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1. INTRODUCTION

The solution to problems of the measurement of unsteady forces and
pressures in fluid mechanics is an art similar to the innovative process re-
quired for design or invention. The solution process has the status of an art
because the number of possible solutions to a given measurement problem
isso large that oneis required to base the solution process and selection of the
measurement system upon one’s taste and other abstract considerations like
simplicity and beauty.

The art of successful experimental measurement requires that one have
an accurate, intuitive knowledge of the pertinent physical phenomena so
that this knowledge can be immediately used during the solution and
experimental design process. Personally, I have found that the process of
solution of a given problem requires the conception and mental testing of
numerous iterative innovations of the original conception of the solution.
For efficient and rapid solution it is also necessary to be thoroughly familiar
with a wide class of existing experimental instruments and apparatus.

In this review various aspects of the general problem of unsteady pres-
sure and force measurement are described, and a number of examples of
solutions to various force- and pressure-measurement problems are out-
lined. The examples are intended to illustrate the application of significant
general principles to the solution of these experimental problems and to show
how the nature of the measurement problem can affect the solution. The ex-
amples are based primarily upon the author’s experience. It has not been
possible to present a complete coverage of the instruments and published
work of the many very capable people in the field.

2. GENERAL CONSIDERATIONS

2.1 4 comparison of unsteady force and pressure measurements.—The
measurements of either unsteady forces or pressures have very much in
common. In most measurement schemes it is a force that is sensed, and in
many cases the same sensor and signal-generation system can be used for
either measurement. The only significant difference between force- and
pressure-measurement systems is caused by the nature of the medium
through which the force is transmitted to the sensor. The unsteady forces
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that are measured in fluid-mechanical problems are usually transmitted by a
relatively massive solid body (an aerodynamic body, model, or portion of a
model) that is in contact with the sensor. Unsteady pressure measurements,
on the other hand, are made in the fluid, and it is usually the fluid medium
itself that is in contact with the sensor. The nature of the mechanical
coupling between the sensor and the medium in contact with the sensor is
very different in the two cases.

When unsteady forces are measured, the sensor must be as rigid as pos-
sible in order that undesirable low-frequency signals are not generated by
mechanical vibrations of the coupled system of sensor and massive force-
transmitting structure. The coupling problem is almost always the single
factor that limits the system response at high frequencies. Examples, given
later, show how the entire measurement scheme for unsteady forces is often
controlled by the requirement of accurate measurements at high frequency.

Measurements cf unsteady pressures can readily be made at frequencies
one or more orders of magnitude greater than the upper frequency limit
for unsteady forces. The fidelity of the response at high frequencies is in-
creased because the mass of fluid that moves with the sensor as it detects a
change in force (i.e., pressure) is ordinarily much smaller than the cor-
responding mass of moving solid matter involved in unsteady force measure-
ments. Here we are not considering special situations of strong coupling be-
tween the exterior fluid and fluid in a confined volume that might contain a
sensor (e.g., Helmholtz resonators, Hartmann whistles, organ pipes, and
similar situations).

The density of liquids is roughly one-thousand times that of air and
other common gases. When a transducer with very low moving mass that
deflects appreciably under load must be used in a liquid, it will have a lower
natural frequency than in a gas owing to the greater mass of liquid coupled
to the transducer motion. For this reason one normally uses a transducer or
transducer material that is very rigid for pressure measurements in aliquid.

2.2 Transducers—Almost all modern measurements of unsteady forces
or pressures are made using transducers that convert a force into an elec-
trical signal. In this section various transducers of this type that are in use
at present are described. Force transducers that do not produce an electrical
outputsignal (for example, purely mechanical systems) will not be considered
because they usually are not suitable for detailed measurement of rapidly
varying forces.

There are two broad classifications of force transducers that produce an
electrical signal of one form or another. The first type is a transducer in
which the applied force produces a change (on the molecular level) of an
electrical property of the material of which the transducer is constructed.
The second type is a transducer in which a gross electrical parameter (resis-
tance, inductance, or capacitance) of an associated electrical circuit is altered
by the applied force. For want of better names these are called molecular
transducers and parametric transducers, respectively.
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This classification is by no means complete. It does cover many of the
more common unsteady force- and pressure-measuring schemes. Perusal of
the Transducer Compendium (Minnar 1963) or the books by Neubert
(1963) and Lion (1959) will reveal many novel schemes that we do not have
space to discuss or classify.

2.3 Molecular force tramsducers—Examples of force transducers that
operate at the molecular level are piezo-electric materials, magneto-strictive
materials, and strain gauges of both metal and strongly electro-strictive
materials.

2.3.1 Piego-electric materials.—Piezo-electric materials (see Cady 1946)
are crystalline dielectrics in which the application of a stress causes a change
in the internal dipole moments of the molecules of the crystal, resulting in
the production of surface charges that can be detected by electronic devices.
A material frequently used for this type of transducer is quartz. In the past
few decades barium titanate! and more recently the proprietary material
lead zirconate-titanate (PZT-3A)! have come into wide use in force-trans-
ducer applications. Both barium titanate and lead zirconate-titanate are
really ferro-electric materials (see Feynman 1964 for a clear qualitative
description of piezo- and ferro-electricity). In ferro-electric materials the
application of a polarizing electric field when the temperature of the ma-
terial is raised above the Curie temperature and then lowered results in a
permanent dipole moment in the direction of the applied field. After polar-
ization the material remains polarized in the direction of the applied field
unless the temperature is again raised above the Curie temperature.

The ferro-electric materials in common use are ceramics, which can be
molded and sintered to obtain convenient shapes. They can then be po-
larized in any desired direction using the surface-charge detection elec-
trodes. The ceramic, ferro-electric transducer is often much more convenient
than a transducer made from a piezo-electric crystal. The piezo-electric
crystal must be carefully cut to the desired shape, taking into account the
orientation of the crystal axes and the method of force application.

2.3.2 Magneto-strictive materials.—Certain ferro-magnetic materials have
the property of magneto-striction (see Neubert 1963, Feynman 1964) in
which the application of a stress changes the degree of magnetization of the
material. The change in magnetization can be electronically detected by
sensing the induced current in a coil of wire magnetically linked with the
magneto-strictive material.

