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ABSTRACT

This report is intended to se:-ve as a guide, or basis, for the calibration

and analysis of recorded pressure data. Many of the techniques and areas

covered are also applicable to other types of gages; i.e., strain, velocity,

acceleration, etc. Photographs of typical shock-tube data are generously

used to familiarize the reader with the actual appearance of the true pressure

pulse which has been modulated by the effects of resonance, overshoot,

groundloops, inadequate bandwidth, and poor gage isolation.
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The theories underlying the development and application of

virious gages used for measuring shock-wave pressures are quite

numerous and well documented. However, there is a definite lack

of available information which connects the theory with the inter-

pretation of the actual experimental data obtained with these gages.

Too often the effects of system noise and distortion are misinter-

preted and taken to be the true information presented by the gage;

consequently, the purpose of this report is to show the causes

which contribute to the recording of false pressure variations

which, in turn, introduce errors in the recorded data.

In many cases, the state of the art is noL adequately advanced,

and distorted pressure data records must be accepted. Here, how-

ever, knowledge of the cause of the distortions permits applying

justifiable corrections to the data, and some of the data-correction

techniques are discussed briefly.

Only a minimum of theoretical information is presented since

this aspect of gage development is well covered in the literature;

rather, the main effort is concerned with pointing out certain

system measurement and calibration methods which give reliable re-

sults. The methods of making pressure measurements and attaining

accuracy and reliability are covered separately.

The analyses are centeted around the application of piezo-

electric-type tages for the measurement of shock-wave overpressures

"Gage'" signifies a certain housing using a particular sensing
element such as a piezoelectric ceramic, etched foil, etc.
"Transducer" refers, in this report, to a gage, or unit, which
changes a pressure/time history to an electrical time history, etc.



generated in different`size Ishock tubes. In particular, the

piezoelectric sensor and gage assembly are analyzed along with cer-

tain pressure-measuring techniques. From actual photographs of

shock overpressure, the data are reviewed and compared to indicate

the sources of error and the methods available for the reduction of

error. It is clearly shown that extraneous information in the re-

corded pressure/time history can be compensated for or removed
by the data-reduction methods. Many of those methods are directly

applicable to other gages besides the piezoelectric sensor and gage

assembly.

A completely different situation is encountered in making

shock-wave (blast) pressure measurements in soils. The measurement

of shock pressures in soils (which results from the degradation of
a shock wave as it enters the soil and propagates therein) is sub-

ject to the very complex phenomena which are involved in the wave

propagation from a soil medium to another medium (in particular,

the gage mounted in the soil to measure the pressure). In soil

studies the presence of a gage may disrupt the free field. One of

the effects is a phenomenon known as "arching." This constitutes

a redistribution of stress around the gage. Possibly related to

this is the imperfect coupling at the boundary between two different

media. The electrical analogy is an impedance mismatch. Some of

the changes in the electrically transduced signal of the shock wave

passing through sand are shown by analysis and experimental data.

The shock waves are generated by three different-size horizon-

tal shock tubes:

(1) A 4-inch-diameter steel tube, 45 feet long, with one end

closed: This tube is made of four 10-foot sections and decoupled

Air Force Shock Tube Facility, Kirtland Air Force Base, Albuquerque,N.M.: work was done by the University of New Mexico tinder contracts

AF 29(601)-4520 and AF 29(601)-6002.
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by rubber O-rings, with one 5-foot section for the compressed air

chamber which is useo to produce a shock wave of 0- to 20-psi over-

pressure. (The shock wave is generated by piercing a celluloid

diaphragm wbich releases the compressed air in the 5-foot chamber.)

(2) A 2-foot-diameter steel tube, 200 feet long, with one end

closed: This tube is made of ten 20-foot sections, with heavy

flanges at each end that permit various sections to be bolted to-

gether. (The shock wave is generated by the detonation of primacord

to produce an overpressure of 0 to 100 psi.)

(3) A 6-foot-diameter steel tube, 246 feet long, with one end

closed: This tube is made of 21 sections, varying from 5 to 20 feet

long, with heavy flanges at either end that permit various sections

to be bolted together. (The shock wave is generated by the detona-

tion of primacord to produce an overpressure of 0 to 100 psi.)

To obtain the photographed examples of the shock waves shown in

this report, the 4-inch tube was used in nearly all cases because

it provided a clean, flat-topped shock wave, and because a small

tube, easy and inexpensive to operate, is excellent for research.

Two impoitant operations which must be performed to obtain

usable stress information for engineering applications are (1) the

accurate calibration of the stress gages and their associated re-

cording equipment; and (2) the accurate readout and correct inter-

pretation of the recorded deta.

Certain advantages are gained by calibrating the gage in, or

by, its "gaging" location (designated as in situ, or in-place,

measurements). For this report, a gage calibrated in its actual

test environment just prior to and after a shock wave is referred

to as an "in-place" calibration. The measurement accuracy made

possible by in-place calibration depends largely on the type of

3



gage being used, the calibration method; the control maintained

over such variablea as gage placement and the media through which

the shock wave propagates; the overall system characteristics

(which include amplifier stability and response, cabling effects,

groundloops, and signal-to-noise ratios); and the human element.

Other pertinent variables are discussed later in relation to a

particular gage type.

To verify the calibration of the piezoelectric-type gage and

to provide a basis for comparison, three different methods of cali-

brating a pressure gage are presented: (1) the velocity method,

(2) the reflected-pressure method, and (3) the pressure-tank method.

It is demonstrated that under controlled conditions of temperature,

gage position, etc., the velocity and reflected-pressure calibration

methods are accurate within 3 to 5 percent, whereas the pressure-

tank method is accurate within I to 3 percent.

For analysis of the gage outputs, 'noiL.? defined to include

noise contributions due to (1) mechanical re.;ýa.-M:e, (2) cross-axis

pickup, (3) temperature variations, (4) groundloops in the recording

system, (5) improper gage isolation, and (6) the signal amplifying

and recording system. Also analyzed is the unwanted modification

of the pressure/time history (transformed to a voltage variation)

due to these noise-generating sources in the entire pressure-sensing

area and in the readout system. Such noise sources modulate the

desired information. If the noise components are not identifiable,

the data are, unknowingly, in errov; if the noise components are

identifiable, data-reduction methods can be used to improve the

accuracy of the data. Pressure/time histories obscured by noise

are generally found to be in the low-level signal range. Methods

can be applied to the recorded low-level signal which improve the

signal-to-noise ratio. -
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A limited number of comparisons are made of the piezoelectric

gage with other types of gages which use different pressure-sensing

elements. Resistive, peizoresistive, piezomagnetic, piezoelectric,

electromagnetic, capacitive, and mechanical sensors can be used for

stress measurements. (This by no means exhausts the various type

sensors which are or can be utilized for measuring stress. See

appendix A for some of the pressure gages analyzed in this report.
Appendix B is a more complete display of gages which are used for
measurement of displacement, pressure, acceleration, and strain.

These are some of the gages used for the study of shock wave effects

on structures in air and soils.)

This report emphasizes sensors having very wideband, frequency-
response characteristics which can closely follow the extremely
fast rise time (less than 0.01 jLsec) and the slow decay (10 to 300

msec) of shock-wave pressures in gas media. The low- and high-

frequency response features of the entire gaging system (gage plus
S amplifiers and recorders) are analyzed and compared in photographs

of typical shock-wave pressure/time histories of the 4-inch, 2-foot,

and 6-foot shock tubes. Some photographs show certain pertinent

i aspects of a slow-rising pressure wave (0.2 to 10 msec), such as

those encountered in the attempted measurement of pressure waves

in soils which shows the pulse stretching of the air blast-induced

wave by such media. Perhaps mechanical and electrical analogies

can be made of soil media.

I
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2. ANALYSIS OF PRESSURE SENSORS FOR SHOCK TUBES AN•) SOILS.

Shock-wave overpressures in gases have been measured using

various types of sensors which utilize mostly the piezoelectric

materials (quartz, barium titanate ceramics, tourmaline, etc.) and

strain-gage elements (both resistive and piezoresistive). The char-

acterLstics of some of these sensors are given in the references. 1 7

To be able to reproduce closely, and generally electrically, the

very fast rise and the following slow pressure drop places stringent

design requirements on these sensors. Many gages are excited into

resonance by the rapid-rise, pressure-step characteristics (impulse-

type excitation) of the shock wave. The need to improve the high-

frequency response characteristics of the pressure sensor has forced

the gage designer to reduce the size of the sensing element. This

serves two important purposes: (1) it reduces the transit time of

the pressure pulse across the face of the sensing element when it

is placed in a "side-on" position (reads incident pressure, no re-

flected component); and (2) it raises the natural resonant frequency

of the sensor element. (This does not mean that the resonant fre-

quency of the sensor is influenced by the housing.) This adversely

lowers the electrical output which usually cannot be tolerated,

particularly when the shock-wave pressure levels being measured are

low; consequently, for low pressures, fast gage response is not

commensurate with large signal outputs. In addition, low signal

generation caused by low driving pressures is objectional since the
signal is usually modulated by the noise in the system which usually

has amplitudes of the same order as the signal.

a. Analysis of electrically transduced pressure wave.

