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1. INTRODUCTION

In the considersble study devoted to high explosive detonations
and their resulting blast waves, much use has been made of experimental
information, (The first three nfmu(l’z’” are ecxamples of the
exhaustive analyses possidble from such data,) With the more powerful
computatioms) aids now unihhlp, it is possible to develop solutions
to detonation problams without reliance on] expiricel values derived from
explosion measurements, One such solution is royortod on here, The
hydrodynamieal equations of motion, which constitute a set of nonlinear
partial differential equations, were integrated by a mmeriocal procedure
on & high speed electronie computer., The propegation of shock dissontinuities
was handled by a common form of the artificial viscoeity technique of von
Neumann and Richtayer, ) es used in eerlier work,($)

The initial eonditions for this particular blast calculation were
approximately those of the centered detonation of a bare sphere of TNT
of losding density 1.5 ¢/a-3 as specified by the detonmation wave descriptions
of 'rqlor.“’) *he equation of state of this TNT was modeled after that of
Jooes and Miller, ) while the equation of state of air was a fit to computed
data of several authors but primarily that of Oihoro(e) and of Hilsenrath
and Boekott.(”

The results show clearly the details of the main shock in air, the
rarefaction into the high exploeive gases, the seeond shock (ome which

follows the rerefasstion wvave), and various subsequent reflections and
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ABSTRACT

* The blast wave from the detonation of a nphorioul oharge of
TNT is duor}b«i based on reasults »f a numerical caloulation, The
equations of motion and the equations of state for TNT and for air are
described, The pressures, censities, temperatures and velocities are

detailed as fumotions of time and radius, Spece-time relations, and

snergy and impulse histories are shown. A second shock 1s seen to
originate as an imploding shook following the imward rarefaction into the
explosion product gases and a series of subsequent minor shocks are seen
tc sppoar in a similar manner, moving cut in the negative phase behind

the main shock,
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refractions of the second shock between the origin and the contact surfase,
Comparison with the results of s mass-less point-source explosion illustrates
the lasting effects on the blast wave of the initial mass and energy

distribution in a high explosive detomation,

I1. EQUATIOR3 OrF MOTION

The equations of motion may be expreesed in a lagrengean form with
the independant variables being the time (t) and s mass coordinate {X)
where X is defined as X = plrzjj (4.0,, the mass per steradian) for which
£ is the initial density of the gas and o its initial redius, The
hydrodynamis equations for spherica) symsstry may tlen be written as

follows:

& - g2 éﬁ, ' conservation of mass] (1)
‘i‘ - - g2 -:;E. conservation of momentum} (2)
4& - -ri gf, conservation of energy; (3)
_ 2
P(E,p), caloris equat.on of state; a)
T(E.r), thermal equation of state; (5)
u - lf, definitlion of particle

; veloeity; : (6)

in which r 1s the demsity, R is the redial poeition, u is the particle
veloaity, 'P is the jressure, © is the interml energy and T is the

tempereture,
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It 1s oonvenient to reduce these equations to a dimensionless set

vhich ther. may be sapplied to any initial total energy (v) and any initial

pre-shock conditiona (Po, Por Tor Eo), where these anbient units are

related as follows:

Defining the

©
]

~
]

L
a ';!;'
P | 4
kg U;::—ﬂ or -;;{-o" = (T~ 1) = 0.,
2
c:.l?f&o,.fﬂ?&.u.l.,“
(o] [¢]
following reduced variables,
P/PO (pressure in atmos)
r:/ro (density relative to ambient air)
u/Co (smss or particle speed-Maoch No,)
zi,/i‘.o (internal energy relative to ambient air)
rfro (temperature relative to standard tesp.,
oy)
R/u (reduced radius)

3 3
A
x/poa3 - :1-59- - % ﬁ‘:g— (mass units)
ra ‘

xo - rolﬂ

T a

Lco/a (reduced time)

(7)

(8)

(9)

(20)
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the oqun_.iom of motion becoms
bo,28 .10
" AR (11)
£..da2e (12)
0
NG RBVE T < (13)
n
R (14)
It will be convenient to write the equations of state in still
another form,
0 = s 3(s,n), where 3 = ¢/n, (15)
and
e=(1-1) (s () u(st), ¢ =1nn, (16)

Using this expression (Eq. (16)) for ¢ in Eq. (13) leads to the following
form of the snergy equationi
- au
PR LY
o1 (u'l‘bg':) ot

