level has been very
approximately estimated and is less than 0.0l pC referred to the input on
the most sensitive range for a source capacitance of 10 pF but it rises to
0.0 pC with a source capacitance of 1000 pF. As suggested earlier limiting
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
independent of the source capacitance, small variations may occur. Moreover
the cathode ray oscilloscope which is commonly used to record the transient
pressure signal has sensitivity variations from the nominal of several per
cent and day-to—day variations of the same order. Consequently it is necessary
to calibrate the system. Separate calibration of each item in the measuring
system leads to considerable scatter in the points determined for a transducer
calibration. This scatter arises from the random errors in the calibration
of each item. Clearly this scatter may be reduced by calibrating the 'chain'
as a whole.

By applying a suitable voltage V,,1 to the system through a series
capacitance Ccal a charge input V.a1C.,; is simulated. The voltage may be of
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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 capac1tance 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 ten-
turn helical potentiometer, Fig.4. The output is taken via a 'monitor
socket' to a switching arrangement for connecting the appropriate series capa-
citor. 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 gain of order C.,1/mCg may be produced if the calibrator
side of the series capacitor is not grounded when the calibrator is off.
Accordingly each of the three output channels has to have a set of capacitors
so that up to three amplifiers may be calibrated and operated without changing
connecting cables.

In its early form the power supply was a mercury cell, but this was
" found to be subject to as much as 27 variation, so the stablllsed 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
10mV, corresponding to an error of less than 0.17 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 common practice to filter the
signal*. One of two methods is usually employed: acoustic filtering or elec—
tronic filtering, though on occasion both may be used.

Since the specification of the pressure measuring system calls for
errors of less than 17, the filter should be such as to reduce the relative
amplitude of the oscillatory component to less than 17. 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.
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rise-time of . the filter alone should be as short as possible consistent with
the requirements regarding rejection ratio.

An acoustic filter consists of a cavity and orifice which serves
to shield the transducer from the more rapid pressure changes. This effective-
ly 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 parti-
cularly 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. It 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
the signals in a complex way. Analysis of the effect for any given orifice/
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 transfer-
function, 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
inductance-capacitance filter, the parallel-tee filter and the cascaded
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 fre-
quency. Although an asymmetrical network provides.better rejectiom, 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 100:1 and may attain 1000:1 with careful
design. Only one stage is therefore necessary. However there are some dis-
advantages. When the signal has components at more.than one frequency to be
filtered or when the natural motion of the transducer is not strictly sinu-
soidal, the filter is not ideal. The frequency response of the parallel tee
is symmetrical about the resonant frequency, so that components above this
frequency are .amplified. The gain at frequencies above resonance may be
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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with smaller components at higher frequencies. Such responses are character-
istic 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.
This is approached quite rapidly. Although the rise time increases with
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 100:1 (40 dB) at a particular frequency, and each stage therefore has
a lower RC product the greater the number of stages. This more than com-
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 pressure transducers

In meeting a specification which calls for pressure measurements

. to within 17, special attention must be paid to calibration of the trans-
ducers. As a general rule the measurement of static quantities may be

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 statically- for example using a dead-weight 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 appreach is tc¢ 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 modifi-
cations 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 trans-
ducer 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 "over-
running" 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 rise-
time is substantially less than 100 us.

Such a system is the shock-tube, in which the rise-time for a wall-
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mounted transducer depends upon the.transit time of the shock . across its
face. The undisturbed gas pressure. p; before shock arrival and the shock-
wave Mach number Wy must be. accurately determined. The pressure rise to
:hlch the transducer is subjected is, for shocks of moderate strength given
y

b _ 2 -
Py 'y+1 (WD) ver..(21)
where y is the ratio of the principal specific heat capacities and is of
order unity.

Clearly an error in determining p, is directly reflected in a
similar fractional error in Ap. Some care must be exercised in examining
the effects of errors in estimating the shock Mach number. Thus a small
fractional error ¢ in Wj; leads to a fractional error in Ap of approximately

2
2W11 s

P
Wit

While for shack Mach numbers greater than about 2, the relative
error in Ap is only a little more than double that in Wy;, at a value of
Wij = 1.5, the relative error is four times that in shock Mach number. Thus
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 intro-
duced by the trigger amplifiers used to start and stop the chronometer, gating
errors within the chronometer, attenuation of the shock strength as it passes
between the timing stations, and transducer and shock-detector positioning
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 oscillo-
scope traces. The first of these errors may be reduced but two factors
should be borne in m1nd. 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 experimental measurements are made using a C.R.0. as a recorder
there is little advantage in calibrating to a higher accuracy than that to
which the C.R.0. trace may be read.

These errors and other. important features of the calibration proce-
dure are to be discussed elsewhere. In calibrating the prototype transducers
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 (Penneleglon et al, 1966) for
the two most sensitive which could easily be damaged in the shock tube envi-
ronment. Immediately after recording the response of a transducer to a
calibration pressure, a known charge was injected into the system from the .
charge calibrator described earlier, the response being recorded on the same
photograph. '

6. General design features of transducers

Before describing the prototype transducers and their performance
we shall examine some of the general features of transducer design bearing in
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mind those factors listed in the Introduction by which performance may be
assessed.

6.1 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 0.0l 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 0.05-1 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 Wi due to the pressure acting directly on the element,
and the second part Wj 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
supported by the outer casing. Assuming that the stiffness of the diaphragm
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 of the element or anvil should
be a large fraction of that of the diaphragm.

