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FOREWORD

For several vears the Bureau of Minesx lias eonducted research on seismic wave-
emanating from guarry blasts and their effeets on nearby residential structures.
At various times the oscillograph eecorded a seceund vibration following the
seisie wave.  Investigation showed the arrival time of these delaved waves o
he eoineident with or close to the speed of sound.  They were therefove assamned
to be vecords of disturbances causeed by air vibrations,

Tests were made 13 which explosive charges were detonated in the aiv witlion
contacl with the ground.  No seismic wave was produced by this tvpe of Blasn
b, when set up in houses, the seismometers recorded disturbanees, and the tine
of arrival again clasely approximated the speed of =ound,

[t 38 common knowledge that mnd-capped shots cause air disturbanees resnlt
ing in the rattling of window sash or loosge panes of glass.  Tests made with the
kind of blasting also gave no recard of a zeismie wave but did indieate disturhime
front an air wave.

A study of pliotographic reenrds on whieh vibrations from both seismie and aer
waves were recorded acensionally showed greater displacement from the latins
from the same hlast.

It was frequently observed that no complaints were received from residei-
near a quarry if abmespherie conditions were sueh that the quarry blast was s
heard.  Conversely, many complaints were received following hloekhale sl
from which no appreciable seismie wave was sel up.

These observalions Ted 1o a study of the effeet of the air distiwrbanee fron quarres
blasting paralleling the study of the seismie wave,  The seismometers ciuploy
ta sludy the ground wave eould be used to measare the speed of propagation
the air wave and also the displacement of o house eaused by the air wove., A s
tests were made to record abr-wave speeds. and it was found that at shortl distanee
from the blast ihe speed of the air wave was much faster than the speed of 4«
wave, but that # was rapidly damped to the speed of gound and continned a1
rate for a considerable distance.

In order thial the ebaracteristies of the air wave could he studied guantitatively
it was decided to design an air-pressure meter that eould be used in place of 1o
seismometer.

The prablem of designing sueh a pressure meler together with the neeess
equipment by which the meter could he ealibrated was assigned to Andres 7
Treland in the fall of 1039, following completion of feld tests of meehamiend
agitation of residential sirueiures.
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DESIGN OF AIR-BLAST METER AND CALIBRATING
EQUIPMENT *

By A, T. Irpranp ?

OBJECT OF THIS PAPER

The object of this paper is to describe the evolution of the design
of an air-blast meter to be used for measuring air pressures from quarry
“blasts and the design and application of equipment required for
calibration thereof.
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STUDY OF RELATED PHENOMENA

+ The fact that the high-pressure impulse of an explosion has a higher
“density and mdex of refraction than the undisturbed air is utilized
- two methods of photographing (27, 22, 23, 25)° air waves from
explosions. The Schlieren method (84, p. 342), by an ingenious
“arrangement of lenses and mirrors, photographs the wave by means
- of its changing index of refraction and density. The shadow method '
“of Dvorak (84: p. 340} photographs the shadow of the highly com- v
pressed pressure wave.  With either method, a spark may be used
_as the source of Mlumination {or an instantaneous picture, or an arc
“and o moving flm may be used to give a continuous record of the
- progress of the wave., By plotting the position of the wave against
| time, the velocity of the wave at any distance from the source may
 be determined. However, neither method directly measures the
" pressure or encrgy of the wave, Both methods are designed for the
_ study of the shape and speed of high-pressure waves at short distances
*from n small explosion, and neither conld be adapted easily to deter-
mination of lower pressures at greater distances from the source.
Explosions in cannon and engine cylinders also have becn recorded
by various types of gages (14, 16, 17, 18, 19). Such gages have a high
1 Work on mnnuseript completed Mareh 20, 1941,
2 Jumnior physicist, Nonmetal Mining Section, Mining Division, Bureau of Mines.