The rise time, Tr, for a "cleaned-up" shock wave (plane

wave front) is almost instantaneous. There is a fast-rise portion

and a sustained constant pressure (flat region) of the shock wave;

the latter depends on the size of the shock-wave generating chamber

6



(particularly the length). The rise, flat-top (not apparent on all

photographs because of the short duration, less than I msec), and

falloff portions of typical shock waves traveling in a shock tube

are depicted in the photographs shown in figure I for three differ-

ent-sized shock tubes, as described in a report by Crist and Holt, 8

where piezoelectric-type gages were used to sense the pressure vari-

ations. The pressure-pulse oscilloscope traces shown in figure 1

were obtained with a 4-inch shock tube (shock wave generated by

bursting a retaining diaphragm on a compressed air chamber 5 feet
long); and a 2-foot and 6-foot shock tube (shock wave in each

generated by the detonation of primacord placed on racks of various

lengths). The ideal gage, including the associated amplifying and

recording system, should follow the pressure profile without over-

shoot, and not be appreciably modulated by resonance, acceleration,

or cross-axis signals. These deleterious effects which distort the

pulse-type, pressure/time data are presented in the pressure-pulse

drawing, figure 2. For comparative purposes, the resonance and

overshoot effects are shown in a photograph (fig. 3) of an actual

pressure/time history. Figure 4 is the same pressure/time history

but with the time base expanded by a factor of ten; the upper photo-

graph is for the gage in a rubber isolating mount, and the lower

photograph for the gage in a nylon isolatin mount,

The detection of excessive error in tho droop of the flat-
+-op and deeay regions is not readily apparent from observation of

the photographed pressure data and ruquires a careful analysis of
the overall measuring system. Droop Is usually a fumction of the

amplifiers, seldom of the sensors, however, a faulty gage responds
the same as one with Vn output shunted by a low resistance. (Air

leaks due to poor sealing or mountIng of the gage, or low leakage

resistance give such results.)

The error in the droop region of the pressure pulse can
be almost completely eliminated by a "charge" amplifier (cathode

7
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Gage: ST-2, rubber isolator
Sensor: lead metaniobate
Sweep: 2 msec/cm
Displacement: 0.2 v/cm
Rise time: 5 gcec (cathode

follower ac-coupled
to Tek. 551 scope)

Flat top: 7 msec
Decay: 12 msec

a. Four-inch-shock-tube pressure pulse, AP ; 12.5 psi

Gage: ST-2, nylon isolato-
Sensor: lead metaniobate
Sweep; 5 msec/cm
Rise time: 5 •sec (cathode

follower ac-coupled
to Tek. 551 scope)

Flat top: 7 msec
Decay: 70 msec

b. Two-foot-shock-tube pressure pulse, AP 50 psi

Gage: ST-2, nylon isolator
Sensor: lead metaniobate
Sweep: 50 msec/cm
Displacement: 200 mv/cm
Rise time: 15 psec (cathode

follower dc-coupled
to tape recorder)

Flat top: 3 msec
Decay: 180 msec

c. Six-foot-shock-tube pressure pulse, AP = 60 psi

Figure 1. Photographs of pressure pulses of three different-size
shock tubes

8
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Sweep: 2 msec/cm
Displacement: 0.2 v/cm
Isolator: rubber grommet

Figure 3. Pressure-pulse photograph taken in 4-inch shock tube
showing resonance and noise effects

follower) which has an extremely long time constant in the input

stage being fed by the piezoelectric gage. The resistance factor

of the time constant which prevents excessive rates of charge leak-

age is of the order of 10 1 ohms. Time constants of the order of 10

sec, or more, are readily attained. Direct coupling in the follow-

ing amplifier stages provides the required low-frequency response:

The first of these requirements is made possible by an

electrometer tube in a basic cathode-follower stage as shown in

figure 5. The input time constant, Tin' of the cathode follower is

given by RC. A typical value for T in' for the gage and the associ-

ated cable from the gage to the cathode follower, is given by

in 1 g ( C) (1)

Special, low-noise coaxial cable is used, having a graphite layer
betweea the braid and rubber cover to reduce electrostatic pickup
(trade names of Microdot and Mininoise).
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Gage: stretched diaphragm
Isolator: rubber grommet
Sensor: quartz
Sweep: 0.2 msec/cm
Rise time: 5 iisec (calibra-

tion amplifier
dc-coupled to Tek.
551 scope)

Flat top: 7 msec
Decay: 12 msec

a. Pressure pulse with rubber grommet

Gage: stretched diaphragm
Isolator: nylon grommet
Sensor: quartz
Sweep: 0.2 msec/cm
Rise time: 5 [tsec (calibra-

tion amplifier
dc-coupled to Tek.
551 scope)

Flat top: 7 msec
Decay: 12 rasec

b. Pressure pulse with nylon grommet

Figure 4. Photographs of 4-inch-shock-tube pressure pulse,
APl 12.5 psi

[1



Cathode follower

Piezoelectric [Electrometer
gage •tube

IC C C c R2

jR Tape-'reorde
3 scilloscope record-re~produce

-J- L heads
Amplifier,

ype T-recorder Dedulatr
typepreamplifier output

First stage of
amplification

RI = 1011 ohms Cg 250 to 3,000 pf

R2 = 2 x 104 ohms C = variable, 10 to 5 x 104 pf

R3 = 106 ohms C2 = 5 p.f (microfarads)
Cc 1 100 pf (picofarads) (CI I Cg + Cc 4. CS)

Figure 5. Charge amplifier (cathode follower)to provide impedance
transformation for piezoelectric units and recordikig system

12



where R 1011 ohms, C = 250 to 3,000 pf (picofarads), C = 100

to 1,000 pf (20 to 30 pf per foot of cable). (Additional shunt

capacitance, Cs, can be added to control the input voltage level to

the electrometer tube; thus, the total capacitance would be

CI l Cg + Cc + Cs.) Thus, for a representative value

in llx (3,000 + 1,000) x1-l2

T. = 400 secin

From this example, it is apparent that the droop region

of a long pressure pulse is not affected by the leakage path pro-

vided by the input shunt resistance which is the larger factor in

the input time constant, Tin; consequently, any appreciable distor-

tion which is introduced is mostly the result of inadequate low-

frequency characteristics of the cathode follower and the remaining

amplifying and recording system. Direct coupling throughout the

entire system, from sensor to recorder, provides the ideal arrange-

ment for reducing low-frequency error; however, the drift inherent

in dc coupling, particularly on a long time basis, is objectionable

when a large number of gages are used in involved tests.

Most of the drift is due to the temperature gradients

which shift the dc level of the input to the cathode follower. This

can be eliminated by resorting to ac coupling of the cathode follower

to the input of the following amplifier. Referring to figure 5, the

output time constant, Tout is given by

T out= (R 2 + R3 ) C2  (2)

13



where for typical values

Sout = (2 x 104 + 106) 5 x 10- 6

Eout = 5.1 sec

For example, with a 200-msec, square pulse input (this would re-

present a long duration, positive-phase shock wave, such as is en-

countered in the 6-foot tube), the voltage drop for the time con-

stant in equation 2 is given by

E =Ee out (3)

where, for the values shown for R2, R3, and C2 , E1 0.96 E0 . This

time constant introduces an error of 4 percent at the end of the

200-msec interval. (Leakage resistance must be exceptionally high

for capacitor C2 to prevent developing an excessive dc-offset vol-

tage in the input of the following high-gain dc amplifiers usually

encountered in actual operations.)

The piezoelectric ceramics are popular sensing materials

for use in gages measuring shock pressures in gases because of high

sensitivity (small-sized sensors allow fast rise times with reason-

able charge outputs per psi, pQ/psi, where pQ = picocoulombs);

ruggedness; stability; good aging properties; adequate temperature

range; and the excellent property of linear charge output versus

pressure (coulombs [Q] versus psi) over a range of 0 to 1,000 psi.

Strain-gage elements in half- and full-bridge arrangements cemented

onto a small diaphragm (less than 1/2-inch diameter) and placed into

14
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the gage housing are applicable for impulse (pressure x time)

measurements; however, this gage has low resonant-frequency charac-

teristics, under 30 kc, and shock excitation causes ringing. Being

delicate, this gage cannot stand much overload. Piezoresistive

elements made from P- and N-type, silicon, semiconductor mate

are now being more frequently used for such type gages. 9' 1 0

These elements introduce very low acceleration modulation and ex-

trentely low cross-axis pickup because of their small mass and

small cross-sectional area. The high-frequency response extends

to 35 kc for the piezoresistive gages; whereas, in comparison,

frequency response is as high as 300 kc for the ceramic-type piezo-

electric gages. Their low-frequency response characteristics are

also comparable.

The fast-rising shock front is delayed by the piezo-

electric transducer because of its slower response time when it is

placed in a side-on position for making a pressure measurement. In

the side-on position, the shock wave is integrated as it passes

across the sensor face. The response time is largely a mechanical

problem since reducing the diameter of the sensing element reduces

the transit time of the shock wave across the face of the sensor.

Sensing elements, 1/16- to 1/8-inch in diameter, have rise times

around 3 to 8 microseconds.

To have distortionless reproduction of the transduced

" oltage output of the sensor for the fast and slow pressure varia-

tions requires an overall, wideband system extending from dc to 50

kc, or more. Such a system is depicted by the block diagram in

figure 6. Here, a cascade is shown of a piezoelectric gage,

cathode follower, high-gain dc amplifier, and a tape recorder (in-

cluding its own driving amplifiers) or a galvanometer. Associated

with each unit of the cascade is a gain function, Gi(f), and a

bandwidth, B. The gain and bandwidth of each unit in the cascade
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enters into the determination of the amount of distortion added to

the true shock-wave pressure pulse (the pressure wave is changed by

the transducer to an electcical voltage) as it travels in its con-

verted voltage form. through the entire system. Figure 6 indicates

that the distortion developed by each stage can be treated separately.

