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INTRODUCTION

Explosion damege is a consequence of energy transfer from explosive
to target. Mechanisms for this energy transfer are arfforded both by
missiles and by blast, the relative importance of which depends on cir-
cunstances., Missiles such as a rifle bullet or shrapnel are effective
devices for transfer of cnergy, particularly vhen a limited amount of
this energy is available, For large explosions or for area targets,
blast may well be a major mechanism for explosion damage, and ig also of
concern in distributed energy explosions and wvith weapons that achieve a
focused blast effect. In addition, blast is important in connection with
the safety aspects of explosives, with disaster recovery planning, and in
any situation where protection against explosions is required.

To outline briefly the neture of blast, the sudden expansion of
originally highly compressed explosion products generates the blast wave.
For a conventional explosive in the ordinary atmosphere, the close-in
blast involves both these expanding products and the air that they are
pushing back. This air 1is compressed in the push-back process, and so
acts to retard the expanding products and to extend the disturbance.

The air portion of the blast outruns the products portions, and at some
distance from the explosion the blast involves atmospheric air only.
There are then two typee of blast waves, those close~-in that are of com-
posite nature and involve both explosion products and atmospheric air,
and those further out that involve atmospheric air only.

The two Lypes of blast waves are conveniently described in terms of
a reference explocion, chosen here as that of a bare spherical charge of
TNT in the ordinary atriosphere, a situation for wvhich there are detailed
snalytic caleulations (Ref. 1 and 2) and confirming experiment
measurements (Ref. %-5).

DISCUSSION

SHOCK FRONT OF A BLAST WAVE

The sheath of highly compressed air surrounding the central core of
expanding explosion products moves out from the explosion .t supersonic
speed. A pressure jump, or pressure discontinuity, marks its leading
surfance. This discontinuity is the shock front for the explosion. For



‘s
3
’
3
:
H
¥~
{
L]
H

aa
v

. \
avirirawd 2 v s & AiAa bbb 4 beda n i oA

S

B s S LSV

By - . - N P B A T RN UL R T

B T2 kesh —cn e .-
{he reference explosion, the ipdtial Jump in pressuse of the zvrrownding R
@gmwﬂe eee,zrg at lhe chargs suriscs and z&s & vw.hm of wbout W50 bars
fabout 6,00 peij. The intensity of this sress o <t docreases rapidly

"ith é_im, anes out -rsg the cunter ~f the e'ﬁ.. i90, sl mm&c%ﬂ*e zeT0
for indinits d‘ ztance, This predsure juwup i refared to 85 the “peak

- syarpressura” for the explosive blzgt smoe,

‘ners appears (o be no shigple meslytic sxpression Lhaed agenuately
fessrihes dehavior of the peak overprassurs with dmwfm: frog tha center
of ¢he &xplesien. However, it mi; be nitad PECY the poug OVerd.Essvre
fecresses with a maximen of elgui-thials nownr of the distasce ab wod-
erate distences such ss 20 charge radif I'vom the erplosicn, and that votu
closer in and furthor ot the expouwsnt expressing the vate of decreens ig
saaller. At remote distapces T the e¥plosion the peak evsrpssasure is
inversely proportionsl .o thw first povwes of the dlztance. This i the
behavic: of a scund wave. Hezgs, it @8y be gaid thet soy explosine blast
eventually degenerates into 8 avimd wave, xhich is thy eherncteristic
sound of an explosion far awey .

PRODUCTS~-ATR INTERPACE

The tremendous unbalancc belween explosior pressures and those of the
surrounding atmosphere serves to acerissste arastically “he nerimeter
portions of the products of detonarion. Tne mesuiting woiiur of this .
waterial is s primary mecnonism for gameratiop of the atmostheric distur-
bance., As these rapidly moving producie iupinge on surrounding air, their
mction is impeded and their forward morantuwr traneferred to the sl:». The .
loeation at which forward motion of vrodusts censes is a basis for dis-
tinguishing betveen composite blust and simple air blast. For the ref-
erence explosion the distance for maxfimm axearsion of products iz about
16 charge radii, or sbout 95 centimeters for ihe explosicn of 1 xilogram
of TMT (2.4 teet for L pound). The peak £'r rhoch uverpressure experi-~
enced previously at this distance is about 12 bars (about 175 psi) in tue
stardard atmeosphere. Also, the mass of air displaced by explosion prod-
ucts becomes somewhat :more than three imsz the mass of the exrlosive.

At the interface between products and 21y, the pressure arcreases from
an initial value ~f about 450 bars &% the charge surface down to atmos~
pheric pressure at its maximum excursion éistance. However, this inter-
face cannot be located as definitely as this discussion implies. The
expanding explosion products form a roiling cloud, and contact between
products nd resisting atmospheric air occurs in a ‘urbulent interaction-
transition zone rsther than at an infinitely thin contact surface (Ref. 6).
An important aspect of this turbulence is that it becowes difficult to
asgign precise characteristics to the expanding explosion products.