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" stiff-
ness parameter of the diaphragm much less than the stiffness parameter k., of
the element (including the rigidity of the backing)*. In cases where z-1
this condition is difficult to apply since k, depends critically on (1 - z),
and diaphragm edge conditions are usually uncertain. With comparatively stiff
elements, say in the compressive or shear modes, the diaphragm stiffness is
unlikely to be significant. Bending elements have comparatively low stiff-
ness, and in these cases it is essential to ensure that the diaphragm stiff-
ness is sufficiently low.

In some cases it may be mecessary 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 1/4 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 ampli-
tude, and these oscillations may take many tens of periods to die away to say
1%Z of the steady state value. Where the shock passes across the sensing face,

* See Notation for definitions of kp and kg.
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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 be used to limit this "ringing". Three
approaches are possible,

(a) design a transducer which does not ring,

(b) 1limit the rise-time of the applied pressure pulse
by means of an orifice and cavity so that the
natural modes are not excited.

(c) use electronic filtering to remove the oscillatory
components of the respomnse.

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'" trans-
ducer 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 has an oscillatory component
at a frequency f) the initial amplitude of which is a fraction q of the steady
_state response, then it may be shown that for a 4-stage RC filter having a
rejection ratio of 100:1 the rise time is given approximately by

N

(quI§ - 1)

t = __0_-8'1_2 for q > 0.0l. veen(22)

)
Taking the transducer rise time as 1/4f; we arrive at the approxi-
mate expression for the overall rise-time as
1 L
t = (6.6g% - 0.6)°
£5

eee..(23)

Thus as q goes from 0.01 to 1 the product: fot goes from O. 25, which is the
value for the transducer alone, to 2.45. Hente 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
of the oscillatory signal unless some care is exercised in design. Supposing
that vibration of the element (and anvil) may be neglected, the force trans-
mitted to the element will consist of a steady part W' and a fluctuating part
W) due to the diaphragm reaction. In a single-degree of freedom system excited
by a step—input, the peak stress is twice its steady state value, with this
steady response as the mean of the vibration. By analogy it seems a reasonable
inference that the force transmitted to the element will have an oscillatory
component of amplitude 2Wj at a frequency corresponding to the particular dia-
phragm mode excited.

Where the response is to be element-dominated", Wé 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
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give a high natural frequency, but its stiffness must be low to meet the
requirements of high sensitivity. According to Southwell (1936),

= t / E
fdiaph. B(Z)EZ 30 (1-V2) eeees (24)

where

z 0] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

B 1.93 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 accelerationm;
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
attached parts. When the transducer is subject

to an acceleration ng as shown, there will be

an effective negative pressure Ap on the sensing
element given by

Ap = mgn/A ..'00(25)

so that the acceleration sensitivity is mg,/A
convenient unit being 'torr/g,'.

It is thus proportional to the mass/area supported by the element.
Although it depends to some extent on the relative areas of element and
pressure plate, typical values for brass are:

0.15 torr/g, for a diaphragm 0.25 mm thick
1.0 torr/g, for a pressure plate 1.6 mm thick

In addition there is an effect due to the mass of the element itself,
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and this may be taken into account by assuming a mass of one half that of
the element distributed over its surface.

For a PZT-5 element 1 mm in thickness, the acceleration sensitivity
is about 0.3 torr/gn.

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 sting-mounted 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
such components are often within the dynamic range of interest. With elec-
tronic filtering the lowest vibration frequency will determine the upper
limit of the usable frequency response, and consequently the effective rise
time.

Since these vibration frequencies are usually lower than the natural
modes of the transducer, filtering does not allow the transducer to be used
full advantage.

6.4 Cross-axis sensitivity

In addition to responding to loads normal to the sensing face, trans-
ducers often respond to loads parallel to the diaphragm. Such forces may be
applled by vibration of the mounting. Two factors are important in deter-
m1n1ng the cross—-axis sensitivity. The first is.the magnitude of the stress
in the element induced by a transverse load applled 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
about the transverse sensitivity. The only way therefore to reduce the cross-
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 posi-
tive location is usually required.
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6.5 Thermal response

In addition to their pressure response, many piezoelectric materials
are also pyroelectric. A temperature change within the material is indis-
tinguishable 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
thgt the element is effectively shielded, but in high sensitivity transducers
this cannot be done. There is some compensation in that the regions of highest
:eat féux are usually stagnation regions where less sensitive transducers may

e 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 cooled-
particularly in continuous flow environments).

The orifice and cavity have a considerable effect on the transducer
response characteristics - in particular the effective response time is
lengthened.

6.6 Linearity and repeatability

The linearity of a calibration is to some extent a matter of con-
venience and ease of interpretation. If the calibration curve is known over
the working range linearity is unimportant. Perhaps this is to state the
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.,
and for all combinations of the likely sensitivity settings. The 'convenience'
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.

If frequent recalibration is to be avoided, the sensitivity should be freeof
long term and short term variations. It must therefore be insensitive to
ambient conditions, - humidity and temperature - and ageing should not affect its
important components. The aim should be that the combined effects of non-
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
transducer performance. It is unlikely that successive samples of a particular
design will have sensitivities and natural frequencies which differ by less
than about + 10% since at present the piezoelectric properties of ceramics vary
by up to + 5%, (though quartz is rather better). From a commercial viewpoint
a verylarge proportion of the transducers built should be usable, so that the
design should ensure that those factors which have significant effects are
accurately controllable. Where for example the sensitivity depends critically
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upon the properties of a glued joint, poor repeatability is likely. One
beneficial side-effect of this requirement is that designs are basically
simple. However to 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
shock-tunnel, or even an ordinary wind tunnel, size is usually of some
importance. Moreover it is desirable that the pressure should be "averaged"
over as small an area as possible. Frequently it is necessary to use a small
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
advantageous to have a small cavity and connecting pipe. Since all the trans-
ducers to be described were prototypes rather than production models, less
emphasis has been placed on reduction in size. However the possibility of
later miniaturisation has been borne in mind during their design.