The distortion can be the result of the narrowing of the overall

bandwidth by cascading and by the addition of noise, Ni, by each

stage.

It is necessary to know the gain function, Gi(f), for each

unit of the cascade. From the gain function of a single stage the

bandwidth characteristics can be found. It cannot be assumed from

a particular GI(f) that the bandwidth charac#eristics of the entire

system can be found; nor can it be assumed that Gl(f) is constant

over an entire bandwidth. (The bandwidth given is between the low-

and high-frequency points which are down 3 db from the mid-band

gain.)

First, consider the piezoelectric gage in the cascade.

This unit is generally designated as a transducer since it converts

pressure, P(t) where t = time, into a charge output, Q(t), where

volts, V(t) = Q(t)/CT (CT = total shunt capacitance of the input).

Experimental data readily verify that for most piezoelectric gages

Q is directly proportional to P over a large pressure range, pro-

vided the temperature, T, and frequency, f, are held constant.

Actually no value is determined for the gain, G1 (f), for

a transducer; it is important to note that, to a small degree, the

gage gain is a function of fretlency. But it is better to think of

this dependence in terms of response time, Tr. For example, the

overshooting and ring4.ng of a gage is a function of the high-frequency

comp3nents in the applied pressure wave. (See fig. 4.) A nonover-

shooting, nonresonating response of a gage to a pressure wave is a

good indication that the gage has a uniform frequency response

17



throughout an adequate bandwidth.

In contrast, the low-frequency characteristics of a gage

can be observed. This is accomplished by a solenoid-operated valve

on a pressure tank which is used to apply pressure to the gage.

The solenoid has a slow response, thus applying thv tank pressure

to the gage in about 2 to 10 msec; the pressure in the tank is then

maintained on the gage. The frequency components that make up the

pressure profile are therefore in the range of approximately 0 to

100 cycles per second.

The indicated pressure level related to the gain function

is essentially constant throughout the bandwidth. The application

of an impulse by head-on excitation (pressure applied that is normal

to sensing element-reflected pressure) sets the gage into resonance

from which the upper frequency limit can be derived. These measure-

ments, though not continuous, provide the necessary information on

response characteristics.

The gage and bandwidth of the individual units, the

cathode follower, the amplifier, and the recorder can be measured

by standard laboratory methods, or can be obtained from the manu-

facturer's specifications; however, the response measurements of

the overall system are more informative.

The technique of applying a square wave generator to the

input of the cascade and then observing the output which gives

more rapidly an indication of the expected pulse deterioration both

in the low- and high-frequency regions (fig. 7) is preferred to

the involved and laborious process of experimentally plotting the

frequency response of the system by a point-by-point method. The

low response is maintained by using dc amplifiers throughout the

system except, possibly, for the first stage (cathode follower) of

the cascade which is ac coupled to avoid the drift problem. So as

not to retard excessively the fast rise of the ahock wave (appearing

18
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3. CALIBRATION OF PIEZOELECTRIC GAGES.

Various methods of calibrating piezoelectric gages for pQ

versus psi have been used. Under the same test conditions, ex-

cellent agreement has been obtained by using three methods of cali-

bration which we will designate as (1) the velocity method, (2) the

reflection check method, and (3) the pressure-tank method. Of these

three, the pressure-tank method has been the most instrumental in

reducing error in the recorded data by making it practical to take

calibrations prior to, and directly after, the recording of the

shock-wave overpressure.

a. Velocity method.

The velocity method was probably the first and most

popular method in the calibration of gages used for shock-tube

pressure measurements. Calibration is dependent upon accurate

measurements of the shock-front velocities throughout a range of

overpressures. These velocities are substituted in the usual ex-

pression for overpressure resulting from the application of the
13

Rankine-Hugoniot relations as found in Wright. The shock wave is

usually generated in a small-diameter shock tube (2- to 4-inch-

diameter pipe) where the shock wave is formed by piercing the re-

taining diaphragm of an air chamber at pressures ranging from

approximately 10 to 150 psi (fig. 9). This yields overpressures

ranging from 4 to 25 psi. Figure 10 shows a schematic of the 6-foot

shock tube where gaging stations 2 and 3 can be used to record the

velocity of the shock wave. Approximately 6-tube diameters away

from the compressed air chamber, the shock front is "cleaned up"

and the Rankine-Hugoniot equations for usually encountered or low-

strength shock waves apply. Thus, the expression for shock Mach is

given by

!+_ 1/2

= L~j2 (6)
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where

C - sonic velocity in a gas, or gas mixture, at test pressure,
0

temperature, and humidity;

U - shock velocity; and
P1

y M T. P1 is the absolute pressure; and P is the pressure ahead
0 of the shock front.

For example, ,p. 1/2

C (7)

where p0 is the density ahead of the shock front and

S7 - I C 7/6 1.4 for air.
7+ 1' P C or y = 5/6 =:, V

(Cp - specific heat at constant pressure; Cv specific heat at
pv

"constant volume.)

The expression for measured overpressure is AP, where
A= PI 1 Po0 and is given by

AP 7 2P 6 (M -1) (8)
0

To determine AP, it is first necessary to measure U, Co,

and P . The shock velocity, U, is measured in the 4-inch shock
0

tube over as small a distance interval, d, as possible (usually 1

foot), but a distance which still gives good resolution in the

time interval, At, when using an electronic time-interval counter,

figure 9. The usual time resolution with a counter is one itsec, or

* better. The time interval is measured by using piezoelectric gages
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which, when placed in a side-on position in the shock tube, sense

the incident pressure, at points A and B shown in figure 9.

The sonic velocity, Co, forc air can be obtained from charts

which include effects of temperature and humidity to an accuracy of

about 1 percent. A more accurate, but possibly more involved,

method of obtaining C is to measure the travel time of a short0

sound pulse in the shock tube. This can be done with a sound source

at one end of the tube and a pickup at the other end. Variations in

effects of air density and humidity are included in this type of

velocity measurement.

The static pressure, Po0 is determined directly from a

barometer reading.

Substitution of U, C , and P0 in equation 8 yields AP.

The disadvantages of this method are as follows:

(1) measurements of U require the critical adjust-

ment of the voltage levels to actuate the counter

throughout the measured overpre3sure range, AP,

particularly for sensor installations which are

subject to high cross-axis excitations;

(2) for each overpressute evaluation, readings of

U, C0 (function of temperature and humidity),

and P are required;0

(3) a plot of AP versus picocoulombs, pQ, is re-

quired for about seven points to prove the

linearity of the gage and to check the scatter

in the data;

(4) the range of overpressures is severely limited

by the pressure attainable in the compressed

air chamber; and

26



(5) the method is time consuming, even with the aid

uf a special calibration facility.

Sb. Reflection check method.

Another method of pressure calibration which provides a

valuable check on other calibration methods is the measurement of

reflected pressure. The equation applicable to reflected pressures

is found in Wright13 and is 6 iven by

Reflected overpressure P 2 P o (2g + 1)y + I (9)
Incident overpressure P1  Po p.y + 1

where

C

v

(y = 1.4 for air, thus LL = ), and

y = PI/Po (shock strength)

This method requires a control gage which has a high-

*frequency response and does not ring when excited by a step function

such as that presented by the shock wave normally incident on the

gage (head-on). (If the high response is inadequate, a low-pass

filter can be used to eliminate the ringing component.) Gages

Y "Susquehanna Instruments, Bel Air, Md. ST-4 Specs: See Appendix A,
item I. Range: 10-2000 psi Linearity: t 1% full range Sensiti-

F" vity: 2.5 mv/psi Overload: Maximum pressure, 500 psi Natural fre-
quency: 1.5 mc Resistance: I0I0- min."
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have been developed which utilize the principle of the traveling

wave to improve the high-frequency response. (Small-interval re-

flections occur from the termination of the traveling-wave structure,

but these are resolvable.)

The response of such a gage is shown in figure 11. The

first photograph shows the leading edge of a shock wave generated

in the 4-inch shock tube using a very fast oscilloscope sweep speed,

I ýxsec/cm; figure lla shows the gage output fed directly into an

oscilloscope having a rise time of less than 10 nanoseconds. The

second photograph, figure llb, shows the signal filtered by the

charge amplifier (cathode follower, bandwidth 100 kc) with a rise

time of 3 microseconds. The third photograph, figure llc, is a

complete, reflected pulse display of this gage at a much slower

sweep speed, 2 milliseconds per centimeter. The arrangement of the

shock tube for conducting such a test is shown in figure 9. The

signals are fed directly into an oscilloscope, or into a system as

shown by figure 6.

Two piezoelectric gages having nearly the a.ame response

characteristics, and which have just btan calibrated, are at posi-

tions C and D in the 4-inch tube, figure 9. These gages are con-

nected to the oscilloscopes through cathode followers where both

channels have the same gain setting. The pulse-type, pressure/

time pictures in figure 12 show the reflected pressure (head-on,

position D), figure 12a; and the actual pressure (side-on, position

C), figure 12b.

