
iHI S REPORT MAS BEEN DELIMITED

..AND-CLEARED� FOR PUBLIC REL-Vk4E_

UNDER DOD DIRECTIVE 5200.20 AND
NORESTRICTIONS ARE IMPOSED-UPON

ITS USE AND DISCLOSUREe

"DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELEASEJ

DISTRIBUTION UNLIMITED$
I',

/,,

I.'



ILSSI FlED I1f
CLAA

--vices lechnical Information Ag-ency'-
XRLlNGTOXN HAIL STATION

ARLINGTON 12 VIRGINIA

P,'hvn Oovernmont or other drawinin. specifications or
re used for any purpone other tha: In connection with
related Guoernment proc uro inet itip ration, the U.S.
thersby incurr, no resporialbllty. nor any oblIgatisi
and the fact that the Govariurnnt may ha.ve I orwtarled,
r in any way supplied the tirlid drawings, specificationis
-a Is not to be regarded by implication or otherwise as
ier licensing tho holder or any other person or corpora-.
veytug an), rights or permnisison to mdanufacture, use or
ented irw~erAL1ioi th-at may ifM any wt:y b el"at-4d4 thr *eto."

FICATION CHANGED TO UNCLASSIED-

FHORITY OF A CWmtjoncaeim MW ocoiA umance with

00Witet SIMce cwvtbrSigned j-- Aiusd Sercs I"h into APIw
OFFICE SECURITY ADVISOR



LLZS27C & 55CAMCJ LAORAMTD

10

REPORT No. 721

The Effect of AI:mospheric Pressure

and Temperature on Air Shock

JANE DEWEY

and

JOSEPH SPERRAZZA

ABERDEEN PROVING GROUND, MARYLAND

j N .' ;T i? , 1.



RESTRIC TED

BALLISTIC RESEARCH LABORATORIES

REPORT NO. 721

THE EFFECT 1 OF' ATh4OSRIRIC MESS"'E AND TEMPE¶RATURE

Ml AIR SHOKK

Jano Dewey

and

Joseph Sperrazza

Projeots Nos. TB3-0112J and -5238 (Air) o' the Research
.nd Developmnnnt Division, Ordpanoe Departrnont

ABERDEEN PR OVI N G GR 0 UN D. M ARP YLAIA D

RES TRIC TED



RESIC TED

TABLE OF CONTENTS

Abstract * . . , .. .. . a . a. . . . .. . . . . .. . 3

Introduction * ...... 5

Equipmant Used * . . . . . . . . . .. 5

Experimental Procedure . ...... .......... 8

Reduction of Data 40.. .. . .S*. .. . .1S £

Results . . * . . a . . . .. ° . . . . . a . .. .. . . . 12

Discussion of Errors ° . * . ... ........ .. . 22

Discussion of Results .. a . . a . .a ..... a. Z3

Future 'ork Planned .. t..oa..a a... ..a 2

Aamowiledgments . . ... .. a.... aaa....a... 26

Appendix I a..aa . .. ..... aa.. # a . .a a 27

Appendix iI . . . . . . . . . ... . . . . . 3

References a 37

2

RESTR IC TED



RES ICO TED

BAILISTI( RESEARCH LABORATORIES REPORT NO. 721

JDewey/J Sperraz ze/med

Aberdeen Proving Ground, Md.
May 1950

'ME EFFS 'T OF ATMOS1*ERIC PRESSURE AND TEMPERATURE

ON AmR iHXGK

ABSTVT

The side-on excess peak pressures and popitive impulses of air shock
waves from the detonations of spherically shaped explosive charges of
50/50 Pentclite have been measured under ambient atmospheric pressures
and temperatures simulating altitudes up to 50,000 feet. The reduction
in peak pressure and positive impuhse attendant on decrease in ambient
pressure for scaled distances Zp 1/3 ranging from approximately 2 to 30

can be expressed in the scaled variables of Sachs by the relations

Peak Pressure: (-) = _795 + 1549 + 2054 3 + 403.9PO ZP 01 (z poli/'S)2 (z po1/3)3 (z pol /3)

Positive Impulse; log10  2 = 1.374 - 0.695 log10 (z )

where P I peak pressure in psi

pow ambient atmospheric pressure in atmospheres
(I atmosphere 14.7 psi)

R = distance from explosive in feet

W weight of explosive in pounds

I " positive impulse in psi milliseconds

Peak preseures are nearly independent of 'emperature. The impulsq appar-
ently increases more rapidly with falling temperature than as T-I 2  r

although this conclusion is uncertain,
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INTRODW TION

The qffeot of altitude on blast parameters has been considere'd theo-
reticallytan4 experimentally2 by a number of authors* Except for the
work of Sachs1 , the results apply only to relatively low aititudei. With
the increase in high altitude flying, it appeared desirable to obtain ex-
perimental data over a wider range of pressures and temperatures, The
installation at Aberdeen Proving Ground of a "Stratosphere Chamber". of
adequate size for small scale blast experiments made this work possible.

QUIJPMENT USD)

The stratosphere chamber consists of a metal cylinder, about 12
feet in diameter, divided into a firing and a concussion chamber. The
latter, which it" about 26 feet long, not including a sa~dtrap at one end,
was used for these experiments. Pressures in the chamber oan be varied
Crom about 1/10 atmosphere to atmospheric and temperatures frou about
-GO°C to ' 250C. Ports for the nenessary lead wires, pressure measuring
tubes, etc., are provided, as well as a number of glass windows for view-
ing the interior. Provision is made for regulating the pressure and
holding it at any desired value. After closing the door, pressure equi-
librium oan be obtained in less than five minutes, so that the whole
arrangement, in spite of its large size, is more convenient than the
us-ul laboratory pressurized tank.

