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FOREWORD

For several years the Bureau of Mines has conducted research on seismic wave
emanating from guarry Dlasts and their effeets on nearby residential strueinres.
At various times the oscillograph reeorded a sccund vihration following the
seisie wave,  Investigation showed the arrival time of these delaved waves o
he eoincident with or close to the speed of sound.  They were therefore agsmed
to be records of disturbances ecpused by air vibrations.

Tests were made in which explosive charges were detonated in the air witlism
contacl with the ground.  No seismie wave was produced by thistype of blas,
but, when set up in houses, the scismometers veeorded disturbanees, and the tine
of arrival again closely approximated the speed of =ound.

It j& common knowledge that mnd-eapped shots cause air disturbanees resnit
ing in the rattling of window sash or lnse panes of glass.  Test= made with thes
kind of blaxting also gave no record of a seismic wave but did indieate disturhane
fron an ady wave,

A study of pliotographic reenrds on which vibrations from both seismie and aer
waves were recorderd aeeasionally showed greater displaceinent {from the latns
from the =ame blast.

It was frequently observed that no complaints were reeeived from resident-
near a quarry if atmospherie eonditions were sueh that the quarry blast wais no
heard.  Conversely, many eamplaints were veevived following hlockhole slue
from which no gppreciable scismie wave was sel up.

These observaltons led fo a study of the effeet of the air distirbanee from g
blasting paraileling the sindy of the seismie wave,  Fhe seismometers cnployee
ta study the ground wave eould be used to measure the speed of propagaliee o
the air wave and alsa the displacement of a house caused by the air wave,  Adrs
tests were maide to record abr-wave speeds, and it was found that at shorl distaten-
from the blust the speed of The pir wave was much faster than the speed of nosessd
wave, but that # was rapidly damped to the speed of sound and continued a1 thar
rate for a considerable distancee.

In arder that {he eharacteristies of the air wave could he studied quantiiativels
it was deeided to design an air-pressure meter that eould be nserl in place of i
seismoncier.

The problem of designing sueh a pressure meler fogether with fhe neees
equipment by which the mefer eould he ealibrated was assigned to Andres ]
Treland i the fall of 1939, foliowing completion of field tests of merhauical
agitation of residential sirueiures.
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DESIGN OF AIR-BLAST METER AND CALIBRATING
EQUIPMENT *

By A, T, Irgranp ?

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

- pxplostons.

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-

* by various types of gages (15, 16, 17,18, 19).

pressed pressure wave. With either method, a spark may be used
as the source of itlumination for an instantaneous pieture, or an arc

fand a moving Alm may be used to give a continuous record of the

progress of the wave. By plotling the position of the wave against

_ time, the velocity of the wave at any distance from the source may
i be determined.
_ pressure or encrgy of the wave,
~ study of the shape and speed of high-pressure waves at short distances
: from a small explosion, and neither could be adapted easily to deter-
* mination of lower pressures at greater distances from the source.

However, neither method dirvectly measures the
Both methods are designed for the

Explosions in cannon and engine cylinders also have been recorded
Such gages have a high

1 Work on manuscript completed March 20, 1941,
* Tnmior physicist, Nonmetal Mining Section, Mining Division, Bureau of NMines.
2 Numbers in parenthoeses refer, to teferenees in the bibliography; page numnbers are those In the references
and not in this pablication.
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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 constructed rigidly
to withstand the high pressures. There are three general types of
these gages—the piezocleetrie, resistance, and condenser.  In the piezo-
electrie type the pressure causes compression of a stack of piezoclectric
erystals, the resutting voltage being amplified and recorded by suitable
means.  In the resistance type, the pressure causes compression of a
carbon pile with a resulting change in clectrical resistance whicl is
recorded as a pressure-time relationship. In the condenser gage the
pressure bends a diaphragm of high natural frequency 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 various types of microphones tn common
use were designed for sound emanating from such sourees as voiee,
musical instruments, traffie, ete., all of which, as shown by common
experience, are harmless to buildings. Tt was necessary, therefore, to
design and calibvate an instrument for the measurement of pressures
ranging somewhere between these extremes.