Two commonly used magneto-strictive materials are pure nickel and an
alloy of nickel and iron (68 percent nickel). The magneto-strictive trans-
ducers are consequently very rigid, giving very small deflection under load.
For this reason they are very desirable transducer materials for high fre-
quencies and large pressure fluctuations. There are a number of practical

1 Commercially available from the Piezoelectric Division of Clevite Corporation,
Bedford, Ohio.
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considerations—for example, temperature sensitivity, nonlinearity, and long-
time instability (see Lion 1959)—that make the use of these materials dif-
ficult for quantitative measurements. In fluid-dynamic measurements,
magneto-strictive force or pressure transducers are not commonly used owing
to the availability of stable ferro-electric ceramic materials that are neatly as
rigid as nickel (the modulus of elasticity for lead zirconate-titanate, PZT-5A,
is approximately one-third that of nickel).

2.3.3 Strain gauge.—An electrically conducting material will change in
electrical resistance when it is strained. This effect can be used to make a
strain gauge in which the conducting material can be intimately bonded to
the surface of the medium whose strain is to be measured. See the books by
Dean & Douglas (1962) and Perry & Lissner (1963) for complete, detailed
information about strain gauges. Here we will only outline their nature and
characteristics.

Strain-gauge materials in modern use include fine metal wires, etched
metal foils, and certain proprietary semiconductor materials (usually single
silicon crystals with additives). The resistance change of metallic materials
is caused almost entirely by dimensional changes of the wire or foil and to a
small extent by electro-striction. The resistance change of semiconductor
materials is caused primarily by electro-striction in which the change in
configuration of the crystal lattice causes a change in molecular structure
and an accompanying change in conductivity. When subjected to the same
strain, the change in conductivity of a semiconductor strain gauge is one or
two orders of magnitude greater than that of a metallic strain gauge.

The increased strain sensitivity of semiconductor materials is un-
fortunately accompanied by severe resistance changes caused by their large
temperature coefficient of resistance. A suitable temperature-compensation
or control scheme is necessary in all cases in which accurate measurements
are to be made with metal or semiconductor strain gauges; however, temper-
ature compensation or control is much more difficult when semiconductor
strain gauges are used.

2.4 Parametric force transducers—Many of the more common parametric
force transducers used in fluid mechanics can be grouped in three general
categories in which magnetic flux linkage, electrical capacitance, or electrical
resistance are changed by the application of a force. In all cases parametric
force transducers require a careful mechanical design to control the motion
caused by the force that is to be measured.

There are very many other schemes for parametric transducers that do
not fall under the above classification because they employ additional
physical principles (e.g., conduction in gases or liquids, optical systems in-
cluding lasers or other light sources, and electro-kinetic effects). One can find
in the books by Neubert (1963) and Lion (1959) examples of different
parametric transducers that have been made. These more complicated
schemes are not often used for unsteady force and pressure measurements.
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Parametric force transducers based upon a variation of magnetic flux
linkage include those in which one or more coils of wire are used to generate
an electro-motive force by motion in a pre-existing magnetic field, and others
in which the coils are fixed and the pre-existing magnetic field may be steady
or alternating. If the magnetic field is not alternating, the output depends
upon the time derivative of the displacement caused by the force. The
electrical output can be made proportional to the displacement caused by
the force if a high-frequency alternating magnetic field is used. The force
fluctuations can be made to cause amplitude or frequency modulation of the
output signal from the coils.

A change in capacitance can also be used to detect a force that moves
either the plates or the dielectric material of a capacitor. In this case the
capacitance change can be made essentially linearly proportional to the dis-
placement caused by the force. The transducer is often operated with a
constant charge on the capacitor, and the output voltage is approximately
linearly related to the force for small changes in capacitance. The output
signal is not reliable at very low frequencies because charge fluctuations
caused by leakage currents in the capacitor or connections to the input
stage of the electronic circuitry produce spurious signals. Faithful response
in static or very-low-frequency measurements can be obtained if a carrier
system is used in which the capacitance fluctuations caused by the force are
made to frequency- or amplitude-modulate a carrier wave.

Parametric force transducers based upon a change in resistance have ex-
tremely simple electronic detection schemes (for example, one uses either a
constant-current or constant-voltage source to drive the resistor and detects
the changes in voltage or current, respectively). Although the electronic
system is simple, most transducers of this type suffer from poor response at
high frequencies or from electrical noise, or both. The familiar carbon
microphone is a case in point since the variations in resistance produced by
variations in pressure also cause random changes in resistance that are
thought to originate at the many points of contact between the granules of
carbon. High-quality film potentiometers with low wiper noise are available.
In this case the response at high frequencies will be poor owing to the inertia
and variations in contact pressure of the wiper. As a result of the limitations
caused by noise and poor frequency response one finds that the most ver-
satile transducer for unsteady forces that depends upon variation in re-
sistance is the strain gauge, a molecular transducer.

2.5 Frequency response and sensitivity.—In the design of an instrument
to measure unsteady forces or pressures the frequency response and sen-
sitivity are important considerations that exert a strong influence on the
design process. In almost all cases a linear relationship between the output
signal and a single component of applied force or pressure is desired. A
linear output can be obtained by operating the transducer over only a small
part of its maximum usable range. The frequency response for more rapid
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pressure or force variations can then be described using the well-developed
mathematical theory for vibrations of a linear system with a single degree of
freedom.

There are numerous combinations and permutations of the spring, mass,
and damping elements that can be involved in a particular discrete system.
One can refer to the book by Housner & Hudson (1950) for the vibration
theory and for analysis of simple representative examples of vibration
problems that arise in instrument design.

There are some useful generalizations that can be made about the
related problems of frequency response and sensitivity that arisein the design
of any instrument system. Vibrations of the transducer, and the fluid or solid
in contact with it, at the natural frequency of the system represent excess
energy stored in the system. This energy is accumulated over a period of
time and this causes the transducer to produce signals that are not in phase
with the pressure or force fluctuations that are to be measured. For example,
when one measures a step increase in pressure or force, the transducer output
signal will lag behind the input step but later will “‘overshoot” and oscillate
about the final correct value of the signal.