‘i‘.f.na‘ nlm wain nh-mn&-vﬁ.#{na NP an .vn'lm(r\n aos nun#a’ h.m An al an—

vbere, should be regarded as repreaentative rather than as definitive.
Rirthermore, the turbulent nsture of the contact zone makes the interface .
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appear to extend further than the distances computed on the basis of
sharp discontinuity. Also, explosion products from an oxygen deficient
explosive guch as TNT may react with oxygen frum the air to prod.ce an
apparent extension of the contact zone.

PRODUCTS CLOUD

Pregsure initially within the explosior products is detonation pres~
sure. For TNT, detonaiion precsure is & maximum of about 177 kilobars at
theoretical loading density of 1.65 g/cc, about 160 kilobars st an achisv-
able 1.615 gfce, or sbout 148 kilobars at nominal loading density of
1.50 gfee. The central por fon of this products cloud expands more or
legs d4irectly ir place, and here the preessure decreases in accordance with
the isentropic pressure-volume relaticn. As this cloud expands it engulfs
the imsediately surrounding volume, producing pressures which may very
wvell exceed those at that location produced by the previously passing air
snock Iront. Direct explosion pressures exceed shock-goneratsd pressures
out to about 1.6 charge radii, where the peak is about 350 tars (about
5,000 psi} in the ordinary atmosphere. This particular distance thus
distinguishes between the region of direct explosion effects and the
region of blast-wave efizcts.

To suwmwarize these pressure regions, direct exmlosion pressures in the
ord‘nery atmosphere involve distances less than about 1.6 charge radii
from explosion center and peak overpressures greater than about 357 bars
(5,000 psi). The region of composite blast extends out to about 16 charge
radii or more, with peak overpressures between 350 and 12 bars (5,000 psi
and 175 psi). Simple air blast orcurs st distances greater than this
nominal 16 charge radii and shows peak overpregsures less than 12 bars
(175 psi) for the reference explosion in the ordinury atmosphere.

STRUCTURE OF COMPOSITE BLAST WAVES

The relatively complicated pressurs structure for a composite blwst
wave is shown in Fig. 1. Ouvermost i3 the shock with its accompanying
»eak overpressurs, and within it there 1s an air sheath surrounding the
explosion products. Next is = layer of recompressed explosion products
that have teen deceleratzd by impact with the air sheath. Vithin this is
a zone of repidly moving produrts at a lower pressure, and then a cen-
trally lLocatvd products cioud. For the particular time shown in Fig. 1,
the air shock (Sl) is at a distance o 5 charge radii from explosion
center. The contact surface or prrducts-air interface, (£.S.), is at
avout 5.0 Chargc rodis, 2n2 the rhoslowica decsleration (g;) of nradnets
impinging on previously decelerated layers. the so-called second sheck,
is just within this distance.

Figure 2 shows profiles fcr ulditional items at this particular tiue.
Discontinuities at both the air shock and the second shock are showa in

| PSRRI TR e
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all these profiles. However, the profiles for the pressure and perticle
velocity exhibit coptinuity at the products-sir interface and only the
temperature and density profiles show discontinuity. (The computations
which provide the data for these profiles have made suitable allowance
for both nonideal gas behavior and for variation of specific heat with
temperature.)

BLAST~-WAVE DURATION

The pressure profile for a composite blast reaching out to 1l charge
radii trom explosion center is shown in Fig. 3. At this time pressures
ir the cea:ral products cloud have become less than those generated at
the shock front. Worded alternatively, rarefaction has progressed back
through the explosion products. Also at this time a negative pressure
Thase, one with pressures less than atmospheric, aprears inward of the
second shock in the accelerating products.

Appegrance of a negative pressure at apy location limits the time
durstion for the positive pressure phage. For che reference expiosion
this pegative rressure appesre first ut a distance of about 9 charge
radii from expiosion center and sc this distance also marks the location
of a minimm time duration for the positive phase. Closer in, pressures
in the products cloud persist for longer than minimm time, and further
out the air sheath is thicker and travels slower, hence its pcslitive
pressure &t & given location persists for a longer time.

Precise values for a duration of the positive pressure phace of any
explosive blast (and its negative phase as well) are rather difficult to
esteblish experimentally. Close in, the turbulent nature of tne products
clouvd reduces the significance of any individual value, and further out a
slow pressure subsidence of the less intensz blest waves zllows inherent
random fluctuations to obscure the measurements.

ATR ALAST FRGd AN EXPLOSION

The pressure profile for a blast-wave system that extends sut to
25 charge radii from explosion center iz shown in Fig. 4. AL this par-
ticular time the explosion products have reached their maximum calculated
excursion of 16 charge radil, and the pressure at the products-air inter-
face 18 now atmospheric. Pressuves within the products region, including
those generated in the second shock, are now all less than atmospheric.
Pressures in the air sheatl extending from air-prcducts interface out to

the ghock front are all above atmospheric, and form a region of positive
overgraasure with relatively rimle stmintura.

The pressure piofile for the blast wave when the shock front distur-

bance has reached still further out to 50 charge radii is shown in Fig. 5.
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Here, also, the initial positive pressure phase invoives only air from the .
atmosphere and the air blast is relatively simple in structure. Closer in,
where both products and air are involved, the situation is more complex.
The second shock by now has retreated to explosion center and been reflec-
ted back by the consequent implosion. Passing through the products-air
intexface, the density discontinuity and associated impedance mismatch at
that interface causing a rarefaction disturbance, and following shock,
move inward through the products. This shock then implodes at the center,
etc., and these processes repeat until a2ll the explosion energy has been
dissipated. The magnitude of these supplementary shocks is small, and is
further diminished by turbulence in the products cloud. These complex
effects thus have little damege potential and nrdinarily are disregarded
in blast-damage studies.