(17)

In order to mumerically imtegrate thess equations from some set of
{nitial eonditicna, these equations must be replaced by an appropriate set
of difference equations. Details of the difference equations and of the
mmerical progedure followed in solving them are available ohm(m)

and so will not be repeated hers,
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111, RQUATIONS OF STATE

The two functione S{s,n) and ,.(x,!) which are ordim.rih determined by
esquations of state data are not entirely independent., A reciprocity relation
exists whioh places a constraint on thees functions in order that they
satisfy the second law of thermodynamics. Por pursly hyd:odynamioal
consideratlons, however, there is no need to obssrve this restraint since
the thermal equation is superfluous to the equation of motion., In such
cases where the temperature is coupled to the hydrodynamics, e.g., as by
radiation, heat sanduotion, or heat diffusion, it should be necessary to
observe the reciproaity restriction. The analytic forma introduced in
the following are intended to make such . constraint less difficult to comply
with in fitting the two equations of state,

Choosing as our independent variables s = ¢/Mm, and §{ = 1n 0, the second

law in the form

dl-r?-ﬁ;—;—m. whor.v-%, (18)
becomes
r T { \ -
£ 4. i .l a=d 48 (19)
P, de zs-.ei\a;j dt ; \1) * l_,-d'\
T ¢
ik (we) o3 ..L(gm.u:ll
RN B |4t 28 %) s |4
i 4

and in order that ds be a perfect differential, the following reciprocity

relation mast hold:
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To within 10 per cent in the density range of interest the function

3 can represent the thermal properties of air as a function of 3 alone

(independent of t ), Purthermore, the funstion ,. can fit the calorie

properties to the same ascuracy with the form

w ™ »o(l) . #l(l)ﬁ .

(21)
In this case, then, the reciproocity relation requires that
'y ,
0‘1(.) - m-' . (22)
S4a8

The equation of state of air data vere taken from Refs, 11, 12 and

13 and were subsequently revised to the later information of Refs, 8 and 9,
The fits used are as follows:

:}--o--s(s)

o

3(.) - _.ﬂs . M.L

- (2)
1000 + s 7500 ¢ 1605 ]

7-1)
.¢.£..2_2__.. (n-1)

b

n "y * 0,09 (uo"’ "2) (2)

*

*2" 1000y + 1
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Esuation of State of THT

It is necessary that the detonaiion products have an internal energy
plus kinetis energy equal to the net energy release by chemical reaction,
Jones and )unu-(") indicate a net energy release of 247.9 kK Cal/mole of
TNT (at 1.5 gm/ce loading deneity) after the gas pmducu have expanded
to more than three times their initisl wluo and tho temperature has
dropped below 1600°K (for this losdisg demsity),

"At the detomation front the chemical energy release is 288,6 K Cal/mole
of TRT, Pert of this energy goes into the forming of such gases as carbon
monoxide whioch increases rapidly behind the front,

The molar volume at the detonation front is given Yty Jones and Niller
as 117 ox° while the density is 2 p/c.’, 80 that the molecular weight is
2 o,

The internal energy is given approximately (by Jones and Miller) as

'E?mwnr-m&omﬁxuUMh.". (25)

wvhere T is in degrees Kelvin, and N' is the mmber of moles of gas per
mole of TNT, a mmber that goes from 5.8 at the detonation fromt to 7.0

wvhen the compoeition becomes fixed, Bl is given a»

H--%cpz-gdxglmk‘w. coes (26)
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where ¢ = - 0,104, d = 2,33 x 10™% and p 1a in 1000 kg/om?. By writing

Ey in Keal/mole TNT and p in atmospheres (p/po - x), E, becomes
!‘11 - (.02%) 5.5& b 4 10-8 I’z - 1.72 b 4 10-13 )} Kcl.l/l)li.... . (z’)

Then E is

E = 0.0875T = 38.0 + M'(0,0234)(5.564 x 10-2¢% 1.72 x 10°17¢)

(28)
. Koal/mole,

At the detonation front where T = 3W00°K, ¢ = 15.665 x 10* atmos, and Nt = 5.8
the energy equals 355,07 Kcal/mole TNT ascording to this expression, Even
without the N'E, term it gives 259.5 Koal/mole TNT in contrast to the stated
288.6 %cal/mole TNT, PFurthsrmore this form gives negative energies below
AY0°K,