There are two ways to obtain correct transducer-response signals without
serious problems caused by instrument vibrations. The first and best
method is to design the vibrating system formed by the measuring in-
strument and the fluid or solid matter to which it is coupled so that the
natural frequency is very high compared with any frequency of interest in
the pressure or force fluctuations that one is measuring. In the case of
transient signals, for example, a step increase in pressure or force, the rise
time of the output signal will be roughly one quarter of the natural period
of vibration. The natural oscillations and overshoot phenomena that occur
after the transducer responds to a transient signal can be reduced in mag-
nitude by the incorporation of damping in the system or by passing the
output signal through a low-pass electronic filter. Usually one should at-
tempt to include the proper amount of damping in the transducer system
itself because the energy stored in the vibrating system is thereby reduced
and this reduces the possibility of overload of the transducer electronic
circuitry. In other words, an undamped instrument may produce such large-
amplitude oscillating signals (at the natural frequency) that the electronic
detection circuit will operate in a nonlinear range and this causes distortion
of the output signal (e.g., clipping in an extreme case). If clipping occurs the
signal is nearly useless. One must also be sure that nonlinear distortion is not
present in the signal before it is passed through a linear filter.

The other method that can be used to remove the effects of oscillations
at the natural frequency is to use some type of compensation scheme.
One can use a digital or analog computer to determine the input signal that
caused the output signal that one observes. This compensation process is
somewhat difficult because one must know the properties of the vibrating
system formed by the transducer and the force- or pressure-transmitting
medium to which it is coupled. Also, the scheme will work, even in principle,
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only for a linear system (since it amounts to solving an integral equation).
Later in this paper two examples of such schemes will be discussed.

The sensitivity of a pressure- or force-measuring instrument is intimately
related to its natural frequency. The natural frequency is approximately pro-
portional to the inverse square root of the sensitivity, where the sensitivity
is the ratio of the output signal to input force or pressure. Only a modest in-
crease in natural frequency can be obtained at the expense of a considerable
reduction in sensitivity. It is always desirable to have as great a sensitivity
and natural frequency as possible. The correct procedure is to make sure
that the natural frequency is no higher than required. For lightly damped
systems one must choose the natural frequency approximately a factor of
10 higher than the highest frequency of interest in the measured quantity.
In practice this may reduce the sensitivity considerably. If one can add
damping to the instrument one can often tolerate a natural frequency only
two or three times larger than the highest frequency of interest in the input
signal. In a linear vibrating system, as one approaches resonance an ap-
preciable shift in phase of the output signal relative to the input signal
manifests itself long before the amplitude increase caused by oscillations near
resonance becomes objectionable. One must be careful that this phase shift,
which is still present in a damped system at the upper end of the frequency
range of a transducer, does not affect the accuracy of the measurements.

Modern pressure and force measurements at low signal levels can be made
over a greater frequency range than was possible in the past. This is a result
of the improvements in sensitivity of electronic amplifiers during the last 15
years, which allow a greater reduction in transducer sensitivity (i.e., in-
crease in natural frequency).

2.6 Electronics.—Remarkable developments in electronics technology
occurred during the past two decades, and new developments are occurring
at an accelerating pace. A description of new developments familiar to the
author and applicable to the problems of unsteady force and pressure
measurements is given below.

Electronic systems for experimental measurements have become ex-
tremely sophisticated. It is now possible, with the aid of a tape recorder and
computer technology, to expose an instrument to the experimental en-
vironment and obtain a finished plot of the experimental data ready for
publication. In the ordinary couise of experimental research in which a few
accurate measurements are made in & controlled situation, this degree of
automation can only be approached after many months or even years of
painstaking preliminary calculation, design, testing, and further refinement
to correct inadvertent errors. Complete automation of an experiment should
be approached with trepidation. Here we will discuss only the transducer-
electronic systems used to produce an output signal that is related, in a
known way, to the input quantity being measured.

Owing to the requirements of small physical size, high frequency re-
sponse, and linearity, most force- or pressure-measuring transducers produce
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only a small electrical signal or a small change in an electrical parameter.
The small transducer signals or parameter changes represent or cause small
changes of electrical energy that must be faithfully amplified so that the
energy in the amplified output signal is much larger than any undesired
signals that may be encountered. For these reasons an amplifier is almost al-
ways a part of the electronic system.

There are many amplifiers available, and it is again not possible to discuss
them in detail. Most modern amplifiers use transistors instead of vacuum
electronic tubes. Transistors (of various types) are reliable, inexpensive, ex-
tremely small, and consume very little power. The small size of the transistor
sometimes makes it possible to reduce the size of the force-transducing
element because the transducer and amplifier (or perhaps only the first stage
of the amplifier) can be placed adjacent to each other. Close spacing is de-
sirable because low power signals from small transducers can be amplified at
the transducer where they are generated without signal loss or electrical
noise that would occur in a long cable leading from the transducer to the
amplifier input.

Field-effect transistors with characteristics unobtainable with vacuum
tubes (i.e., relatively low self-generated noise, good high-frequency re-
sponse, and exceedingly high input impedance) have become available in
recent years. When a field-effect transistor is used as the first stage of a
transducer amplifier, its high input impedance can be a considerable ad-
vantage when used with small piezo-electric or capacitive type transducers.
The high input impedance of a field-effect transistor reduces the load on the
transducer thereby increasing the sensitivity or allowing one to use a smaller
transducer (which produces a weaker signal) without compromising the
instrument response at low frequencies.

Another significant development of the past decade is the invention of
the monolithic integrated circuit, which combines numerous transistors,
diodes, and resistors deposited in a thin film on a small chip of nonconducting
material. Monolithic integrated-circuit amplifiers with a variety of input and
output characteristics are commercially available on a single chip with an
area of the order of 10 mm?2 The chips are so small that the power and
signal leads occupy the majority of the volume in the electronic package con-
taining the chip.