Figure 6 is a sumary, to log-log coordinates, of tne press .o-
distance relations for air-shock front, the products-air interface, «.A
for the direct pressures of the expanding producis cloud, =1 for the
reference explosion. It also indicates the pressure-distance contours
for several successive times t;, to, t3, and t) after the instant of
explosica.

TIME-OVERPRESSURE RELATIONS FOR AIR BLAST

Related to the pressure-distance relations for a given time after
explosion 1e the overpressure-time relation at a given location, Ffor this
pertains directly to blast damage potential and to experimental blast-
vave measurements. A typical overpressure«time relation for a specified
distance is shown in Fig. 7. This 1s for the free-fieid overpressures
at varicus times at a distance of about 25 charge radii from the reference
explosion. Its peak overpressure is 3.6 bars, and for a l-pound charge
of TNT this occurs about 0.8 milliseconds after the instant of explosion.
The overpressure then decays to zero in a duration of sbout 0.70 milli-
seconds additional time (for this charge). For comparison with this
theoretically calculated curve, Fig. 8 shows two actual overpressure-time
records (but not to the same scales).

The relatively simple structurs of these blast wavee permit their
description in terms of simnle numbers. General sppearance suggests an
exponential relation, but the cverpressure goes regative in finite time,

& behavior not accommodated by a simple exponential. An empirieal adjust-
ment is readily made, however, to give a relation that adequately describes
the positive overpressure phase of the air blast. This gives

-bt/t,

P = p°(1 - t/t,)e (1)

vhere p is the overpressure at time t which decays from its peak value p°
at zerc time to zero value at duration time t3. The item b, the decay
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parameter, is analogous to a rate constant. Its value varies with dis-
tance from the explosion, decreasing from a maximum of about 4.17 at the
nominal 16 cherge radii{ marking the beginning of simple air shock down
to 2 value of abovt 0.9 nt around 40 charge radii. It decreasss to still
lower values at more remcie distance ag the blast wave becomes distorted
wvith distance and presumably approaches the triangular at the more remove
distances. The triangular biast wave corresponds to zero decay parsmeter;
it 18 of interest to ncte that wuch of the earlier theoretical work on.

, blast assumed a triangular blast wave. Currently, for an approximation,
the value unity is assigned to the decay parameter for all distances; the
ingensitive nature of the relation makes thiz a quite acceptable
spproximmtion for many purpores.

The analysis of measured time-overpressure relations and the agsign-
ment of values to the decay parameter ars considered later. However,
note that the dimensionless nature of the decsy psrameter b of Eg. 1

makes its values apply dirvectiy to ail the various systems of units used
in blast-wave studies.

For tae close~-in composite blast wave there is no simple analytic
sxpression for its time-overpressure relation, and any expression such
as the adbove is at best only an approximation. This composite shock not
only involves two materials, products and &ir, but slso pressure discon-

tinuities such as the second shock, and here a gras“ical presentation of
shock characteristics is indicated.

BLAST TMPULSE FER UNIT AREA

The impulse characteristic of a biast wave is the total momentum
charge per mit area of blast surface. It is an important parameter in
the study of blast darmge potential. The positive impulse per unit area
is given as the time integral of the (positive) blast overpressure. For
simple air blast, where the positive overpressure-time relation can be
described analytically by Eq. 1, this integration provides

t

impulse = f a p dt = potd {(1/p) - (1-e'b)fo2] (2)
(per unit srea) Vg

For the blagt wave shown above, with peak overpressure 3,6 bars , duration
0.70 milligeconds, and decay parameter 1.7, the positive impulse per unit
area is computed by Eq. 2 as 0.077 bar-milliseconds.

Ispulse characteristics are ordinarily included as part of the com-
~plete description of a blast wave, for exaaple the 0.077 bar-milliseconds
{Fig. 7) sbove. 1In addition to such direct specification there are avail-
able two alternative indirect methods. Cne is through the decay parsmeter,
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for in Eg. 2 this defines ibhe impulse when peak overpressure and time
duration are known. The other indirect method is as a fraction of the
square-weve impulse value (product of peaX overpressure and durstion).
Thie indirect item is also dimensicnless, and in the instance above thisg
fraction is sbout 0.077/(3.6 x 0.7) = 0.30. This fraction varies from a
minimum of about 0.17 for the rapidly decaying wave formed at the demar~
cation betweer composite blust and air blast where decay paramever b
equais about 4.7. up to a limiting value of one-half for remote distances
where the b.asi wave approaches the triangular as the decay parameter
approaches zero. Values for these and other impulse factors have been
conpleted and are listed below. OF these two alternative methods for
describing the impulse of a blast wave, the ome in terms of decay param-
eter has the advantage over the fraction of square waves impulse in that
the decay parameter also specifies the entire time history for the posi-
tive overpressure phase. This provides additional information useful in
a detailed study of target interaction and damage potential of tue blast.

