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BLAST WAVES GENCRATED BY ACCIDENTAL EXPLOSIONS
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" As a basis for tho discussion of tho blast waves
produced by accidental explosions the structure of the
‘blast wave from an idecal cxplosion and the mechanisms by
which such a blast wave produccs damage wlll be discussed,

" Next, some gencral results conc:arning the manner in which
nonideul source behavior produces nonideality of the
blast wave will be presented wlth examples. Finally,
accidental explosions will be grouped into ninc different \
types depending upon the nature of the source bchavior
during tho cxplosion and the cvents that lead up to the
) explosion. The naturc of the blast wave produced by cach
5« ) of the different types of accidental oxplosions will then /
% be discussed with cxamplos as appropriate to illustrate how" ;
the mechanisms involved in accidental explosions uffect
tho blast waves produced by these explosions,

T

~ INTRODUCTION

In tho past 10 to 15 years there has been a considerable increase of:
intorost in uaccidental explosions of all types and the hazards they pose
to structures and peoplo in their immediate vicinity (1). This increased:
interost has led to a considerablo amount of activity to characterize the
nature of the various accidental explosion processes that can occur and
the danger associated with internal cxplosions, the production of primary:
and secondary fragments, radiation damage from a fireball and last, but not
lecasy, the blast wave produced by the explosion (2). This paper will focus
on our current understanding of source behaviors that leiad to nonideal blast
waves us well os the . nature.of the blast waves produced by various types of-
aceidentat explosions.

IDEAL BLAST WAVES

\ All freo ficld blast wuves whether ideal or not are simple waves travel-
A ing away from the source region. Point source, nuclear or bare charge
sals sphorical high explosive explosions all produce blast waves which have

{ essentially the same structure at distances from the source where the max-
.. imum pressure in the wave is less than about 100 atmospheres (3). These )
» % *ideal" waves consist of a lead shock wave followed by a rarcfaction fan which

causos the pressure to fall slightly below the ambient pressurc-before it -~ —

rebounds to.the initial atmospheric pressure. Since the wave is simple the
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\ flow assoclated with the wave is uniquely related to the local pressure in
the wave. - Specifically, the flow is outward when the pressure is higher
than ambient and inward when the pressure drops below ambient.

The threo propertics of an ideal wave which cause damage are the maximum
overpressure, tho positive impulse I, whero 1, Pdt from the time when the
shovk arrlves until the pressurc first returns to ambient and the flow
veloclty associated with the wave (2). Sachs (4) showed theoretically and

i |
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it his been verlfied experimentally (5) that the first two of thesc three™
propertics scale to an cnergy scaled radius. Specifically, at any dx<t1ncc
from thu source, R, the quantities P = (P_ - I'o)/l'o and 1= (1 _a )/([ 3p )

scale to R whero R = R/R .and R: = (E/P )?/ flore E is the total encrgy
of the source amd P is “the lofal atmogphcric pressurc.

The mechanlsm by which a structure is damaged by a blast.wave is different
for cach of the three properties described above. 1f the duration is very
long comparcd to the response time of the structure, the structural clements
arc deflected to dbout twice the extent that they would be if the pressure -
{(now a reftected shock pressure) were applicd statically. 1In this case the
straln energy In the structure can be equated to the potential energy stored
by the deflectlion and damage occurs when this amount of energy is sufficient
to cause plastle flow and therefore permanent deformation. 1If the duration
is very short relative to the characteristic responso time of the structure,
the impuise of _the wave determines the amount of Kilnetic cnergy imparted to
the structural clements and this kinetic cenergy, can be cquated to the strain .
cnergy that will ultimately be stored in these clements. 1n this impulsive
limit the vverpressure in the shock has no ¢ffect on damage (6).

The third damage mechanism is related to a drag force which first arises
because 1t takes a finite amount of time for the shock wave to reflect,
refract and enguif the body and then continues because the body is immersed
in o high velocity flow field. Structures that are particularly vulnerable
to this type of damage are light standards or unattached bodies like trucks
or people., In the latter case, damage is Laused by tumbling or gross dis-
placement (2).