Extremely versatile monolithic integrated-circuit amplifiers known as
operational amplifiers have recently become available. The availability of
inexpensive, relatively high quality, monolithic integrated-circuit opera-
tional amplifiers makes it possible to use the technology developed for
analog computers to process transducer signals. One could actually (using
analog-computer techniques) amplify and process the transducer signal
within the pressure- or force-measuring instrument package.

A number of examples of schemes for signal processing to correct or reject
erroneous transducer signals will be given later when examples of actual in-
struments are discussed. Here we will mention only the fact that one can
readily add, subtract, and integrate signals. Direct differentiation with an
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operational amplifier is somewhat more difficult because the high-frequency
components of the signal must be removed by a filter, to avoid noise gen-
erated at high frequencies by the operation of differentiation.

Within the past year, low-cost analog multipliers (with accuracy of the
order of 1 percent) for use at high frequencies (negligible phase shift to 10
or 20 kHz) have become available.? This development significantly extends
the capabilities and versatility of on-line analog signal-processing, detection,
and telemetry schemes.

Detailed information about the use of operational amplifiers for math-
ematical computations can be found in books on analog computation (see,
for example, Johnson 1963). Because the field is rapidly developing, com-
plete information regarding the use of operational amplifiers to amplify or
otherwise process transducer signals does not (to the author’s knowledge)
reside in textbooks at present. For detailed information about the use of
operational amplifiers for instrumentation, see Morrison (1964) and for
methods using integrated-circuit operational amplifiers for transducer-signal
processing, see the articles by Routh, Eimbinder, Seymour, Brown &
Krabbe (1969). More information about signal processing using operational
amplifiers is contained in applications notes available from manufacturers
such as Analog Devices, Burr Brown, Fairchild, Philbrick-Nexus, Zeltex, and
many others. Detailed information about the characteristics of integrated-
circuit operational amplifiers is available from major manufacturers, for
example, Fairchild, Motorola, National Semi-conductor, Texas Instrument.

3. SELeEcTED EXAMPLES OF MEASUREMENT SYSTEMS FOR UNSTEADY
Forces AND TORQUES

There are numerous instruments available commercially for measuring
unsteady forces. It is not intended to discuss or refer to commercial force
transducers that usually can measure, very reliably, a single force com-
ponent. Instead the examples selected for discussion are intended toillustrate
a complete measurement system involving fundamental, versatile, and per-
haps novel ideas or principles.

3.1 Two-component strain-gaunge balance—A very general principle for
determining the lift and pitching moment of an aerodynamic body mounted
on a sting is the use of strain gauges to measure the stress in the sting at two
or three points. The sting may be considered as a cantilever beam so that the
strain at the sth strain-gauge location is (see Fig. 1a)

€ = (Lx.-+M)/Q.- 1.

where Q; is the bending resistance at section 4. From this it follows that the
lift is given by the difference in the strain at sections 2 and 3:

? Analog Devices, Motorola, and Zeltex are a few of the manufacturers of these
multipliers.
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Ficure 1. (a) Two-component strain-gauge balance. (b) Wheatstone bridge for lift
signal (see Eq. 2). (c) Wheatstone bridge for moment signal (see Eq. 3).

L= [Qz/(xs - xZ)](fs — ) 2.

An electrical signal proportional to the lift can be obtained with the
Wheatstone bridge shown in Figure 1b. Note that the bridge arrangement
provides temperature compensation (provided the temperature of the two
gauges in each pair is the same).

The signals from the bridge of Figure 1c involving strain gauges 1 and 2
can be written

AVsq o [M(1/Qs — 1/Q0) + L(x:/Qs — 21/Q1)] 3.

If we reduce the cross-sectional dimensions at station one so that x;01 = Qsx;,
the term involving L vanishes and the voltage output of the bridge, Figure
1c, is proportional to the moment M. This scheme for obtaining the steady
moment was successfully used by many people; see an example in the paper
of Reichardt & Sattler (1962).

Another scheme to obtain the moment when x3Q:7x:Q; is to use an on-
line analog computer to subtract the term L (x3/Qs— x1/Q1) from the voltage
AVs,, of Equation 3. This technique was used by Willmarth & Enlow (1969).
We also used semiconductor strain gauges, but discovered that the gauges
had to be covered with a very thick layer of thermal insulation to avoid
signals caused by temperature fluctuations due to the unsteady airflow over
the semiconductor strain gauges. We used metal-foil strain gauges on the
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FIGURE 2. (a) Drag balance (Roos & Willmarth 1968). (b) Wheatstone
bridge and operational amplifier with gain of 1000.

same balance and found that the thermally induced voltage fluctuations
were a much smaller fraction of the lift and moment fluctuations. We now
prefer to use metal-foil strain gauges in our strain-gauge balances. We have
also found that with semiconductor strain gauges it is more difficult to ob-
tain a reliable bond with the metal substrate.

The most difficult problem with a sting-type strain-gauge balance is ob-
taining a high natural frequency. It is usually necessary that the aerody-
namic model that is mounted on the sting have very low mass in order that
sufficient sensitivity remains when one must measure relatively high fre-
quency fluctuations. In an investigation of lift fluctuations of a 2-foot-
diameter sphere sting-mounted on a 2-inch-diameter tube with % inch wall
thickness (Willmarth & Enlow 1969), it was necessary to form the sphere
from a #-inch-thick styrofoam shell. The natural frrquency was still rather
low, 36 Hz, despite the low mass of the styrofoam sphere.

3.2 Strain-gauge drag balance.—A very simple strain-gauge drag balance
(Roos & Willmarth 1968) can be made from a block of metal that has been
machined to provide parallelogram flexure elements that deflect when a drag
force is applied (see Fig. 2). Small metal-foil strain gauges® are mounted on
the flexure elements. A full bridge provides maximum sensitivity and tem-
perature compensation. The sensitivity of the balance was 2.5 mV/Ib with a
bridge drive voltage of SV.