From elementary principles of ntechanics, 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 the
size, distribution, and duration of forces acting upon the structure.
These forces at any moment ecan be computed most casily. from n
time-pressure record.  They could also be computed from the veloeily,
or amplitude and frequency, of motion of the ajr particles, but such
4 computation would require that the veloeity, or amplitude aml
frequency, be used to solve for the pressure, which would then be
mtegrated over the area affected to give the total force. 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 makmg observa-
tions upon a number of buildings and determining 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-
mng equipment should not he unduly complieated or require excessive
power for field use. Measurements should be reprodueiblo, sheuld
be in absohute 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 anid
condition of buildings, the added eost necessary for precise measire-
ments would not be justified.

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

and erystal-type microphones give the most nearly linear frequency
response below their resonant frequencies. The condenser micro-
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phone (see fig. 1) was chosen instead of the crystal type because it 18
easily constructed and its response is independent of atmospherie

~ eonditions.

*em. (0.001 inch).

E. C. Wente's condenser microphone (73) has the notable character-

T istie that its sensitivity is comparaiively constant over a wide fre-
- quency range.

It consists of a steel diaphragm stretched in front
of a rigid plate. The plate does not cover the entire area of the
diaphragm and is separated from it by an air space of about 0.0025
This air space is connected by grooves and holes

" in the plate and holes at the side of the plate to a larger air chamber

behind the plate. The large air chamber is conneeted to the outside

_ by a small hole or by mcans of & compensating diaphragm to allow

for changes of atmosplheric pressure. The thin air space between the

_ diaphragm and plate overdamps the diaphragm at low frequencies;

at higher frequencics 16 adds stiffness to the diaphragm and raises

FIGGRE 1,—Alr-blusl mueter.

3 The pressure response of the

microphone can be held comparatively constant from frequencies of
a few hundred cycles per second to frequencies above the natural

frequency of the dingphragm.

the nabural frequency of the system.

CONSTRUCTION

As the air-blast meter must be taken apart, the sensitivity changed,
and the meter reassembled in the field, a clamped plate instead of &
stretched membrane was used 28 the diaphragm. This resulted in
some loss of sensitivity, a8 & plate is less sensitive than a membrane

of the same resonant frequency; but this was not considered a SCIIOUS
disadvantage.

Different sensitivities are obtained by using diaphragms of different
thickness (0.01+cm., 0.03Loem., and 0.05-+cm.) and by varying the
spacing between the plate and diaphragm (fg.2). Duralummum was
chosen for the diaphragm because its low density and high modulus of
elasticity insure high sensitivity for a given resonant frequency.
Other metal parts also wéve made of duraluminum to avold any
listortion due to temperature changes. The dinmeter of the un-
clamped portion of the diaphragm is 2.5 cm. (1 inch), and the resonant

- ‘ frequency of the thinnest diaphragm is about 1,400 cycles per second,
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4 AIR-BLAST METER AND CALIBRATING EQUIPMENT

slightly above the highest resonant frequencies of the elements used
in the oscillograph. A diclectric washer (5) holds rigid inside plate
(@) away from case (s) and diaphragm (2). "The case and diaphragn
completely enclose and electrically shicld this plate, which is the onlv
part not at ground potential. This prevents any interference from
near-by electrical cirenits or any change in capacitance causod by the
movement of one’s hand near” the air-blast meter.  The separation
between the diaphragm and the inside plate is varied by meaus of one
to four spacer washers (¢} 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 cause
the diaphragm to be overdamped, holes and grooves are cut in the
plate, connecting with a larges air chamber (g) formed by a bakelite

. /_________ a
k .

o

L~

RN

leetric washer; ¢, spacing washer; 4, inside plate.
» miniature eable eonnector; |, case, ®

Ty

8

FIGURE 2.—Air-blast meter: 4, Plate diaphragm; b, die
g, hakelite ring; f, rear metal piate: g, sir chamber;

ring (e) pressed against the inside plate by the rear metal plate (/.
The diaphragm therefare acts as an underdamped vibraling system.
The clectrical eonneetion to the mside plate is made by a small wire
from the ministure microphone eable connector () through the
bakelite ring to the inside plate.