Yor the sake of hydrodymamic caloulation it is important to have the
sorrect total energy. It is also desirable, but less important for later
stages, to have it distributed appreximately correstly initially, It
would be convenient to have the internsl energy compatible with the ideal
gas behavior of thi mixture near standard atmosphere oconditions, This
latter consideration is satisfied by an energy that near standard conditions
approashes the ideal gas axpression,

E= ;ﬁ;. (29)

where T is the same as the adiabatic T which in this case is 7 = 1,27,

This 1s approximstely satisfied by allowing E to go to 1,55 = 2.9 x 107
erg/ga at standard oonditions,



Une can assure the correctness of the total energy by adding up the
internal and kinetio energies in the hydrodynamic field at a time vhen
the composition has become fixed,

1f one were to start a blast calculation from a detonation wave at the
instant the detonation wave reaches the surface of a spherical charge of TNT,
then he would find that none of the resulting gas has reached a fixed
couposition, In that case the totol energy in the field should lie somewhere
between the chemical energy available at the detonation front ana the net
ch-nical energy relessed when composition becomes fixed, i.e., between 88,6
end 24,7,9 Koal/mole TNT,

Using the equation of stats as given (Eq.({2¢)) and the conditions behind
the detomdtion front as specified by Sir Twlnr(b) (Table 2, Ref, 6) and
averaging over the msss distiribution of the spherisal charge, the total

energy per molea of TNT can be cosputed,

"tot ” "winetic * Firtermar "B * % (%)
S
Ly " Li®  Eryley ;’A-R3 . ry3ay = 209.8 Eoal/aole ()
o
where y = r/R
1 1
s 3 e - 11050 Keal/mole (32)
‘0 !
“tot = 221.7 Feal/mole, (33)

This latter total energy is less than the net energy released an! so

would seem to be incorrect, or at least undesirable,
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By arbitrarily inoreesing the additive term in E, 50 that E becomes

E = 0.9875T - 7,46 + N'E, Koal/mole TNT, ()

the figure for £, . would become 252,38 Koal/mole TNT and at the same time
the enargy at standard temperature (273.2°K) boco-u 16,44 Koal/mole TNT
wvhich ia l.SEo. as desired, On the other hand, this will raise the energy
relessed at the detonation front by a corresponding amount, where we have
already seen this figure to be too high by the previous form for E

(iq. (28)). Since an incorreat total ensrgy would seem to have more
lasting effect than an insorrect initial distribution, we were inclined
to acsept this arbitrery alterution ard eompute acoordingly.

The axnmesively hi;h_cnorgin pear the detomtion front could be
reduced by lowering the pressure or reising the demsity there, and
correspondingly but to a lesser extant at poimts behind the front. Such
wmpirisal adjustments of paramsters are distasteful at best and need
alays de done with care so that energies and densities remain in their
proper proportions. This partisular equation of state is itself an
empirical relation intended only to approximate the effects of close
packing on the gas molosules through the higher order pressurse terms
(whare no tempersture dependense has been assigned to the cocefficients of
these pressure terms). Consequently, we have slected to leave the
pressures and densitiess, as described by Sir quor(é). unohanged, and
to alter the intermal energy Yy the ow fastor (as in Eq. (%)),

This results in appreximately the correct average evergy per mole of TNT
in the detonation wave and leads to & simple form for oonditions near

standard air density and temperature, It does, however, lead to a spurious
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s'gnal of little consequence in the early portion of the explosion,
sing the equation of state from Jones and Miller as modified in

*q. (WU}, and dividing by the internal energy of air at standard conditions,

. 1.9% x 167 erg/gm) the intermal energy is

€= (0= b+ ogN - deNY)/S

(35)
» (azS(z) = b » clznz!' - d33n3N')/%,
Also, by definition, .. and € are related as
,.--}3-10%-10d-§oomzﬂ'-dz?*NBH' (36)
., - alty o % . c'\zﬁ': - 2dz%'!3N'. (37)

These expressions are a little cumbersome, 80 since the form of .
along the particular adiabat followed by much of the H,L, is very simply

it by the analytical form

a ¢ —b‘-z' *1,
ces

1.176,
52,4892,
c = 7.”03

o
]

this simpler form was incorporated in the caloulations with the understanding

that it is 7alid only for a particular loading density of TNT {p}m- 1.5 gm/ee).
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The ferwmer, more general form should be arplicable for a variety of
densities, However, Jonee and Miller do not state that their approximate
fotm for the intermal energy is valid for explosives other than INT,