The drag balance was used to study the drag of a sphere in accelerated
motion. The balance was inside the sphere, which was sting-mounted and
towed through water. The strain gauges and leads were covered with a
water-proof coating.4 In this application the drag balance also responds to
the forces caused by acceleration of the sphere mass and the water trapped
inside the sphere. The inertial-force signal was considerable and had to be
removed. This was accomplished with an operational amplifier, which was

3 Manufactured by Micro-Measurements Inc., Romulus, Mich.
¢ Gagekote Number 5, W. T, Bean Co., Detroit, Mich,
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used to subtract a signal proportional to the acceleration from the drag-
balance signal. The acceleration signal was obtained from a small strain-
gauge accelerometer that we constructed using strain gauges mounted at the
root of a cantilever beam fitted with a small mass of lead.

For all strain-gauge bridges and for the subtraction of the acceleration
signal Philbrick PP85AU operational amplifiers were used.

A typical circuit that was used for an amplifier with a gain of 1000 is
shown in Figure 2. The mass of the sphere and the water inside were such
that with the drag balance a natural frequency of 31 Hz was obtained for
oscillations in the drag-force direction.

3.3 Moment balance and vibration-compensation circuitry.—In the in.
vestigation of fluctuations of moment about the axis of an oscillating right-
circular cylinder (Willmarth, Hawk, Galloway & Roos 1967), a strain-gauge
balance was constructed to measure the unsteady torque about the axis of
rotation of the cylinder. The heart of the balance was the novel type of
flexure pivot used to suspend the cylinder and allow free rotation so that
torque could be measured with metal-foil strain gauges mounted on canti-
lever beams (see Fig. 3a). The idea for the flexure pivots was obtained from
Eastman (1935). The pivots consist of two sets of three steel music wires.
Each of the three wires lies in a plane making an angle of 120 degrees with
the planes of the other two and passing through the axis of the pivot. The
wires are staggered just enough to provide clearance at the point where they
cross the axis. The flexure-pivot wires were assembled in a special jig and were
silver soldered in holes drilled through cylindrical metal support members at
each end. Axial tension was applied by means of an expansion-screw arrange-
ment to lengthen the outer supporting cylinder. The flexure pivots were very
satisfactory. It was possible to detect (without interaction) a moment of
0.01 ft-1b when a force of 26 1b was applied normal to the axis of the balance.

The balance was mounted inside a styrofoam cylinder and the combined
mass of the cylinder and moving portion of the balance were prevented from
rotating by the strain-gauge beams. The natural frequency of oscillation was
32 Hz. A much higher natural frequency without reduction in sensitivity
could have been obtained if more rigid lead zirconate-titanate ceramic trans-
ducers had been used instead of strain-gauge beams. However, in the course
of the investigation another method was suggested to us® in which a special
compensation circuit (see Fig. 3b) using analog computing techniques and
operational amplifiers was used to remove the effects of the resonance at 32
Hz.

To understand the compensation scheme we must consider the equation
describing the response (output signal) y(¢f) of the balance caused by the in-
put torque T(9):

J+ By +wly =T 4.

5 We are indebted to Prof. E, G, Gilbert for the suggestion,
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FI1GURE 3. (a) Strain-gauge moment balance (Willmarth et al 1967).
(b) Analog compensation circuit for strain-gauge balance.

The damping B8 and circular frequency w, were determined from an oscillo-
scope trace of the output signal produced by applying a step function (in
torque) to the balance.

The compensation circuit, Figure 3b, produces an output signal that is
approximately T'(f). The circuit consists of a second-order system (like
Eq. 4, but with relatively large damping and a high resonant frequency,
approximately 159 Hz) using four amplifiers and a summing amplifier. The
second-order system is used to produce signals in response to the balance-
output signal that are reasonably accurate approximations to the terms ¥,
9, and y. The terms 9 and y are each passed through potentiometers to obtain
signals 89 and w,2y. Next, the three terms 4, 89, and w,2y are combined by
means of the summing amplifier. The output signal of the summing amplifier
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is T(t) (see Eq. 4). The compensation scheme was satisfactory up to fre-
quencies of the order of 100 Hz.

A novel torque transducer using optical principles and useful for station-
ary or rotating objects (without electrical connections to the rotating por-
tion) has recently become available.® The torque is applied to a shaft with a
narrow neck, allowing it to twist. Two transparent disks are fastened to the
shaft on either side of the narrow neck. The transparent disks are ruled with
numerous pie-shaped, radially oriented, opaque regions. The applied torque
causes a variation in the amount of light that can be transmitted normal to
the disks. The light intensity is sensed by photo-conductive cells. The trans-
ducer outputisrelatively noise-free even when the shaftis rotated. It has been
used as a torque meter in investigating autorotation of wings (Smith 1970).

3.4 Piego-electric force balance.—The strain-gauge balance is extremely
versatile and simple but in many cases suffers from rather low natural fre-
quency when high sensitivity is required. In this case one should consider a
change to piezo-electric force transducers instead of strain gauges.

A balance using piezo-electric transducers was used by Heller & Widnall
(1970) for measurements of high-frequency force fluctuations caused by air
flow over rods, bars, and an airfoil. In Heller & Widnall's transducer each
end of the bar, rod, or airfoil was clamped against a pair of barium-titanate
disks polarized in the thickness direction, assembled with the faces of like
polarity adjacent to each other, and pressed on a common platinum-foil
electrode between each pair of disks. The electrical signal was developed be-
tween the electrode and the outer faces of the disks. Biasing forces were
applied by clamping set screws that pressed on rubber stoppers placed be-
tween the set screws and the ends of the bar, rod, or airfoil. The natural fre-
quency of the transducer was limited by the first bending-mode frequencies
of the bar, rod, or airfoil, which were 4500, 4500, and 1500 Hz, respectively.
The bar, rod, and airfoil were made from balsa wood with a steel rib and thin
steel cover plates.

A two-component (lift and drag) version of the transducer was also re-
ported but suffered from cross talk between the orthogonally positioned
disks at the ends of the bar, rod, and airfoil. The cross talk (or interaction)
was reduced to about 6 percent by pressing each pair of barium-titanate
disks against a thin sheet of natural rubber .0045 inch thick. This provided
for a small transverse restraint compared with the restraint normal to the
disks. In this way both life- and drag-force fluctuations could be measured.

