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BALLISTIC RESEARTY LABORATORIEE

REPORT NG. 585

AJHorfman/SNMills/xf
Aucrdeen Froving Ground, Md.
May 1956

ATR BLAST MPASUREMENTS ABOUT EXPLOSIVE CHARGES AT
TL8-0N ARD NORMLL INCIDENTE

ABSTRACT

Measurements of air blast peak pressures, positive imprlses, and
posiicive durations for kith side-on and noimal incldence from bare

50/50 spherical pentolite charges are presented. The explosive weight
ranged from 1/2 to 8 pounds, the scaled distance from 1.48 to 14.81
£6/16>/3. Results of two hundred and sixty-nine test firings are tabu
lated and presented ygraphica™"y. A lescription 1s given of the piezo-
electric gage developed %o measure the blast in the normally incident

waves.
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INTRODICL LON

Before the response of a structure to air blast can be rredicied, the
epatial and temporal loading rust be knocwn. Two limiting cases of the blest
loading from en explosive charge ore (1) the free expansion of the shick
wave into undisturbed air (called "eide-on") and (2) the reflection al nor-
mal incidence of the shock wave from an iafinite, rigid wall {(called’"'face-
on"). Neither case applies ‘irectly for many .crget structures of mili.

tery interest. such as ajrcraft or buildings, becense of diffraction. Howe
ever, pesk pressures and impulses* for (1) and (2) represeat, in general,
lower and upper bounds ruspectively to the actual loading, and thus msy

establlisu 2imits for calculations of structural resyponse.

Trheoreticsl relations have been advanced ggr the dependence of side-

) 1,2,
or. m=ak pressure snd izpules on distance. "Moreover, the relation Letween

side-on and fece- ¢ nesk pressure is known theoretically es a function of

the velocity of propagation of the shock front.  On the ctaer hend, theories

of face-on impulse are !imited to reletively weak shocke.s’b Experiments to )
check. these theoretical relations have been extensive? but far the case of

1»/1b1/3. There are practically no data of face-on impulse, especielly

side-on impulse have been limited to scaled distances greater that 4 or 5
close to the surfacc of exp? ysive charges where shocks are guite intense.
Since knowledge of the impulse, both side-on and face-on, i1s very necessary
for the prediction of the response of structures to air blast loading. it
was decided to carry out a series of experiments to make impulse measure-

ments over an extensive range of scaled djstances, concentrating especielly
at small distances.

* Defiped &8 the oositive arca under the proassure-time hiatey,
I =f" P{t)dt, where P is the excess pressure an T is equal %o ithe
positgve duratvior

*# Numbers r<.er to reference cn page 25, N

N
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The present study =xbends face-on impuls. messurexents ~loser to the
explosive cuarge surfac. than were obtaine.. in & preliminary study reported
in Ballistic Research Laboratory Technical Liote 788.8 With the development
of & sultsble gage it was possible to make measurements as close a L.5 £t/ 1b.l/ 3

wvhere the face-on presysure is-sbout 3200 pours. per:.squure inch. 7The

gage development required lengthy experiaentation to minimize the effects

of accelercometer uniiion resulting from the trensfer of momentum to the gage

(transducer) by the normally inc ‘ent shock wave. uinese accelerometer
effecte were found to be reduced satistectorily when the transducer was
mounted as an integral pari of an extremely messive, reinforced concrete
well. The gsge that was fo.wd satizfactory and used for these experiments
is described in Appendix I.