3 Nambers in parentheses refer, to referenees In the bibliography; page mumbers ave those In the references
and not in {his publication.
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2 AIR-BLAST METER AND CALIBRATING EQUIPMENT

natural frequency so as to respond to the extremely rapid rise in
pressure for these confined explosions and must be construeted righdly
to withstand the high pressures. There are three general types of
these gnges—the piczoelectric, resistance, and condenser,  In the piezo-
electric type the pressure cnuses compression of a stack of piezoelectric
crystals, the resulting voltage being amplified and recorded by suitable
means.  In the resistance type, the pressure causes compression of n
carbon pile with a resulting change in electrical resistance which is
recorded ns a pressure-time relationship. In the condenser gage the
pressure bends a diaphragm of high natural frequeney toward a vigid
plate, and the resulting change i eleetrical capacitance gives the
pressure-time relationship.  Obviously these gages are designed 1o
measure pressures far above those required to damage a building.

On the other hand, the vatious types of microphones tn common
use were designed for sound emanating from such sourees as voiee,
musical instriments, traffie, ete., all of which, as shown by common
experience, are harmless to buildings. Tt was necessary, therefore, to
design and calibrate an instrument for the measurement of pressures
ranging somewhere between these extremes.

From clementary principles of nrechanics, it can be stated that any
damage done to a building by the air blast will depend on the con-
struction and condition of the building itsclf as well as upon (he
size, distribution, and duration of forces acting upon the structure.
These forces at any moment can be computed most casily. from n
time-pressure record.  They could also be computed from the veloeily,
or amplitude and frequeney, of motion of the ajr particles, but such
o computation would require that the veloeity, or amplitude anl
frequency, be used to solve for the pressure, which would then be
intograted over the area affected to give the total foree. Regardless
of the method used, it would be difficult to ealeulate exactly the
minimum force neeessary to damage a certain building, but it was
thought that this difficulty could be overcome by making observa-
tions upon a number of buildings and deterntining a limit helow
which an ordinary strueture would not be damaged,

To make these observations it was necessary to design an instru-
ment that would measure pressure changes, and it was desired that
it should have linear frequency and pressure response over any anlie-
ipated range. Turther, it should have different sensitivity ranges
and should be rugged enough to minimize the danger of being damaged
or thrown out of adjustment in the field. The amplifyving and record-
ing equipment should not he unduly complieated or require excessive
power for field use. Measurements should be reprodueiblo, sheuld
be in absolute units, and should be accurate to within 10 pereent
Although the desirability of precision measurements was realized. if
was felt that, owing to the great differences in the construction sl
condition of buildings, the added eost necessary for precise measire-
ments would not be justified.

AIR-BLAST METER
HISTORY
Of the pressure-response instruments in common use, the condenser-

and crystal-type microphones give the most nearly lmear frequency
response below their resonant frequencies. The condenser niicro-
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AIR-BLAST METER 3

phone (see fig. 1) was chosen instead of the crystal type because it is
casily constructed and its response is independent of atmospheric

_ conditions.

E. C. Wente'’s condenser microphone (13) has the notable charncter

istic that its sensitivity is comparatively constant over a wide fre-

- quency range. It consists of a steel diaphragm stretched i front

of a rigid plate. The plate does not cover the entire avea of the
diaphragm and is separated from it by an air space of about 0.0025

" em. (0.001 inch). This air space is connected by grooves and holes

~ behind the plate.

in the plate and holes at the side of the plate to a larger air chamber
The large air chamber is conneeted to the outside
by a small hole or by means of a compensating diaphragm to allow
for changes of atmospheric pressure. The thin air space befween the

. diaphragm and plate overdamps the diaphragm at low frequencies;

at higher frequencies 16 adds stiffness to the diaphragm and raises

Alr-hlast myter.

FILURE 1,

the natural frequency of the system. The pressure response of the
microphone can be held comparatively constunt from frequencies of
3 few hundred cycles per sccond fo frequencies above the natural

frequency of the diaphragm.
CONSTRUCTION

As the air-blast meter must be taken apart, the sengitivity changed,
and the meter reassembled in the field, a clamped plate instead of a
stretched membrane was used as the dinphragm. This resulted in
some loss of sensitivity, as a plate is less sensitive than a membrane

l of the same resonant frequency ; but this was not considered a serious

disndvantage, ) ) )
Different sensitivities are obtained by using diaphragms of different

thickness (0.01 +em., 0.08+cm.,, and 0.05+cm.) and by varying the
spacing between the plate and diaphrogm (fig. 2). Duraluminum was
chosen for the diaphragm becanse its low density and high modulus of
elasticity insure high sensitivity for a given resonmant {requency.
Other metal parts also wére made of duraluminum to avoid any
distortion due to temperature changes. The dinmeter of the un-
clamped portion of the diaphragm is 2.5 em. (1 inch), and the resonant