So that a minimum of disturbance to the flow occurs, pressure trans-
ducers are mounted flush with the model surface. A positive means of location
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 incor-
porated 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 "pick-up". 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 "side" of the transducer output
connection.

7. Prototype 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 disc in bending 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 in. a 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. WNo 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 dia-
phragm 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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A shear tube is shown at (e), and here an anvil is necessary to
transmit the pressure. The element is fixed to the case at the outside and
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
will be element-dominated. Although a diaphragm-dominated response is not
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 sensiti-
vity, the natural frequency and the minimum useful rise time of the less
sensitive types have been measured in a shock-~tube. The more sensitive trans-
ducers were calibrated using the N.P.L. semi-dynamic calibrator since these
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 res-
ponse 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 Qp is proportional to the sensing surface area and the natural
frequency £, 1s inversely proportional to the thickness. Thus optimum per-
formance is obtained by thin discs of large surface area. Although "stacking"
plates will improve the sensitivity, only single element transducers have
been built so far, wmainly 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

Qp- = 0.56 pC/torr ; £, = 320 kHz.

The transducer case is brass, and the cavity in which the element
is mounted is 6.3 mm 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
plated surfaces, the ends were built up with a layer of Araldite about 1.5 mm
thick to provide the necessary insulation.

This transducer was shock-tube calibrated, two calibration curves
being shown in Fig.ll. Some typical output traces are also shown in Fig.l10
with and without electronic filtering.
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The measured sensitivity is 0.92 pC/torr compared with the figure
of 1.35 pC/torr when account is taken of the diaphragm contribution to sensi-
tivity. The difference is probably due to surplus cement on the diaphragm;
small amounts will readily alter the effective ratio z of inner to outer dia-
meter, 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 0-900 torr.
These differences are within the experimental error.

From traces such as that in Fig.l10, the fundamental resonance appears
to be at about 45 kHz with a higher frequency component at about 240 kHz super-
imposed. Since the diaphragm contribution to sensitivity is some 407, 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.l2 was designed to offer higher sensi-
tivity 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
disc senses only acceleration. The basic performance parameters of the isolated
element are

QP = 2.23 pC/torr ; fo = 480 kHz .

The construction technique was similar to that of type E. In an effort
to ensure similarity of the two halves, the lead out wires were taken through
the clamped rather than the active portion of the rear diaphragm. It had been
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.l4; the lower
range calibration from 0-300 torr shows non-linearities of order 27 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 407 higher than the basic element sensitivity,
for similar reasons to those for type E.

The transient responses illustrated in Fig.l3 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 correspondgclosely 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
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which might allow a closer theoretical examination of the performance.

7.1.3 The type I compression 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. The
two parts were reheated, placed together in a jig and allowed to cool slowly.
The edge of the diaphragm was then trimmed 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,I; and I, were built, using ceramic discs
1 mm thick. The first has a disc 5 mm in diameter giving basic performance
figures of

Q = 1.55 pC/torr and f = 960 kHz
The second has a disc of 6 mm diameter, giving Qp = 2.23 pC/torr.

The results of shock-tube calibration are shown in Figs. 17(a) & (b)
for I, and I, respectively. We consider type L, first.

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 0-300 torr has a slope
of 1.11 pC/torr and an intercept on the pressure axis at about 3 torr. These
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
higher pressures when the play is taken up. The sensitivity would thus increase
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 I; 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
two 'cycles' of the response, Fig.16(a), are close to ramp functions which
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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backing material is needed.

The responses of the second version Ip, shown in Fig.l16(b) leave.
much to be desired. In addition to the major component close to that observed
for type I1, there is a significant component at about 5 kHz with a very
irregular form. This again is probably accounted for by the pre-loading.

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 pre-
loading 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 Qp 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 comstruction 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 cm?) is transmitted to the element, the pressure sensitivity is
7.53 pC/torr.

With type G; 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 was then cemented in place using Araldite again. Upon
calibration the sensitivity was found to be only about 1 pC/torr. The diaphragm
was thereupon 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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Because of the difficulties 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 was. spot-welded to the case and Aral-
dite 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 G, is shown in Fig.20(b). The
linearity is somewhat better than that for type Gy 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 Gy and this is probably due to surplus cement. The transient responses
Fig.1l9, 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 Gp and about 80 kHz
for the duralumin anvil (G]). 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
in pressure may be discounted since no other transducers have shown it. Leak-
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 G; is about 1 torr/g, and that for
type G2 about 3 torr /$n compared with 0.1 torr/g, for a compressive type
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 shock-
tube 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
of the thickness. Thus very high sensitivities are possible using "broad,
thin discs". The natural frequency is proportional to (t/d?).