Decay parameter Fraction of square-wave
b impulse value
0.0 0.500
0.2 0.468
0.h4 0.440
0.6 0.3
0.8 0.390
1.0 0.368
1.2 0.348
1.4 0.3%0
1.6 0.313
1.8 2.208
2.0 0.284
2.5 0.25%
3.0 0.228
3.5 0.207
4.0 0.189
4.5 0.173
5.0 0.160

The impulse characteristic of composite close-in blast is much more
complex than that for simple air blast. For example, at distances of
about 10 charge radii from the TNT explosion the free-field impulse of
the composite blast actually increases with increasing distance. Direct

values for the close-in impuls~ per unit area obtained by time integration

of the complex overpressure-tim relation can be expressed simply in
dimensionless form a3 a fraction of the square-wave inmpulse value. For
comporite blast this fraction decreases from about one-half at the charge
surface dovn to a minimum of about 0.06 at about 3 charge radii, goes
through a maximum of nearly one-half at the distance for minimum blas+
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duration, and then decreases down to about 0.17 at the 16 .harge radii
that marks t.° maximum excursion of explosion products.

REFFRENCE EXPLOSIONS

Nominal values for the various characteristics of arbitrarily selected
reference explosions are given in Appendixez A and B. Appendix A is based
on the explosion of 1 kilogram of TNT in ordinary air at a temperature of
15 Celsius (59°F) and & pressure of 1 bar. Appendix B is for the explo-
sion of 1 pound of TNT in air at 59°F and 13.6 psia (typical conditions
for this Center). These values tabulated for reference explosions can be
applied to realistic situations by means of the scaling laws as described

Ta) e
UTLOW e

SCALING LAWS FOR EXPLOSIONS

Scaling lawes for explosions are based on the principle of geometrical
similarity and on the observation tl.at the spatial dispersion of explosion
ensrgy is a volume effect. Thus doublling a distance from an explosion
increzes the volume of medium ¢ “ected by a factor of eight, hence eight
times the explosion energy (explosive yield) is required to achieve a
similar blast. To allow also for the influence of the nature of the
surrounding medium on this energy dispersal, note that the transfer of
momentun from expanding explosion products to surrounding medium is a
mags effect. Hence, energy release per unit msss of surrounding wmedium
is a controlling item. Iv this study, atmospheric density is used as a
measure of the relative mass of the atmospheres in which explosions may
occur.

To apply tha2se concepts, define a "scaled distance" as the equivalent
distance from a4 relerence explosion, one that corresponds .o some actual
distance from come actusl explosion. From busic consideraticns

(scaled distance)3 x_{reference atmospheric density)
(reference yield)

.. {actual distar.ce)5 x (atmospheric density) (3)
{actual yield) ’

Representing the yield as W and atwospheric density as p, and with sub-
script ¢ to identify the reference explosion, Eq. 3 can be rewritten as

{actunl distance) x (p/po)l/5

gealed distance =
(i, Y2

(k)
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or for the ordinary atmosphere a2t absolute temperature T and absolute
pressure P

(actual distance) x (P/PO)l/3
scaleé distance = (5)

(i 2 x apr M2

By an analogous sourt of reasconing, it may be shown (Reft . 7) that the
scaled distance as s¢ defined also carries within it a definition of
scaled time. That is

(éctuai time) x (p/po)l/5 x (afao)