Q?- q

A
eI, o

- ‘ frequency of the thinnest diaphragm is about 1,400 cyeles per sccond,




4 AIR-BLAST METER AND CALIBRATING EQUIPMENT

slightly above the highest resonant frequencies of the clements used
in the oscillograph. A dicleetric washer (5) holds rigid inside plate
(d) away from case (5) and diaphragm (a). “The case and diaphragn
completely enclose and electrically shicld this plate, which is the only
part not at ground potential. This prevents any interference from
near-by electrical civenits or any change in capacitance caused by the
movement of one’s hand near” the air-blast meter.  The separation
between the diaplhragm and the inside plate is varied by means of one
to four spacer washers (e} of 0.0025 em. (0.001 inch) thickness, the
number used depending on the sensitivity desired. Since the thin air
space between the diaphragm and inside plate would ordinarily eause
the diaphragm to be overdamped, holes and grooves are cub in the
plate, connecting with a larges air chamber (g) formed by a bakelite

o ———— —a
h

b

! a

N ¢

— f

¢

M

FIGURE 2.—Air-blast meter: a, Plate diaphragm; b, dieleetric washier; ¢, spacing washer; 4, inside platc,
&, hakelite ring; £, rear metal piate: g, sir chamber; k, miniature cable cenneetor; i, case, ¥

ring (¢) pressed against the inside plate by the rear metal plate (.
The diaphragm therefore acts as an underdamped vibrating systen.
The clectrieal connection to the inside plate is made by o small wire
from the minis ture microphone eable connector (h) through the
bakelite ring to the inside plate.

CHARACTERISTICS

As the digphragm is underdamped, its deflection for certain force
is the same at all Irequencies that are small compared to its resonant
frequency. 1t thevefore has g “linear frequency response” over this
range. 'The force exerted upoen the diaphragm is due to the differenee
in pressure of the outside air and the pressure in the air chamber,
Some leakage must be allowed to compensate for changes in tempoera-
ture and atmospherie pressure.  This leaknge is through the thrended
portion of the hack plate and cuuses a loss in sensitivity at low [re
quencies, Tests (deseribed under “Pistonphone’)  have shown thic
arror to be less than 2 percent ab 20 cyeles on one air meter and
increasing from 4 percent at 20 eycles to 8 percent at 10 eyeles and 15
pereent at 5 eyeles on another. Tt can be assumed that the air meter
would record waves of even lower frequency with some further loss in
sensitivity.  As no indication of infra-audio (below 15 cycles per
second) waves (such as Eselangon (20) found) have F¥et been obiained
In the tests, calibration below 5 eyeles has not been made,

The response of a condensor microphone at high frequencies nol.
only depends on the natural f requency and damping of the diaphragn
but also on the size and shape of the microphone and the cavity in
front of the diaphragm. These factors influence the response due (o

e i
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ATR-BLAST METER 5]

cavity resonance, directivity, and diffraction (2, 4, 6}, as the dimensions
of the microphone become an appreciable fraction of the wave length
of the sound and usunlly necessitate separate field and laboratory
calibrations. In a laboratory calibration, the sound waves are pro-
duced in a chamber that is relatively small when compared to the
wave length of the sound. TIn a field ealibration the sound waves nre
produced in a chamber so large, or with walls so sound-absorbent, that
any reflections are negligi'Te compared to the source. If would
obviously require great power to produce sounds with pressures as
great as those produced by explosions. The investigations of others
(#) with similar condenser microphones showed close agreement
between field and laboratory calibration nnd negligible errors up to
500 eyeles.  The dimensions of the meter were made smaller than those
used by other investigators to avoid the necessity of field calibration,

Although an cxplosion has & very steep wave front, which would
show large components of high-frequency waves if subjected to
Fourier analysis (34, p. 27), the damping 18 so much greater on the

o

FIguRe 3.—Wente's eircuit.

high-frecuency components that the steepness of the wave front
rapidly decreases with distance except very close to the souree, where
the pressure is great cnough to increase the velocity appreciably.
Within this range, that part of the wave having the greatest pressure
also has the greatest veloeity and consequently gains on less highly
compressed parts of the wave leading to a steeper wave front.  As
the nir-blast weter was intended to he used at distances from abouf
100 feot to several thousand feet from the explosion, the calibration
was carried only to 500 eycles. The thicker diaphragm, used nearer
the shot, would have linear response to higher frequencies, hut the
calibration was not earricd higher owing to limitations of the oscillo-
graph elements being used.