. |

Most accldental explosions gencrate a blast wave whose structurc is -
different from the structure of an.ideal blast wave. Theoreticali, numerical,
and cxperimental work has shown that the differences are directly; related to
the way that energy is added to or initially distributed in the source region.
To 1llustrato the differences three example spherlcal source regions will
be consldered. These are an idealized bursting sphere, the ramp laddition
of cnergy (ropresenting a spark) and spherical defiagrative and detonative
addition of energy. Additionally, there wlll be a bricf discussilon of the

. . . . . . 1
effects ot non-spherical deflagration in a source region, |

NON- IDEAL BLAST WAVES

The burst of a pressurized frangible sphere containing an chal poly-
‘troplc pas has been studied numerically (7) and experimentally (q) ‘All
the numerteal calculations describe! here (inctuding that for bursting spheres)
used a one dimensional finite ditferonce artificial viscosity coﬁputcr pro-

- gram in splierical coordinates to follow the flow associated with'specific
source beluviors (9). For the bursting sphere studices the calculation was
started with the source region at a series of high pressures and different
temperatures, it was found that when the energy in the #¥here was calculated
using Brode's (10) formula, E = (PS - Po) V/(y - 1),where V is the| sphere

volume and y Is the heat capacity ratio of the polytropic gas in the spherc,
the spherc bursts produced a blast wave whose pressurc was never larger than
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that calendntod uslng the shock tube bursting pressurc cquation and decrcascd
wonotonleully ns the shock propagated-away from the source. Furthermoro,

for hilgh prussure sphere bursts the shock pressurc asymptotically approached
the enorgy scaled overpressure curve for a high exploslve charge. lowever,
for sphore pressures less than about 6 Py, the shock overpressure curves

dil ot reach bur paralleled the high explosive curve. In other words, far
flold oquivaloncy in overpressurce.was lost. .

Two othor general behaviors of the blast wave from a bursting sphere
nre 1) pusitive phiasc Impulse always scales with source energy using
Suchs® srallng (thls is generally true for all spherical non-ideal cxplosions)
and 2) the negative phasc impulse for spheres with low cnergy density (i.e.;
with tutwraul pressures below about 100 atmospheres) ls always very largo
vhon coinpmret to the negative phase for an ideal blust wave. It s in ~
fact more than one half of the positive phase impulsc. Furthermore, this
negatlve phaso Is followed by u relatively strong shock wave whosc amplitude
Is uppriximately 1/3 of theamplitude of the initlal shock in the blast wave.
Thls s Jltustrated in Figure 1 which is experimental data obtained from o
burating I'ranglble sphere. A complete set of pressure distance curves for
a mmber ol equatly spiced times after spherc burst |s shown in Figure 2,
Notfce from Vigure 2 the large rarcfaction fan propiugating to the center, the
very luvge pressure spike produced at the center, ant the second shock
propugating sway frem the center. Brode and Chou et al (11) showed many
years ago that an extended source such as a burstlng sphcrc cxhibits this
hehuvilor, - ] a .

It wiun also observed that the dimensionless overpressure-scaled distance
curver far the different initial spherc conditious paralleled cach other
whon plotted agilnat R, Furthermore, dimensional anilysis showcd (8) that
for hlentliwd sphore bursts one must know the sphere source cnergy, E, the
sphere presswcee, Po/Po, the internal velocity of sound of the gas in the
sphore retative to that of the surronndings, ag /ao, and the heat capacity
ratlo, ¥, of tho gas in the sphere to unxquely determine the initial shock
prossure al ﬁphcro radius on a (P, R) plot. With this information tho
(P, k) nomograph that has been constructed can be used to determine- tho
blast wive overpressure produced by any idealized bursting sphere (7).