scaled time = —rs
(w/wo)*’J

~~~
N
LY

where a represents the speed of sound in the actual atmosphere and a,
that in the reference atmosphere. i.. the atmcsphere, this speed varies

with the square root of the absolut- temperature, so that Eq. 6 may be
rearranged to give

(scaled time) x (W/Wo)l/5

tual timwe =
T T T ek T x e

(1)

The impulse characteristic of a blact wave, that is, its positive
impulse per unit area, also follows the scaling laws. Defining scaled
impulse as the value for a reference explosion and actual impulse as that

for some other amount of explosive in scme other atmosphere, the two are
related as

actual impulse _ actual time , zctual ambient pressure (8)
gcaled impulse scaled time reference pressure

Expressed sywbolically, and combining with Eq. 7
{
(w/wo)1/3 x (P/'Po)z'5
(z/z )H°

actual impulse = scaled impulse x

(9)

These definitions of scalea distance, time, and impulse involve ratios
of abscliute values for atmospheric pressure and temperature reised to a
fractional power. In meny circumstances this gives numerical values that
dc not diifer greatly frow unity. When one considers the considerable
uncertainty in messurements on any actual explosion, it becomes apparent
that these ratios oftern mmy be taken as unity without introduction of
addit ional error. This makes for a desirable simplification in formulas
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for the scaling laws. Furthermore, measure explosive yleld in relative
iather than in absolute terms such as the energy release implled above.
Thet 48, our refereice explosive yield can be that of unit mass of some
reference explosive. As & reference explcsive, TNT has desirable aspects
of being reproducible, relutively safe, inexpensive, aund readily available
in calibration amounts. ‘Thz wvalue for the reference yield W_ then becoumes
unity, and value for the xuctual yield W becomes its TNT eguivalent.

In these circumstances,

/
{actual distunce) = (scaled distance) x w o (10)
(actual time) = (scaled time) x W'/2 (11)
, i o , . WA
{actual impulse) = {scaled impulre) x W'~ (12)

where V is effective yield in terms of the equivalent amount of TNT for
the explosive vwhose explosion is being studied. Eguations 10-12 should
te regarded as merely convenient approximations for the primery forms of
the scaling lew as in Eg. 3, 6, and 8. Various aspects of these scaling
laws are illustrated by numerical examples in the calculations of
Appendix C.

LIMITATIONS OF SCALING

It is to be c.uphasized that the scaling laws, both 1b original and
in spproximate forms, have been deduced on the basis of explosions with
geometricel similarity. That is, these scaling laws apply to explosions
related to each other as a photograph is related to its enlargement.
Thus, in general, data on a free-field reference explosion cannot be
experted to apply directly to a blast wave which has undergone the com-
plicating effect of interaction with a ground surface, nor can a Iree-
field explosion be scaled to one which gives sheock reflections or Mach
stem formation. Furthermore, there is also the reguirement that two
explosicns to be compared must occur in atmospheres of the same general
nature. Thus the scaling laws cannct be used to apply data for a r=fer-
encz explosion, in the ordinary atmosphers to an underwater one, ni. to
an excetmospheric explosion of outer space. But on the other hand, most
cenventional explosives have about the same charge density, the same
energy release, and generate sbout the same volume of gas per unit mass
of explosive. Thus, ordinary explesions may actually meet the scaling
law requirements ol geometric similarity in nmany circumstancez.

For nuclear explosions, both charge radius and products excursicn
distenze are very small and quite different from those for a TNT reference
explogsion with the same energy release. Hepce, these close-in effects do
not scale to TNT. But for remcte diglances, ‘the blast wave from either a
nuclear or conventional explosive involves alr only 2nd each has the same
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X general behavior. An empirical adjustment can bring these two air blast , ’

4 wares into general conformity. Such an adjustment indicates that the ! ]

3 effective energy release in a nuclear explosion is sbout 85% the actual , §

erergy release. R

Another instance of inverest is the explosion of a gaseous mixture, ’
for example trat of methane and air. Llack of geometrical similarity
between ithe large charge size of a gaseous explosive and the small charge
size of relatively dense TNT means that TNT is hardly a suitsble reference
fcr gaseous explosives at close-in distances. However, at remote dis-
‘cances where only air blast is of concern, TNT uight well suffice ax
reference.

Nonspherical explosions are not readily scaled to a reference spheri-
cal charge ot TNT, an observation ¢f importance in the study of focused
blast explogions and in the study of blast from many types of distributed
energy explosions.

e e i NS S i) G W AR A R

For explosions in the atmosphrere at high altitudes the maximum excur-
sion of explosion products is relatively much greater than for explosions
at sea level. Here the basic requirement for geometrical similarity may
not be met, even for two charges of the same explozive. Hence at the very
tigh altitudes the scaling law must be used with reservation, particularly
vhen within the region of composite blast.

For an exrlusion in contact with & plane wyielding surface, the
explosion energy is released into a hemisphere rather than info a sphere.,
Hence these blast waves may be egui+~lent to free-field waves genersted
with twice the en»rgy release. Sinml.ar considerations apply to those
special shock tubes here the explos.on energy is concentrated into a
small portion of a sphere. This gives & corrcr o1ding magnification of
effective explosion yield, provided of course “Lit the requirements of
the scaling laws are otherwise met.

f; SCALING LAW YIENIS -
% An interestd ag application of the scaling laws for explosions is

3 inverse of the one implied above. Here an equivalent yield from some i