CIRCUIT

Wente’s eircuit (18} consists of the condenser microphone in scries
with & large Tesistance and a polarizing voltage, as shown in figure 3.
This circuit gives a certain change in voltage for a given change in
capacitance at any frequency sufficiently bhigh that R (resistance) is

1 . .
large compared to 5 17 where (s the eapacitance of the condenser

mierophone in favads and f the frequency in cycles per second.  Below
this frequency the sensitivity of the circuit decreases.
429068 —e2—2




AIR-BLAST AMETER AND CALIBRATING EQUIPMENT

The disacdvantages of this system for low frequencies are obvious.
Morcover, the first stage of the amplifier usually is kept close to the
microphone to avoid adding eapacitance in parallel with the micro-
phene andd decreasing the sensitivity,  For high-pressure work this
would expose the amplifier to severe shocks.  Furthermore, this cir-
cut requires severa]l stages of amplifieation, which are difficult to
calibrate and maintain in calibration.

A slightly modified form of the transduecer civeuit (26) used by the
Bureau of Mines in its seismie research work was adapted in the form
shown in figure 4 and gives linear [requeney response from static to

30

=
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Frevee L Siransdueer vireuit: Cr, 000 misk; € 00 mamifid.: Cs, 002 Wl O3, 50 mwnnhl.; €y, S0 mmid.;
C5, 200 nunfd.: Q, oseillgraph element; By, 6 obms; £z, 30,000 ohans; Iz, shunt lor millinmeter; K,
St phnuss 30 and 31 e vacumn inhes.

supersonic frequencies. Two A batteries are nsed for the filamoent
supply, and up to four B batteries (180 volts) are used for plate
voltage.  lts sensitivity is slightly more than 1 milliampere per micro-
microfarand of change in ecapacitance.  The transducer is built in a
small aluminum ease, which completely shields the system from
ecleetrienl interference. The ease and batteries ave protected from
the weather and the air blast by a heavy wooden box. The trans-
ducer ense ig suspended within the wooden hox by elastie cords (o
minimize shocks. A shielded eable 6 to 10 feet in length conneets
the atr-blast meter and transducer.  Tesls were made with the air-
blast meter disconueeted.  These showed no vibration due to ihe
transducer civeuit itsel. Figure 5 shows {ransducer box, shiclded
sable, and air-meter assembly, (he air meter mounted on window [rmme.
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ELECTROSTATIC ACTUATOR 7

Frgure 5—Transducey box, shiekked eable, and air-meter assewubly.

ELECTROSTATIC ACTUATOR
’ THEORY

From the theory of .clectrostatic forces we find that two parallel
plaies, whose dimensions ave large compared to the distance separating
them, will, according to Pender (33}, excrt a foree upon cach other of

Vikd
g ey

where

f=foree, in dynes; -

V=potential drop betweoen the plates, in eleetrostatic volts (practient
vorts divided by 300);

A=area of the plate, in square centimeters:

E=the dicleetric constant;

z={he separation, in centimeters.
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1t is also shown that
o b4

4z

whoere (" is the capaeity ]
Shere pacity of the condenser:
vig
D (2

]f plates 7 and 2 of the system show
a diclectrie of constant &, and plates

I
PEANNNNW

T -

F14URE B.—Three-plate eondensor.

f

(dicleetrie constant 1), the capacitance, (), hetw

may be found from the equation on plates T and 3

| e

=1
ot

3

A
~

T
2

OF
A
£
tr (Bt

R4 = —iny
4z

where

C-:1==th(‘ offf.cti\-‘e separation,
1=capacitance between plates 7 an
1= i 0 da
%_ capacitanee between plates 2 and s,
=capacitance between plates 1 and 8.