Vith an adequate combination of transducer and reflecting surface,
acucurementa verw taken using exolosiv: charges of bare 50/50 spherd.cal
rentolite of 1/2-, 1-, 2- and b-pounds. 'These explosive weights pro-

vid2d an edeguate check on scaling hwsgsnd peraitted measurewer.ts over
a greater range of pressures thau could be achleved with any one charge

welght,

TEGST SET-UP

The experimental test facil :ics uc.d for obtalning the blast measure..
ments consisted of massive reflecting surfaces of sufficlent size +o pre-
vent diffraction of the dlast wave before the completion of the positive
loading phase. Two such surfaces were employed during the course of the
tests, one the wall of a chasmber made of two-f2¢ . thick reinforced c..-
crete, and the other a 10 £%. x 10 £t. x 1 £t. concrete sladb poured on
the ground surfece. One snd one-hel? inch Llsmeter mounting pipes, with
threaded sleeves, °vere ilnserted in euch of these surfaces 1o receive and
retain the face-on transducer housings £lush witv: ‘he surfsce. Swch
mounting permltted the surface of the sensing element of the gage ©o be-
come esgentially an ejement of +rz reflecting suvfscz  See Fizure 1.

0n & lize peijendicular Lo the refleciing surfecc through the cen-
ter of an arrcy ¢ tace-u. oages, as shewm in Pigurez , & bare 5/35
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spherical pertolite cherge was suspended from an overheed auprort. In &
Plane parallel to the reflecting surface throigh the explosive charic, two
positions of sile-on air bisst guges (sec Appendix iI) were placed at the
height of the chaxrge center. These positions were oriented 180 degrees
apart with each gage pointing directl, at the center of tue expilosive. T%he
resulting contiguration was that of both side-on avd face-on gages lying
on points of a circle abou* the explicsive charge as center. Each of thne
side-on gages was spenned by t.o plezoelectric “"velocity" gages such thet
they were at the midpoint of the velocity interval. A "velocity" guge
merely records time of arrival of the shock front.

The signals from ali gages were transmitied through RG52-U coaxial
cables baving & capacity of 13.5 micro-micro farads per foot to appro-
rriste recording equipment. Pressure~time histories of the blast waves
were phovographically recorded from cavhode ray oscillogrsphic traces
and the times of arriwl of the shock wave were ladicated on electronic
counter chionograpihise.

Metecrological equipment was alsc provided at the test site for
measuring the wind direction and velocity, and ambient atmospheric
temperature and barometric pressure.

EXPERIY WTAL Po~RE

Prior to making each test firing the cxplosive was weighed with an
analytical balance. The individual weighte rithin a (iven grcup of nominzl
weight were found to difrfer negligitiy fram eacnh ciler since each lot of
charges was cast in precision molds. 3ample measurements or the aensiiy
of the explosive wers teken for botl: l-prund and 8-pound charge weights.
Ten spherical charges of each welght were selected at random and values
of densities determined. The average dersity of the l-pound and 8-pcund
sphercs was found to b 1.588 and 1.612 respectively. (These veunee sxe
the spproximate limits for ali of the charge weights used cod the densit,
for all explosirse welgh.3 over ihe range of the experimunts probabiy 231
fer negllgibly ¢r.m the averag of these two.)
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Each tes’ charge was suepended from en o..rhead support ond so guyed in-
to position that the radlal distences from the charge center to ail wevefora
gages (f'ace-on and sicCe-on) were equal. The interval hetween th:s vwo veln-
city gages st each positior was meessured accurately with a jig which assured
proper spacing both vertically and horirentally about the side-on-gage
stationed at the midpoint. Bach explosive cuarge was initiated at its cen~
ter with & Corps of Engineers specisl electrlc detonator to assure re-

producible initiation of all char; s over the range or veights used. The
% iunstors and the electricel leais were oriented in such a menner that sny
metsl fragments resulting from the detonstion would be directed awsy fram the

gages.

Before a group of explosives was fired, all gages and connecting cables
wer2 checked for continuity and proper impedance. A gage or line was re-
pleced vherever its Impedaiice dropped belos 1000 megchms because the exccis
ileakage of electricel cherge thusv would thereby be caused could lead to in-
accurate measurements of duration. The individuel firings wvere comducted
from an automatic sequence timer which initiated the detonation of the ex-~
plosive charge, started the high speed reccrding cameras, and intensified
the sweep of the oscillographic traces. Measurements of sxbient tempera-
ture, atmospheric pressuve and the wind direction and velccity in the vicininy
vf the tests were obtained as near to the time of firing as possible. Tmmed-
iately sfter each round the shock wave srrival times were recorded and
lrregulerities noted. Film records of the pressure~time histories were
Processed. promptly so that any discrepancies arising in the system might
be detected and corrected without an appreciable loss of data. Since the
blast persmeters {excess pressure, positive impulse and positive duration)
were desired over as grest a range of scaled distances* as practicrble,
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* Scaled distance, z, is equal to R_/’v)'l/5 vhere R is the distance to
he cherge center and W the vie.Zut of <7plosive.,
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jidenticul firinge were repsated at cach ~f meny differear sraled distance
values until reliable statisiicel aversges were obtained.