Numerical cilculations have been performed to study the ramp addition

ol eneygy (12). 1n this case, energy is added in a spatially uniform

minnor to the entlro source region at a rate which is growing exponentially
with tlme until the maximum amount of cnergy is added. Figurc 3 shows

that In thls cuso a compression wave is first generated which steepens

iuto # shock wive some distance from the source, Flgure 3 also shows tho
effect ot Flnlte source size, because it clearly shows the rarefaction fan
propagat Ing townrds the center of the source rcglon as cnergy is being

adided to the source region, A systematic study of the effect of encrgy 0
denslty (dellned at E/C,Ty) and dimensionless time of encrgy addition

(doflned ux o characteristic time for cnergy addition divided by a
.charactorintic aconstic transit time for the source region, "t = ry/a,

whore v, ts the Inltial radius of the source reglon and ag is the

Inltlad veluclty of sonnd in the source region) was performed. This

showed thot, Irrespective of the.nonideal bchavior of the blast wave closc

to the sowrve region, source regions which had both a high cnergy density

and n vary short dimensionless rate of heat additlon exhibited Far ficid .
cqulvaloncy. In overpressure and produced a blast wave which was indistin-
gulshubje From that produced by an ideal source. lowever, when energy
denstty drapped to about 8 or 9, and dimensionicss rate of cnergy addition .
Cdimerensed to about unity, far field equivalency in overpressure was lost., .
In nthor words, the overpressure scaled distance curves were ail below
those ol un hdeal explosion with the same total source cnergy. As'in the

i

cuso of bursting sphere the far field positive impulse was cquivalent to that
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of an ideal wuve on an energy sculod
basis.

Numer | cal (13) and experimontal (14)

|

studies have been performed vn the
blast wave propagating away from &
centrally ignited deflagrative or
detonative explosion of u gas wixture
-initially at ambient pressure (i5).
The calculations have shown that at

a radius of about three tlmes the
actual combustibie sphere radiug, the
blast wave becomes equivalent to that
produced by an ideal explosion, if
the initial explosion s centraily
ignited and is cither detonative or
deflagrative with a normai burning

3

Figurc 1

velocity of more than approximateiy
1/8th of the initial velocity of
sound. These caiculations aiso show
that when the burning velocity drops
to approximately 1/16th of tho initial
velocity of sound, far ficid over-
pressure equivalency is iost aml the
blast wave no longer contains o

lead shock wave but insteidd consists
of a simple compression wave propa-
gating away from the source region.
This is shown in Figure 4, lor
fower burning velocities thun this,
the overpressurce in the wave i3
extremely low and cin be modeled by
using an adaption of Tayior's (i0)

Chra-oressere

-0
B Distanc e fom Jho ‘owco

Figure 2

original analytical solution for the
blast wave produced by a sphere

expanding at constant velocity. This
)

e a
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The blast wave produced by jow
velocity deflagrative combustion of
a non-spherical source has aiso been
studied (i7). In this casc the
acoustie principle first cnuuciated
by Stokes (i8) in 1849 has icen
‘appiied by assuming that the deflagrn-
tive combustion can be treated as a.
monopolc source of very low trequency,

o

o

QOverpressure
o
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Flgure 3

NOTi:  Figure captions
are at the end
of the paper.
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* When this is done, one finds that
the miximum overpressurc that one can
ubtain from deflagrative rombustion
“Is w functfon of the aspect ratio -
‘of the source region and decreases ”
very rapidly with increases in
wspoct ratio. This is shown in
Figure 6, This theoretical obsor-
vition has been verified by exporf-’
montit studies in which combustion
of a sphorlcal soap bubble was Injti-
utod near the edge (19). In this
cane, tho acoustic overpressure wis
conalderably lower than the acoustic
ovorpressure when the soap bubblo
wits Inltlated centrally, Tho reason
why thls is true is that in sphorical
courdinatos the maximum ovorpressuroe
nrirurs when the product of the burn-
Ing velocity and flame ares exhibit
*--n - the maxlmum rate of- increase, Tho
thoory yletds the conclusion that no
werpressuro ts gencrated in spherical
cvoordinates by a flamo of constant.
areit which has.a constant burning
voeloclty,.