If the plate 2 has no clectrical connectio
ness, it may he removed without b
system.  Substituting in ¢
plates, one of which is cov

ctions and is of negligible thick-
ut affecting the capacitance € of the
quation 2, we have the foree batween two
ered by a diclectrie, as '

724
S e

To give the foree per unit area

) n g i
divide by 4, and benat (#) in dynes per square centincter we

1on 3 bhecomes
12
~ Qazt ' (4)

If the potential applied is an alternating voltage

‘1

where V=V, sin o,
t=the time,

w=27 times the fr i
¢ ocpuencey, in eyvele
V.=the penk voltage ¥, In oyelen por second,
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ELECTRUSTATLC ACTUATOR 9
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The foree is one of attraction, since opposite charges attract; it
has twice the frequency of the impressed vollage and is nversely
proportional o the square of the offcetive separnbion.

1f o rigid plate is placed neav and parallel to the diaphragm of the
air-blast meter aud a voltage is impressed across them, the alr meter
can he calibrated if the voltage and effective separation are known.

Such a calibrating device s ealled an clectrostatic actuntor.

CONSTRUCTION

In calibrating the air-blast meter one must be careful that the eal-
ibrating instrument doos nol affcet the meter’s TeSPONSE. The chief
danger m the use of the electrostatic actuntor in calibrating the meter
i« the damping cffect of the thin air space between actuator plate
and meter diaphragni

Tor this reason the plate of the electrostatic actuator must be kept
at such distance from the diaphragm that the air space between them
will not be thin enough to add appreciable damping or take the form
of a grill or stretehed-wire sercen closer to the diaphragm.

Both methods reduce the sensitivity and maximum Pressures
obtainable with the actuator.

The former method was adopted t0 avoid the necessity of precise
separation and parallelism hetween arill and diaphragm.

The actuator plate, as ahown at 6, figure 7. was ecovered with a
dielectric (¢). This protected the equipment n case of an clectrical

break-down across the air gap and added onl_\-';—lcof its thickness (k=the

diclectric constant) to the offective separation. As high potentials
(several thousand volts) are used in cadibrating, the plate is entirely
enclosed by insulading material while the diaphragm and case of the
air-blast meter are kept al ground potential.

Alternating vollage was supplivd by either of two Ward Leonard
control syaterns throngh a pi-type, low-pass filter of variableinductanee
to a 400-to-1 voltage slep-up transformer {fig. 8). The generntors
could supply frequeneies from 20 to 500 eycles per second, which
could be used for calibrations of 40 to 1,000 cycles per second (see
clectrostatic actuator theory). Thus, if the frecquency of the vollage
was 20, the frequeney of the foree would be 40 cycles per second.
The voltage across the clectrostatic actuator was recorded on_ a
Duddell-type oscillograph. The oseillograph element was in series
with a resistance. R (fig. 8), of sevoral megohms, depending on the
voltage bheing sscd.  Potentials up to 9,000 volts wore wsed. A
resistance. r (fig. 8), of 2,000 ohms was connected in paraliel with the
oscillograph element (apprnximntoly 1 olym resistance) to prevent
having a high potential on the oscillograph if the element eircuit were
opened aecidentally.  All high-potential parts of the circuit were kepb
in a cabmet, where they cottld not be touched pecidentatly. A cable
with an insulntion capable of withstanding 15,000 volts led to the
electrostatic actuator plate.
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ELECTROSTATIC ACTUATOR 11
TESTS

The electrostatic actuator (see fig. 9% was most uselful for determining
the frequency-response curves ol the more sensitive alr-blast-mieter
settings.  ("are had to be taken that the separation between the
cleetrostatic actuator plate and the meter diaphragm was enongh to
reduee the damping effect to a point where it would nel change the
frequiency vesponse. A separation of 0.025 cm. was found to be
aufhicient for most air-meter settings.  The upper curve on figure 10
shows the effect of this added damping on the frequencev-response
curve. The pressure (dvnes per square centimeter) required to give
a deflection of the diaphragm sufficient to change the capacitance of

Finvny . Bleetresiatie actuater with air-tlast nieter and spacing washer ready Lo mount for ealibration.

the air-blast meter 1 micro-microfarad is plotted against the Trequeney.
The pressure vequired for this deflection is caleulated from the voltage
and distance of scparation {cquation 5, Kleetrostatic Actualor
Theorv). The bottom curve was taken with a greater separation
hetween the eleclrostatie actuator plate and the diaphragm of the
meter. A comparison of the eurves shows how added damping
invreases the pressure necessary at higher frequencies.