4. GENERAL COMMENTS ON MEASUREMENTS OF
UNSTEADY PRESSURES IN A FLowine Fruip

In addition to the problem of constructing or selecting a suitable trans-
ducer to measure fluctuating pressures, one must decide how to connect or

¢ Vibrac Corporation, Chelmsford, Mass.
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couple the pressure transducer to the fluid at the pointin the flow field where
the unsteady pressureis to be measured. When the pressure developed on an
aerodynamic surface is to be measured, the simplest solution is to mount the
transducer flush with the surface. This is a very satisfactory solution if the
sensitive area of the transducer is considerably smaller than the spatial vari-
ation of the pressure along the surface. If the transducer area is not small
enough (for example, when measuring wall-pressure fluctuations beneath
thin turbulent boundary layers) one can partially correct for the error
caused by finite transducer size (see Corcos 1963 and Willmarth & Roos
1965). If the errors caused by poor spatial resolution are too large or un-
known, one must measure the pressure after it is transmitted to the trans-
ducer through a small hole normal to the surface.

The error in the steady static pressure measured by a small hole in the
surface has been studied more recently by Franklin & Wallace (1970). They
confirmed that the pressure in the hole is slightly higher than the true static
pressure (the error is of the order of the wall shear stress when the hole di-
ameter is of the order of 250 viscous lengths, »/p/7). The error in the un-
steady pressure produced by measuring the pressure through a hole in a wall
has not been studied experimentally. Fitzpatrick (1966) has deduced that
for an inviscid fluid a small surface cavity is acoustically equivalent to a
rigid transducer, flush with the surface, whose sensitivity varies over the
surface in the same way as the normal efflux velocity that would result (at the
actual hole in the wall) if a source were placed at the location of the trans-
ducer in the hole. His argument uses the reciprocity theorem of acoustics and
does not consider the effects of fluid flow or viscosity. Remenyik (1962) has
also done some work on a related problem (see section 5.5).

In addition to the unknown error produced by a static hole in the surface,
there are time-lag errors caused by viscosity and inertia of the fluid trapped
within the connections between the hole and transducer. Ducoffe (1953) has
studied these effects for long capillary tubes connecting the static orifice and
the transducer with response times ranging from 1071 to 102 sec (very low
frequencies). For best results at high frequencies one should naturally make
the connection between the static hole and the transducer as short as possible
with a very small volume of trapped fluid above the sensitive area of the
transducer. At best, very little is known about the errors in unsteady pres-
sure measurements that are caused by the connection of the transducer to a
static hole in a plane surface when there is a fluid flowing over the sur-
face. .

Another more difficult problem is the measurement of impact- or static-
pressure fluctuations in the low away from solid boundaries. In this case the
measurement of impact pressure presents less difficulty than that of static
pressure. Gracey (1956), for example, showed that with a properly shaped
entrance only small errors in impact pressure occurred at angles of attack as
large as 20 degrees. In this case the design problem is to provide connec-
tions between the impact-pressure orifice and the transducer that will not
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seriously degrade the system response at high frequencies. Strasberg (1963)
has reported successful measurements of the impact pressure in a turbulent
wake using a commercially available capacitance microphone. The mass of
air trapped in the tube leading to the microphone formed a Helmholtz
resonator. The resonant-response peak occurred at 700 to 1000 Hz and was
damped with a plug of cotton in the tube.

The measurement of fluctuating static pressure in the flow in the absence
of solid boundaries is much more difficult than the measurement of impact-
pressure fluctuations, owing to the complicated interaction caused by the
flow about the aerodynamic body (containing a static pressure orifice) that
must be placed in the flow.”

Kistler (1961) has suggested an elaborate scheme to measure the turbu-
lent pressure, requiring simultaneous measurements from hot wires and four
piezo-electric pressure-sensitive elements. The piezo-electric elements meas-
ure the pressure on a cylinder aligned with the flow and provide vibration
compensation. The hot wires are intended to sense the cross-flow velocity.
No results of measurements using the scheme have been reported. Strasberg
(1963) reported measurements of turbulent pressure fluctuations using a
tube aligned with the flow containing an annular slit communicating the
pressure to a microphone. Calibration of the unsteady static-pressure probe
in the flow was not performed. A rather successful pressure-measurement
and calibrationreported by Siddon (1969) will be discussed in the next example.

5. SeLECcTED EXAMPLES OF MEASUREMENT SYSTEMS FOR
UNSTEADY PRESSURES

There are very many unsteady-pressure transducers available com-
mercially. One can save a great deal of development time and money if a
suitable commercial transducer can be selected. Minnar (1963) gives an
extensive listing of commercially available pressure transducers. In the ex-
amples discussed ‘below we consider instructive, advanced techniques not
commercially available.

5.1 Fluctuating static pressure ot o point in the flow.—Siddon (1969) has
reported construction of an excellent probe for unsteady static-pressure meas-
urements, and he has calibrated it in various contrived flows to remove the
errors caused by the interaction of the body of the probe with streamwise and
cross-flow velocity fluctuations. The general configuration of the probe is
sketched in Figure 4. The pressure is transmitted to the diaphragm of a
miniature condensor microphone (Siddon 1966) inside the probe through an
annular slit approximately 2 diameters downstream from the ogive nose of
the probe. A collar around the probe downstream of the slit was carefully
positioned to make the steady pressure at the slit equal to the free-stream

7 No discussion of methods not involving insertion of an orifice in the flow field
will be given. None have been reported, to our knowledge.
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FiGURE 4. Fluctuating-static-pressure probe (Siddon 1969).

static pressure when there is no cross flow. The probe-collar compensation
was checked at zero angle of attack in a flow with sinusoidal axial velocity
fluctuations and was found adequate.

Siddon’s unique achievement is the development of a compensation
scheme to cancel the pressure fluctuations produced by cross-flow fluctua-
tions. His scheme is based upon an earlier transducer (Siddon & Ribner
1965) in which piezo-electric force-sensing elements were used to measure lift
fluctuations of a small airfoil, which are proportional to velocity fluctuations
normal to the airfoil when the angle-of-attack fluctuations are small. In the
present case Siddon used an arrangement of four piezo-electric Bimorph
plate elementsin an I-beam configuration to measure the orthogonal bending
moments produced by cross-flow-induced transverse forces on the nose of the
probe. If quasi-steady, slender-body, aerodynamic theory is applicable, the
transverse force will be proportional to the instantaneous transverse velocity
at the nose. The two electrical signals representing the orthogonal compo-
nents of transverse velocity were each squared and summed with analog-
computer elements to obtain a signal proportional to the square of the trans-
verse velocity. A fraction of this signal was added to the pressure measured
by the condensor microphone to give (approximately) the true static-pressure
fluctuations that would have existed in the absence of the probe.