For blast measurements the chamber has many disadvantages. The
cylindrical shape results in a focusing of the shock reflected from the
walls along the axis of the chamber, so that the reflected shook is
much stronger than the initially incident one and impairs the function-
ing of the equipment. All gages and blast switches must be placed near
the axis to take full advantage of the size of the chamber in obtaining
free air measurements. Acs the flooring was removed, the •h•mhbr may bA
regarded as an empty cylinder traversed in places by beams to support
the flooring and by the supports of the gages. To reduce reflection,
the inside of the cylinder and all beams were covered by hair felt,
Two layers of the thickest grade (about 1/4 inch) of rug cushion were
used during most of the work. At the start 3/4" felt was available.
The felt was rapidly blown to fluff, espeoially~by the larger charges,
but the reduction in reflection was sufficient to make the vary con-
siderable labor of replacing it and cleaning fluff from the connecting
pipes seemworth whilea With the chamber lined, cha-res up to at least
one pound of explosive can be fired. However, damage to felt was so
rapid when one-half pound charges were used that it was decided not to
extend the work to larger charges.

The support of the gages on the metal cylinder made it necessary to
isolate them from vibrations transmitted through the metal 9 which would
reach them in advance of the air shock. OrdinEay c•i-•ercial rubber shook
mounts between the gages and the supports were found to accomplish this
adequately. A vigorous kick on the supports themselves could be perceived
on the recording equipment, but resounding blows on the sides of the

5
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chamber gave no visible effect. As the gages and oecssary c...ter..i.hts
had a total mass of three pounds the displitement of the gage by the shock
is small. The cables connecting the gages to tne recording equipment ap-
parently transmitted vibrations to the gages only imperceptibly. The
blast switches were rigidly mounted as it was necessary to fix their posi-
tions accurately. Their setting was so adjusted that vibrations trans-
mitted through the mounts did not operate them. The arrangement of gages
and blast switches is shown in Figure i- A pdutora-h of the -..... t f.or
the tourmaline gage is shown in Figure 2,

The instrumentation used was designed for large scale work, 3 4 pri-
marily with bombs and could be g ven only hurried alterations for this
....w . i-e MIr , toma3!ne w i+,S 2nIJ' diameter and imfortu-ate

aerodynamic oroperties (aspect ratio about 4 and square corners presented
tt the blastso ras used, except close to the charge, because it was all
that was available. One gage designed for the measurement of ground
shock, 6 diameter approximately 1-3/8", thickness at the middle about 3/8",
was used at the position closest to the charge. The BRL gage is so large
that approximately 0.2 milliseoonds is required for a woak shook to tra-
verse it; Fren for the ground shock gage the traverse time of 0.1 milli-
seconds i ... no;n-Ir !nng 0f. small scale air work.

In order to check on systematic gage errors and in the interests of
reliable results in general, dual instrumentation was used throughout the

work, that is, peak pressuros were measured by the velocity as well as the
piezogage method. Four small blast switches were used. Their design,
based on that tested on a larger scale, 3 is shown in Figure Z2 1 mil
aluminum foil was found by experiment to give reliable results. A check
on the response times of the switches was made by comparing them with
tourmaline gages used face-on to the shook0 Their reproducibility was
found to be adequate to take advantage of the precision of timing given
by the recording equipment.

The "White" four channel trailer, operated by the Ballistic Measure-
ment Laboratory, was used for the recording. This trailer contains foialý
nine-inch DuMont K3002 tubes with P11 screens, with the necessary DC ampli-
'iers, calibration circuits. etc. The amplifiers have a flat response from
DC to 80 idlocycles and gains of 1Q000 to 100,0006 The built-in camera uses
paper at a speed up to 480 inches per second o Two major improvements were
made in the recording for this work0 A 10 10 sine was used as the base of
the timing record0 Closing a blast switch put a DC shift on this record.
As the sine wave base line is longer, times can be read with greater ao-
curaoy than on a straight line record0 Also a General Radio camera tai-dng
records on 35mm film at about 300 inches per second was installed 0 Film
records are clearer and can be read at a higher magna-iecation than paper 0
Hence many records missing on the paper, due to poor focus or a weak
record toward the end of the life of a tube, were readable on the fiLm4
As the resnilts of film records were found to be more reproducible , the
paper records were utilized largely for rapid examination to determine
whether results of a round were usable, or when the film record was
PVI SSifln



fressure in the chamber waas -measured -n ar: o:en-end mercury meall-
meter combined with an aneroid barometer, whic-h was calibrated against
a Fortin barometer daily. As accurate measur.ement and uniformnity of
pressure are of more importance at lower pressures t han at higher (since
a given error produces a larger variation in the piak pressure ratio),
measurements were also made on two closed-end manometers when firings
took place at about 1/20 atmus-pLire uressureý Tne three manometers
measured pressures a+ three points at which it was believed0 from Uhe
pumping arrangemex•Js in the chamber , that maximum variations in pres-
sure would oocar. No variations with Dosition were observable0  As:
measurements were made to the nearest millimeter, it was concluded
that variations in pressure with position larger than this value did
not s_,.ur and only the closed-end manometer readings of low pressures
-,,re used. Temperature measurements were made on copper-constantan
theraocouples and ordinary thermometers- mercury nid bimetallic, at
various locations in the chamber 0 No significant temperature varia-
tions were found and only the thermocouple measuurmlents are reported.