The stiffness at the edge of the centrally supported disc is com-
paratively low, so that the effect of diaphragm stiffness must be carefully
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 £, = 17 kHz for the element alone. The design of this transducer, illus-
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trated in Fig.2l, owes much to an earlier 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 Hy and Hj are shown in Fig.23. When account

1s taken of the diaphragm loading the theoretical sensitivity is 66 pC/torr.
The measured values are 48.9 pC/torr for type Hj and 59.6 pC/torr for type

Hy. The design appears to use the element to full advantage, at least as
regards sensitivity. The linearity is good, but both transducers have inter-
cepts on the pressure axis, roughly 1 torr for the Hy and 2 torr for the Hj.
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 H;
was found to be 19 kHz and for type Hp,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 H; has the lower sensitivity and the lower natural frequency so
this cannot be the whole explanation. Nevertheless it is hoped that improve-
ments 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 the 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. In-
creasing z stiffens the diaphragm considerably: for example as z increases
from O to 0.5 the stiffness increases by a factor of 10, and from O 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
a cantilever beam coupled by the mass of the anvil. From a design point of
view it is clear that the diaphragm should be as.thick as possible consistent
with sensitivity requirements and the mass of the anvil should be small.

The important sensitivity parameter Qp for the beam is proportional
to the square of the length to thickness ratio. Although it is possible to
have bimorph beams made in a wide range of sizes to order, beams are available
from stock, chiefly for use in gramophone cartridges. One of these stock
sizes was chosen for the type K transducers.
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7.4.1 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 Ky(Kpa and Kog). The sensing element is
cut from a series—polarised bimorph strip, 1.02 mm x 0.53 mm in cross-—
section 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 mm 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 Ky and Ky, 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 K,y is good but its semsitivity
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
and Ko somewhat dif ficult but the sensitivities are much higher than the
K2g» Abeing 20.8 pC/torr and 31.1 pC/torr respectively. These are. less
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 K2A 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 Kj 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
about 3.2 kHz, somewhat lower than the observed value. However the measured
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

K K K

1 2A 2B
Measured, fé/kHz 5.5 7.2 16
Theoretical, fo'/kHz 3.2 4.3 4.3

Semi-empirical, fé/kHz 5.5 6.2 18



_32_

Thus even for the type K B for which the sensitivity is only 5.57
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:

For the less sensitive transducers, that is the compression types
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 environ-
ment 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 100 half-angle conical nozzle.
The first test indicated an apparent negative absolute pressure after about -
2} 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 closely,
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
to be satisfactory, but for pitot pressures of about 2-3 torr the traces were
rather noisy.

The type Hy bimorph-disc transducer was mounted flush with one of
the surfaces of a 25° 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 -AO,AO , 49, 8" where negative values indicate
an expansion from the free-stream to the measuring surface. The flow Mach
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 then.recessed from the surface and shielded from the gas.
pressure by taping a pieceoof stee% shim over. the cavity. The model was then
tested at incidences of -4 and +8 and the results, Fig.28 strongly suggest
an acceleratlon response. At a nominal incidence of -4 .and making an allow-
ance of 1° for the model-offset and flow conicity, the mean incidence of the
model is 174° while at the nominal 8°, the centre-line incidence is only.54°.
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
"strong-interaction" effect but not of any possible vibrational non-equili-
brium effects on the nozzle expansion. (The reservoir pressure and tempera-
ture were approximately 18 atm and 3700 K.)

8. Discussion.

As a general assessment of the prototype transducers described in
Section T with those available commercially, Figure 29 has been constructed
using the parameter fé for comparison. It will be appreciated from what
has been said earlier that several other factors are also important. In
particular linearity, repeatability and an absence of spurious responses
are very desirable features of a transducer. Nevertheless Figure 29 is
use ful for making general observations. The reason that the commercial
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; 1in particular types H and I meet the specifications as regards sensi-
tivity 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
transducer with a better response than the type E. Major improvements are
however required in manufacturing technique; in particular, welding of the
diaphragm to the main case should replace cementing. Some doubts remain
regarding the linearity at low pressure levels of transducers assembled
using a "pre-loading' technique.

The factors governing the transient response of compression trans-
duced 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 accelera-
tion compensation elements. It is important to remember that the compensating
element should have & 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.
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separate output terminals so that different proportions of the signals may

be added. 1In.the one.transducer built, the type F, this could not be arranged,
and it has not yet been possible to assess. the compensation aspect of the
design. It should also be possible by careful design to arrange that the
compensating element reduces the cross—axis sensitivity.

The type.G shear-mode transducers have a fairly good sensitivity
but a poor transient response. The latter is largely dependent upon the
anvil, and this implies lower natural frequencies than compression transducers.
Any increase in sensitivity will be outweéighed by a decrease in natural fre-
quency 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 is.rather
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 area

a radius or major radius

B volume of piezoelectric element

b width of element or minor radius

C capacitance

Cy decoupling capacitance, see Fig.2(c)

Ceal calibration capacitance

Ce parallel capcitance across amplifier input (less C,)
Cg feedback capacitance

Co transducer capacitance

P, D; - electric displacement

dijk’ din piezoelectric constants

d diameter

E Young's modulus

E, E; electric field strength
‘Ei electric field strength due to unit applied voltage
F force

fdiaph natural frequency of diaphragm

£y natural frequency of piezoelectric element
£5 lowest resonant frequency of transducer

8n standard specific force due to gravity

h piezoelectric element dimension, see Fig.l
I second moment of area

i,j,k,2 as suffices 1,2,3

j complex operator =/ -1

Ke stiffness of elemént

k _ K [B(I-vz)az)

e "€ | 4mEt3

k = ( -2 - 422 2]_1

P 1-z T—z(log 2)

L inductance

|2 length of bending element, see Fig.l
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".bending moment -

amplifier gain or mass

m,n as sufficies 1, 2,..,6
ampllfler characteristlc gain slope or number of stages
in filter :
P pressure
Q electric charge
QF charge sensitivity to force = Q/F
Qp charge sen51t1v1ty to pressure = Q/p
q fractional magnltude of osc111atory component, see

equation 22.
electrical resistance

biasing resistance

JUFU

Rf feedback resistence

R, input resistance of amplifier on open-loop

% transducer d.c. impedance

§’§ij’sn elastic strain |

Sijkl’smn elastic compliances

T, ij’Tn mechanical stress (superscript ®refers to electrically
free condition)

t thickness of element or diaphragm

£ t; rise time of signal

v voltage

Va1 calibration voltage

Ve voltage sensitivity to force = V/F

Vo amplifier output voltage

\Y voltage sensitivity to pressure = V/p

vp wave velocity

W totel load on diaphragm

W' load transmitted to element

Wé diaphragm component of_W' .