3 actual explision is computed from the cherscteristics of the blast wave %
it produces. This technique is illustrated in Appendix C. In genmeral,
the calcuisiion first establishes a scaled éistance from some character-
istin of the blast wave such as its overprascure, speed of its snock
front, or its positive impulse per unit area. Thcn by Eq. 5

calculsted yield _ (actual digggggg\ « (P/?a) {13)
reference yield scaled distance ) ie/T ) 3
7 [v)

19
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For the specisl circumstance that reference and ambient pressures and
temperatures do not differ greatly, anl where the reference explosion
) .,orresponds to unit yield, Eg. 13 Faduces to the simple relation

v e v _ f actual distence 5
caleulatod ¥ield = ( —~1nd disttmce) (14)

a& Mustrated in the calculations.

Ther~ are gome cautionar:f observations to be made ahout calculated
yi:ld Values cbtained from Eg. 13 or 14, ‘One is that the calculation
in"ol»res uhe cu’be of & ratio. end this magnifies any inherent uncertainty

’by 8 factor of ahree. Thus tluese ca.z.culations are inherently of low pre-
" eisioms Furbh’emore, the yield value obteined is basically one for a
spheri*a v symnetrical explosion. Thus, it is to be anticipated that
calcula‘l,‘cd valueg for the yield of an actual explosion may vary: and
aefger'a on the byge of' data used in the calculatiofi. Nevertheless, the
24ta pxovide ugeful information for evalugtion stndies even if the
requiremn*c '!‘I\h :ranmn+r10n'( n‘lnn SE Rl 't‘v ﬁth reference explosion are not
met. This 18 the situati.on in many insta,nces of interest such as g dis-
,tributed energy - =xplosicn and focused blast. These items and calcuistions

are in need *of imvestigation..

R msmmmm BEiAS ST EASURENTS

Expprimen'bal neggurenents on blast waves are evtraordinarily difficult
to nv.ke (Ref. ) They require hlghly sophisticated instrumentaticn along
st utmost caré In .calibration and measufement. Furthermor=, ingénuity
81& ‘ech e are Fequired in order to a*:c:.d spurious effects such as

’ Aunant:.cipa.ted reflections from the earth's surface, from the formation of

& Mach stem, or from some interaction between blast wave and supporting
fixtures for measuring instrmnents. Indeed, blast measurements are so
troublescmé thrt any individual value is alvays suspect. This also
applies ‘Bven to comple+e sets of measurements if all are made with the
bame ineu.menta.tion using the same technique. Only in individually
cali'bra.ted -and independent.y made duplicatée, triplicate, or replicate

" measurenents can full relidnce be placed, and even so the inherent
uncerhainties should ‘be recognized. Bub vithin such Limitations the

’ _experimen‘ka... neasureménts i blast waves from spherical charges conform

cuité well with data on TNT explosiohs as glven in Appendixes A and B and
&8 eca}.ﬂd up (or down) in accordance with the ﬂcaling laws.

Even vith a,dequate instnmefnta.tion and proper calibration » any par-
: ﬁieular setup almost alvays involves some eort of choice or compromise.
" Cne common choice is between an instrumenc tha.t is steble and reliable
_buk sIow in resntmge, ang bne with n fasht rize time csnebility but which

“ma,y oversnoot and be. sensitive to extraneous noise. Figurc 8 shows {but
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not to the same scale} actual pressure records from thesz tJo types of
of blast gages for the game blast wave. The lower record was obtained
with a low impedance but stable pressure gage. Its reading for the
ingtantaneous initixl peak overpressure seems too low. The upper record
is with a high impedance gage with considerably faster response. Here
the initial peak seems well recorded, but some overshoot may be present
and the entire record seems to be a noisy one.

T wwzg\g =

"R

To mininize these particular gage problems, a systematic methed of
smoothing experimental curves sultable for the speci#l cage of a simple
overpressure-time relation without e multiple peak or incidental negative
pressure portions has been suggested. This involves two semilogarithmic
plots. One, for the early times of the blast, is the logarithm of the
overpressure versus the time. Here back extrapolation to zero time gives
a relisble value for the initial peak overpressure (see Fig: 9). Th
second plot is of the overpressure at later times versus the logarithm
of the time, as in Fig. 10. The resulting compression of the time seale
makes the curve approach linearity and permits & good estimate of’ the
duratior' time for the overpressure as the time when the curve intersects
the .overpressure axis.

il

,-1_"} >

In addition to providing a smoothed Vvalue for pegk overpressure and
duration,the two semilogarithmic rlots. also establishes the decay param-
ete7 of Bg. 1. For this, note that the term (1 - t/t3) of Eq. L appfoaches

e t/%q as time t approaches. zero. That is , at early times Eq. 1 redutes
Lo ’
. P = pQ e -+ lbl)tk/td (a5 t —0) (15)
Taking logarithms; then
Inp = :—(‘l—ti—ﬁ t + congtant (as t —0) (16}
. a

Comparing Bq. 16 with the formula for a straight Line, it can be seen .
that the slope of the semilogerithmie plot (I overpressure (vase e value)
versus time is the negabive value of the item (I + b)/t5. Equacing end
solving for decay peramster b,

b = -(slope) x tg -1 : rm. .

Thet is ,.measuring the intercept and slope of the plot of Fig. 9 and the
intercept on the plot of Fig. 10 provides values for peak overpressure,

the duration; and dacay parameter. With thege data the entire over-

Wk Ve

pressure-time curve can be reconstructed mathematically and compared with
the original measurements to provide a check on the analysis.
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FIG. 9. ,Log Overpressure Versus Time. Indicated peak, 51 bars;
imagured peak, 38 bars. Slope is -2.1 per millisecond.
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FIG. 10. Log Time Versus Overpressure. Duration 1.40 ms,
decay parameter = 1.40 x 2.1 - 1 = 1.9k,

A further check on the instrumentation and ou the overall propriety .
of this analysis of experimental data is p:ovided by values computed for. o