COMPUTATIONAL, PROCEDURE

Y. Side~on Pressure

Measurement of the transit time of th. blast wave over & Tixed di=-
tance interval between a pa. of velocity gege. :leids an average veic~
city over the intervael. This velocity has been shown to be equel tc tne
velocity el the interval z:\idzzfoint‘.lo where side-or gages are located. A
mean vailue of the shoct -—elocity for calculating the excess shock pressure
wea obtajred by averaging the messured transit times for the two rogitions
of velocity gages.

Excess side-or pressurcs were gbtained from the Rankine-Hugoniot comdi-

?
=.-g1-- ({;-l)

=2
Po 7y 4+ 1

side~on excess pressure, psi

Anbient atn._stheric pressure, psi

shock velocity in still air, ft/sec

soumd velocity in air ahead of shock, ft/sec
ratic of specific neats (equal to 1.k for air)

This relation was used over the range of pressures for which y was
csgentially eqwl to 1.k, For pressures higher than 2C atm. y is no lownger
congtant since ajir does not behuve as ar idesl gas. For these higher prea-
sures the specific heat at consfant voiume, Cv; was essuned tc be & liunesr
fimction of temperasture end the side-on pressure was obtained :rom tne velo-

city of propagation using dsza prepared by Loering and Burkhza.rdt,.5
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II. Face-On Pressure

Assuming the shock wave to be gpherically symmeuric,® inferences of
the face-on pressure at the reflecting surface, where transit vime measura-
ments of the shock wave could not be taEen, were made from a knowledge of

the side-on pressure using the relation

fece-on excess pressure, psi

PB/ PO

In this expression, P8 1e the excess side~on pregsure computed from
equation (1) using an average ci ‘he shock velccities “cr the two side-on
positions.**This relation also fails for side-on pregsurec above 20 stmos-
pheces. Therefore, face-on pressures in the high pressuare region were ob-
tained by again using an analysis due tc Deering and Burkhardt.5

+ This assumption appears valid since spherical charges were used and
measurcments by velocity gages, oricentated 180 degrecs apart, in-
dicated symmetry except for small perturbatiocns.

If the dblast weve had spherical symmetry, except for smail per-
turbations, this value of P computed from +:e average value of
shock velocity would more ilkely yicid the slde-on pressure in-
cident or the reflecting svrface than would the vaiue of P_ calcu-
lated at eilther position. 8
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III. Gege Constants

With excess pressureg known {rom the velociiy measurements, gage
sensitivities for both side-on and face-on gagee were computed fvom the
formula

_ Q
KA = = X P

wnj =

where

gage sensitivity, micro-microcoul.ombs/psi
height of *ritial peak of pressure-time history on a record

average volcage calibration step size on a record

0

calibration charge, micro-microcoulcaos

"UD(QN§
It

excess pressure, psi

Heights of H and 8 were mes~ured s the same arbitrary scale from the indi-
7idual record.

Calculated values of the individual gage constants appeared to be
somewhat erratic because of inability to determine accurately the magni-
tude of the .nitial peak. These variations were most pronounced with high
pressure, short duration pulses. Since static calibrations* of several
geges chowed the gege sensitivity to be linear cver a range of pressured
from 100 to 10,000 pounds per square inch, o mean of the KA was assumed
over all firinges to which the gage was subjected.

* A static calibration consists of sublectiang a gage to a precigely
known pressure and recording tiie output ou a galvanometer when the
load is suddenly releasged. ‘'Thig calibration, while indicating
linearity, does not yield a KA necessarily equal %o the KA ob-
tained Zn field “irin; .