Wé ‘ normal force on element } see Figure 7

X, spatial coordinate'

z diameter ratio of diaphragm = b/a

B frequency coefficlent deflned by equatlon 24

Eij dielectric pcrmitt1v1ty

v oo Poisson's ratio

o} densrty

T time or time constant

w radian frequency
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TABLE 1 (Contd)

Quantity Units | o-quartz | 2°¢helle | porio PZT-5A PZT- H
Salt 3
E
s 12.64 8.3 14.4 14.05
st, -1.79 15.3 -2.6 -5.74 -4.78
s, -1.66 2.9 -7.71 -7.27
sos -1.22 -21.1 2.7 -7.22 -8.45
D
13 -1.22 -1.9 -2.98 -3.05
sb, 4.50 0 0 0
s, 4.46 0 0
E E E E E
822 S11 34.9 511 811 s11
D D D D D
822 511 811 S11 511
10-12m2 /N
E E E E E
523 513 -10.3 513 813 813
D D D D D
523 513 513 513 513
s, 9.60 33.4 9.1 18.8 20.7
833 9.60 7.0 9.46 8.99
sty 20.04 79.8 32.2 47.5 43.5
s, 19.91 17.1 25.2 23.7
E E E E E
Ss5 Shy 328 Syy Syy Siyy
D D D D D
855 Syy Syu Syy Sy
E E E E E E E
866 29.12 101 2(sy1-s12) |2(s11-512)|2(s1175712)
D D D D D D

506 28.58 2(s117s12) | 2(s117812) |2(s117812)
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N T ‘Rochelle , _ .. I
Quantity Units | a-quartz | Ssalt BaTio, PzT-5A  PZT-5H
dy, 2.31 0 0 0
d, 0.727 | 100-300 0 0 0
d; 0 242 584 741

lO_lzm/V ‘
dyo -4, | =53 .0 0 0
or i
dy; 0 . 58 -171 -274
pC/N !
dy, 0 | 149 374 593
dye 0 11.7 o E 0 0
T ¢
e11/%0 4.52 | 1300 1730 3130
efl/eo 4.43 1000 | 916 1700
T T T LT T
872/80 Ell/eo ; Ell/eo ! 811/80 811/60
S R S S S
€99/ €11/%0 ¢11/% €11/ €11/%0
€§3/eo 464 1200 1700 3400
€§3/€o 4.64 910 830 1470
Relativg 2.65 1.77 ' 5.55 7.75 7.5
density ;
Natural i
time i
constant |
25°C | seconds ' > 100 | >2000 > 2000
100°¢c L~ 0.3 ~ 1800 > 2000
200% .~ 0.002 |~ 250 1000
Resistivity % :
s, @ 25°C ohm cm | ~10 5 10t? o108 Liot?
@100° - 1012 . 10° ~ 103 .otd
o, @ 25° ~1010 1013 5 10t > 1013 51013
o 9 13 13
@100°d 2000 > 10 -~ 10 .10
| i




1
fo Co Qp
1 kil d2€§3 d33ﬁ ds3s
Disc in Compression, Normal Mode ' _
P ? 4t/psD33 4 ¢ 4 €33 -
1 T A das
Plate, Transverse Mode ——:7—1f=r— €33 — ds;A t
4h PS11 t E,g
. d
Shear Plate 8'{1 % _Té E
) €11
T ndh dis t
Shear Tube €11 ¢ T wdh
‘ €11
. . d
Cantilever Bimorph Beam, 0.162%2 1 623 1:—_9' %T%ﬂ?
Series Connected. yosi1 £33
. , d
Cantilever Bimorph Beam, 0.162%2 1 4€§3 %& 3 31 ¢
Parallel Connected Yos) A Egg bt
Pinned End Bimorph Beam 0.45¢%%/J1? €§3 be 3ds31 &
Series Connected ps11 t 8 33 bt
Pinned Edge Bimorph Disc, gt 1 T T d2 3 a* |3 4 3 d31 1
. 0-7%5% FBT | @ | TeT o I Tx
Series Connected ps11 1 € 3
1 d
Centrally S ted Di t 1 | nT d> | 3n d* |3
Series Connected Yosy) I