EXMRIbEN rAL MrnW ED

Cast hemispheres of Thntolite with wells to fit the M-36 deton-
ator were weighed in pairs, and assembled with cellophane "Scotch" tape.
The nominal weights of the spheres fired were 1/16, 1/8, 1/4 and 1/2
pound. In the preliminary firings blasting gelatine in glass spheres
was also used because of the possibility that the effect of altitude
on oxygen rich nitroglycerine might differ from that on the oxygen
deficient Pentoliteo So much trouble was experienced in obtaining
reproducible high order detonation of the blasting gelatine that this
portion of the project was abandoned0  As far as could be judged from
a few firings, blasting gelatine gives about the same result as Pento-
lite, except for a Much higher variability. 2

The procedure for calibrating tourmaline gages at room temperature
hn~hnC decried ttv an.d is staig ufrwaru0 Some of thne gages

were calibrated at the ambient pressures used, by placing the calibra-
tion tank in the stratosphere chamber. Calibrations were also ounducted
by evacuating the calibeation tank and admitting atmospheric pressure.
As would be expected, since the gages have a linear respnnse, the gage
constant was independent of the exact conditions of calibration at room.
temperature0  It was, therefore0 not thoupht necessary to calibrate
every gage at reduced pressure0 All gages were, however, calibrated
before and, when they did not fail during the firings, again after the
Wholo series of firings, either at 20 and 35 psi or at 5, 15 and 30 psi
excess pressures. All gages used were calibrated at least three times,
with five measurements at each pressure each time0  Because of the rela-
tive inaccuracy of paper records, calibrations obtained from. film records,
taken on the 24 charnel trailer, were averaged to obtain the Page con-
stan 0  •The standard deviation of the mean of a set of calibrations did

not eice•md 21Z.a

Dth± the L.. and Lhe earth snotk gage were calibrated also at re-
ducod temperaturest This work was done by enclosixnu the calibration



tank in a controlled temperature cold box. T.hth both gages a high value
of the charge per unit pressure wvas obtained at low tomperatured; at -a70C,
for instance, 30% higher thaex at -29T o Records were taken on two earth
shock gages under the erroneous inpression that their gage constants were
independent of temperature. As subsequent calibration showed this not to
be the case, the calibrtion constant was plotted against tennerat-unre and
an interpolated value used. See Figure 3, As the change in constent be-
tWeen -4AC and -6SC, the lvw temperatures at which oalibrationa were made,
is small, a linear interpolation was used0

As the piezoelectric constant of toturmaline is reliably reported to
vary less than 2% in a much wider temperature range than used here.2

thire is no obvious explanation of the change in gage constanto Probably
the crystallization of the material in which the tourmaline is imbidded
causes a rise, but it is difficult to account for its large magnitude,
anpnrn-rimately the same in the two gages, on this basis. While the agree-
ment of the tourmaline gage peak pressures with those calculated from
shock velocities indioatec that the low temperature gage constants used
were approximately correct. it did not appear .orth tle

than a limited number of low temperature impulse measurements with gages
of anomalous response to temperature changes.

The distance between blast switches was measured along the straight
line connecting them1 by the Physical Measurement Section, Development
and Proof Services, using steel soales graduated in hundredths of an inch.
The difference In distance between charge and gage was computed for each
gage, using the differences in distance between the support of the charges
and two of the switches to determine the angle. Repeated determinat ons
of the distances usually checked to two or three tenths of an inch. As
the times of arrival of shocks were determined to about 20 microseconds,
the uncertainty in the velocity due to the distEnice measurements is about
the same as that due to the velocity measurements 0

Room temperature firings of three weights of charges were conducted
in regular rotation, atmospherto pressure, 2/3 atmosphere, 1/3 atmos-
phere, 1/10 atwtosphere, pressures corresponding approximately to those at
altitudes oe 0, l0,000, 3030000 and 50,000 feet, Firings at 2/3 and I/s
atmosphere were carried out after equilibrium had been reached in the
chamber with the pumps shut off, At 1/l0 atmosphere the pumps were
kept running as more reproducible pressures were obtained in this way.
An attempt was made to obtain five good records by the piezo and the
velocity method at each of the distances under each condition. This
necessitated a considerable number of "fill-in" firings- whto, were con-

ducted in any order convenient to the firing crew° Since many partial
records were obtained, all of which were read, it also resulted in a
variable number of measurements 0 A large number of firings of 1/iS
pound charges was made to reduce the large variability observed in tne
initial firings0 In. oher cases, haoever, determinations in excess of
five result from attempts to complete a set of five readings for each

--Z .. JaetS0 U• .iav _,l firings or a given weight of charge were made con-
secutively, to avoid resetting the gains of the recording equipment., Ee
low tenperature firings were mAde after comlietion of the others. IPiringgs

9
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of 1/8 pound charges and most of the low temperature firings were carried
out at 1 atmosphere and 1i/10 atmosphere onlya

Film records were read or a Bausch and Lomb Contour Projector, usual-
ly at a magnification of l0a After considerable 1-xper-imtation, it ap-
peared that projection of the paper records did not imprnve the accuracy
with which they could be readt- They were therefore read through a glass
grid to reduce labor.

PE1WfTCK C' DATA

The method of reduction of peak rrrsture data from tourmialine ruc-
ords is described in ML Report'Noo 681

Velocity records were reduoed to oressure by the use of the Hugoniot
relations for a perfect gas. The velocity of sound in the undisturbed

air in front of the shock was taken to be a 1 1088 Vi + Wi/27%,
a = Y ^CA..-- OXI a rsou- A in - t/sc

oC = temperature of air in degrees Centigrade

To a first approximation the scaled distance, Z R /Wis

R = distaxies from explosive to shock front, in .C.- '

W - weight of explosive, in lbs.

at which the pressure was determined was taken to be the mi.ýpoint, Zk

of the particular values of Z over which the velocity was measured. A
first order correction (which was quite small and hence sufficient) to
this dist~nnce was cbtailnad as follows;

Both the peak pressures calculated from the shock velocities Mknd
'hose recorded by the tourmaline gages were plotted against Z on lug-log
paper and curves fitted by eye to these data. These curves wore trans-
formed to velocity-scaled distance curves by means of the Rankine-Hueoniot
relations. The final correction was obtained by graphical integration.