——r I & T
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Thls mean value was then used 1o compute thz positive impulse of ew~h round

for which the gage wac used.

IV. Positive Impulses

2t s+ o

_MxQ

Positive impulses were obtained from the formula I = ———t-
KA xUx S

impulse, L i-ms.

3
]

where

=
n

: greg, under the pusitive rhase

time scele factor. scalc uaits/ms.

The area M was computed by the *trapezoidal rule from ordinates mearyred

at small equel intervals on the film records as shown beliow (all measurements

to the same scale as S).

R h.

~. W

{
M=sall,
r l_é'

The films were read on precision fiim readers by the Analyticel ILaboratory,

Development and Proof Services, and the data obtained were tabulated and re-

X St 8 2 23

corded on IBM cards. From these tebulated data, the Comruling Laboratory of
BRL computed the impulses.

Caarh,

RESULTS

oot

Excess pressures, positive impulses and positivg durations over a
renge of scaled distances from 1.48 to 14.81 €t/1b.™~ and e range of

explosive weights from 1/2 to 8 pounds are presented graphically in figures

3,4, and 5 respectirely. T .se date represea’ 20y sirings for which indt-

vidual values cf the . last parameters, and also average ralues for a g vin
group are reported i Sppendrx 1II, Typical records of side-on and face

on. pressure-time hig: ries are presevted in Figure €. These parometers

PRESOR I (ot RO 0 Y e
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were found to scale & ' rding to the dimensional laws propcsed by Sachs9,
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and the different expiosive weights used are presented on scaled curves ror

both reflected and side-on incidence. The duratisns of the reflected and

side~-on hlasi waves, however, vere found to be statistically equal within

the range of expevriments and sre combined into a eingle scaled duration

curve.
DISCUSSION

The range of scaled distances over which date were taken is the i1egion

ot great interest for structural demage from high explosive charges. How-

ever, the exact limits T the range chosen were dictated by test conditions.

It was foaad that in the high pressure region the ranid fall-cff and short
duration of the pressure-time histories made accurste resdinge of aresas
uwnder the curves difficult. In addition, the quality of the records de-
teriorsted as the geges weve pisced closer and closer to the explosive
charge. In light of these fects, it wes decided that datae taken at scaled
distance values less than sbout 1.5 would be gquestionable, snd high pres-
sure tests were accordingly discontinued at 1.48. The upper limit of
scaled distance wes tsken at approximately 15 because it had been found

in rany test firings against a& variety of target structures that scaled
distanoces greater than 15 are out of the damage regicn for explosive
weights less than 1000 povnc.s. Threshold damage to military targets ienis

tn be a function of only pesk pressure for weights beyond several thousand

pounds.

A measure of the precision of the neasuremenis may be seen in rFigures
3, 4, and 5, and Appendix III, where the standard deviations 2~ ~a2h get
of firings are given. Values of slde-on pressure and impulse prescrhied,

are in good agreement with the sverage curves of data tsken previously by

However, side-on impulses are somewhat at variunce

these iaborstories.
The

vith the predictiozs of Kirkwood and Brinkley as shown in Fisvre 7,
question of correcting ell impulse measurements to allow for alfferencea
in ambient vemperai.re was considesod, but investigation asnowed that i

extremes of .nhe temperature range could account for less than & 5 percent
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verietion in Impulse. Since the sta-zurd devistions of the imoulge measyuze-
ments averaged epproximately 10 percent, the temperature corrnction vas not

included.