Table 2. Performance Parameters for Various Modes
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Table 3. Performance parameters for various modes

evaluated for PZT-5A

Note:- t, d, & b, h, A are typically of order mnity
3 Co Q Vp Qr Vp £5Q
= 4 = : = P oxp
t=mm; d,%,b,h=cm; A=cm (KHZ) (pF) (pC/torr) | (mV/torr) (pC/N) (V/N) (kHz x pC/torr)
Fi . . 923 42 2 t a2
ig.la Normal compression disc < 1181 T 3.92d 3.32t 374 316 iz 3620 —
Fig.lb Plate-transverse 70-1 1505 2 2,284 1.518¢ 169 2
. ) A t
Fig.lc Shear plate 1150 r 584 .382 X
. dh t
Fig.ld Shear tube 3610 e 584 .122 T
. Cantilever beam, t be 422
Flg.lf Series Connected 4.54 Ez' 1505 t 2.56x%10 Ez'
. Cantilever beam, t ba L2
Fig.lf Parallel connected 4.54 2 6020 . 5.13x10 w2
. Pinned énd beam, t bs 422
Fig.lg goice comncored 12.70 7, | 1505 2 0.641x10%
. Pinned end beam,. t be 422 | 5.43
Fig.lg Parallel Connected 12.70 X 6020 t 1.28 x10 tZ t
. . Pinned edge disc. t d? at d? ,d? dz
Fig.li Series Conmected 27.7 32 1181 . 33.55 =z 28.4 — 0.641x10 s 928 t
. .. Pinned edge disc t d? 4 42 ,d? | 2.71 d?
Flg.ll Parallel Connected 27.7 d2 4724 t 67.1 %2_ 14.2 E— 1.28 x10 E*z- "T 1860 z—
Fig.1j centrally supported 20.5 & | 1181 & | 33.55 & 28.4 L 688 &
P "18:2] gisc, Series Connected az t e Tt t
. . .. Centrally supported t d2 at a2 d?
Fig.1l : 4 20.5 4724 = 67.1 14.2 & —
g J dlSC, Para, ConneCted a’z t fz_ t 1380 t

- by -



Compressive modes; ‘P A
appliied force h
—‘r or pressure L >
7 - b

a) Normal mode b) Transverse mode
t
T Shear modes; r
applied force
il S
t&\( - d -—
c) Shear plate d) Shear tube

Bimorph beam modes applied force

v i 1El l
Fe— '

¢) Basic element t) Cantilever beem g) Pinned end beam

Bimorph disc modes

R 8

h) Pinned edge disc; i)Pinned edge disc; J) Centrally supported disc;

applied pressure applied force applied pressure

Fig.1. Basic eiement sensing modes
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Fig. 2. Amplifier configurations
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F. | —e Out
In —f— == {
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Fig. 3.

Charge amplifier

circuit




- Out
1k Ik
100k -« Yoltaae ¥
T 100k adjust
v 435 ~—»:L4 - 13500 Output
! voltage
o preset
. Ac. Ganged switch
—»o Calibrate ——
¢ DC. 4 H'_. V435
monitor
+
>— - *
C=0:l yF, 0033 uF, OOl uF s 2700 pF ) 1000 pF
Squarte wave generator-
-~ -
Voltage Channel
@ non'nor /—@ |
S
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Off. 3
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output )
Original output circuit
¢ -
10pF
X on |LQQQE‘
1 ._1 '/_1 -
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l N
Mon litor |}° RS04 F
RO N |
- Voltage output
llo—
UK As channel l —92

’ 13 BN
° As channel l 93

Moditied

output

circuit

Fig. 4. Charge calibrator

circuit




T — ' a) Inductance
R T
o

-capacitance filter

\E;—B“""_WAI —WWI - _‘\iout
_i stage cT cT cT i

b) Cascaded n-stage resistance-capacitance ftilter

’ R Re
| “c . “E_J, <) A'symutric twin-tee
Vin J 1 2 \fout filter
S A

Wywh 2 g "7‘5"‘_‘ 9>

1(: - d) General symmetric
Vin Vout twin-tee filter

¢) Symmetric twin tee
filter, n--i-

|
|

Fig. 5. Filter circuits
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Filter QMC/4
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Fig. 6. Two practical filter circuits
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Fig. 7. Diaphragm load transmission tactors



. _94
Diaphragm {—-___j_uccking
Element

Case

d) Matched backing

Diaphragm Diaphragm
Pressure —\—\———— .
— plate E'r Anvil
B\r\balcmcnt
Case ™ Element
: ] Case
b)Normal compressive mode C) Normal compressive mode
. . Anvi|
Diaphragm Diaphragm
\ Element N /
|—-L . q [] g_,___.-Elcmcnt
\ T ~
c _ ,
ase \cd“
d) Bimorph disc €) Shear tube
Dicphrq Anvil Diaphr\oim Anvil
l—‘li%rz“m‘nt ﬁhﬁ“a.nt
. ~“Case Case
1)B|'|uorph beam 9) Bimorph beam

Fig. 8. Basic transducer contigurations



(cemented to

Brass backing plate

4+ Cemented together

# Element: compression

Sub-miniature

4+ Brass diaphragm 0,25 mm thick
case and eclement)

Element bullt up
with Araldite
(cemented to case
at bottom)

Two holes ftor
lead-out wires

Lead-out wires

coaxial socket

but small blob of solder used

to give electrical connection

cylinder of PZT-5H 3 mm dia X 3 mm long

Il cm

Fig. 9. The type E transducer




(0)

W, = 2,52 b' = 20 torr Ap =125 torr

No filter

It!:iOpCl

100 us

Wu= 1.66 b, = 360 torr Ap = 744 torr

Filter QMC/4 , 24dBjoct , f(40dB) =48kHz

Fig. 10. Typical traces from type E

transducer



Transducer output/pc

800

600

400

200

1 ]
(o]
(o] 200 400 600 800 {000
L L | _ 1 1 1 ]
o] 200 400 600 800 1000

Pre ssurc/ torr

Fig.Il Calibration of type E transducer



Brass diaphragm O‘I3 mm thick
camented to element and case

Sensing element %
built up with Araldite

and cemented to case
Brass case

/O—rinq seal
%

Compensating —|
element* {5 i Four brass pins in small

\' slots ftitled with

Compensating —

diaphragm Araidite

Brass end cap

Sub-miniature coaxial socket
(secured to case by

(cemented to end cap with

mall screws
s : ) biob of solder for

electrical connection)