The deflections at zero froquency on figure 10 were obtained by
putting a D. (. voltage on the clectrostatic actuntor. The D. C.
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plate is tao elose 1o daphragm.  Lower corve is correel ealihration nnit can be dapiicnted for <ifferent
disfances of separacion helween plale and diaghragni.

voltnge was obtained by meauns of the cireuit shown in figure 1.
The voltmeter had a resistance of 62.5 megohms,  As the current
drawn was quite small, the rectifier and filéer gave a D. C. voltage
with negligible ripple for an input frequency of 100 eyeles or higher.
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FIGurE 12.—Voltnge-separniion graph and eleetrostatie actuator.
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PISTOXPHONE 13-

The effective distance for scparation between the electrostatic
actuator plate and the diaphragm of the air-blast meter was found
by increasing the separntion by known amounts {by means of spucing
washers shown in fig, 7) and plotting the voltages required to give &
cortain deflection (measured in micro-mierofarads capacitance change)
agninst the distance of separation. From cquation 5 we sce thab if
s constant, 1, is proportional to z, the distance of separntion.
Figure 12 is such a oraph with all peints taken at a frequency of 80
eveles per second.  The graph in figure 12 has a slope of 96,500
practical volts per contimeter, or 322 cleetrostatic volts per cenbimeter.
From equation 3 we have

171\ 1
F—S‘} —JT) =HJT(322)2=4,100
dynes per square centimeter per micro-microfarad deflection.

The electrostatic actuator conld only be used for sensitive setbings
of the aic-blast meter, as high voltages would ecause an electrical
bronk-down across the air gap between the diclectric covering the
plate of the electrostatic actuator and the diaphragm of the air meter.
Althongh these break-downs passed negligible current (less than
10 amperes) and did not damage any equipment, they made it ym-
possible to obtain pressures greater than 1,400 dvnes per square
contimeter.  The maximum pressures obtainable decreased as the
separation of the clectrostatic aetuator plate and the diaphvagm
mereased.  Since a deflection of 1 micro-microfarad change in capaci-
tance could not always be obtained, graphs such as figure 12 had to
be corrected for smaller deflections.  From equation % it is evident
that il a Y-nuicro-microfarad deficetion was produced by a potential
of 2,500 volts, a deflection of 1 mievo-microfarad would require
5,000 volts- —that is, if the distance of separation is constant, the pres-
sure is proportional to the square of the voltage.

PISTONPHONE
THREORY

From elementary thermodynamics we know that if a perfect gas
is compressed isothermally, the relation between the volume, », and
the pressure, p, may be expressed by the equation

pu==C, (6)
whore (—=n constant. If we change the volume by a small amount,
Az, the pressure changes a small amount Ap, so that

(z-+aopp+ap)=C, (N
or
vp+pav+pap+Avap=C, €3]
gubtracting equation 6,
pAv-Fvap+Avap=0, (9
neglecting AvAp as an infinitesimal of the second order, this becomes
ap__ Av
R (10)

If the compression is adinbatic, the relation between the pressure

and volume is expressed by
prr =0, (11
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where v is the ratio of the specific heats at constant volume. Tis
value for air at normal temperature is 1.40. Again, changing the
volume by a small amount, Az, andd neglecting infinitesimals of {he
second or higher order, we have

o (12
by # similar development.