Filttirg analytical expressions to the date wes given careful coi -dera-
tion. It was desirec. to fit the dau~ accurately, but vhysical considerchions
made using the methed of least squares undesirshie. An objection to finding
analytic erpressions for the data is thet no reliable extension beyond the
range of measurement could be nade from these expressions. This follows
fram the fact that the range of messurement ~xtends just into the pressure
region where the ideal gas assumption for air breeks down. Therefore , no
reliable extrapolation o: the duie could be made. Indeed, Kirkwood and
Brinkley2 nave predicted that the side-on impulse curve goes through a maxi-
mu a% a scaled distance of 1.00, end en anslytic fit to the data could never
be expected to show & maximun outside the range of measurements. Theyafore a
method of centrolds was usel to piui curves through the data. CGroups of
points were chosen, ‘and the weighted*average of the coordinataes was calcu-

lated. These weighted average points deecribed smooth curves » from which
reliable values of the blast parameters could be obtained.

It 18 believed that measurements of fece-on impulse snd face-on dura-
tion at scaled distences less than 5 are being presented for the Pirst time.
Face-on impulses from a scaled distar~e of 5 to 15 are in agreement with
resuits of preliminary firings presented prev:".ouusl;y.8

Since the face~on duration equals the side-on duration within exgeri-
mental error, it seems logicai to attempt to relste the face-on &and z!de-

on impuize snalytically by using a relation between face-on and aide-on

pressure. Makino and Shear —have attempted to fit the experimentally de-
termined face-on impulse curve by assumiiig the normal reflectlon formulu
tc hold behind as well as at the shock front. With this assumptior it is

* Weighted according to the number of observations.

21




possihle to f£ind face-on impulse by integration for any known shape of the

side.on pressure-time history. Three cases were chosen by Makinc und Sreacr

for comparison with the experimental vesuits:

Case I: p (%) was asmumed to decay expcnentially with time,
s ;

ps(t) = Pse“kt » vhere P_ ic *he peak sifle-on pressure and

the conctant k is adjueted to *it kmown conditions. The normal reflection
formuls.,

where p(t) =p(x) (2+ 6y )
Y1

Pr face-0n pressure

¥ p,(t) /R,

Po = amblient atmospheric pressure

was ther integrated to obiain tihe face-on impulse.
Case II: ps(:) vas aken to decay lineaxly witb time, ps(t) --Ps(l - kt),

and the face-on impulse again. was found by integrating the normal reflec-
tion formule..

Case III: ps(t) and. pr(t) were both heker to decay linearly with time.

The curves of reflected scaled impulse as a function of scalea cance
for these three cases are shown in comparison with the authors! experimental
results a3 Curves I, II and IIT in Figure 8, Curve I appears to show the

best agreement. This is consistent with work performed at these Iabora-
tories and also other installations which associates an exponential shape
withk the side-on pressure-time history.

FUTURE WORK

Tt is desired to obtain a check on the accurscy of reflected impuls=
measurements by a method independent of vlezoveleciric gages. Expeximen-
tation is presently in pircgress to adant strain gages on rods =and strain
gage traunsducers to impule~ mesgg~zucota. 8112 cuothe. Heshnligne ig dn
progrues vwhereby i1 nulse is inferred frou the momenbtum-impulee theorc.a
»-r measuring the i: .tial rlocity imperted to a glven mwss by the im-
pulsive blast wave icading. It ic hoped with the later technique to
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extend meazurerments of reflected impulse to shorter scaled distance values
where it is believed thet impulse loading alore is a ecriterion for camage

tn many strucrures.

It is also hoped that measuremente of excess peek pressure, podlvive
ippulse and positive duration can be made e different altitudes to pro-
vide adequsate checks on Sachfs altitude sceling lavs. With such meesuvre-
ments, better estimates of the let: 1 envelopes around alrcraft and
m!ssiles for blast type warheads and correlntionof internsi blast damege

tests with blast messurements may be possible.

a. ) -

A. J. HOFE

2.h '})1 {4'[,2,9%.

S. N. MILLS, JR.
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APPUNDIX I
Descriplion and Utility of a "Face-on" Piczoelectric Gage

This gege, usualliy referred to as & "face- i goage,”

is a pieuo-
electric transducer used to record the pressuve~cime history of an
air blast wave reflected from the ¢ rface of a rigid structurz.
Essentially, this gage is an elemen®t of the ceflecting surface ard
ic designed to mesasure tSe blast loading impinging on the structure

iess any structural response.