NCIDENTAL EXPLOS1ONS

When accidental explosions are
viassltled by source behavior, one
finds that there are nine major types
that van occur (1), These are:

1. ‘condensed phase detonatlons,

2. combustion explosions of
gaseous or liquid fuels in
enclosures. )

3. comhustion explosions of
dusts in enclosures.

4, bolling-liquid-expanding-
vapor-cxplosions (BLEVEs).

© 5. unconfined vapor-cloud

explosions. :

6.  explosious of pressurized
vessels containing non-
reactive gases.

7. .explosions resulting from chemical reactor
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runaway.

physical vapor explosions,

.- Y. explosions resulting from nuclear reactor runaway.

‘Tho bLlast waves that are generated by cach of these different types of cx-
plosfons are quite dependent on source behavior and therefore; are different
from oxplosion to explosion. Some general statements can be made, hoyever.
In the foilowing cach type of cxplosion will be discussed separately.

- . (Condensed phase detonations produce a blast which is nearly ideal based
on the total energy that is available from tho source region, If there is
consldorable confinement, one must take into account the energy impart to
tho confinement by the explosion and if the explosion occurs at ground level
(most do), the energy involved in cratering must be included., Ground level

i . .
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reflection with no cratering would cause the blast wave to appear as if the
explonive energy were ‘twlce the actual amount of -explosive Involved. With
craterlng the usual multlplylng factor is taken to be 1.8 (3).

Combustion exploslons of gascous or 1iquid fuels in enclosures show two
distinct limit behavlors. If the enclosure has a low length to diamcter
ratlo (L/D < 6) and if there are not too many obstacles in thie pathTof the~

" flamc, the pressure riso In the enclosure will cause the enclosuro to relieve

Itself at a relatlvoly low overpressure. For cxample, buildings will fail

at 2 to 3 psi overpressure whereas the explosion, it allowed to run its course,
would generate at least 90 psi. Under these circumstances, the huilding is
ustally completely destroyed by the explosion but picces aro not thrown very
far. Also becausc tho source pressurc never gets very high the blast wave is
mintmal, Gencrally speaking, people close to the soirce do not hear a blast
wave In thls case. They simply feel an impulsive flow of alr as the explosion
provess displaces the atmosphere around the exploslon source. In the other
limit case, wnen the L/D is large, or when there are many obstacles in the
path of the combustton wavo, turbulent boundary layer growth and eddy shedding’
causo flame acccleratlons to occur which can lead to generation of pressure
waves and shock waves In the enclosure. 1In severe cases the ucceleration will
be violent cnough to nctually cause the flame system to mako a transition to
detonation. In this 1lmit case damage is localized but very severe. Fragments
cun bo thrown large distances amnd the “last wave-that Is: produced can be quite

Intense.  These aro, however, extended source volume explosions (i.c., they

hive a low encergy denslty) and therefore the blast waves from this source

always exhibit a-stromy negative phase. Because of this 1t 1s.quite common .

to sce negative phase damage on structures that are close to the source C o @ S
reglon, when this type of cxplosion occurs,

Combustion explonlons of dusts in enclosures have the same L/U limit -
behaviors as a combustton explosion of vapors and guses in enclosures and
tho blast waves that are produced by such explosions are of the same type
as those produced by explosions of gases or liquid fuels in enclosures, There
1s a difference, however, in the way that these explosions occur inside the
enclosure.  In order for a dust to form a combustible mixture in air, the
extinction coefficlent of the suspended dust relatjve to light transmission
mist be of the order of 30 cm. This is-such a high gancentration of airborne
dust that it could not be tolerated on a contimious basis in the work place,.
Nevertheless, disiasterous seconlary explosions do occur In. industries that
lndle organic or metal dusts. These always occur because the work place
wias sllowed to become qulte dirty and a primary cxplosion in a piece of
cquipment produces a large external fircball and air motlon uahead of it
which picks up the dust In the work placc and propugates the c¢xplosion
throughout the work pluce.