The positive impulse was estimated by drawing0, from the peak of the
pressure-time curve to the base line, the straight line wbich appeared
to enclose the sane area as the actual curve, The duration reported is
the base of the triangle formed by the start of the pressure rise to
the peak, this line, and the base line0 Impulse was calculated frCn
this duration. The labor of attempting to obtAin more precise measure-
ments or impulse appeared to be unwarranted in view of the uncertainties
introduaed by irregularities in the records and by the response timn:.:
of the gages.



RESULTS

The pac-*- o ) *.4 .fro t-•......l... and .l.o.i Ljy . ... nre
olotted as a funotion of scaled distance in Figure 4 for each pressure
at which measurements were razde 0  The data are reported in detail in
Appendix I and summarized in Table I. loints on the plot represent
averages of firings of varying numbers of charges of a given nominal
weight at a given nominal ambient pressure. Pressure measurements

av~rscrnd tnrnthor-1 were not ol'ro,-e md in4 Jthont....-2.- t.

Measrer.en+s at distances differing b-y loss than 5/ of the distance
were averaged together. Standard deviations of the Z's are not re-
ported as they are in all cases negligible compared to other ilu-

certainties. Points at about the same scaled distance represent dif-
fering charge weights or methods of measurement, Th, •;lu . t ..
circles gives the standard deviation of the average of the pressure
measurements. The variations in weight in charges of a given nominal

we n .ght...tly ntsignificant+. The effect of the variations

in ambient pressure from the average value on the peak pressure is be-
low the standard deviation of the measurements and was, therefore,
also disregarded in averaging.

All readable records of reasonable form are reported in the Ap-
pendix Io Seven measurements of the 716 made at room temperature
were discarded as outlying on the basis of a t-test2 as were 2 of
the 250 made at low temperatures. Appendix II shows examples of ac-
ceptable records and of an oscillatorj one discarded as "No good"' l-3
At one-tenth atmosphere all piezogage measurements at Z 5.3 ttlb'
were discarded, as they show oscillations superposed on the shock.

The data were scaled by the dimensional analysis of Sachs I1
Figure 5 is a plot of the data of ?igure 4 scaled in this way, with
the units so chosen that the curve represents atmospheric pressure
data in the usual units0 The dotted line given by the Kirkwood and
Brinkley8 calculations for sea-level shows no large deviations from
the measurements but is clearly not the best line through the points.
The solid line is the least square line (weighted) fit to a quartic
in i/Z. Its equation in terms of the nomerical values of P in psi,
p0 in atmospheres and Z in ft/Ib 3, is

P/pn 37',95 + 154.9 + 2034 + 403.9 30'PZ PoV/32
0 P 1/3 (Z 1//) (z p 3)4~p Pooo P

0 0,

"This equation has purely empirical validity, and appears to be adequa•tq
f-)r representation of these data exceot at the largest values of z -r/.

It is not possible to obtain a -cod fit wibh a thr-ee tern. equation

of the formr used by Stoner and B.oa.C.ev 9

CI') P/p = .,': + 1 g2 ,'g
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Table I

Peak Pressures and Impulses at Normal Temperatures

Tourm. Peak Pressure Positive I ulse

P. T. Z W or Blast Avg. I w Avg. 0r

ppi oC t/0I ib-' Switch psi A psiL... psLi m.

14.9 19.8 4.36 0.54 B 5.4 2.1 0.47
14.9 19.8 5.29 0.54 T 27.7 3.4 1.50 6.12 6.9 0,47
14.7 19.9 5.95 0.264 B 24.6 10 0.94
14.8 21.1 6.74 0.14 B 15.3 8.9 0.51
14.7 19.9 6.76 0.261 T 14.2 4.2 0.21 4.00 3.0 0.04

14.9 19.8 8.28 0.54 B 13.3 3.6 0-2
U.8 21.1 8.29 0.143 T 10.5 7.0oj.28 2.84 4.9 0.m6

14 " 18.4 8.31 0.07C B 10.4 23 0.09
14.9 19.8 8.61 0.540 T 11.2 5.2 0.22 5.44 4.6 0.09

14.7 18.4 10.4 C.07( T 6.11 3.4 0.06 2.14 6.5 0.05

14.7 19.9 10.4 0.26 B 7.23 4.7 0.13
14.7 19.9 11.0 0.26 T 6.22 4.3 0.10 3.21 5.6 0.06

14.8 21.1 13.1 0.14. B 5.35 4.3 0.09
14.,9 19.8 1-3.5- 0.4" D .4 19 0C2
14.8 21.1 13.5 0.14 T 5.47 15 0.31 2.64 16 0.18

14.9 19.8 13.6 0.54 T 4.48 15 0.29 2.63 4.6 0.06

14.8 18.7 16.6 0.07 B 2.84 6.0 0.06
14.7 19.9 16.8 0.26 B 3.89 4.6 0.07
14.7 18.4 17.0 0.07 T 3.19 8.8 0.10 1.37 14 0.05
14.7 19.9 17.4 0.26 T 2.95 3.4 0.04 1.85 13 0.11
14.8 21.1 21.0 0.14 B 2.09 14 0.11
14.8 21.1 21.3 0.14 T 2.36 19 0.17 1.35 15 0.09