CHARACTERISTICS

As the diaphragm is underdamped, its deflection for certain force
15 the same at all frequencies that are small compared to its resonant
frequency. 1t therefore has s “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 back plate and cuuses a loss in sensitivity at low [re
quencies,  Tests (deseribed under “Pistonphone’)  have shown thic
error to be less than 2 percent at 20 cyeles on one air meter and
increasing from 4 percent at 20 cycles to 8 percent at 10 eycles and 15
percent al b eycles on another. Tt can be assiumed 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 Esclangon (20) found) have et been obtained
in the tests, calibration below 5 cycles has not been made,

The response of a condensor microphone at high frequencies not.
only depends on the natural f requency and damping of the diaphragm
but also on the size and shape of the microphone and the cavity in
front of the diaphragm. These factors influence the response dup to
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cavity resonance, directivity, and diffraction (2, 4, 5), 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. Tn a field ealibration the sound waves are
produced in a chamber so large, or with walls so sound-absorbent, that
any reflections are negligﬂﬁe compared to the source. It 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 agrecment
hetween field and lahoratory calibration and unegligible errors up to
500 cyeles.  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 1s so much greater on the

Ll

Figurs 3.—Wente's cirenit.

high-frequency components that the steepness of the wave front
rapidly decreases with distance except very close to the source, where
the pressure is great cnough to increase the velocity appreciably.
Within this range, that part of the wave having the greatest pressure
also hasg the greatest velociby and consequently gains on less highly
compressec parts of the wave leading to a steeper wave front.  As
the air-blast meter was intended to be used at distances from about
100 feet to several thousand fect from the explosion, the ealibration
was carried only to 500 eycles. The thicker diaphragm, used nearer
the shot, would have linear response to higher frequencies, but the
calibration was nof earried higher owing to limitations of the oscillo-
graph vlements being used.

CIRCUIT

Wente’s circuit (18) consists of the condenser microphone in series
with a large resistance and a polarizing veltage, as shown in figure 3.
This circuit gives a ecrtain change in voltage for a given change in
capacitance at any frequeney sufficiently high that K (resistance) is

1 . .
large compared to 5 70 where (s the eapacitance of the condenser
o T

mierophone in farads and f the frequency in cycles per second.  Below
this frequeney the sensitivity of the circuit decreases.
£21668°—42—2
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The disadvantages of this system for low frequeneies are obvious.
Moreover, the first stage of the amplifier usually is kept close to the
microphone to avoid adding capacitance in parallel with the micro-
phene amd deereasing the sensitivity,  For high-pressure work this
would expose the amplifier to severe shocks.  Furthermore, (his cir-
cutd requires several stages of amplifieation, whieh are difficult to
calibrate and maintain in ealibration.
A slightly modified form of the transducer cireuit (26) used by the
' Bureau of Mines in its seismiie researeh work was adapiled in the form |
shown in figure 4 and gives linear Mrequeney response from static to

§
z
1§
:

To air=blast meter E

Frevey L CVramsduesy civeait: s, 000 miid; Gy, W00 mming; o, 002 ol 5, 40 nunfil.; €y, 300 mmid,;

Cs, 200 manfd,: O, ozeilhagraph eleroent; B, 6 olis; Ra 50,000 ohins; Re, shunt lor millianineter; K,
S08 ohins; 30 and 31 sre vacumin 1ihes.

supersonic frequencies. Two A batleries are unsed for the filament
supply, and up to four B hatteries {180 volts) are used for plate
voltage. Tts sensitivity is shghtly more than 1 mlliampere per micro-
microfarad of change in eapacitance. The transducer 18 built n o
small aduminum ease, which completely shields the system from
. eleetrieal interference.  The case and balteries ave protected from plates, whos
: the weather and the air blast by a heavy wooden box. The trans- them, will, :
ducer ense g suspended within the wooden hox by elastie cords (o
minimize shoeks, A shiolded cable 6 to 10 Teet in length conneets
the ate-blast meter and transducer. Tests were made with the air-
blast meter diseonnected.  These showed no vibration due to the .‘ where
transducer eiveuit itself. Figore 5 shows fransducer box, shiclded : o
rable, and air-meter ussembly, the air meter mounted on window frame. I‘f_:_[;i.
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FiGure 5—Transdueey box, shielded enble, nud air-meter assebly.