Boiling-liquid-expanding-vapor-explosions (ULEVEs) (20) occur when a
ductlle tank contalning a flash evaporating liquid at high pressure is heated
¢xternally until the tank tears open. The blast wave in this.case is usually
not considered to be dungerous. 1t has been shown experimentally that a b
bulk quantity of flush cvaporating liquid when suddenly expesed to atmospheric
pressurc evaporates so slowly that the evaporation process cannot contribute
to the blast wave (21). Therefore in this casc, the blast wave arises only
frem the vapor space above the liquid in the tunk, In this casc the maximuym
blust wave strength can bo estimited if one knows the size of that vapor space
ami treats the exploslon as a bursting sphere. with the vapor space volume
and initial pressure. ‘The real danger in BLEVEs is 1) the flash evaporating
Ltquid can cause rocheting of picces of the tank to large distances and
21 If the contents of the tank arc combustible and catch on fire immediately,
it large fireball can be produced, which can injuro and kill people by radxatxon

snd start new fires some distance from the- orxgxn1l fire.




|
|

e ——

/ . Blasl Waves by Attldcmal I:'xplosions <ty
g Unconfined vapor-cloud cxplos'ons occur when there is a massivo release
of a combustible hydrocarbon in the atmosphere with declayed ignition (22)
(ignition delays from 15 secconds to 30 minutes urc common with this type of
accident). In this case a large cloud of combustlble mixture of the fuel
with air is formed and ignition can either lead to a very large fire or a

. very large fire plus an explosion which causés a damaging blast wave to form,
There is mounting cvidenco that a damaging blast wave occurs only if the]L
initial flame propagatxon process accelerates until cither rapid volumetr
combustion or some sort of supersonic combustlon or possibly detonation pccurs,
Recently,.it has been shown that on¢ can produce. transition to dctonatio
without heating the combustible mixture to the autoignition temperature ﬁ23).
All that" is nceded is a sufficiently large hot gas-cold gas mixing region
in a flame jet. Furthermore, the acoustic theory for high aspect ratio
source regions shows quito conclusively that deflagrative combustion as such
cannot_produce the damaging blast waves that have been observed as the result
of vapor cloud cxplosnons (17).

Explosxon of pressurized vessels containing nonrcactive gascous natcrndls
produce blast waves which can be treated in a rather straightforward manner
using the bursting sphere formulas that were discussed above. One can always
assume in this case that the bursting sphere formula will yield the maxnmum
overpressure that onc could expect. This is because virtually all pressufe .
vessels are made of ductile material and ductile vessels tcar only slowly =
once failure starts. Thus the high pressurs gas will be releasod at a sl wcr{
raté than if the vesscl were a frangible vessel., 1f the vessel is frangxblc
there are wiys to estimate kinctic energy imparted to, the fragments and,
this energy should be subtracted from the total stored enérgy in the vossoP
to estimate the blast wiave structure uqxng the _bursting spherc formulas
\'dcscrxbcd above. [

. . . |
" Explosions resulting from chemical reactor runaway occur frequently|in

the chemical industry. They are due primarily to the fact that the exothermic
reaction that is being carried out in the vessel occurs too rapidly clthcr
because too much catalyst has been added to the system or because the coollng
system for the vessel fails. In cither case, the pressure in the vessel,

rises -rather rapidly and i the vessel is not adequately vented, the vcs;cl
explodes, In many cases these are ductile tears and the explosion can be
assuned to be a BLEVE. In most cases tho blast wave, as such, is not scvere,
"but damage to the local enyironment is because of thc fragmcnts that Jre
produced and the danger of a major fire follow‘ng the explosion.