The use of two gages provides a cross-check on the re-

flected pressure. The reflected pressure taken at positions C and

P -P
. P2 o

D should be identical. The ratio P - can be obtained directly
PI P0

I8



U
Sweep: 1 4sec/cm
Amplifier bandwidth: 18 mc
Rise time: = C.4 Rsec
Displacement: 0.05 v/cm,

reflected
pressure

a. Gage coupled directly to Tek. 551 scope

t = Sweep: 20 4sec/cm
Cathode-fnllower bandwidth:

100 kc
Rise time: 3 •sec
Displacement: 0.02 mv/cm,

I reflected

pressure

b. Gage coupled first to cathode follower, then to Tek. 551 scope

Sweep: 2 msec/cm
- Cathode-follower bandwidth:

100 kc
Rise time: 3 ý±sec
Displacement: 0.02 v/cm,

reflected
pressure

c. Gage coupled simultaneously to cathode follower, Tek. 551 scope

Figure 11. Photographs of 4-inch-shock-tube reflected-pressure
pulses for an ST-4 tourmaline gage (traveling-wave principle)which
is threaded directly into the steel wall of the shock tube
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Gage: ST-2
Sensor: Lead metaniobate
Sweep: 20 ptsec/cm
Displacement: 0.5 v/cm
Rise time: 5 iLsec (cathode

follower ac.-coupled
to Tek. 551 scope)

(Gage threaded loosely in end
plate of shock tube.)

a. Reflected pressure of gage in closed end of 4-inch shock tube

Gage: ST-2
Sensor: Lead metaniobate
Sweep: 2 msec/cm
Displacement: 0.5 v/cm
Rise time: 5 pisec (cathode

follower ac-coupled
to Tek. 551 scope)

(Gage threaded directly into
side wall of shock tube, four
inches from reflecting end
plate,)

b. Side-on pressure of gage in closed end of 4-irnch shock tube

Figure 12. Photographs of reflected and side-on pressures of gages
in, and near, closed end of 4-inch shock tube
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from the single record taken at position C, figure 9. Using equa-

tion 9, PI/Po can be computed, from which P is determined. Having
01

made velocity measurements, P1 is then computed from equation 8.

Under controlled conditions, and taking a range of readings, the

values of P determined by the velocity and reflected-pressure

methods are usually within 2 to 5 percent of each other. The dis-

advantages of the reflected-pressure method are as follows:

(1) Reflected-pressure readings can be in error due

to overshoot appearing at the start of the pulse

which may be interpreted as data. (This can be

avoided by using an essentially nonovershooting

gage with a low-pass filter.)

(2) For reliability, two gages are required: one

reading side-on pressure and the other, head-

on pressure.

(3) Nearly complete isolation from cross-axis pick-

up is required.

c. Pressure-tank method.

Because of its many advantages, the pressure-tank calibra-

tion method has replaced the velocity and reflected-pressure methods.

This calibration method is preferred because of its simplicity, in-

creased pressure range, portability, improved accuracy, ease of

G•eration, and excellent calibration repeatability.

Basically the tank calibrator consists of a small, light

tank capable of withstanding pressures as high as 400 psi, and

a quick-acting solenoid valve. One of the possible assemblies of

a pressure-tank calibrator is shown in figure 13.

The solenoid is actuated by closing the switch to the

portable 45-volt battery supply. This opens the air pressure valve

and places the tank pressure on the piezoelectric gage. A family
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SAir pressure gage, accuracy 0.1 percent
full-scale reading

Inlet \ /
valve,
also - To input of cathode follower
pressure
bleeder Air

pressure Gage
tank. Pressure-gage mount

Rated at
400 psi

Fast-acting valve, lenoid-actuating
Inlet for field use, solenoid operated-- battery and switch
valve for hand pump TR less than 20 msec

Figure 13. Diagram showing details of portable, pressure-tank cali-
brator

Sweep: 20 msec/cm
"Displacement: 1 v/cm

Figure 14. Photograph of-family of pressure curves vs. displacement
curves obtained with pressure-tank calibrator, 0 to 70 psi, in 10-
psi steps
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of calibration pulses isshown for a piezoelectric gage in figure

14 for a range of pressures. The rise time, TR, of the pulses varies

from 2 to 20 msec depending upon the speed with which the solenoid

responds. The dc portion of the pulse, which remains essentially

flat (less than 0.1 percent droop in 50 msec), is used for the

calibration. Here the droop in the flat portion of the pulse de-

pends upon the pressure-gage design and associated circuitry and

not upon the pressure tank. The pressure drop in the tank, due to

actuating the solenoid, is insignificant.

Using a precision, air pressure gage (accuracy 0.1 percent

of full-scale reading), plots of displacement versus pressure

(oscilloscope displacement can be converted to volts/psi for a

known, total, circuit capacitance, Cl, or to pQ/psi)for most gages

can be made from 0 to 300-psi with essentially no deviation from a

linear plot. Excellent repeatability is possible where the tempera-

ture is constant; consequently, it is important that the sensor be

shielded from temperature gradients. The shield can be a thin

cover over the gage, which has low thermal conductivity. The ther-

mal time constant is usually long enough to allow the pulse infor-

mation to be recorded before the thermal effects appear on the re-

cord. Typical plots of the output of a piezoelectric gage (mv/psi)

held at 220 C., 470 C., and 630 C. are shown in figure 15. These

plots clearly show the change in output due to temperature, but the

linearity is not affected when the gage is maintained at a constant

temperature.

The next section describes a short-time calibration

technique which eliminates the need for maintaining a history of

f~ gage-calibration plots, for checking aging effects, etc.
d. Short-time calibration technique.

The short-time calibration method is not a new method in

establishing the accuracy aad reliability of measurements. Briefly-
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Figure 15. Graph showing piezoelectric gage output vs. tet
(ST-2)
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the method is to calibrate the gage just prior to, and after, the

shock wave which is to be measured. Here the time interval is as

short as possible commensurate with the test conducted. It is

assumed that the changes in all the variables (gage, amplifiers,

etc.) which can influence the measurements of a test are essentially
,

constant in a short time interval.

The pressure-tank calibrator being portable can be

easily carried to a pressure-sensing station which allows a complete

system calibration (gage, amplifiers, and recorder) just prior to,

and after, the generatiolL of the shock wave. The pressure gage can

te transferred rapidly from its sensing position (with the exception

of buried gages, etc.) to the gage mount on the pressure-tank sole-

noid, and a range of pressure pulses can be applied to the sensor,

figure 10. These pulses can be observed on the oscilloscope, phot.-

graphed, as shown in figure 14, and used as a calibration record.

The plots are recorded directly in voltage versus psi and

do not require any further conversions. The gain of the system is

adjusted so as to record the maximum pressure without blocking.

If required, calibration data can be obtained for a per-

manent record by placing them on tape, paper or film. For example,

the same data shown in figure 14 can be recorded on tape as depicted

in figure 16 where the calibration pulses are shown in time sequence.

Comparison of the calibration data prior to and after the shock wave

shows the changes in gage performance which have occurred during the

short-time interval.

Precise calibration voltages can only be coilpled into the

recording portion of the entire system and can be placed on the tape

"*"Short time" is used here only in a comparative sense.
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Calibration pulses applied
with tank calibrator at
gaging station prior to
shock wave generation

Information pulse of
gene-rated shock wave

to0 t 1L t RL F JL2b
ime = Calibration pulses

applied at gaging
station with portable
pressure-tank calibra-
tor after passing of
shock wave

Figure 16. Diagram of tape recording of calibration pulses applied
to the piezoelectric-type gages at gaging stations by short-time
calibration method

prior to and after the test, figure 17. Such calibrations serve to

show the performance and stability of the tape recorder, but they

do not provide a complete check of the system. Whenever possible,

system calibrations should be used since they eliminate any doubt

about the performance of any step of the cascade.

If the gages used are definitely known to be linear, then

it is necessary to record only one pressure for calibration purposes,

figure 17b. But this procedure is not recommended unless the gage

characteristics (as a function of temperature, etc.) and performance

history are well known.

For most tests the time, t 2 - to, figure 16, can be re-

duced to 10 minutes; however, it usually takes about 30 minutes.

Experiments show that under closely controlled test conditions the
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Time sequenced
and stepped
calibration L Output to tape recorder
voltage
generator

a. Calibration voltages applied to tape recorder witbout going
through entire system

Sweep: 200 msec/cm

b. Example of single calibration pulse

Figure 17. Diagram showing calibration voltages applied to tape
,-ecorder, and photograph of single calibration pulse

change in the calibration data for the piezoelectric gage for

t - to is seldom discernible.
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I
4. SOURCE AND CAUSE OF ERRORS.

a. Pressure measurements in air and soils.

The previous discussion dealt with the measurement of air

shock-wave pressures P(t) whcse positive-phase durations were of the

order of 10 to 200 msec, where P(t) was transformed to an electrical

pulse. The discussion is now extended, briefly, to the shock-wave

pressure pulse as it propagates into denser media such as soils.

The air shock wave undergoes a change as it enters the more dense

m-clium. A comparison of the electrically transduced air shock

pressure wave and the pressure wave in the soils follows:

The pressure pulse (air shock wave) rises in much less

than a microsecond. It generally maintains a flat top for approxi-

mately 1 to 10 msec, decays to zero overpressure in 10 to 200 msec,

and is then usually followed by a negative pressure phase. The fast-

rising pulse appears as an impulse to the gages, exciting nearly all

of them into resonance. This is evidenced at the beginning of the

recorded pulse data by a damped oscillation which modulates the true

pulse; the oscillation amplitudes may be as great as 100 percent of

the true signal amplitude. This extraneous signal is damped in

approximately 0.2 to 5 msec, depending on the gage and sensor con-

struction. This modulation component can be filtered out with a

low-pass filter with fh (high-frequency, 3-db cutoff) around 30 kc.