% Elements: PIT-5H compression discs, 6 mm diaX2 mm thick

lem

Fig.12. The type F transducer



(a)

b, = 17 torr
Ap = 87 torr
No tilter
lOOpCI
- loous T T T
(b)
W, = 2.45

b, = 12 torr

Ap =70 torr

No filter
50 pci
20 us
(c)
W, = 2.45
p, = 12 torr
Ap = 70 torr

Filter: QMC/4 24dBJoct
1(40dB) = 140 kHz

Fig. 13. Typical traces from type F transducer



Transducer output /pC

80O

700

6oo|

500

4001

300

200

1001~

| ] ] ]

200 400 600 800
| 1 ] ] ]

100 200 300

Prcuurc/torr

Fig. 14, Calibration of type F transducer




Combined pressure plate and diaphragm
(cemented to element) +

\

| —Element %

AV AeY.

AN\’
| Brass backing piece

!/W/I;Z%: with Araldite
N/

7

Conducting
paste 4

r "
‘?"lé? é to give insulation

5 : ///////// /7%
rass case N \

-—ttt 00

~ Araidite to give
insulation

Brass locking—
cylinder

Araldite to fix
locking cylinder
Sub-miniature coaxial
socket

® PIT-5H disc in normal compressive mode
5 mmdia X | mm thick (I); 6 mm dioX | mm thick (I,)

+ Johnson Matthey FSP 49 I em

Fig. 15. The type I transducer



Wy =1.75
P' = 120 torr
AP =288 torr
No filter
83pcl
Tttt T T T Ioops
w" = 2.52
P =20 torr
AP =125 torr
No tilter
W, = (.52
P = 740 torr
AP = 130 torr
. Filter QMC I/E
330pC|
T T TT T T T oo T

Fig. 16(a). Typical traces from type I, transducer



W, = 2.52

P, = 20 torr
AP = |25 torr
No filter

W, = 2.52
P = 20 torr
AP =125 torr
No tilter

W, = 171
P, = 280 torr
AP = 623 ¢torr

Filter QMC l/E

I6(b). Typical traces from type I, transducer



Transducer output//pc

1600+

1400~

1200

1000

800

600
400 -
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Fig. 17(a). Calibration of type I, transducer



600

500}

I'S
o]
o]

I

w

o]

O
{

200

Transducer output /pC

100

] 1

Fig. 17 (b). Calibration

of

type

I,

transducer

700 800

Pressure /torr

900



Diaphragm
Brass ©O-I13 mm thick

Stainless steel! O-O8 mm thick

® G

Anwvil

@ Duralumin
@ Stainless steel

O-ring seal

»
Element —_— ]

— |

Araldite to ensure

Case

@ Brass

@ Stainless stee!

Anvil covered with

electrical Insulation

from eclement Backing plate

CD Brass
@ Stainless steel
{cemented to case

Sub miniature coaxial socket
(cemented to case using

conductive pastg) using conducting

past¢)+

» PZT-5H shear tube, '3 mm long , 63 mm o.d,

wall thickness O<5 mm
+ Johnson Matthey FSP 49

Denote G, and G, transducers —_

©

Fig. 18. The type G transducer



W,= (.80

P = 85 torr
AP=222 torr
No filter
330pC
—_— T P L _—
iOOps

Fig. 19(a). Typical trace from type G, transducer



W, =1.75
P =120 torr
AP=288 torr

No filter

166pC|

100us
M--——-—-————-——-—-——-—l

w,=2.52
p, = 20 torr
AP =125 torr

No filter

W, =1.50

P, = 800 torr

AP =1180 torr

Filter: QMC/4
24dBfoct, f(40dB), 48kHz

I9(b).'!'ypical traces from type G, transducer



Transducer output//pc
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Fig. 20(@). Calibration of type Gi transducer
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Stainless stee! diaphragm O-025 mm thick +
(cemented to eciement and case)

Araidite allowed to set

El t ¥
then drilled and tapped emen

small blob of +

conducting cement

———— Brass onvil

Brass case

Liquid Araldite
poured in to secure

Brass backing plote anvil

(cemented to case)+ \

(cemented to cose, blob of

Sub-miniature
cooxial socket

solder to give electrical
connection)

4+ Cemented using conducting poste, Johnson Motthey FSP49

J Series bimorph disc in PZT-5B, 8 mm dio X O'53 mm thick

I cm

Fig. 2I. The type H transducer
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AP = 90 torr
No filter
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No tilter

Dynamic

response

No tilter .

H, transducers



Transducer output/pc

7000

6000~

5000

4000

3000}

2000

1000~

60

Fig. 23, Calibration of

40

type H

Pressure/ torr

transducers




Diaphragm ©-025 mm thick

stainless steel

A
Small grooves to nvil perspex

aid adhesion K, shown K, above

Brass case

Perspex ‘insert

Brass backing plate

(cemented to case)
Sub-miniature coaxial socket

(ccmentcd to case
blob of solder to give
electrical conncction)

+ Using Johnson Matthey FSP 49

® Series bimorph beam, 9 mm long X 1102 mm wide X O:53 mm thick

lem
[ W |

Fig. 24. The type K transducer



Fig. 25.