Physiéal vupor explosions occur when a hot liquid or solid contacts a
cold liquid and causes very rapid vaporizaticn of the cold liquid (24). |
- These explosions occur in the stcel and alumlnum industry where water isjthe
cold liquid and during the spill 'of liquid natural gas where water is thF
hot ' : iquid. They can be quite severe. lowéver, the blast wave that they gen-
, erate is nonideal because of the extended sizé of the source region. There
has t.een. no cxpcrxmﬂntal study of the structurc of the blast wave produccd
by raysical vapor explosions.

Explosions re¢sulting from nuclear reactor runawdy fortunately have not
yet occurred. A nuclear reactor runaway cannot generate anything like a .
nuclear bomb detonation. However, it can pressurize the contajnment vessel
to such a pressure that the vessel will.burst, releasing its contents to the
outside atmospherc. In this case, the discussion of the blast wave and the
damage it produces would be moot because the relcase of long rangc radxo-actnve
material would represent a much more serious-catastrophe.

SUMMARY- AND CONCLUSIONS

1t has becn shown that.high cnergy density 5nd_high bowéf Jénéft} sources

500
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gy of the-source reglon. 1t has also been shown that low energy donsity or

"ideal" binst wiaves whose structurc fs reiated only to the total ener-

oxtended sources and sourcos in which the oncrgy is added slowly produce non-

fdoul blast waves whoso primary devlatlon from ideality is tho lack of far
flcid cqulvalency In ovorpressure, It has nlso been shown that these waves

-----—-contaln -a -iarge negativo phaso-following the inltial positive phaso.and -that. . __
Intercst-

this ncgative phuse 1s foliowod by a rolatlvely strong second shock,
ingity, both theory nnd experiment have shown that for a sphericat source
roglon, positive impulse is aiways predicted by simpie energy scnllng, ir-
rcspcgtlvc of how nonidoal the source bchnvlor is. . . .

Addltlonally. nucldcntnl explostions have been catagorized into nine types,

primarily based on the behiaviors of the source regions during the explosion
process itsclf.
typos was discussed briefly.

It appecars that we currentiy have sufficlent informatlon to elther

_eviluate the potentini explesion hazard of any specific situation or to

eviituate the nature and cou so of tho expiosion after such an incldent has
occurred. Furthermore, since the principles of blast resistant deslgn nre
now weli understood, such design is belng used more and more frequcntly in

It appears that tho most important nvenuo for new rescarch reiative to
tho blast wive from accldontal explosions is to study in some systematic

‘manner the cffect of the. eXptosion of hlghiy nonsphericai sourco reglons on

the blast wave produced In the surroundings.
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Figure CaEtiohs

" Fig. 1 "Au oscilloscope trace of the free ficld blast wave from a bursting
sphere containing air V, = §2.5 Atm. P = 0.40, R = 0.69.

Fig. 2 The blast wave produced by a sphere initially at 9 Atm. pressure.
Fig. 3 The blast wav: producéd by the raﬁp addition of energy.
Fig. 4 The blast wave produced by a centrally ignited low velocity flame.

Fig. 5 Scaled overpressure, 7, versus energy scaled radjus, R, for detonation
_ (curve D) bursting sphere (curve S) and various eentrally ignited
flames. Curve P is for Pentolite (ideal wave). Numbers given on
the curves are the ratjo S /a° where Su is the assumed normal burn-.
"ing velocity and a, is the initial veloc¢ity of sound. The solid lines
(except for Pentolii2) are the result of numerical ealculations. The
dashed lines were obtained by using Taylor’s analytical solution for,
an expanding sphero, suitably modified to repiace the sphere-by a
propagating flame. Note the good agreement with theory at S /a_ = .,
0.066 and-0.034. we

Fig. 6 Lffect of the aspect ratio, AR, on the maximum blast wave préssure

rise for the deflagrative combustxon of pancake and eigar-shaped e

clowds. Cloud volume, normal burning velocity and observer dis-
tance from cloud Lcntcr dre all assumed to be constant from eloud
to cloud. .
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