the lmpulse. It has beern observed that directly measured impulse values,
as obtained by graphical or numerical integration of the ownirpressuree
Lime curve, are relatively immune to responsetime and noise errors. If
the value for the impulse as calculated using the decay parameter agrees
with the directly measured value it suggests that a reasonably relisble L.
record of the explosion has been obtained. Ty

DYNAMIC PRESSURE FOR A BLAST WAVE . ool

A requirement for target damage is interaction between blast and ) i
target. One interaction effect is deseribed by the dynam’c pressure q, oy
defined as q = 1/2 pu2, where p is the density of the mo'ing strean ahd -
u its velocity. For air, the dynemic pressure may be erpressed alter- :
natively as g = 1/2 kK R P , where k is the specific heat ratio, M the .
ldach number for the moving stream, and P its absolute pressure. The o
dynamic pressure, when multiplied by g drag coefficient for some partic- -y
ular object, gives the drag force per unit area exerted by the moving N
stream on that object. ’ .

Dynamic pressures are imporitant 5 steady-flow situations such as
aireraft propulsion o.0 flight of missiles. They are also of interest in

H
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some blast gituations, for example a water tank subjected to the blast
wind of a nuclear explosion. But for crdinary explosiors the time dur-
ation of the blast wina is relatively short and the blast-target inter-
aeﬁipn is a transient one. Here the dynamic pressure of steady flow is
not partieularly pertinent, and indeed it is so ill-defined physically
in thege explosion situations that even its direct measurement is
troublescime. Rather, for dynamic blast loau: in conventionsl explosions
the iiportant blast-target interaction is the transient one of shock
Yeflection.

" REFLECTED -OVERPRESSURES

Shock reflection effects include normal reflection, oblique reflec-
tion,anu Mach stem formation. The most demaging of these, at least for
tough targets, ordinarily is normal reflection. For simple air blast the
overpresgure &eveloped in this reflection can be established analytically.
This is conveniently described in terms of & reflection coefficlent, the
"atio af reflected. ovérpressure to overpressure in the free field. For
dlstances remote from an expl sion this reflection ccefficient appicaches
two ds & lower limit, as Tor sound waves. It increases markedly with
shoek intensity, reaching, dbout 5.8 at the nominal 16 charge radfi that
arks the inner limit of simple air blast in the reference explosion.
Corresponding peak reflected overpressure here is 5.8 x 12 = 70 bars
(100 psi) versus the 12 bars for the simple side-on overpressure. It is
€5, be x@cognized that overpressures such as 70 bars can be very demaging,
even\though of a transzent nature.

Reflection effects for composite blast close to the explosion center
are more troublegome to. study. Reasons for this include (1) an increase
in spec‘fic heat for air and Jor products at the high temperatures gen-
érated in thése intense shocks, (2) chemical dissociation and ionizition
effects, (3) ;nonidesl gas behav1or of the highly comressed ges in the
interse shock, and (&) the finite time needed for an equililrium distri-
hatixn of energy within thé shocked medium. An approxi=sie analysis
indir tes that {these complesities are unimportant at A:stances beyond about
lO charge radii; but that closer in they become quite marked. The approx-
" imite analysis also indicates the reflected impulse decreases monotoni-
cally with distance in contrast with the behavior of the side-on impulse.
For the limiting situation on 1 charge radius, it is estimated thst the
reflection coefficient for normal reflection is about 12.2 (versus a
theoreticsl maximum of 8.0 for the ideal 853 witl, speecific heat ratio
1.4). The calculsted reflected overpressure «. the charge surface becomes
12.2 x 450 = 5,500 bars (80,000 psi). An experimental study of these
xntense relrected shocks is now being planned.

24
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BLAST LOADINGS ON STRUCIURES

In some fev simple situations the load imposed by blast on & target
cal be caleunlated from fundementzis. Consider for ekample the blast load
on the front of a disk whose surface is normal to the direction of blast-
wave travel. The peak reflected transient load is the product of the
pesk reflected overpressure and the iarget area. The load decreases wita
time for two reesons, one the ordinary decay of the blast wave, the other
a relief effect as the reflected overpressures are equalized. The decay

of the blast wave has been characterized by Ey. 1. However, the reflected

Jsverpressure relief effect is an additional one superimposed on this.

With regard to the relief effect for the reflected overpressure, note
that initially the reflected pressure on the face of the target is con-
siderably greater than the pressure in the surroundings. Hence, there
is flow from the face of the target inte the surroundings. This relieves
the reflected overpressure on the face of the target. This relief is in
the form of a rarefaction wave that moves in from edge to eenter. Con-
sidering a partisular point, the rarefaction wave arrives at some time
t1, when the pressure relief starts. This is then completed at some
later time, t,. After relief f the reflected overpressure, the disi
senses only the free-field overpressure plus an incremental stagnation
overpressure maintained by the impact effect of the moving blast wind.

A method of characterizing all these effects is indicated in Fig. 11
which illustrates various overpressures associated with the blast wave.
The primary one of these is the sids-ur or free-fiplél overpressure, but
also included are the reflected and stagn:tion overpressures. Fach varies
with time, as shown. Reflected overpressure exists on the face of the
disk from zero time until relief starts at time £y, and the yressure after
relief is completed at time t, 1s the stagnation overpressure, The relief
process erurs between times ¢y and to at intermediate pregsures. Assign-