Typical

traces

Type K,
A P=29 torr
No filter

Type Ky
AP = 21 torr
No filter

Type Ky
AP = 29 torr

No ftilter

from type K transducers



Transducer output/pC

3500 T T T T T T T ] T T T

3000 -

2500 -

2000

1500 I~

1000+

500

o 1 | | | 1 | ] 1 l l
o 20 40 60 80 100

| | I | 1 | | | | 1
o 20 40 60 80 100

Pre ssurc/torr

Fig.26(a). Calibration of type K transducers



Transducer output//pc

400 | ] T 1 T i T 1 T T

300

N
e,
O

100

fo) 1 1 | 1 1 1 1 1 A 1
o 20 40 60 80 100

Pressure/ torr

Fig. 26(b). Calibration of type K,, transducer
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500 ps

—

/
m

L— 500 us

Upper

Lower

traces —reservoir

Fig. 27 (cont.).

(e)

w,= 583
P = 12 torr

(1)

W, = 636
P, = 8 torr

traces —pitot pressure— 3-2 torr [division

pressure — 2000 torr/division



(a)
Geom, incid. = - 4°
‘\uv-\.
Ty
———— \\
’\-\.\-’-
l-s00us
(b)
Geom. incid. = ~4°
N Yadie
) )
= = Transducer shielded
A - from flow
[ ——
.J L._SOOps
(c)
\ A Geom, incid, = O°
\AM'—N\—-\_‘
\\
\\
/ e T —
\"h
— L—SOOps
Upper trace — static pressure on wedge — O:23 torr/div:'s-'on
Lower trace — nozzle reservoir pressure — 6800 torr/diviSion

Fig. 28. Static pressure onowcdgc



(d)

Geom. incid. = +4°

—J a— 500 us

{ !v” (€)
A‘/ \\ Geom, incid, = +8°
\
\\
— / B
—
——I I—-—SOO uS
(t)
T
___/u—v-\f\mr\_‘—\,.__\_\\_- Geom. incid. = + 8°
1 Transducer shielded
r \r‘\_ tfrom flow

—J L-‘-SOO Ms

Upper trace—static pressure on wedge — O-°49 torr/division

Lower trace—nozzie reservoir pressure— 6800 t.orr/div:'sion

Fig. 28 (cont.),
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RQP 250
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Fig. 29. Comparison
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A.R.C. C.P.NO.1219
September 1969

Re 0. Goodchild and

L. Bernstein
THE DESIGN OF HIGH SENSITIVITY PRESSURE TRANSDUCERS
FOR USE IN SHOCK-TUNNELS

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 charge and voltage amplifiers are discussed and a
practical charge amplifier and charge calibrator are described. Both
acoustic and electronic filters are considered and the extent to which a
filter affects the useful rise-time of a transducer is emphasised. Several
prototype transducers 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 disc in bending, this transducer having a
natural frequency of 19 kHz, Environmental tests in a shock tube and in the
hypersonic nozzle of a shock tunnel are also described.

Some brief compariscns with commercial transducers are made.

AsReCe CaPoN0OL1219
Sentember 1969

Re O. Goodchild and
L. Bernstein
THE "ESIGN OF HIGH S IIIVITY PriSSURE TRANS!ECERS
FOR USE T{ SHOCK=-TUNNLLS

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 charge and voltage smpliflers are discussed and a
practical chsrge amplifier and charge calibrator are c¢escribed. Foth
acoustic and electronic filters are considered and the exient to which a
filter affects the useful rise~time of a transducer s emphasised., Several
prototype transducers using sensing elements in compression, shear or
bend Ing were built and calibrated., A sengitivity of 48.9 pC/torr was
achleved nsing a P47 t morph disc in bending, this transducer having a
natural frequency of 19 kHz. Environment-l tests in & sho-k tube and in.the
hypersonic nozzle of a shock tunnel are also described.

Some brief comparisons with commercial transducers are made,

A.R.Ca CuP,NO.1219
September 1969

R. O. Goodchild and
L. Bernstein
THE DYESIGN OF HIGH SENSITIVITY PRESSURE TRANSDUCERS

FOR USE IN SHCCK=-TUNNELS

The theory of piezoelectricity in so far as {t relates Lo pressure
sensing elements 1s briefly outlined and various configurations are compared.
The relative merits of charge and voltage amplifiers are discussed and a
practical charge =mplifier and chnarge calibrator are described. Both
acouztic ~nd electrsnic filters are (onsidered and the extent to which a
tilter affects the useful rise-time of a transducer is emphasised. Several
prototype transducers 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 disc In bending, this transducer having a
natural frequency of 19 kHz. Environmental tests in 2 shock tube and in the
hypersonic nozzle of a shock tunnel are also described.

Soue brief comparisons with commercial transducers are made.

A K.Co CoPoil0.1219
September 1969

Re. O, Goodchild and
L. Bernstelin
THeE 2E31G0 NF HIGH SENZITIVITY PRESSURE TRANSIDUCHRS
FOR USE TN SHOCK=TUNNELS

The theory of plezoelectricity in so far as it relates to pressure
sensing elements is briefly outlined and various configurations are c(oupared.
The relative merits of charge and voltage amplifiers are riscussed and a
practical charge amplifier and charge calibrator are descrited. Both
acoustic and electronic filters are considered ~nd the extent to which a
filter affects the useful rise-time of a transducer is emphasised. oeveral
prototyne trnoasducers using sensing elemnents In compression, shear or
bending were built and calibrated. 2 seasitivity of 48,9 pi'/torr was
achieved using a PZT bimorpi: disc in bending, this transducer having a
natural frequency of 10 kHz. invironmenicl tests in a shock tube 2nd in the
hypersonic nozzle of a shock tunnel are alse described.

sore brief comparisons with commercial transducers are made.
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