As the shock wave goes from air to a much denser medium,

the shock-wave pulse is modified due to the sonic-propagation pro-

perties of the medium. (This phenomenon has an electrical counter-

part in the transfer function where a loss factor is included and

may be thought of as a lossy acoustic filter.) The phenomenon is

evidenced by the retarding of the rise of the pulse (slower rise

time) and the stretching of the pulse. For the electrical system,

this is analogous to the output of a narrow-band system to a square

pulse input. This effecc is clearly shown in photographs of an air
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shock pulse (taken in the 4-inch tube with the end closed) and the

same pulse taken in Ottawa sand, figure 18. Except at the air/soil

boundary, where reflected pressure is encountered, the maximum

amplitude of the pulse decreases due to the attenuation and trans-

fer properties of the soil. Durelli14 shows the changes in the

transduced pulse of the shock wave as it passes from the air to the

air/soil boundary, and then to the soil by a sequence of properly

positioned gages which register the phenomena.

b. Errors introduced by the equipment.

The pressure pulses for air and soil, when transformed

by the piezoelectric gage to charge variations, require different

characteristics for their associated electronic systems; i.e.,

cathode follower, amplifiers, and recording units (oscilloscope,

oscillogram, and tape). Both systems require a charge amplifier

(cathode follower) to prevent charge leakage at the input of the

system. (Poor insulation resistance in this circuit can introduce

considerable leakage which seriously modifies the true pulse-time

history. Maintaining a high, leakage resistance in this circuit is

very important.)

The overall bandwidth of the system, which includes the

gage, must be adequate to reproduce accurately the actual pressure

pulse. Both the air and soil gage require a very low frequency re-

snonse to follow accurately the slow, varying portion of the shock

wave, preferably dc. The low-frequency response of most ac-coupled

systems is inadequate to maintain the error within 5 percent. An

ideal, low-response condition is to have a direct-coupled system

throughout; however, dc-coupled systems are subject to drift pro-

blems. Short-time techniques can largely overcome this objection-

able feature, especially when, just prior to the generation of a

shock wave, tne dc level is returned to its reference position.

(This can be accomplished for all gages simultaneously by a master
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Pressure
Ottawa sand pulse at this

point shown
in photograph

Pressure pulse at thispoint shown in photograph (c)

a. Sketch of Ottawa sand pressure pulses

Gage: ST-2
Sensor: lead metaniobate
Sweep: 5 msec/cm
Displacer.::: 0.5 v/cm
Rise tim ' - .sec (cachode

zvllower ac-coupled
to Tek. 551 scope)

b. Gage placed in side-on position just ahead of sand-filled end
of shock tube

Gage: ST-2
Sensor: lead metaniobate
Sweep: 5 msec/cm
Displacement: 0.5 v/cm
Rise time: 2 msec (cathode

follower ac-coupled
to Tek. 551 scope)

c. Gage placed in wall of shock tube in side-on position in sand-
filled end of shock tube

F Figure 18. Photographs of pressure pulse in closed-end, 4-inch shock
tube, with gages placed in side-on position (b) ahead of and (c) with-
in sand-filled end of shock tube, and sketch of pressure pulses
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I control switch.)

For the measurement of the air shock wave, the leading

edge of the pressure pulse requires an amplifier high-frequency

cutoff (3 db) in excess of 150 kc. Using equation 4, TR (for the

amplifier alone), becomes approximately 2.5 Ilsec. The rise time of

a well-designed piezoelectric gage for head-on pressure measurements

is around 5 gsec. Thus from equation 5, the total rise time of gage

and amplifier may be approximated, TR = [5)2 + (2.5)2] 1/2 L 5.5

isec. A system having an overall rise time of this order will not

appreciably modify the high-frequency portion of the pulse. The

amount of this error in relation to rise time and bandwidth is

analyzed in the following section. The low response is usually no

problem since equipments are available whose low-frequency response

characteristics introduce very little distortion.

c. Fast-rise aspects of pressure pulses.

The most critical measurements are those for air shock-

wave overpressures in which the rise time of the pressure pulse is

less than a fraction of a microsecond. To reproduce faithfully the

initial rise of the pulse requires a very fast responding gage,

usually piezoelectric types, and a nonovershooting, amplifying

system which does not affect the high-frequency components of the

electrically transduced shock wave pulse.

Some of these effects can be clearly shown by an example.

A piezoelectric gage is used which has a slow rise time of 50 4sec;

*Where the low- and high-frequency components are well known, indi-

vidual amplifiers can be used to cover these two ranges. Emphasis
and deemphasis are used to compensate for the system gain versus
the frequency variations.
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this gage is used in conjunction with the recording system shown in
figure 19.

Figure 20 depicts the pulse deterioration as it progresses

through the system. An air shork pressure wave, which has a fast

rise and a rapid exponential decay, is purposely considered since

it aids in showing these effects. A pressure wave in soils is sub-

ject to the same bandwidth effects, but they are usually very small

and can be disregarded.

Trace A, figure 20, is the fast-decaying, pressure/time

history generated by detonating primacord in the 2-foot vertical

tube. Because of the inadequate high-frequency response of the

transducer (which can be thoughtof as the time the shock wave takes

to traverse the gage face), the leading edge of the pulse is changed.

Instead of detecting Trace A as shown in figure 20, a modified pulse

is recorded as Trace B or C. The severity of this pulse change is

readily apparent when the expanded sweep of the front part of the

pulse is observed. Actually, what is observed for the overpressure,

AP, for a slow-responding gage is API for Trace B, and AP 2 for

Trace C. Thus, for fast-decaying pressure pulses; the calibration

of the gage, when using the pressure-tank method represented by the

dc-calibration level (fig. 20), would be in error. The amount of

error is given by

AP' - API1
percentage of erro = APA x 100 (10)

It is thus seen that AP is really represented by API or

LP 2 ) depending on two different gage characteristics. In contrast,

shock pressure fronts that have a considerable flat-top region,

figure 21, eliminate the problem of not being able to calibrate on

the short-interval, dc level (actual pressure) indicated in figure 20.
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Shock wave pulse
j j th fast decay

f-Pulse

(2) fatolloer Amplifier Recorder-"(2)-- follower (3)(4

Gage

Figure 19. Diagram of pressure-pulse distortion due to gage and

recording system in 2-foot vertical shock tube

Region of high-frequency

Trace A, shock response Dcclbato ee
wave pulse Dc-calibration level

AP V]N Trace C
AP- Region of low-

6P [frequency response

Figure 20. Diagram of pressure-pulse change due to response function

of gage and recording system (2-foot vertical shock tube)
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-Dc level used for calibration/ by pressure-tank method

LP Xi

Rise time of transducer

r ' Pulse modified by trans-
ducerr

Figure 21. Errors encoumtered in calibrating fast-decaying pressure
pulses when using pressure-tank method of calibration

Figure 21 shows the elimination of this change of amplitude

when the dc level is greater than 1 msec; the gage output rises to

the proper pressure level before the pulse decays. Although this

ip not a frequent situation, care should be exercised in accepting

the tank calibration in conjunction with fast-rising and decaying-

pressure pulses, especially if a slow-responding gage is used in

conjunction with an inadequate system bandwidth.

d. Errors introduced by noise sources.

A6 shown in figure 6, noise can be introduced into every

stage of the system (amplifiers, ecc.) which includes the piezo-

electric gage, iLs mount, and its location in the shock tube. The

type of noise, its amplitude and phase, and its co'.pling into the

system are quite varied.

Before it is possible to analyze the noise effects on the

recorded data, it is necessary to define the meaning of noise as

it applies to the various gages used for measuring stress. CUn-

sequently, for this report, noise (N) is defined as any extraneous

44



or undesirable signal which modulates or modifies the true informa-

tion signal (S). The signal-to-noise ratio (S/N) is used in the

usual sense to evaluate the performance of the system. For example,

if the noise components associated with a gage output are low,

S/N >> I, they are usually ignored in most data analyses. This def-

inition is also applicable to strain, velocity, displacnMonei

acceleration, and other similar measurements encountered in shock-

tube tests.

In conjunction with the signal-to-noise information, the

question of how effectively a high signal-to-noise condition is

utilized depends upon the resolution of the recorded data. This

condition is usually exemplified by having available a high signal-

to-.noise input where the resulting photographed output of the

oscilloscope trace, or oscillograph recording, of the stress infor-

mation exhibits poor resolution due to inadequate film contrast,

overblooming of the trace spot, etc. The resolution problem can

be circumvented by tape recorder3 or digital readout systems; how-

ever, such equipments are not feasible nor readily available for

most tests.

(1) Noise sources.

The following noise sources, which are to be reviewed

fit the given definition for noise. Each of these sources is dis-

cussed mainly in relation to the piezoelectric stress gages, with

the emphasis being placed on the degradation of the information

signal (S). Methods by which the noise source, or its effects, can

be reduced or eliminated are presented.

(a) Natural and resonant frequencies.

A gage has certain resonant characteristics

which are excited only under certain conditions; furthermore,

resonance is specified along a particular excitation axis (there
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can be actually five-degrees of excitation:' three orthogonal, two

rotational). A gage is specified for operation in the desired

sensing direction. However, resonance may be excited along a pre-
ferred axis or axes.