If o perfeet pas is compressed rapidly in 2 metal container, it will
not lose any appreciable amount of heat, and the compression will he
adinbatic. If it is conipressed slowty, the gas will remain at the
temperature of the containing walls. and the compression will he
isothermal. 1l a piston alternately expands and compresses the gus
w a eylinder, it is eviden thal the pressure obtained will depend on
the rate of compression and expansion as well as on the change in
volume.  Ballantine (2Y has caleulatod this correction and shown how
it depends on the [requeney, arvea of the enclosing walls, and volume
of the chamber,  Figure 13 is a eraph of this correction as applicable
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CONSTRUCTION

The pistonphone (fig. 14) consists of two closed eylindrical chambors
2.54 em. (1 inch) long and 2.54 cm. (1 ineh) in diametor separated by
the piston, 0.0025 cm. (0.001 inch) dess in diameter, The air meter
(@), serewed tightly into place for calibration, formed one end of 1he
front air chamber (7), and the piston (&) formed the other endd.  The
piston was driven electromagnetieally by an alternnting-current
driving coil (1) operating in the field of a permanent magnet (A) aned
connected to the piston by a light rod (£}, which passed through e
rear air chamber (7). Astee]l band (CY)-held the piston and driving
coil to their zero settings.  The tension of the steel band was ndjusta-
ble s0 as to vary the natural frequency of the sysiem. The moving
parts (piston, conneeting rod, driving eoil, and steel band) formed o
system analogous to a string loaded n the center and vibrated by g
force acting at the center. To get as high natural frequencies as
possible, great tension and a light load are necessary. The pistan
and driving rod were made of duraluminum for strength and lightness
and the driving coil, taken from a 25-watt magnetic spenker, was nlso
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mstant volume.  lis
Again, changing the
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very light. The steel band, which is 30 em. (12 inches) long, 1.8 em.
(% inch) wide, and 0.025 em. (0.01 inch) thick, is of high tensile strength
for maximum tension.

A microscope with a filar micrometer eyepiece Js mounted above a

{2 mark on the driving rod to measure the movement of the piston (see
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For obtaining higher pressures with the same movement of tho pis-
ton, the front chamber can be shortened to 1.25 cm. (3% inch), at the
same time increasing the rear chamber Lo 3.7 em. (1% inches). Maxi-
mum double amplitude of the piston that can be measured by the
microscope is slightly over 1 mn. (0.04 inch).
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Fisvre 15.—Pistonphone With air-blase meter and mieraseope hounted for

calibration.

TESTS

The pistonphone wag used for calibr
setlings but was mosi, satisfactory for |
difficult to maintain in & steady state of vibration for low pressures
(less than 5,000 dynes per Square centimeter) at Joyw frequencies.

AXImum prossure differences of over 100.000 dynes per square
centimeter weve obtained at low Trequencies, and thpiy measuremen|
was limited to thig figure only by the field of vision of the nieroscope
used.  Maximum pressure differenceg pf, high [requoncies were limited
by heating of the 28-walt driving coil (100 pereent overloads wore nof
mjurious for ghort periods of time); consequently, at 500 eveles por
second the pressure wag Limited o approximately 6 000 dynes per
square centimeter, Frequencies as low as 5 aveles per second wern
obtained and were limited by the voltage available from the alternai-
ing-current generator,

Al frequencies below 40 cycles
larger because of nonadiabatic con
was diffieult to eliminate frietion
as low as 5 cycles per sec

ating the air-blast meters at all
ngh-pressure calibrations, being

ipression and expansion.  As i
and obtain sine waves at frequencies
ond, more friction was introduced and. hy
tightening the adjusting screws (part H, fg. 14) unevenly, virtually
square wave shapes wore obtained. Thig would increase the epror (o

¢ expected from nonadiabatice compression, However, the pressupe
response, as caleulated from Ballantine’s formula, wag virtually the

Same as at higher frequencips, Figure 16 shows the Pressure response
plotied againgt the frequency.

These tests with the pistonphone ¢h
results within 19 percent for sensitivities from static pressures o
requencies of approximately 500 eveles per second for the sensifive
seltings where botl methods could be pged. The high-pressire
settings of the air-blast meter were calibrated only by the pistonphone.
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RESULTS OF PRELIMINARY FIELD TESTS 17

Although the deflection of the diaphragm is the snme for a certain
foree at any frequency from zero to 500 cycles per sceond, the sensi-
tivity of the alr meter (as discussed under Air Meter Characteristics)
will be imfluenced by any leakage between the air chamber and the
atmosphere.  Leakage around the diaphragm would show on the
frequency sensitivity calibrations, Possibility of leakage through the
cable connector is made negligible by sealing the connections with
metal glue. The remaining possibility for leakage through the rear
ol the air-blast meter is tested by reversing it in the pistonphone and
measuring the deflection from known pressures. Results vary with
different units but have not exceeded 15 percent error at 5 eveles per
sccond. For accurate measurement of lower frequencies the back
could be sealed to climinate this error.