14.8 18.7 25.7 0.07 B 1.40 23 0.12
14..? 18.4 26.7 0.071 T 1.59 6.3 0.04 0.78 13 0.04

9.78 20.2 4.30 0.54 B 40.3 4.6 0.76
9.78 20.2 5.29ý 0.4 T 23.? 1.5 0.12e 4.40 9.3 C.16

9.90 19.9 1 5.bb U61tY 0 '.O U.1)

9.90 19.9 6.76 0.26 T 13.0 5.4 0.31 3.26 4.3 0.c6

9.78 20.2 8.41 01.5 8.9 .38
9.78 20.2 8.61 0.54 T 8.83 3.6 0.12 3.96 6.1 0.09

9.89 20.7 8.72 0.07' B 8.81 12 0.26
9.89 20.7 10.1 0.07 T 5.33 5.1 0.07 1.81 6.6 0.03
9.90 19.9 10.7 0.26 B 5.83 3.3 0.08
9.90 19.9 11.0 0.262 T 5.14 5.1 0.12 2.28 6.1 0.c6
9.78 20.2 13.4 0.544 B 4.00 5.2 0.09
9.78 20.2 13.6 0.544 T 3.67 10 0.16 2.52 13 0.13
9.89 20.7 16.5 0.074 B 2.56 22 0.14
9.89 20.7 17.0 0.07 T 2.79 12 0.09 1.19 7.6 0.03
9.90 19.9 17.0 0 26; B 2.99 7.4 0.09
9.90 19.9 17.4 0.261 T 2.74 2.210.04 1.61 6.2 0.07
9.89 20.7 26.4 0.o7: B 1.46 23 K.09
9.89 Fo.7 26.7 0.07 T 1.36 8.1 J.03 0.77 6.5 0.02

14



Table I

Peak Pressures and Impulses at Normal Temperatures

rTTourm. Peak PressureI Positive Iulset-
P0  T Z W or Blast Avg. - I Avg. r

psi C ft/lb" lb Switch psi % psi psi ms % psi ms

4.85 20.5 4.25 0.543 B 36.5 6.2 10.84
4.85 20.5 5.9 0.543 T 23.7 6.1 0.59 4.01 8.2 0.13
4.86 19.9 5.54 0.262 B 21.4 3.3 0.25
4.86 19.9 6.76 0.262 T 11.5 8.9 C.39 2.32 12 0.12
4.85 20.5 8.29 0.543 B 8.09 5.4 0.17
4.92 21.1 8.37 0.070 B 6.73 7.7 0.15
4.85 20.5 8.61 0.543 T 7.82 8.7 0.28 2.82 6.0 0.08
4.92 21.1 10.4 0.070 T 3.77 9.0 0.10 1.03 9.7 0.03
4.86 19.9 10.6 0.262 B 4.67 5.4 0.08
4.86 19.9 11.0 0.264 T 4.56 7.9 0.12 2.05 14 0.12
4.81 20.5 13.5 0.543 B 2.80 4.3 0.04
4.85 20.5 13.6 0.543 T 2.75 16 0.16 1.86 17 0.12
4.92 21.1 16.5 0.070 B 1.93 22 0.11
4.92 21•1 17.0 0.070 T 1.79 10 0.05 0.82 11 o.03
4.86 19.9 17.1 0.262 B 2.16 8.3 0.07
4.86 19.9 17.4 0.262 T 1.89 4.2 o.03 1.27 5.5 0.03
4.92 21.1 26.3 0.070 B 0.87 5.8 0.02
4.92 21.1 26.7 0.070 T 0.95 7.4 10.03 0.6,3 6.3 0.02

1.66 19.2 4.X 0.542 B 33.5 13 1.57
1.48 17.7 5.55 0.262 B 18.5 15 0.95
1.48 17.7 6.76 0.262 T 8.54 18 0.55 1.73 21 0.13
1.66 20.8 6.79 0.141 B 9.41 11 0.33
1.66 20.8 8.29 0.141 T 5.34 10 0.15 0.94 13 0.04
1.66 19.2 8.31 0.542 B 6.11 7.5 0.18
1.68 21.4 8.40 0.071 B 5.67 18 0.24
1.66 19.2 W.610.542 T 5.94 4.7 0.±3 1.63 10 0.08
1.68 21.4 10.4 0.071 T 2.88 12 0.09 0.78 15 0.03
1.48 17.7 10.6 0.262 B 3.45 7.8 0.10
1.48 17.7 11.0 0.262 T 3.69 24 0.27 1.18 21 0.08
1.66 20.8 13.1 0.141 B 2.26 6.6 0.05
1.66 20.8 13.5 0.141 T 2.36 8.9 0.06 0.66 9.1 0.02
1.66 19.2 13.5 0.542 B 2.11 4.7 0.04
1.66 19.2 13.6 0.542 T 1.84 8.2 0.08 0.96 4.2 0.02
1.68 21.4 16.3 0.071 B 1.28 22 0.04
1.48 17.7 16.8 0.262 B 1.30 18 0.08
1.68 21.4 17.0 0.071 1 1.32 37 0.07 0.54 9.3 0.01
1.48 17.7 17.4 0.262 T 1.19 28 0.07 0.79 22 0.06
1.66 20.8 21.0 0.141 B 0.87 5.6 0.02
1.66 20.8 21.3 C.l1l T 0.84 8.3 0.02 0.40 10 0.01
1.68 21.4 26.3 0.071 B 0.59 12 0.02
1.68 21.4 26.7 0.071 T 0.56 11 0.02 0.38 13 0.02



over the range o. pressures measured in this work. She best valles of

the constants, computed by a. least square fit, are

a 55.34 pei lb'/3Sft# b .w150.0 psi 1b"2/3 ft 2 , o 3196 psi lb 1 ft3

as compared to

a - 31.96 psi lb-I/S ft, b = 275.8 psi lb'2/3 ft 2 , o = 1837 pii lb"I ft3

obtained by Stoner and BleaLmey.