The sensitive zlement of the face-on gage consisis of two disc-shaped
tourmaline crystels, each approximately Q.04#0 inch thick and 0.75 inch in
diameter cemented into . stack together with a copper foil electrode of the
same diameter inserted vetween the positive facec. The negative faces of
the crystals are electrically connected through the flep of a second coppes
foil disc ceirented to the lower tace of th: stack, The entire sensiivive ele-
ment is bonded wncder nressure to the bottom of a 0.100 inch deep by 1.00 inch
diameter cavity located in the threaded end of & brass housing., The electri-
cal charge collected by the positive foil is transmitted by & fine wire through
the housing to a coaxial connector on the opposite end while the negative
connection is made directly to the gage housing. The clearance between the
element and housing is finselly filled with a chemically hardened potting com-
pound which, when Filed smoot’ and fIat, provides a thin hard surface orer
the crystals, This comstruction is relatively invulnerable to high inten-
sity loading except for direct hits from occasional fragments.

drawing of this gage is shown in Figure 9.

A schematic

Several techrniques concerned with nesswremwents of reflected _ lzsuces
with a piezoelectric gage were revealed through considerable experime..is -
tion..

vas necessery to prevent spurious signals resulting from flexure of the

It was first discovered that n xigld backing for the crystal stacl
cryetals under loed belrg superimpcscd on the izcord. It was s-~ertained
also that a housing with considerable mess was desirsble iy prevent ex-
cessive gage mption for the [-ravion of the pulse. [Ibeuve charecteristics
vere resolved - hyrough use of cylindrical brass housings, approximatzly

1.5 inches in o smeter, 'wd ranging from fuinr tu si. inches in length.
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APPENDIX I (Continued)

Initiall,, a flat steel plate vas used as 8 zwflecting surface. The
pressure~-time history of the blast wave was maskeld hy ~3cillations caused
by vibrations of the plste, which we. » coupled through the gage houeing to

the sensing element, Attempts to isclate the gage from the reflecting sur-
face resulted in relative wotion betiween the gage and reflcetor which ap-
peared un the record as an ac.2leration response due to translation of the
gage under the blast load. As & riésult, an extremely massive reflecting
swface was suggested in which these phenamena could not cccur. 'fhe face-

on gage was finally secvred intc a rigld concrete structure as an element

5 '~:“' of the surgface. Setisfactory retlectied pressure~time histories, relatively
-" free from spurious oscillationg, were then obtained up Lo pressure inten-
) sities of sbout 4000 pounds yer sguars inch.
;if;‘, '
. A




APPENDTX I1

Deseriptlon ¢ ' "Sice-On Jage

The Stressed Disphragm BRL Gage is a piezoelectric ai. bles’ fuge for
recording the side~on pressure-time history e :rociated with blast saves.
This gage, which in its original form was deveiored by Mr. Roy Sempeon,
formerly of BRL, has been used wit.. a great deal of success in small
charge (3/8 1b. to €% 1b.) air bimast cxperiments.

The sensitive elemen. »f ihe Stressed T'.sphragn BRL Gage 1 a stack
of four wafer shaped towrmaline crystals, approximately .050 inches thick,
with silver foil electrodes beiween crystals to collzct the charge. The
crystals are usually one inch or one-~half inch in diameter but gages have
teen bri3lt in which the dismeter of the crystels was as smsll as one-eighth
inch.

The design principle which i3z believed to be most directly responsible
for the success of the S D.BRL Jage is the prelosding of the crystal stack
by brass diaphragms approximately .020 inches thick. Interference between
the cryst.l stack and the cavity in the mage housing of from .0005 to .002
inches hss been found to give the best results. Silicon grease applied
between the faces of the stack and the brass diaphragms as well ar in the
clearance around the stack is helpful In demping spuricus oscillations.

The quality of the wokmanshi» in machining the housing; grinding and
polishing the tourmaline crystals, and assembling the crystals into the
housing has been found to be of the utmost importance in producing gages
which give records of high fidelity. A schematic drawing of this gage 1s
shown in Figure 10.
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