ELECTROSTATIC ACTUATOR
THEORY

From the theory of.clectrostatic forces we find that two parallel
plates, whose dimensions ave large compared to the distance separating
them, will, according to Pender (38), exert a force upon cach other of

Vikd
g ey

where

J=farce, in dynes; -

' —=potential drop between the plates, in eleetrostatie volts (practieal
volt= divided by 300);

A=area of the plate, in square centimeters:

k=the dicleetric constant;

r=1he separation, in centimeters.
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It is also shown that
k4

v

where (" is the capacity of the condenser:

] hence, equation 1 may he
written

L
= (@

If plates 7 and 2 of the system show
a dielectrie of constant £, and plates

v
¥ TNy =

T -

F13URE B.—Thros-plate eondensor.

nin figure 6 are separated hy
2 and 8 are separated by air

(diclectrie constant 1), the eapacitance,

¢, between plates 7 and 3
may be found from the equation

| —

1
oot

3

~

7
2
or

: +i}’r_"" Oo—__ 4l

L4
&7 T Az’
dn (Pt

where

r=the effective separation,
Cy=-capaciiance between plates 1 and 2,
Cy=capacitance between plates @ and 8,
C=capacitance between plates 7 aud 3.

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

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

V24 .
=g ¢

To give the force per unit avea (#) in dynes per

N square centimeber we
divide by A, and cquation 3 becomes

1z
If the potential applied is an alternating voltage,

V=V, sin al,
where
t=the time,
w=27 times the freg

fiency, in eveles per secand,
V.=1he peak voltage

1
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ELECTRUSTATLC ACTUATOR 0
we have
T2 sindorl
Fe=="gi (5)

The force is one of aktraction. since opposibe charges attract; 1%
has twice the frequency of the impressed volluge and is inversely
proportiﬂnal {0 the square of the offcetive separnbion.

I a rigid plate is placed near and parallel to the diaphragm of the
air-blast meter and a voltage is improssed across them, the air meter
enn be calibrated if the voltage and cffective separation ave known.

Such a calibrating device is called an clectrostatic actuator.

CONSTRUCTION

In calibrating the air-blast meter one must be careful that the eal
ibrating instrument doos nol affeet the meter's response.  The chief
danger i the use of the electrostatic actuator in ealibrating the meter
‘e the damping effect of the thin air space between actuntor plate
and meter diaphragnt.

Tor this reason the plate of the electrostatic actuator must be kept
at such distance from the diaphragm that the air space befween them
will not be thin enough to add appreciable damping or take the form
of a grill or strelehedawire sereen closer ta the diaphragm.

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

The former method was adopted to avoid the necessity ol precise
separation and parallelism between arill and diaphragin.

The actuator plate, as shown at b, figure 7. was cavered with a
dieleetrie (¢). This protected the equipment in case of an clectrical

break-down across the air gap and added onky %Of its thickness (k=the

diclectric constant) to the cffeetive scparation. As high potentials
(several thousand volls) are used in enlibraging, the plate is entively
enclosed by insulading material while the diaphragm and case of the
air_blast meter are kept al ground potential.

Alternating vollage was supplicd by either of two Ward-Leonard
contyrol syatems throngh a pi-type, low-pass filter of varinhle inductance
to a 400-to-1 voltage step-up transformer {fig. 8). The generators
could supply frequencies from 20 to 500 cycles per second, which
could be used for calibrations of 40 to 1,000 cycles per second (see
cloctrostatic acluator theory). Thus, if the frequency of the vollage
was 20, the frequency of the faree would be 40 cycles per second.
The voltage nacross the electrosintic actuator was vecorded on_ a
Duddell-type oscillograph.  The oscillograph element was in serles
with a resistance. K (he. 8), of soveral megohms, depending on the
voltage heing used.  Potentials up to 0,000 volts were used. A
resistance. r (fig. 8), of 2,000 ohis was connected in parallel with the
oscillograph element (approximntoly 1 ohm resistanee) to prevent
having a high potential on the oscillograph if the clement eircuit were
opened nceidentally. AN high-potentinl parts of the cireuit were keph
in a cabinet, where they could not be touched accidentally. A cable
with an insulation capable of withstanding 15,000 volts led to the
glectrostatic actuator plate.
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10 AIR-BLAST METER AND CALIBRATING EQUIPMENT
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ELECTROSTATIC ACTUATOR 11
TESTS