The difference between the constants results of course from the fact
that the coefficients of neither polynomial, in i/zV are precisely and
uniquely determined from the data. The coefficients are correlated within
the least squares solutions. Provided that simultaneous variations are
permitted in all three coefficients, each set of data is represented al-
most equally well by any of the triplets in an infinite set of triplets
of coefficients. Stoner and Bleakney also obtained widely differing con-
stants in this form of equation for the different charges they used, al-
though the peak pressures differed only sli&hty•

Figures 6 and 7 show impulse, scaled in the usual way and scaled
taking ambient pressure into account, following Sachs's analysis. The
original data are given in Appendix I and sumuarized in Table T. The
lines of Figure 6 are least :quars fits of straight lines to the data at
each pressure. The line of Figure 7 is fitted to the scaled data in the
sane fly.

Figure 8'gives the scaled peak pressure measurements at low tempera-
tures. The lines are the Kirklood-Brinkley and least square'lines for room
temperature of Figure 5. Figure 9 gives the reduced temperature impulse
data, scaled for both ambient pressure and temperature. The solid line
is fitted to these data. The dotted line is fitted to the room tempera-
ture data of F4iAre 7. The original data are included in Appendix I
and summarized in Table II.

The room temperature impulse measurements are represented by

3) lolo - ) 1.374 - 0.695 1o 1 42 p 0 )

The equation of the line representing the low temperattre data on
Figure 9 is

T 0
4)1 n 1.339 - 0.451 lo '

4) log P0 ±o 1 op
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Tab)e II

Peak Pressures ani impulses at Reduced Temperatures

} Tourm. Peak Pressure Positi4e Invifi

PI T. Z W or Blast Avg. 1  Avg. %r -
psi l t/ib¢• lb ISwitch npi S4 _ fps_ Iii F Ea

14. .31 5.87 0.2621 B 2K.4 .2 4 o
14.8 -i18.16,76 in 1-2 .1

0 T, 7 21.7 2.10A.6. 6.4o
14.7 -18.3 7.40 0.4,0 B 15.1 4.0 0,25
14.7 -18.3 8.29 10.140 16.1 3.1 0,1 4.52 8-o 0,1
14.8 -18.3 f1.0 0.262i T 8e.2 . 4.96 5.3 0.12248 -'-.3 1i,2 10.262i13 Bs ' :2n.

w) I 1 #

14. &L .3 13. ' .14 ( 7 6 3 1 10.0 12 3.32 10 0.12.
14.7 -18.3114.1 0.140, B 3.98 0.15
14.8 -18-.3117.6 10.2621 B 3,08 17 0.24
14.7 -18.3122.2 .10.140 B 2.35 6A10.06SI I

14.9 -52.71 5.87 10.2631 B 25.0 5.0o51 6.
14.9 -52 .71 6.761 0 6 '.' 0• 6 6.0 0.19•.•~06 -6.9o 6..o c..19.: ,. ,
14.9 j 5227111.C 0.26X~ T 9.471 7.2 0.29 I6.3S8 5.4 0.15
14.9 -52.7111.2 0.2631 B 6.47 3.7 0,11
14.9 -53. 113.5 0.140 7.271 2.6 0.07 4.76 2.9 7 .6
14.9 -530-114.1 0.140 B 4.46 3.1 47.5
14.9 -52.7117.6 0.263j B 3.10 18 0.27
14.9 -53.1i22.2 j0.140j B 2.19 5.010.04

->8 -7.O 712 i0140 27 1.8 0.I 8
.8 -170 110.0 C3 108 2.67 10 0.144.84 -17.o0 7-40 0.140 B 12.4 1.710 15

4.84 -17i.0I136 0.140 T 3.85 5.5 0,09 2.23 6.? 0.06
4.84 "17.0-14.1 0.140 B 2.91 2.110.03

.84 -17.0122r2 I0 I I B 1,4 69140.06 _

1.13V- 18.j 5.81 0.263 T7 14.5 14 0.91 1.80 6.7 0-05
1.13 -18.21 5.87 10.263 B 19.4 23 2.23
0.97' -1801 7.12 0.139 T 5.84 27 0.58 1.45 12 0.08

-18.211.1 0.263 T 3.54 10 0.19 1.01 7.9 0.04
1.13 -18.2 11.2 0.263 E 6. 5 0.07
0.97 -18.0t13.6 0.139 T 2.19 21 0.15 0.95 12 0.04
0.097 -18.013.--I C.139 B 1.74 17 0.09
1.13 -1-8.21Y7.6 0.263 B 1.15 5.2 0.03
0.97 -18.022.2 0 0.139 B o.74 8.1 0.03