ing representative values to times ty a.nd t» based on speed of travel of
a rarefaction wave nxd on dimensions of the disk, the blast load predicted
for the center of a disk in a particulaer situation is that of Fig. 12. -
The general form of this predicted dynamic load on the front face can be
compared with dynamic loads as measured at centers of a 3-inch diek and
of a 9~inch disk and shown in Fig. 13. The general agreement between pre-
dicted and observed loads lends encouragement to this method of analysis,
at least for simple targets.

DAMAGE POTENTIAL OF BLAST

Dapsge to a target Trom blast comes from motion of the target as
imparted by foaces of the blast wave. In prineiple; an anelviisc solution
for target miotion can be obtained fronm the equa.tion of motion expressing
the relation betwien target mass, iis acceleration, and the unbalance -

hotween the driving force of t.e blast wave and the resistance of the
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Disk 5 Feet From Reference Explosion.
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target. The driving force is a transient one, given as the product of
target cross-secticn area and a blast-wave overpressure such as thet of
Fig. 12 or 13. The resistance of the target depends on its structural
features. However, for dynsmic situestions this is seldom known precisely
and indeed perhaps 1s not capable of being known. Furthermore, even if
botha the transient driving force of the blast wave and the dynamic
resistance of the target were known, the mathematical form of the eaniation
of motion is mot comduecive to a simple sclution, but rather calls for
numerical or analogue methods. Hence, only in simpler situstions is a
precise s iition Ffor target motion in response 4o blast to be cbtained.

As an @l*ernative to an exact solution for terget motion, wvaricus
empirical estimates of the damage potential of blast have been used.
One of these is based on the peak cverpressure in ‘the free-field blast
wave. For example, it may be stated that a peak overpressure .of suth
and such psi causes major target damsge. It should be recognized vhat
such a statement even if correct ¢an at best be only :z crude appx‘oxi-
nation. Tt ignores the fact that the damage ;potentm.l of blest is a
function of two individial itemes, the transient blast loading plus the
dynamic response of the target; two such aspects are always involved in
aspessment of damage potendial.

A two-agpert eriterion for blast damege potential that has met with
considerable success is the "ecritiecal impulse within & eritical time™
(Ref. 9). This criterion states that for each possibile target there
exists some critical impulse zbove which the target is damaged if such
impvlse is received within a critical time, %Mut below whicl there is mo
effect. The identification and selection of the critical time for any
specific target is essentially empirical, but may logically be taken as
gbout one~guarter the natural periocd of free vibration. <The damage
potential of the blast for some specific target becomes the met drpulse
per unit area obtained by time integration of the blast overpressure oub
only to the specified critical time. This eritefion seems a realistic
one, end has been shown to .agree with direct observaticns of various .damage
effects in several circumstances.

An interesting point in connection with this two-aspect criterion is
that the ratio of critical impulze tn the critica.l time for any +target
corresponds to a sort of “critical overpressure" for that target. This
eritical overpressure can be interpreted as the minimum overpressure
ecgpable of causing dauage, but which actnally would canse damage cmly if
sustained for at least as long as the critical time.
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Appendix C
JLLUSTRATIVE CALCULATIONS

The Sealing l,aws ir their simplest form ere adequate for the following

- caiculations. =~

A. A spherical charge equivalent to 27 pounds of THT explodes in the
oréinary a’mosphere. At what distance should a gage be placed for peak
side-on ovemressures in the order of 50 psi?

" Answer: The scaled distance for a pesk side-on overpressure of
50 psi is found in AD endix B 19 be cbout 3. 85 feet. Acturl distsnce by

-. Eg.10'= 3.85 x (213 = 11.5 feet.

< A7

B, What is the duration for the positive ».de-on overpressure for
the blast wave of «calculation A?

Angwer: From Appendix B, the scaled side-on dur tion i1s cbtained as

0. 698 ms. Actual. duration by Eq. 11 = 0.698 x (27}1/3 = 2.1 ms.

C. ‘Wha.t positive impul'se is anticipated for the gage of caleulation

Answer: Appendix R lists scaled sid7-on impulse as 10.16 psi-ms.
Attusl impulse by Eq. 12 = 10.16 x (27)%3 = 30.5 psi-ms.

D. Write én analy'tic expression for the overpressure time curve for
the gage of calcula'bion A.

Angwer: From Appendix B, decay parameter b is found as 1.9 (closely)

* gnd ‘the duration has been established as 2.1 ms. Hence the term b/td of

the exponent for the decay velation of Eq. I becomes 1.9/2.1 = 0.9.
Sahstituting

overpressure = 50(1 = t/2.1l)e -0.9t

where t 18 the time (1n tilliseconds) after the blast wave strikes the
'8385' .

" E. What peak overpressure would be felt by a gage at the same dis-

_tanes A2 11. 8 f'nn-i-._ it 1, that iz part of an wn

A part °f an wq.nc.l.u.:.ns guriace iece-on
to the blast wave pf ca;_oulation A? Compare with the sideron value.

50"

~-
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Answer: At the specified scaled distance of 3.85 feet, the peak. ,
reflected overpressure is ziven directly in Appendix B to be about 205 psi. o
This compares with the side-on value of 50 psi and corresponds to a L0
reflection ccefficient of 4.1.

F. A peak side-on overpressure of 59.5 psi is recorded as & distance \i\\
of 10 feet from an explosion. What is the indicated equivalent yield, in . ‘§
pounds of TNT? i

Ansvwer: This peak side-on overpressure corresponds by Appendix B tu - i
a scaled distance of 3.60 feet. Then; by the yield equation, Rg. 14, SN

‘ 3
. - [actual distance)” _ 3 _ ;
equivalent yield = (sc TR ce) (19/3.6)° = 21 pounds THT
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