Siddon calibrated the probe in a flow produced by a jet of air passed
through a rotating inclined nozzle. The probe slit was placed at the point
where the static pressure is constant (the intersection of the nozzle axis and
the axis of rotation). At that point any fluctuating pressure signals from the
condensor microphone were assumed to be produced by cross-flow interaction
with the probe. These signals were cancelled by addition of the properfrac-
tion of the square of the transverse velocity.

Siddon concluded that the error in the pressure produced by cross-flow
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interaction in turbulence was less than 20 percent. Thus, reasonably accurate
measurements of fluctuating pressure could be made as long as the assump-
tion of quasi-steady flow was not violated and the time lag between the trans-
verse-force signal from the probe nose and the pressure measured at the
annular slit was not important. Generally this requires that the spatial scale
of the pressure fluctuations be much larger than the probe dimensions. As a
result of his work Siddon was able to conclude that in many practical cir-
cumstances where only root-mean-square pressure fluctuations were meas-
ured with probes like Strasberg’s (1963) (see section 4), the correction for
cross-flow interaction is likely to be small. Owing to differences in the cor-
rected and uncorrected wave forms one must use the corrected pressure when
instantaneous values are desired, even when the corrected and uncorrected
root-mean-square pressures are the same.

5.2 Small transducers for measuring transient or fluctuating pressure on a
wall.—Recently Hofland & Glick (1969) have reported the construction of a
miniature transducer of 5.1-mm diameter using lead zirconate-titanate disks.
Their work is unique in that it represents, to the author’s knowledge, the
first paper describing a successful acceleration-compensation scheme for
miniature piezo-electric pressure transducers. Their paper can be recom-
mended to the reader because it gives an excellent account of the many con-
siderations one must deal with in the successful development of piezo-electric
pressure transducers.

Figure 5 is a sketch of the transducer of Hofland & Glick (1969), which
was assembled in a Mu-metal cartridge used to isolate the transducer from
transient magnetic fields produced during pressure measurements in a shock
tunnel. Inside the cartridge are mounted two nearly identical lead zirconate-
titanate disks each cemented to the cartridge, one behind the other, along a
small area of their circumference. A small seismic mass is cemented to the
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F1Gure 5. Miniature pressure transducer with acceleration
compensation (Hofland & Glick 1969).
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bottom face of each disk, but the top face of only the top disk is exposed to
the pressure. The disks were carefully tested and matched for acceleration
sensitivity as a function of frequency before mounting in the cartridge. The
acceleration signal from the bottom disk (which is not exposed to the pres-
sure) is subtracted from the signal from the top disk. Separate metal-oxide
semiconductor field-effect transistors (MOSFET) with very high input im-
pedance were mounted very near the transducer and used to amplify the
small power signals from the piezo-electric transducers. Provisions for adjust-
able gain in each channel were made. The amount of acceleration signal from
the bottom transducer, which was subtracted from the pressure-plus-
acceleration signal from the top transducer, could be adjusted to allow for
changes in transducer sensitivity with time.

Hofland & Glick calibrated their transducer in a shock tube. In fact,
dynamic calibration is a necessity with ferro-electric transducers because
they are subject to large irregular output-signal changes if one attempts to
use a charge amplifier to obtain dc response for static calibration. The sen-
sitivity of their transducer was 1.25 V/atm. The transducer was compen-
sated for acceleration effects from 2 to 20,000 Hz Hofland & Glick also
carefully evaluated the transducer response to heat flux (pyroelectric effect)
and found that a thin coating (0.5 mm) of silicone rubber on the gauge face
was effective in preventing spurious signals caused by convective heating in
their shock tunnel on a 10 degree cone model.

Smaller barium ‘titanate and lead zirconate-titanate transducers flush
with a wall, and with approximately the same sensitivity but without accele-
ration compensation, have been constructed by Clinch (1966), Kistler &
Chen (1963), Corcos (1962), Von Winkel (1961), Bull (1967), Willmarth
(1958), and Willmarth & Yang (1970). Inall these transducers good vibration
isolation was very important. The transducers constructed by Willmarth &
Yang (1970) were 1.52 mm in diameter with sensitivity of 1.35 V/atm. The
frequency response was uniform to at least 50 kHz.? The transducers were
made from single disks mounted in small holes in a massive lead casting that
was part of the aerodynamic surface. It was necessary to isolate the lead
casting carefully from vibration when measuring turbulent fluctuations. To
prevent convective-heating effects and to avoid leakage problems caused by
the annular gap around the transducer disk, a thin rubber sheet in contact
with the transducer face was stretched tightly over the surface.

5.3 Small piego-electric pressure transducer with an acoustic absorbing rod.—
Ragland & Cullen (1967) have reported construction and calibration of a
3.18-mm-diameter piezo-electric pressure transducer flush with the wall and
mounted on an acoustic absorbing rod. Their design is based on similar trans-