The clectrostatic actuator (see fig. 9) was most useful for determining
the frequency-response curves ol the more gensitive air-blast-meter
settings, Cave had to be taken that the separation between the
cleetrostatic actuator plate and the meter diaphragm was enongh fo
rednee the damping effect to a point where it would not change the
frequiency response. A separation of 0.0256 em. was found to be
sufficient for most air-meter settings.  The upper curve on figure 10
chows (he offect of this added damping on the frequencey-response
eurve. The pressure {dynes per square centimeter) required to give
a defleetion of the diaphiragm sufficient to change the capacitance of

Fieerk 4. Bleetrestatic actuater with air-blast wewer and gpacing washer ready 10 mount [or calibration.

the air-blast meter 1 micro-microfarad is plotted against the Trequency.
The pressure vequired for this deflection s calculated from the voltage
and distance of separation {(cquation 5, [Cleetrostatic  Actuator
Theory). The bottom curve was taken with a greater separation
hetween the clecirostatic actuator plate and the diaphragm of the
moeter. A comparison of the curves shows how added damping
inereases the pressure necessary at higher frequencies.

The deflections al zero frogueney on figure 10 were obhtained by
putting a D. C. voltage on the olectrostatic actuntor. The D. C.
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e
-
wr i 3,000
o o
=
[ s
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wE
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FREQUENCY, CYCLES PER SECORD
Fravae W.--Calibzation of the eleetrestatic acteator.  Upper qarve slows effrel, of added damping when

plate is teo elese 10 dinphragm.  Lower curve ix correel ealihration ani can be dapiicnted for dilferent
distances of separation helween plate and diaphragn.

voltage was obtained by means of the cirenit shown in figure 11.
The voltmeter had a resistance of 62.5 megohms. As the current
drawn was quite small, the rectifier and filter gave a D. C. voltage
with negligible ripple for an input [requency of 100 eycles or higher.
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PISTONPHONE 13-

The ecffective distance for scparation between the clectrostatic
actuator plate and the diaphragm of the air-blast meter was found
by inevcasing the separation by known amounts (by means of spacing
washore shown in fig. 7) and plotting the voltages required to give &
cortain deflection (measured in miero_microfarnds capacitance change)
against the distance of separation. From equation 5 we sce that if
I is constant, 1, is proportional fo =, the distance of separation.
Fignre 12 is such a graph with all points taken at a frequency of 80
eveles per second. The graph in figure 12 has a slope of 96,500
practienl volts per contimeter, or 322 clectrostatic volts per cenbimeier.
From equuiion 5 we have

17Ty 1
= () =g Bar=4,100
ntimeter per micro-microfarad deflection.

The clectrostatic actuator conld only he used for sensitive sebtings
of the air-blast meter, as high voltages would ecause an electrical
hroak-down across the air gap between the diclectric covering the
plate of the eleclrostatic actuator and the diaphragm of the air meter.
Although these brealk-downs passed negligible current {less than
10— amperes) and did not damage any equipment, they made it im-
possible to obtain pressures greater than 1,400 dvnes per square
centimeter.  The maximum pressures obtainable decreased as the
separation of the clectrostatic actuator plate and the diaphragm
inereased.  Since a deflection of 1 micro-microfarad change in capaci-
tance could not always be obtained, graphs such as figure 12 had to
ho corrected for smaller defloctions.  From equation 4 it is gvident
that if & ¥-micro-microfarad deflection was produced by & potential
of 2,500 volts, n deflection of 1 mievo-microfarad would require

5,000 volts- ~that s, if the distance of separation is constant, the pres-

sure is pmporbimml to the square of the voltage.
PISTONPHONE
THEORY

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

po=C, (6)

where (f=a constant. If we change the volume by a small amount,
Ap, the pressure changes a small amount Ap, so thal

(w-+a0) (p+ Ap)=C, M

®

dynes per square c¢

or
vp-+pav+raptAvAp= C,

subtracting equation 6,
phv-tvap -+ Avap=0, (M

an infinitesimal of the second order, this beeomes

Ap_ A (10)
P It

alic. the relation between the pressure

neglecting AvAp as

1f the compression is adiab

and volume is expressed by
{11

prv = C
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where v is the ratio of the speeific heats at constant volume, Iis
value for air at normal temperature is 1.40. Again, changing the
volume by a small amomnt, As, and negleeting infinitesimals of the
second or higher order, we have

oA u2)
by a similar development.