This excitation is an extraneous signal which

modulates the true pressure pulse. A more exact terminology, given
by the American Standards Association in conjunction with these

excitations, follows:

1. Undamped natural frequency: Regardless of

the damping present, the -ndamped natural frequency of a linear

pickup (linear response) having a single degree-of freedom is the

frequency of sinusoidal excitation at which the motion of the mass

element lags behind the motion of the housing of the pickup by a
phase angle of 90 degrees. For more than 1 degree of freedom there

may be many frequencies where this condition is met. The lowest of

these frequencies is taken as the undamped natural frequency.

2. Damped natural frequency: The damped natural
frequency of a linear pickupis the frequency of its damped free

vibration when the pickup housing is held fixed. In pickups having
several degrees of freedom, there may be as many damped natural

frequencies as there are degrees of freedom.

3. Resonant frequency: The resonant frequency
is defined only for linear pickups with a damping ratio of less than

0.707. The resonant frequency is the frequency at which the sensi-

tivity of the pickup is a maximum. Additional resonances corres-
ponding to modes in which the principal displacements occur locally

in the spring, housing, or attached fittings are sometimes excited,
particularly by shock motion (impulse).

Of particular interest is the damped natural
frequency since it is the one usually excited by a shock wave. This
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damped natural frequency can be as low as 30 kc for diaphragm-type
15

gages and as high as 1.5 mc for traveling-wave-type gages. Lower

order mode resonances occur due to improper design of the mount,

lack of acoustical filters, and inadequate isolation of the sensor

for cross-axis pickup.

The damped natural frequency can be easily

demonstrated by applying an impulse to the gage. The piezoelectric

gage is placed on the end plate of a laboraitory shock tube so as to

be in a head-on position as shown in figure 9, and it is excited

into its damped natural frequency by a shock wave of sufficient

strength. This excitation is truly an impulse. Similar effects

can be achieved by rapidly striking the sensor with a hard object,

etc.

The damped natural frequency appears as a

modulation on the leading edge of the recorded, electrically trans-

duced pressure pulse, figure 2. The amplitude of the first cycle

of this damped frequency is a function of the strength of the im-

pulse and is usually found to be positive going. A photograph of

this modulating component (noise) is shown in figure 3 for a

diaphragm-type gage.

Six photographs of this modulating component

(noise) are shown in figures 22 and 23 for six piezoelectric gages

which differ in design and sensor material. The materials are

barium titanatL, lead zirconate titanate (PZT-5), lead metaniobate,

tourmaline, Piezite (trade name), and quartz, respectively. These

gages were all excited by step-function pressure pulses.

The first gage, figure 22a, uses the earlier

type barium titanate ce,.amic which is in the form of a 1/8-inch-

diameter cylinder, 1/8 inch long; the mount includes a rubber insert

to provide cross-axis isolation. (See appendix A for pictures of

this and the following gages.)

47



Gage: early-type barium titanate
Sensor: old-type barium titanate,

circular cylinder
Sweep: asec/cm
Resonance: = 330 kc
Rise time: 4 tsec (in end plate

of 4-inch shock tube,
35-psi reflected
pressure; filtered

by cathode follower,
100 kc)

a. Photograph of the resonance effects of one of the early developed
gages using a barium titante sensor

Gage: Piezite
Sensot: modified lead zirconate

titanate, diaphragm
Sweep: 100 ýtsec/cm
Resonance: two modes, 6 and 100

kc
Rise time: = 5 4sec (side-on

position, rings in
side-on position;
gage ac-coupled
directly to oscillo-
scope)

b. Photograph of the resonance effects of a piezoelectric gage of

the stretched-diaphragm design

Gage: quartz sensor
Sensor: quartz, stretched

diaphragm
Sweep: 5 msec/cm
Resonance: 40 kc

Rise time: 10 4sec (side-on
position, rings in
side-on position;

gage dc-coupled
through cathode
follower, 150 kc
total bandwidth)

c. Photograph cf the resonance effects of a piezoelectric (quartz)

gage of the stretched-diaphragm design

* Figure 22. Fhotographs of resonance tests of piezoelectric pressure

gages by impulse method
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Gages: PZT-4 and FZT-5
Sensor: PZT-4 and -5, lead

zirconate titanate
Sweep: 20 gsec/crn
Resonance: two modes, = 33 and

125 kc
Rise time: 8 ýtsec (in end plate

of 4-inch shock tube,
35-psi reflected
pressure)

a. Photograph of the resonance effects of a gage similar in design
to figure 22a but with improved sensors

Gage: tourmaline sensor
Sensor: tourmaline, traveling-

wave principle
Sweep: 1 ýLsec/cm
Resonance: = 1.5 mc
Rise time: 0.4 ;isec (in end

plate of 4-inch
shock tube, 35-psi
reflected pressure)

b. Photograph of the resonance effects of a gage using the traveling-
wave principle

Gage: lead metaniobate sensor
Sensor: lead metaniobate, flat

wafer, 1/8-inch diameter
Sweep: 20 psec/cm
Resonance: = 250 kc
Rise time: 2 4sec (in end plate

of 4-inch shock tube,
35-psi reflected
pressure)

c. Photograph of the resonance effects of a gage designed for
moderately fast response (200 kc)

Figure 23. Photographs of resonance tests of piezoelectric pressure
gages by impulse method
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The gages shown in figure 22b and c use

piezoelectric-type sensors and a stretched diaphragm over the

sensors. Resonance for such gages occurs at a much lower frequency,
15

under 40 kc. A filter is usually required to remove the resonance

component.

The gage in figure 23a uses the same size

and shape sensor as in figure 22a, except that the sensor material

is either PZT-4 or PZT-5, Clevite.l12,4 The use of a more rigid

mount (no isolation) accounts for the higher cross-axis pickup and

the corresponding lower resonant frequency.

The gage in figure 23b utilizes tourmaline

as the sensor in a traveling-wave principle. The resonant frequency

is slightly over 1.5 mc; however, the output of the tourmaline

sensor is about 1/10 to 1/20 that of the barium-titanate-type sensors.

The gage in figure 23c has a small, 1/8-

inch diameter, lead metaniobate, wafer-type sensor, air isolated,

and with an acoustical filter. The resonance frequency is slightly

over 250 kc.

All of these gases were subjected to the

same impulse. The sweep speeds are generally different in order

to show the resonant effects for different resolutions in time.

Resonance effects are generally obscured with slow sweep speeds.

The amplitude is decreased for some of these

oscillations due to the filter action presented by the following

amplifiers and recorders. The pulse in figure 23b is different in

that it is not filtered; it shows the damped natural frequency of

a piezoelectric gage using the traveling-wave principle which is

ac-coupled directly to an oscilloscope having a bandwidth in excess

of 15 mc.
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The natural frequency and the damping ratio

(C/Cc = damping ratio of a linear, viscously damped, mass-spring

system where C is the damping constant of the system, and Cc is the

damping constant for which the system is critically damped) of a

gage can be measured by subjecting the gage to a sinusoidal exciter.

An exciter applies a controlled motion to the mounting surface of

a gage. A sinusoidal exciter is capable of applying sinusoidal

motion of controllable frequency (0 to approximately 50,000 cps)

and amplitude to the housing of the gage. Reference to theoretical

response curves, from which two (or more) amplitudes are taken at

different frequencies, allows determining the ratio C/Cc.

Both the impulse and exciter methods are

used for calibrating accelerometers with piezoelectric-sensing

elements to determine the undamped, damped, and resonant frequencies.
These methods are presented in the American Standard Methods 5 and

16
by Bouche.

To prevent resonant-type noise from appear-

ing in the data requires operation below resonant conditions

(slower rising pulse such as in soils) and the application of filters

wherever possible. The effectiveness of a low-pass filter is

shown in figure 24 for a typical shock wave using a gage with a

resonant frequency of approximately 100 kc. A dual electronic fil-

ter is used, with unity overall gain and a rolloff of 36 db per

.ztave. The low-pass band was from 0 to fh' where f, was 50, 20,

4, and 2 kc, respectively. The noise comnonents were essentially

missing for fh less than 4 kc, figure 24d. (The electronic filters

show some overshoot.)

(b) Cross sensitivity.

A gage is generally designed to have a maximum

sensitivity along a particular axis, and with a minimum sensitivity

along the other axes. This indicates that three sensors are usually
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required for complete three-dimensional information (rotation ex-

cluded). Even with special designs, the cross-axis pickup can be

excessive under certain test conditions.

The amount of cross-axis pickup is dependent

on the type sensor used (size and shape), the gage design (mechani-

cal and electrical), the degree of isolation possible in mounting

the gage to the shock tube (also other appurtenances), and the place-

ment of the gage in either the shock tube -)r in other media (soils,

etc.).

The sensitivity of a particular element such

as lead zirconate titanate can be obtained for various shapes from

the technical literature, Clevite, '1'4 and the percentage of cross-

axis sensitivity can be computed; these are of the order of 2 to 10

percent of the main-axis value. In the mounted position, the rela-

tive magnitude of the cross-axis pickup may be as high as 25 percent

of the information signal. It is informative to note that in shock-

front velocity measurements, a 5 percent cross-axis pickup of the

shock-wave amplitude being transmitted down the steel, side wall of

the shock tube is high enough in amplitude to actuate a time-interval

counter prematurely, whose on/off gages are mounted in the wall.

The six pressure gages used in figures 22 and

23 were all measured for cross-axis pickup where the gages were

mounted directly in the wall of the 4-inch shock tube. The first

10-foot section of the 4-inch shock tube in which the gage was

mounted was nct decoupled by a rubber O-ring. A disturbance of

relatively high magnitude was tranimitted in the wall of the tube

due to the generation of the shoed, wave. This disturbance was

coupled cross axially by the gag= and appears as a noise modulation.