T

spproximate temperaturs (@) in units of standard air tezpereature
Q

(T, = 273.2°K), may be ccmputed for the TNT gases by the form
¢ = z35(x), S =12 (9.65 ¢ 1), (39)

in the range of s between detoration conditions md ambient,
IV, INITIAL CONDITIONS AND YCALING

The oconditions in the detonation wave at the instant that the front
reaches the surface of the bare spherical oharge of TNT were taken to be
those prescribed by Taylor as shown in Ref. 6, Table 2, The sonditions
in the air surrouniing the charge were taken as standard see level air
conditione!

o
[}

1.01375 x 10° dynes/on?
1.293 x 107 grams/ca”
33,136 om/sec

273.2 °c

o >
[} [ ]

-3
L]

The units of the prodlem parmit eaxy scaling to other atmospheres
and to any energy or charge sise, but since the initial conditions for
the high explosive are ewxpressed in the same unites, arny one solution can
only be scaled to other atmospheric conditions with an ascompanying and

proportional change in the explosive and detonation wave conditions., This
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is an ;mn'oMublo lizitation since in any chemical axplosive detonation
the blast wave will be influenced by the initial mass out to very low
fressure levels—until such shook radiy as would engulf a mass of air
roughly ten times the mass of the axplosive, For a aphere of TNT at sea
level this would mean roughly 23 charge rsdii, or out to an overpressure
of five atzospheres or about 70 psi, A4s will be seen in the next section
(Fig. 1) this distance is about the distance where the overpressure decay
rate becomes that of tne point source blast wave, In ;ha thinner atmoephere
at 40,000 feet altitude—for example, the corresponding distance where the
shock has engulfed a mass of air ten times that of the explosive is more like
Y oharge radii, and the overpressure there is a maximm of 17 pei, As
a result of this mass effect, only at distances greater than the redius at
which a mass of air of ten times the initial mess has been engulfed, is it
reasonable to scale these results by the usual (Sach's) scaling, At points
nearer to the explosion the effect of the initial mass should prevent simple
socaling. :

When the explosive loading density is ldli'd tv the sane fastor as the
ambient air density the results of thie calculation should again be applicable,
As at 40,000 feet, the scaled results should be appropriste to a INT sphere

of loading density of ,375 g/mx3 if such an explosive could exist,

V. RESULT3

The peak overpressure as & function of shock radius is shown in Fig. 1,

It is interesting to note the comparison with the theoretisal point-source

(10)

results for alr and for an ideal gas of T = l.l..(?) Although at no



stage are the TNT and point-source in air results the same, thelr slopes

at large distances (A - 1) become similar. The ideal gas, point-source
curve shows higher pressures at the seme distances, since the various
dissocoiations and ionisations of malecules and atoms in high temperature
air near the source tend to reduse the blast efficiency in real air., 3ince
the TNT scurae does not shock alr to extreme temperatures (T < 9000°K) its
later profiles indicate a greater dlast effisiency than the poimt-source
in air,

Oranstrom has prepared a peak overpressure-distance curve for TNT of
loading demsity 1.52 g/om’ which he estimates to be valid to within 5 per
cemt, and vhich he states is in agreemeut with the moet reliable
cosarvations.(3) His ourve (Fig. 25 of Ref. 3) lies above the curve far
TRT in Pig. 1 by about § per cemt in radius out to a A of about 1.0, beyond
vhich it deviates slightly more. This is a rather modest disarepancy but
1t nevertheless means an aversge blast w officiency of scme 16 or 17
per cent grester for the OGranstrom curve,

‘The deviation in the last portion of the pressure surve (A ~ 1,0) is
attributable to inwmot treatments in the mumerical procedure used for
doubling and adding sonse during the late stages of the saloculation,

Figure 2 is a plot of the peak mase velocity or the particle Mash
number (a. - ,'/co) at the shock and the shook over-velocity or shock
Mach mmber in exoses of Mach one |B-1 = (U-C_)/C_ | versus shook radius
for “he main shoek, PFigure 2 slso inolwdes a similar plot of the shoek