I a perfect gas is eompressed rapidly in & metal container, it will
not lose any appreciable amount of heat, and the compression will be
adinbatie. I it is contpressed slowly, the gas will remain at the
temperature of the containing walls, and the compression will he
isnthermal. I a piston tlernately expands and compresses the s
in a cylinder, it is eviden! that the pressure obtained will depend on
the rate of compression and expansion as well as on the change in
volume,  Ballantine (23 has caleulatod this carrection and shown how
it depends on the [requeney, avea of the enelosing walls, and volume
of the chamber,  Fieure 13 iz o araph of this correction as applienhls

1.5

o
= 1.4
fad
23— =
2
-
& 1.2 pet
I - !
91
w :
& ;
8 1o !
5 10 20 I B0 150 %0 w40

FREQUENCY, CYCLES PEZ SECOND

=
FIGURE 13, Cormeetion earve for pistenphane.

Ratin ol change in prossure to ehange in volume jor piston-
phone ploticd mminst freqneney Ap=ﬁ("%{.

to the Bureau of Mines pistonphone.
that between 40 and 600 eyeles per se
without more than 2 pereent crror.
the correction factor changes rapidly
and volume, and therefore the expee
higher frequencics.

From the graph it i= evident
coud a factor of 1.35 can be used
However, at lower frequeneies
with frequency, arca of walls.
ted error will be larger than at the

CONSTRUCTION

The pistonphone (fig. 14) consists of two closed eylindrieal ehambors
2.54 em. (I 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 nto place for calibration, formed one end of 1he
front air ehamber (7, and the piston (&) formed the other end.  The
piston was driven cleetromagnetically by an alternating-cureent
driving coil () operating in the field of a permanent, magnet. (A) and
conneeted to the piston by a light. rod (£}, which passed through te
rear air chamber (7). Asteel band (C)-held the piston and driving
coil to their zero settings.  The tension of the steel band was adjusta-
ble 50 as to vary the natural frequency of the system. The moving
parts (piston, conneeting rod, driving eoil, and steel bawd) formed »
system analogous to a string loaded 1 the conter and vibrated by a
foree acting at the center. To get as high natural frequencies as
possible, great tension and a light load are necessary. The piston
and driving rod were made of duraluminum for strength and Hghines
and the driving coil, talken from a 25-wabt magunetic speaker, was also
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PISTONPHONE 15

very light. The steel band, which is 30 em. (12 inches} long, 1.8 cm.
(% mech) wide, and 0.025 em. (0.01 inel) thick, is of high tensile strength
for maximum tension.

A microscope with a filar micrometer cyepiecc Is mounted above a
mark on the driving rod 1o measure the movement of the piston (see

", front air

rear uir chamber.
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fig. 15).  Aceuracy of measurement depended mainly on maintenance
of asteady state of vibration,

For obtaining higher pressures with the same movement of tho ps-
ton, the front chamber can be shortened to 1.25 cm. (%4 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 shightly over 1 mm. (0.04 inch).
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Fievre 15.—Pistonphone wigh aiz-blast weter amd microseape maounted far calibratipn.