8 Willmarth (1958) has shown by shock-tube calibration that uniform frequency
response to 50 kHz is obtained from larger transducers, 4.1-mm diameter, made in a
similar manner,
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ducers reported by Edwards (1958) and Zaitsev (1958). The novel feature of
the transducer is the utilization of an acoustic absorbing rod to prevent reso-
nant oscillations and the accompanying oscillations of the output signal.
These oscillations are particularly severe when the transducer is used to
measure the rapid increase in pressure caused by a shock or detonation wave.
The principle of the acoustic absorbing rod is based upon the fact that a plane
longitudinal wave will not be reflected at theinterface between two dissimilar
materials if the acoustic impedance (the product of density and sound speed)
is the same for each material. The transducer is made with a 3-mm-di-
ameter, 0.5-mm-thick lead metaniobate? (PbNb.O,) disk that was soldered
to the end of a 165-mm-long rod of tin. The acoustic impedance of lead me-
taniobate and tin are nearly equal (1.92X10¢ and 1.99X10¢ g/cm? sec,
respectively). The assembly of the tin rod and ceramic disk was positioned
and “potted” in silicone rubber in a long brass housing with the disk poking
out of a small hole flush with the end of the tube. The acoustic absorbing rod
was effective in preventing reflected waves. In addition, the silicone rubber
was also helpful in damping the waves as they passed along the tin rod. Only
a very small signal was produced by the reflected wave from the end of the
tin rod when the transducer was calibrated in a shock tube. The rise time of
the transducer was better than 2.5 usec, which was the shock transit time
across the transducer face. The response to a normally incident shock was
not checked. For normal incidence (in which submicrosecond rise time is
desired), Baganoff (1964) has made an excellent pressure gauge, described
below.

5.4 Pressure gauge for shock-reflection studies.—Baganoff (1964) has re-
ported the successful development of a unique pressure transducer for meas-
urements of the pressure profile on a wall during the reflection of a shock
from the wall. The variation of capacitance between two electrodes, one on
the gauge face and the other embedded within the gauge material .005 inch
from the gauge face, is used to sense the applied pressure. The capacitor
(100 pf) formed by the electrodes was charged to 4 kV through a 60-megohm
resistor. Figure 6 is a sketch of the gauge, which was made from polycarbon-
ate plastic.!® When the gauge is exposed to a shock wave normal to the
gauge face it is completely free from resonant oscillations during the time
interval between shock arrival and the arrival at the inner electrode within
the plastic of the first disturbance from the outer edge of the polycarbonate
rod. For Baganoff’s gauge the rise time was 0.1 X 1078 sec, and the useful test
time was 5 X 108 sec. After 5 microseconds the gauge output signal is useless
owing to multiple reflections from the surfaces of the polycarbonate rod.

One can readily appreciate that this instrument is a very special-purpose
device requiring uniform application of the pressure over the entire gauge

% A ferro-electric ceramic material commercially available from General Electric
Corp.
10 Lexan, General Electric Corp.
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FiGURE 6. Pressure gauge with 1% second rise time for
shock-reflection studies (Baganoff 1964).

face. One must match the diameter of the gauge to the shock-wave curvature
so that sufficiently uniform conditions over the gauge face are maintained.
The construction of the inner electrode (which was formed from conductive
epoxy and then covered with a thin disk of polycarbonate plastic) required
very careful and uniform joining of the disk covering the inner electrode to
the polycarbonate rod. The gauge sensitivity was approximately .38 V/atm
with a 4-kV bias voltage.

5.5 Miscellaneous pressure transducers for special applications.—Siddon
(1966) has reported development of a miniature condensor microphone,
0.1 inch in diameter, which can be used to measure small pressure fluctua-
tions to frequencies as high as 60 kHz. Condensor microphones of this size
have recently become available commercially.

McDevitt, Harrison & Lockman (1966) have reported measurements of
pressure by FM telemetry using a capacitive pressure transducer (very
similar to a condensor microphone) mounted inside a model in free flightina
wind tunnel. The nominal capacity of the transducer is 5 pf. Variations in
capacity caused by pressure are used to frequency modulate a Colpitts com-
mon-emitter oscillator with a nominal frequency of 117 MHz. The signal
radiated by the Colpitts oscillator is detected by an FM receiver whose
antenna was mounted on the window of the wind tunnel.

Rindner & Nelson (1962) have reported the development of a new class of
semiconductor device that they call a piezo-junction, that can be used to
construct a tiny pressure transducer. The pressure transducer uses a small
diaphragm, which rests on a stylus pressing on the emitter junction of a
transistor. The stress in the emitter junction controls the output across the
collector junction. Outputs as high as 2 V rms were obtained from sound
fields of 60-db pressure amplitude (referred to 2X 10~ dynes/cm? at zero
db). Commercial versions of this type of transducer are available.!!

11 Stow Laboratories Inc., Hudson, Mass.
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Massey & Kavrak (1966) have constructed a very small pressure trans-
ducer made from a blob of conductive rubber. The rubber is mounted be-
tween a rigid and a flexible electrode and covered with a thin film of natural
rubber that is used to insulate the conducting element from humidity
changes that cause variable surface currents. The sensitivity was between
2 and 5 mV/atm depending upon the size and contact area of the rubber.
The smallest transducer used a piece of rubber 1 mm in diameter and £ mm
thick. The noise level was .01 mV rms.

Remenyik (1962) has reported development of an “Orifice Hot Wire”
probe and has used it to measure pressure fluctuations beneath a compres-
sible turbulent boundary layer. The orifice was a hole in the wall, .84 mm
in diameter, through which a low-speed bias flow was produced by suction
to prevent nonlinear response of the hot wire, which was stretched across the
hole 8.5 mm below the wall. The hole was continued without change in
diameter in a 900-mm-long tube. The tube was long enough to damp re-
flected waves before they could return to the hot wire and mask the pres-
sure signal. The sensitivity was 16 V/atm and the transient response to a
shock wave gave a rise time of 6X107% sec. Remenyik performed approxi-
mate calculations that show that the fluctuating pressure at the hot wire in-
side the orifice is 20 percent less than the wall pressure outside.

Priestley (1965) has made a study of pressure fluctuations out-of-doors
beneath the turbulent boundary layer developed on the ground. The pres-
sures were measured with a pressure-sensitive capacitor that consisted of a
thin metal diaphragm and backing plate mounted inside a capsule. The
variations in capacitance caused by the variations in pressure were used to
frequency modulate an electrical signal whose nominal frequency was 1550
Hz. The frequency range of the pressure signals that Priestley studied was
very low (0.008 Hz to 1.0 Hz). The entire data-recording and data-reduction
system used digital-computer techniques, for which the frequency-mod-
ulated output signal from the variable-capacitance pressure transducer was
admirably suited. The system is too complicated to allow a detailed descrip-
tion. The interested reader is advised to read Priestly’s report.
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