This is shown for one of the gages in figure 25a where the trace

prior to the signal shows the cross-axis pickup of the wave travel-

ing in the steel wall to have a velocity many times greater ý:han
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Gage: PZT-5
Isolator: threaded directly

into side wall of
4-inch shock tube

Sensor: PZT-5
Sweep: I msec/cm
Displacement: 0.2 v/cm

a. Piezoelectric gage threaded into steel wall of shock tube close
to shock-wave generating chamber

Gage: PZT-5
Isolator: rubber grommet be-

tween gage housing
and wall

Sensor: PZT-5
Sweep: 1 msec/cm
Diaplacement: 0.2 v/cm

b. Piezoelectric gage isolated from steel wall of shock tube by
rubber grommet

Figure 25. Photographs of shock waves resulting from piezoelectric
gages being threaded into and isolated from steel wall of 4-inch
shock tube
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the air shock velocity. This noise modulates the pressure signal.

Decoupling the 10-foot section of the 4-inch

shock tube at each flange with an 0-ring very effectively reduces

the steel tube disturbance as is e%-idenced by figure 25b. It is

noted that the trace prior to the actual pressure pulse is entirely

free of noise. The modulation seen on top of the pulse can now be

attributed to actual pressure variations caused by the gage not be-

ing exactly flush with the interior of the tube wall or by the

rough surface of the wall itself (causing turbulence).

The same degree of isolation can be achieved

by specially mounting the gage from the steel wall. The gage can

be isolated by grommets of rubber or nylon (nylon can be easily

machined so that it can be threaded in place). The trace prior to

the signals iii figures 1, 2, and 3 clearly show the amount of

cr~oss-axis pickup for gages isolated from the shock-tube wall.

Figure 4 shows the cross-axis pickup using one of the gages when

it is first mounted in rubber and then in nylon. Both of these

materials exhibit good decoupling properties. For some tests, the

gages were positioned by external supports and decoupled by a small

air gap. The air gap provided the greatest amount of decoupling;

however, this installation was applicable i.nly for shock velocity

measurements since the pressure leak by the hole in the side wall

of the shock tube, centered on the gage, distorted the shock pressure

wave.

Another method for determining experimentally

the total cross-axis pickup is to mount the gage directly in the

steel wall. Then the pressure sensor is covered wi4th a steel cap

which does not contact the main-axis sensor face. The same shock

Part of the noise component seen is due to the acceleration effects.
These components can be separated; however, the overall effects are
of real significance.
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pressure is generated as for figures 2, 3, and 25, and the cross

axis history is recorded, figure 26. The first two photographs,

figure 26, are for the same gage which has very low cross-axis pick-

up. For comparison, the pressure-pulse trace on the oscilloscope is,

figure 26a, usually 3-cm high for a AP = 12.5 psi. The first trace,

thus, shows less than I percent pickup; the second trace, figure

26b, is for the same overpressure, but the gain has been advanced

by ten to provide a better visual comparison. The cross pickup is

found to be just perceptible.

Decoupling can sometimes be successfully ac-

complished by using a short rubber tube to isolate the gage from

the steel wall of the shock tube. In the blast section, this method

prevents explosion particles from striking the face of the gage

which can damage the gage or cause spurious readings. This method

has two bad effects: (1) a Venturi effect increases the rise time,

and (2) resonance effects can be set up in the inside of the rubber

tube. Both of these conditions are demonstrated in figure 26c.

The actual pressure pulse ordinarily looks as it does in figure 24a;

however, the sweep speed has been reduced by a factor of two.

(c) Mountings.

The mounting of a gage in the side wall of a

shock tube is critical. If the gage is not flush with the tube,

one can get noise modulation effects which are quite pronounced.

This is shown by figure 27 where a gage is (1) recessed 1/8 of an

inch, (2) mounted flush, and (3) protruding 1/8 of an inch (reading

from top to bottom).

Gages slightly tilted into a head-on position

rre subject to reflected-pressure effects; this is readily apparent

from the model studies. It is sufficient to say here that the place-

ment of gages is very critical and requires a careful analysis for

each new gaging problem.
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Gage: ST-2
Isolator: threaded directly

into chock-tube
wall, isolation
provided by gage
only, side-on mount

Sensor: face capped to pre-
vent pressure trans-
fer

Sweep: 1 msec/cm
Displacement: 0.2 v/cm

a. Photograph of cross-axis sensitivity of piezoelectric gage

b. Same as (a) except that the amplifier gain is increased by a
factor of ten to amplify the slight cross-axis pickup for ob-
servation

c. Same as (a) except that the gage is coupled to the 4-inch-shock-
tube wall through a 2 1/2-inch-diameter brass tube. Note the
Venturi effect, indicated by the increase in rise time, approxi-
mately 200 psec, and the resonance set up in the tube

Figure 26. Cross-axis sensitivity of piezoelectric gages and de-
coupling
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Gage: ST-2
Sensor: lead metaniobate
Sweep: 40 L•sec/cm
Pressure: P = 12 psi
Mounting: upper trace, protruding

1/8 inch, side-on
middle trace, flush with
inside wall, side-on
lower trace, recessed 1/8
inch, side-on

Displacement: upper trace, 0.1 v/cm
middle trace, 0.1 v/cm
lower trace, 0.2 v/cm

Figure 27. Distortion encountered by not mounting gage flush
with wall of 4-inch shock tube (side-on mounting)

(d) Acceleration.

The sensing element of a gage experiences a

force due to acceleration. This appears as a noise signal which

modulates the information signal. The amount of error this intro-

duces is given in terms of percentage of the full-scale reading

per "g" unit.

Experimentally, the acceleration noise can be

determined by capping the gage and isolating it as completely as

possible and then subjecting it to a known shock pressure. This is

done for the main axis, but it can be done for all axes.

This effect is measured experimentally and is

shown in figure 28 for a capped gage with the sensing element in a

head-on position. The acceleration noise is approximately 5 per-

cent. There are three photographs in figure 28. The complete

pressure pulse is first shown for an overpressure of epproximately

12 psi. Directly below this pressure pulse is a trace showing the

acceleration effects with the gage capped and subjected to the same
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Sweep: I msec/cm

Displacement: 0.2 v/cm

a. Uncapped gage AP 12 psi

Sweep: 1 msec/cm

Displacement: 0.2 v/cm

b. Capped gage AP t 12 psi

Sweep: 1 msec/cm
Displacement: 0.02 v/cm

(increased by a
factor of ten)

c. Capped gage AP - 12 psi

Figure 28. Photographs of measurement of acceleration noise of a
pressure gage

overpressure; the third trace is the same as the second but with the

gain increased by a factor of ten to give greater resolution. A

cross-axis noise pickup is further removed by gage isolation. If

.aecessary, the acceleration component can be separated by either
5

relative or absolute methods.

(e) Groulndloops.

A system groundloop is here designated as any
electrical path which allows an unwanted noise current to circulate.

This current may appear in the input circuit of an amplifying system

and thereby lower the input signal-to-noise ratio S/N. It may also

be introduced at any part of the cascade, figure 6. This becomes
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a serious problem when the sensor output is low; for example, for

small strain or acceleration measurements the gage output signals

are quite low and the extraneous noises must be kept to a minimum.

A groundloop may be in some part of the overall

system which does not cause any problem; furthermore, the voltage

developed by the noise-generating source contained within the loop

may be too low in amplitude to be of any consequence. Some ground-

loops may be quite extensive and complex but not coupled to driving-

noise sources so as to cause a problem. This is why it is extremely

important to isolate noise generators (60-cycle neon lights, genera-

tors in the equipment, etc.) and to have a good (low-resistance)

ground return for the entire system.

A system may contain a number of groundloops

and other noise sources (noise voltages coupled into the system by

strong magnetic fields) which are difficult to locate and usually

more difficult, or impossible, to eliminate. These loops are

usually found to be coupled into the system by capacitances that

are integral with the system, and cannot be removed by external

modifications, or rewiring, of the system. Rather, it requires the

redesign of the individual units of the cascade, such as amplifiers,

gages, recorders, etc. By redesign using certain well-known tech.o

niques, coupling capacitances can be reduced.

An example of this decoupling technique is

shown in figure 29. With a grounded transducer and the capacitances

C1 and C2 , the primary of the power transformer is coupled into the

groundloop, and a current is forced to flow in the input resistance,

R (resistance of input cable from gage). By reducing the capacitance

CI, the current flow can be reduced to an unobjectionable value.

This is accomplished by using double-shielded transformers, battery

operated amplifiers, etc.
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Noise vol.tage developed across
cable resistance, R, appearing
in input

Gage insulated
from ground by
nylon inserts R.Gage -

Gage ;cable Amplifier

2 ----- , --- Output

I0 115
-C .Iivolts

" Cac

Gage coupling -.

capacitance to Ground-r'---.. -, Transformer
groundloop loop - coupling capaci-

tance to ground-
loop

Figure 29. Diagram of typical groundloop found in pressure-
measuring system

For most piezoelectric-gage applications, the

groundloop can be removed by isolating the gages with insulating

mounts which makes the series capacitance to the groundloop

negligible.

In some areas, the power-line equipment (trans-

formers, power lines, and motors) induce a strong 60-cycle current

into the system. Since this is an easily detected, well-defined,

periodic-modulating source: it can be removed fron. thP information

signal by certain data-processing methods. When the information is

recorded on tape, a differential input amplifier is usually applied

to remove the 60-cycle component. For time coherence, one channel

of tape is used for recording the noise signal along with the
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recording of the data. This method is shown in figure 30 where

the original signal with the 60-cycle component is fed into one in-

put of the differential amplifier with an exactly onnozing 6n-cyc1e

source (both in amplitude and phase) being fed into the other input.