TESTS

The pistonphone was used for ealibratin
settings but was most, satisfactory for high-pressure calibrations, being
difficult to maintain in & steady state of vibration for low pressures
(less than 5,000 dynes per Square centimeter) at Jow frequencies.

aximum pressure differences of oyvor 100.000 dynes per square
centimeter were obtained at low frequencies, and their measiremen|
was limited to thig figure only by the feld of viston of the nieroscope
used.  Maximum pressure differences af, high Irequencies were Timited)
by heating of the 2B-watt, driving coil (100 percent, overloads wore nof
injurious for short periods of time); consequently, at 500 evelos per
second the pressure was limited to approximately 6,000 dynes per

square centimeter.  Frequencies 28 low as 5 cyeles per second werr
obtained and were limited by the voltage available from the alternat-
ing-cunrent generator,

At frequencies below 40 cycles per second the correction beeomes
larger heeause of uonadiabatic compressio, and expansion. As if
was difficult to climinate friction and obtain sine waves t frequencies
as low as 5 cycles per second, more friction was introduced and, hy
tightening the adjusting screws (part H, fig. 14) unevenly, virtugally
square wave shapes were obtained.  This would mnerease the error (o

¢ expected from nonadiabatie oo i However, the pressure
response, as caleulated from Ballantine’s formula, was virtually the
same as at higher frequencips, Figure 16 shows tho pressure response
plotted agaist the frequency,

These tests with the pistonphone checked the clectrostatic-actualor
results within 10 pereent for sensitivities from static pressures to
requencies of approximately 500 cyeles per second for the sensilive
seltings where both methods could be ysed. The high-pressnec
settings of the air-hlast meter were calibrated ouly by the Distonphone.
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RESULTS OF PRELIMINARY FIELD TESTS 17

Although the deflection of the diaphragm is the same for a certain
force at any frequency from zero to 500 cycles per second, the sensi-
tivitw of the air meter (ns discussed under Air Meter (Characileristics)
will be influenced by any leakage between the aiv chamber and the
atmosphere. Leakage around the dinphragm would show on the
frequency sensitivity calibrations, Possibility of leakage through the
eable connector is made negligible by sealing the connections with
metal glue.  The remaining possibility for leakage through the rear
of the sir-blast meter is tested by reversing it in the pistonphone and
measuring the deflection from Lnown pressures. Results vary with
different units but have not excecded 15 percent error at d eycles per
second. For accurate measurcment of lower -frequencies the back
could be sealed to elimminate this error.

The air meber was taken apart, reassembled, and recalibrated several
times for ail settings with both the pistonphone and the clectrostatic
actuator to determine whether such changes would appreciably affect
the sensitivity.  All calibrations could be duplicated within the 10-per-
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FREQUEACY, CYCLES PER SECORD
Froure 16.—(Calibration of pistonphene.

cent limit of crror. All parts were marked so that they could be
yeassembled in the same positions relative o sach 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. 16 was docided to find the approxi-
mate pressure at which window glags would break and ab the same
time tost the operation of the air meter in the field.

Rather than risk damaging & building m these preliminary tests, it
was decided to simulate conditions by mounting paes ol glass in one
gide of a elosed wooden box. The force cxerted on the olass wilt
depend on the arca exposed and the difference in pressure on the two
sides of the glass. The pressurc on the outside will depend on the
pressure in free space, vefloction from the house, and possibly other
factors as well.  The pressure insido the house will not remain exacbly
at atmospheric because of leakage and slight bending of the walls.
As the duration times of the pressure Wavo and the following vacuum
wave are short, the change in pressure inside the house probably will
be small compared to tho change in pressurc on the outside. As the
walls are much denser than the 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. For these reasons, it was thought that the pressure
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Iy 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
of glazier points on a pane of double-strength glass having an unsupported
158 ares of 60.5 cm. (23'%s inches) by 77.5 o (30% inches). When these

were tightened and the test was repented, 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 cm. (23% inches) shottered one
but did not damage the other. It is thought that brealkage is appre-
ciably influenced by inhomogeneities in the glags and strains caused
by the glazier points, bulb tests for these factors were nob conducted.

Although one object of these bests was to determine whether the
oscillograph clements and the air meter could gecurately follow the
steep wave front resulting from exploding dynamite in air, adverse
conditions prevented accurate analysis of the wave front. However,
the fact that the maximum pressures mensured were approximately
inversely proportional to the distance, as shown by figure 18, sup-
ports the aceuracy of the measurements, since, neglecting damping,
the intensity of the wave chould vary inversely as the square of the
distance and the intensity is proportional to the square of the pres-
sure. 1t is proposed to use erystal 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 n like amount which was
buried about 1 foot underground at the same distanee and broke out
upon explosion.
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