Table II

Peak Pr-essures and Impulsese at Reduced Temperatures

Aourw. Peak Pressure Positive Impulse
P jT7. Z j or Blast Avg. e I AvEi- •w
pal % t/l.b lb ISwitch psi % psi Jipsi Mal %E j insýSI f
1.171-54.5 5.81 .263 T 15.0 S.8 0.59 2.77 24 0.30
1.17 -54.5 5 o,8 .263 B 16.8 7.1 0.54
iI -57. 5 7 z . L n.,1•r, 1 8.54 3.610.13 1-88 16 0.13
1.10 -57.5 7j40 .o0 j B 9.08 1.6 0.08
1.17 -.54.5 11.1 ).263 T 3-83 7.5 0.13 1.94 15 0.15
1.17 -57.5 11.2 ).263 B 3.27 7.6 0.11
1.10 -57.5 13.6 3.140 T 2.26 6.7 0.06, 1.33 9.3 0.05
1.10 ,57.5 14.1 .o40 B 1.87 2 0.101
1.17 -54.5 17.6 0.263 B 1.15 8.7 10OO4
1.30 -57.5 22.2 p.140 B C.73 2-i,



DISCTJSSIO1I OF 1•-ROORS

It is hoped to prepare a separate report on variability and systera-
atic errors in blast measurements, including a statistical analysis of
these data. Only the mor obvious measurement phenomena will be dis-
cussed here. No systematic differences between piezogage and velboity
determinations of pressure appear in the data, as can be seen in Figure 4.
As these methods are completely independent, the random error probably
gi2os a reliable estimate of the accuracy of the measurements. It i-
rather surprising that the standard deviations do not vary more rapidly
with pressure, as the velocity -method gives a 25% error in peak pressure
for a 1% error in velocity at the lowest peak pressures and 1 atmosphere
ambient pressure, and only a 3% error in peak pressure at the highest
peak pressureso

Standard deviations,C, of the individual pres.sur 1 -Orel.Onents
about the least square curve for the normal temperature data are tab-
ulated in Table III. Dr. Stoner was kind enough to furnish us with
his original observations. Standard deviations of these measurements
from his least square curve, equation 2) are included for comparison.
The BRL measurements show approximately twice the standard deviation;
at the lower pressures the larger error is due in large part'to the
poor fit of the quartic.

Included also in Table III for the BRL data are the ranges of
standard deviations,c-, of the average pressures for a given charge
weight at given point, taken from Table I.

InLAir, iii

Comparison of Standard Deviation of Pressure Measurements
with those of

Stoner and Bleasiney

Sin psi. Cy in %t
from "from

Appropriate Curve Appropriate Curve Range of*
Range of Range of Stoner Stoner - in.

z 1/3 P/p0  & & from
ft/lb' i m Bleakaey BRL BeaknM M1L Avg. Measurerzant

2 3 350-ll5 36ý7 15.8 1.1-6.8
3 -4 115- 53 11.8 14,1 0.9-6.5
4 5 53- 32 5.7- 7,1 13J31 18.9 1l.1.4.9
5 6 32 20 lt ",7 6,Y2 21.9 1.7-10 4
6 -9 20- 9 1.6 1.9 1-1.0 i3.1 1.0-5.1
9 -14 9-4-35 0.37 0.77 .5.59 11A4 0,9-8.7

14 -30 4o5-1.5 0.19 0.49 6.4 16,3 1.5-4,9
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One-eighth and one-sixteenth pound charges gave much more variable
results than one-quarter and one-half pound charges at the sane oale'!
distance. This probably results partly from initiation variations,
which would give la.rger variabilities with small charges, and partly

from the short duration of the shocks from small charges.

The magnitude of the aerodynamic error is loss than would be. ex-
pected. At a peak pressure of 9 psi and 1/10 atmosphere ambient pres-
sure (P/p-6) the mach number of air flow immediately behind the
shock relattve to the velocity of sou-nd at this point is 1.1. Never-
theless the piezogage measurement of peak pressure 3 s in good agree-
ment with the peak pressure computed from shook velocity at the same
point. The earth shook gage fails to record properly at a higher
peak pressure ratio. (See top trace of Record No. 194, Appendix Il).
The oscillations observed in these records are probably due to forma-
tion and breakdown of secondary shocks at the gage. Wfith- the MM
gage oscillations of oven greater amplitude were observed at hlgh
peak pressure ratio-e Both gages gave readings in agreement with
velocity measurements except when oscillations were observed. The
better performance of the earth shock gage is probably due as much
to its rough surface as to a higher aspect ratio. When there is a
considerable disturbance of the flow, as is the case with both these
gages, turbulence would be expected to lead to a smaller gage error
than laminar flow. As both the rate of flow and the rate of change
of pressure on the gage drop off rapidly behind the shock front, the
maximum aerodynamic error occurs at the peak of the shock, so that
impulse measurements should be reasonably reliable if peak pressure
measurements are. The Mach number of the air flow also drops off
rapidly and it is undoubtedly for this reason that no gage error
was observed at Mach number 1.1. 'hen the shook has roached the
sensitive portion of the gage -the flow at the edze of the gage i-o 6ub-
sonic, and flc-- at The sensitive portion has adjusted itself to some
extent to the presence of the gage.

DISGUSSION OF RESULTS

The variation of excess peak pressure with ambient pressure in-
creases rapidly with distance for the measurements reported. Thisare-
sult is correctly predicted by the theory of Kirkwood and Brinkley'.
However, there are significant, though not large, differences between
the observed peak pressures and those predicted by this theory. The
computations of these authors have been extended over the pressure
range of these experiments by R. Makino. It is hoped to present his
results in a separate report, now in preparation. As the agreement
with Sacho's much simpler theory is better than with the Kirlwood-
Brinkley calculations, only the dimensional analysis will be discussed
here.