The air meter was taken apart, reassembled, and vecalibrated several
times for all settings with both the pistonphone and the cleetrostatic
actuator ko determine whether such changes would appreciably affect
the sensitivity. Al calibrations could be duplicated withim the 10-per-
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Figure 16.—(Calibration of pistonphene.

cent Limit of crror. Al parts were marked so that they could be
reassembled in the same positions relative to each other, thus decreas-
ing any change in sensitivity due to small mechanical defects of the
parts.

RESULTS OF PRELIMINARY FIELD TESTS

The damage ascribed to the air blast of an explosion by most com-
plainants is broken window glass. 1t was decided to find the npproxi-
mate pressure at which window glass would break and aé the same
time test the operation of the air meter in the field, )

Rather than risk damaging a building in these preliminary tests, 16
was deeided to simulate conditions by mouniging panes of glass in one
side of a closed wooden box. The foree exerted on the glass will
depend on the arca exposed and the difference in pressure on the two
sides of the glass. The pressure on the oulside will depend on the
pressure in free space, reflection from the house, and possibly other
factors as well.  The pressure inside the house will not remain exactly
at atmospheric because of leakage and shght bending of the walls.
As the duration times of the pressure wave and the {ollowing vacuum,
wave are short, the change in pressure inside the honse probably will
be small compared to the change in pressure on the outside. As the
walls are much denser than tho air it is evident that their amplitude
of motion and, consequently, the pressure change within the house
will be small compared to the amplitude of motion of the air particles
on the outside. TFor these reasons, it was thought that the pressure
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necessary to break the glass mounted in the box would approximately
equal that necessary to break windows in o house.

The box (fig. 17) was built of 0.6-cm. (¥4-inch) plywood and was of
tight constrnetion to minimize leaking. Various-size pancls of glass
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RECEPROCAL OF DISTAHCE, METER

F1GURE 18.—Ohserved pressure-distanco relationship,

could be mounted in the front and were fastened with glazier peints
(no putty being used) to expedite these tests. The air meter was in
the center of the box above the glass. Dynamite hanging sbout 1.2
meters (4 feet) from the ground was exploded at measured distances
in front of the sash. Under these conditions, one stick (3 em. (1%
nches) by 20 c¢m. (8 inches)) of 40-percent gelatin dynamite gave o
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maximum pressure of 60,000 dynes per square centimeter (0.9 pound
per square inch) at 7.5 meters (25 feet). This test first loosened the
glazier points on a pane of double-strength glass having an unsupported
area of 60.5 cm. (23'%; inches) by 77.5 cm. {30% inches). When these
were tightened and the test was repeated, the pane was completely
shattered, glass falling both inside and outside the box. The same
pressure on two smaller, single-strength panes having an unsupported
aren of 37.5 em. (14% inches) by 60.5 ecm. (23% inches) shattered one
but did not damage the other. It is thought that breakage is appre-
ciably mfluenced by inhomogeneitics in the glass and strains caused
by the glazier points, bul tests for these factors were not conducted.

Although one object of these tests was to determine whether the
oscillograph clements and the air meter could aceurately follow the
steep wave front resulting from exploding dynamite m air, adverse
conditions prevented accurate analysis of the wave front. However,
the fact that the maximum pressures measured were approximately
inversely proportional to the distance, as shown by figure 18, sup-
ports the aceuvacy of the measurements, since, neglecting damping,
the intensity of the wave should vary inversely as the square of the
distance and the intensity is proportional to the square of the pres-
sure. It is proposed to use crystal elements in the oscillograph for
further experimentation with the steep wave front found close to
explosions.

A stick of dynamite exploded in the air gave about six times the
pressure and a steeper wave front than a like amount which was
buried about 1 foot underground st the same distance and broke out
upon explosion.
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