The output shows the 60-cycle component removed.

(f) Circuit noise power.

The noise power generated in a stage of ampli-

fication (which is sometimes referred to as residual amplifier noise)

is usually so low as to be negligible for most applications in con-

junction with pressure gages. This may not be the case, however,

when one measures very low pressures, accelerations, and strains.

For low-level signals, noise reduction can be

achieved by certain refinements in the equipment and the measurement

techniques.

The theoretical noise power available over a

bandwidth, B, between any two terminals of a passive network when

all of its parts are at a temperature, T, is given by the expression

N = KTB (11)

where K = Boltzmann's constant, T = absolute temperature, and B =

bandwidth in cycles per second. This expression for N can serveP
as a guide for the minimum noise to be expected in the system. It

is important to note that the bandwidth is the only easily con-

trolled factor in this expression; generally temperature cannot be

controlled. The use of excessive bandwidth merely introduces more

noise into the system. For most pressure gages and their associated

amplifiers, this noise level is way below the other noise sources

and can be ignored.
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7- Signal recorded on tape
having periodic noise modulation

Y-Periodic noise
canceled out

Recoding .,j ~putOutput

Amplitude Phase
control control Differential

amplifier

Frequency

generator

L- Periodic noise recorded on tape

on separate channel

Figure 30. Removal of periodic noise from tape recording

Where low-level signals are encountered, special

amplifiers having a low-noise characteristic are required. (The

noise level for such amplifiers is of the order of 15 jivolts re-

ferred to the input of the am-lifier over a frequency range of 0

to 30 kc.) With amplifiers and other equipments in cascade, figure

6, the overall system noise figure, F, indicates that the signal-

to-noise is degraded by each unit in the cascade. (The noise figure,

S./N.
F, is defined as So- oNwhere the subscripts i and o represent input

0 0

and output, respectively. F is generally around 5 to 15 db; for

the ideal case, F = 1.)

For a cascade of amplifiers such as are re-

quired for raising the weak signal up to the level to drive a tape

recorder (gains ranging from 10 to 1,000), the overall noise figure,
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F l,n' is given by the expression

(F 2 -) (F3 -1)
.,n =F 1 + GI + G1 e "

+ 
(12)

Gl,n- 2 Gl,r - 2

where FI is the noise figure of the first stage, etc., and where

GIn denotes the available gain of the first through the nth stage

(Gi, G2 .. Gn), see figure 6. The important information imparted

by this expression is that it is seldom necessary to consider the

noise figure of more than two stages of the cascade when the gains

G and G2 are quite large. However, this is not the case for the

cascade sbnwn'in figure 6 where the gain of the cathode follower

(which is required with a piezoelectric gage) is usually less than

0.9. Implicit in equation 12 is the assumption that the bandwidths

are equal to each other. It is well to keep in mind that the over-

all system bandwidth is less than the narrowest bandwidth of any

unit in the cascade, and that the overall system rise time is greater

than the stage rise time. A more complete analysis car. be made of

the entire system where the bandwidth of each unit in the cascade

is considered, figure 6. The expression for F which includes
17 l,n

the bandwidth effects is given by Goldberg.

Except for particular low-level applications,

the main sources of noise are given by the previous items. The

magnitudes of these noise sources are usually mucn larger than those

developed by the amplifiers, recorders, and other equipments.
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(g) Temperature variations.

Noise in this discussion applies to a change

in the output of the various sensors, in particular the piezoelectric

types, due to both rapid and slow temperature variations. The out-

put of the piezoelectric-type sensors, such as lead zirconate

titanate (PZT) and lead metaniobate ceramics, is essentially con-

stant as a function of temperature over a certain range of tempera-

ture below the Curie temperature, figure 3'.

For a piezoelectric gage mounted in the wall of

a shock tube where hot gases pass over the gage face, the tempera-
dT

ture gradient a developed in the gage may be quite small mainly

because of the large, thermal time constant of the gage. In other

words, the pressure recording of the shock wave has taken place be-

fore the thermal effects modify the gage output. However, for

pressure/time histories of 100 to 200 msec, the thermal effect may

be evidenced by a slow increase, or decrease, in the true pressure-

pulse level (where T = constant).

This thermal effect usually can be retarded by

a thermal insulator such as a thin film of grease placed over the

face of the gage. The thermal sensitivity is shown also to be a

function of the gage construction. Nearly complete temperature

isolation is possible by thermally insulating the gage.

Since many of the pressure pulses last a small

interval (2 to 50 msec), the heat transfer to the sensor occurs

after the information signal has been recorded. Figure 15 shows

the variations in output for a lead metaniobate sensor (gage) for

three different oven-controlled temperatures, 220 C., 470 C., and

630 C. Notice the linearity, Q/psi, has not been affected by

operating at a different constant-temperature level.
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Figure 311. Temperature variation of the dielectric constant, K, and
the piezoelectric strain constants, 93 1 and d 311 for PZT-5•

The change in output versus temperature is

shown at a fixed pressure of 28.28 psi in figure 32. This shows
the change AV/A to be approximately 0.77 mv per degree centigrade.

In the area of the detonation chamber, the temperature gradients

are veýry great and require gage shielding.

Temperature effects pose no serious problem

provieed the system is ailnwed to stabilize before testing takes

place.

(h) Cablinge

sfCable noise is readily apparent for low-level
signals With high-gain amplifier settingsa it is only necessary

to bend or strike the d age cable (connects gage to cathode follower)

to observe a large spike in the output of the system. This effect

Sis only important when the signal-to-noise ratio is low. Large
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Figure 32. Oscilloscope displacement from pressure gage for con-
stant pressure and different ambient temperatures

transducer outputs, pQ/psi, overshadow the noise so as to make

these effects negligible. Such conditions are noted in figures 2,

3, 4, 11, 12, 22, and 23 whcrc the signe1-to-noise ratios S/N were

much greater than unity.

For strain-gage measurements, the signal levels

are usually in the range of 0 to 50 my, and the cabling noise effects

can be quite noticeable if the input leads, etc., are not properly

shielded.

There are essentially three sources for noise

generation by a cable, particularly when the cable is buried in

soils and exposed to the shock wave. These sources are (I) the

change in capacitance due to the cable being compressed by the shock

wave; (2) the generation of static charge due to the rubbing of the

cable insulation and shield; and (3) the presence of faulty connectors
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on the cable (or faulty connections to the system).

For weak signals, the capacitance of the cable

can be reduced by selecting low-capacitance cables or by using widely

separated wires instead of a cable. Minimizing the amount of cable

exposed to the shock wave reduces the capacitance effect. Placing

the sensor into a saucer-type gage, where the signal is coupled

directly to its preamplifier, eliminates the input cable entirely.

Experimental packages bave been fabricated which satisfy these re-

quirements. See appendix B.

The use of special, processed cable having

graphite between the shield and the inside insulation provides a

shorting path for accumulated static charge.

An example of the use of an intermittent cable

conr-ctor is shown by the recorded pressure pulse from the tank

calibrator in figure 33a. Compare this pulse with one of the proper

pulses as shown in figuresl3 and 14.

(i) Electrostatic effect.

An electrostatic effect that is associated

primarily with the gage is the movement of electrostatic charge,

or ionized particles, across the face of the gage. This effect can

be demonstrated by mounting an open cable (gage removed) in a re-

gular gage-mounting part in the shock tube. The cable end is made

flush with the inside wall of the tube. The voltage induced in the

cable due to the charge motion caused by the shocK wave is shown in

figure 33b. The test demonstrates that some of the noise is due to

electrostatic effect. Even with the laboratory shock tube (used for

calibrating gages) which has a smooth inside wall, there is an in-

dication of some turbulence on all pressure-pulse recordings. This

may not be turbulence but rather, in part, an electrostatic effect

Microdot cable, manufactured by the Microdot Corporation.
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Sweep: 50 msec/cm
Displacement: 0.2 v/cm

a. Pressure pulse from tank calibrator with faulty connector at
gage

Sweep: 2 msec/cm
Displacement: 0.05 v/cm

t

b. Induced noise voltage from shock wave passing over open connector
positioned in gaging station

Figure 33. Photographs showing (a) pressure pulse from tank cli.-
brator with faulty connector at gage and (b) induced noise voltage
from shock wave passing over open connector in gaging station
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recorded by the piezoelectric sensor which modulates the true

pressure pulse. Separation of these two effects is difficult and

not conclusive.

To eliminate this condition, the gage can be

encased in a complete metal housing; furthermore, where electro-

static conditions are suspected, it is only necessary to paint the

gage with a conducting silver coating to provide a leakage path to

ground.
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APPENDIX A

PRESSIRE GAGES

POLYCRYSTALLINE MODIFIEDA LEAD ZIRCONATF' TITANATE. PZT-S,

B EARLY TYPE BARIUM TiTAIATE

SG POI.YCRYSTALLINE MODIFIED
LEAD ZIRCONATE TITANATE. PZT-A

D 2ARIUM TITANATE

SE PZT-S

E-

F LEAD METANIOBATE SE.ISOR

G , LAD MV1N'OBATE SENSOR

H LEAD METANIOBATE SENSOR

I TOURMALINE SENSOR

J QUARTZ SENSOR

71 K( PIEZITE
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