The effect of temperature on peak pressure, seen in Figure 8, is
of the order of the error of measurement. The data suggest a slight
increase in peak pressure writh falling temperature but are not of suf-
ficient precision to distinguish between the Kirkwood-Brinkley theory,
which predicts a small increase, and Sachs's, which Dredintq rcr-'_

2 3



The Kirlwood-Brinkley theory predicts a smaller dependence of im-
pulse on ambient pressure than was observed, Sachs t s theory (Figure 7)'
is in agreement with the data within the large experimental error,

From the impulse data of Figure 9 it appears that the increase of
impulse with falling temperature is greater than is predicted by Saohsts
scaling law. The Student's t-test shows that the slopes of the lines
representing room temperature and reduced temperature data [equations
z) and 4 differ significantly at the 5% level. Figire 9 shows also
t.hat sca. i l p-•aru at the aowest temperature are larger tha4
those measured at the intermediate tomperature. As piezogage peak pres-
sure measurements, determined from the gage constant for the appropriate
temperature, agree with derr.xnations of peak pressure by the velocity
method, there is no obvious reason for attributing this difference to
gage error. These impulse measurements are not of sufficient reliability,
however, to establish a new scaling law. However, taken with the apparent
slight dependence of pressure on temperature, they do suggest that the
scaling used is only approximately correct. Better impulse measurements
are needed and should be possible with smaller gages of better ae-odynamio
form.

As the agreement of the data with Sachs's scaling law is of consid-
erable theoretical interest, his assumptions are restated here.

Stating the principle of similitude in the usual way, that a rela-
tion expressed in terms of all relevant dimensinnless variables must be
invariant to changes in dimensional variables, we find that no conclu-
sions can be drawn from it. In order to obtain a definite scaling law,
Sachs assumes also:

1. The only charge parameter necessary to a description of a shock
at a distance from a charge large compared to the charge diameter is its
total energy (presumably of detonation). The total energy of the shock
is assumed to be proportional to this charge energy, WEd.

Z• Scaling of the time is independent of pressure. The time scal-
ing must then be related to the distance scaling in such a way as to
give the correct velocity of sound in the undisturbed air. The obvious
dimensionless variable describing peak pressure is then the peak pres-
sure ratio, P/p and the only dimensionless variable describing distance

and not contain1ng P is R(p /WEd )/3. Subject to the restriction of the

second assumption, the dimensionltss variable describing the time is
tan(T.iTn)1/2(po/id) 1)/ 3 giving for the impulse variable

TaF ( T Ar)//T1 aS~i 4T- -. ~.4-

constant for a given explosive and has, therefore, been dropper: from the
coordinates of the graph. The blast is assumed to be in air, and the
speed, an, of sound in air under standard conditions has also been
dropped from the coordinates. T. is some standard air temperature.
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The difficulty with this argument is that there is no appareiit rea-
son for excluding other dimensionless variables from consideration. The
variable R/a , where R is the radius of the charge, or the ratio- of un-

disturbed air density to explosive density, would be expected to enter
into the description of the shock, The assumptions made by Sachs exo.ude
loading density as a factor in determining shook parameters. Nor is there
any apparent physical basis for the assumption that the time scale of
sottd velocity in undisturbed air will determine the form of strong shocks,
although this assumption is as reasonable as amr that can ba Tds, in t'h

present state of lmo"1.edge.

For practical purposes, the scaling laws of Sachs give the most re-
liable estimates of peak pressures and impulses as functions of ambient
pressure now available. Their extrapolation to large distances should
be entirely reliable. At smaller values of the distance (scaled for
prass...r. •4 --harge size)• than 'oe at whirlh meanrements rere m.adn

the data justify some extrapolation. Fortunately a rather small extrapo-
lation covers the range of greatest interest in damage work. The use of
equations 1) and 3) to calculate peak pressures and impulses is undoubt-
edly more reliable than the use of data obtained at a few points. Equa-
tion 4) probably gives as reliable an estimate of impulse at high alti-
tude as is presently available, although the factor in the temperature
is not consistent with the difference between equations 3) and 4).

These equations give excellent agreement with reliable pressure
measurements at atmospheric •ressure from other Laboratories, such as
those of Stoner and Bleakney . Possibly an estimate of blast parameters
about spherical charges of other exnlosives can be obtained by multiply-
ing the charge weight of the explosive, wherever it occurs, by the ratio
uf the detonation energy of the explobive bo that of •ntviitt. IL V71
of the small number of reliable measurements available for any other ex-
plosives than :sntolite and TNT, for which data are of lower reproduci-
bility than for Thntolite, this method should give better results than
the use of a few shock measurements on a particular explosive.

FUTURE WORK PLANIED

Extension of peak pressure. measurements to much smaller distances
frnm the charge, using the velocity method, is planned for the immediate
future. This work will be conducted electronically in a small chamber,
which has been constructed from the casing of a 400 pound bomb, and
photographically., At the same time, measurements of the increase in
static pressure in the chamber will be extended over a ruch longer time
than is possible with pie..age rec crdin-gZ To .nvestigato the aff.ct
of afterburning, it is planned to make such measurements on a number of
explosives detonated in air and in L.ert gases and to obtain analyses
of the gas in the chamber after the detonation.

It is hoped to obtain greatly improved measurements of impulse and
of the form of the pressure-time curve behind a shock, but such results
must await the development of measuring equipment of much shorter re-
sponae tines and greater reliability than Lwit dzed ta 'ibUY. wura

,5



The contributicns of T. E. Sterm-e to this work, espeoially in con-
sidering possible applications of theory to the problems presented by
lcw altitude blast are gratefully aeknowledged0 The improvements in
timing and in clarity of recording made by Channing Adams and the assist-
anoe of R. W. Grubbs in carrying out the numberless minor changes in in-
strumentation required in the course of the work were alike & asentia! to
completing these measurnments.

ane Dewey

Joseph Sperrazza
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