¢ . T
compresaion ('1. -1= _-p-! -« 1) and the shock over-tempsrature (?l -1=0- 1)
° °
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versus shock radius,

The positions of tre main and subsequent shocks as well as the
contaot surface as functicns of time are indicated in Fig. 3. The second
shock follows a rnroraqtion wave into the TNT gases, "It starts with
3070 strength and grows as it ooves inmward thru theee gases, It is swept
outward in space until the expansion of the high explosive products ia
nearly exhausted, then it implodes on the origin and is reflected outward
to the contact surface, At the time it strikes the contast surface between
the TNT gases and the air, the TNT gases are still more dense and muxch
cooler than the air immediately cutside, { a condition which is generally
true at any time ), As a consequsnce, the shook in passing through the
surface sets up an irward rerefaction wave, This rarefaction, like the
initial rarefsotion, s followsd by a third shock moving immrd. This shook,
like the second implodes on the origin, reflects and moves out in the wake
of the previcus shocks, The succession of shocks contimes in this fashion
um il the energy in the axplosion product gases is dissipated,

The origin of these imward facing shocks liee in the necessity for a
compression wave at the juncture between a spherical rarefaction wave moving
sway from a sphsrical shock nn.. No such condition exists in a plane shock
tube—but quite in general (not just in detonations) a spherical shock wave
from a source of finite volume is backed up to s rerefaction wvave movirng
irnard, and the negative pressure gradient of the rarefaction joins the

positive gradient of the shock through a compression which grows as a shock

* Several "9spherical shock'!! tube type experiments have been oconducted by
s group under 1, I, Glass at the University of Toronto Institute of
Asrophysiss, and this author has provided some corresponding mmserical
solutione—all of which exhibit imsmard shocks. (Ref, 14)
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as the rarefasction develops. In other terme, the shooked alr, which is
left at a higher entropy than the air or gases in the initial high pressure
region, must be joined to these lower entropy gasese at the tail of the
rarefaction—and it can do so only by sending & shook into it, As the
difference in the state of these adjacent gases increases with the growth
of the rarefaction, the joining shock grows proportionmately.

These sudbeidiary shoeks follow the main shoek at such a time and
distanoe Shat they are behind the minimm of the negative phase and do not
gonverge on or join the main shock, Por a hotter gas axplosion where
these shooks would move out earlier-=it is possible for them to overtake
and join the main shock and so disappear,

‘ The energy in the detonation wave is Aistributed as ninety-five per
cert in intermal emergy or potemtial (pv) energy and five per cent in
kinetioc energy of dirested motion, As the rarefaction into the dense !l
gases dmlopoo. the dymamic motion or kinetic energy inocreases, reaching a
maxismm of better than sixty per cemt before dissipation in the shock heating
reduces it again to a low value, This changing division of ensrgy between
kinetic and intermal is i1lustrated in Pig. 4, which shows the partition of
energy as a fumtion of time,

Figures 5 through 8 show the history of the partisle velooities as a
function = vedius, The time is considered to be sero at the instant that
the detonation wave reaches the surface of the TNT sphere, The veloeities
{n the detenation wave (time serc) and at a few times immediately after
time merc are shewn in Fig. S. Early evidence of the sesaond shock appears

Jjust inside the sontaoct surfece as a small jusp in veloocity. This second



shock c‘A.n be seen Lo grow in msgnitude and to recede immrd from the contact
surface {Figs, ¢ and €), At approximately i = (.13 the seiond shock
reaches the origin and is reflected, sc that in Fig, 6 it is shown moving
outward,

A rethor compli:ated seriee of shook reflections and refreotions can
be traced out in Fig. 7, resulting in the generation of a third and fourth
shock, The earliest curve in FPig, 7 uhmn the second shock just after
having breached the aontest surface, The next curve shows a third shook
moving imard, and the subsequen. curves picture this third shock moving
out behind the second and first shooks, generating a fourth shock in the
process,

In the last nlocif.y plot (Fig, 8) these first four shooks can be
seen to contimue expanding. DBecause of the difficulty in distinguishing
further shocks, no attempt was made to indicate anmy more than these first
four shooks,

Pressures as a function of radius at seleoted times are shown in
Figs. 9 through 12. In the first of these, Fig, 12, the first shock oan
be seen to start at about LOC atmos—far below the 200,000 atmos of the
Jdetonation vave, Immediately beshind the comtast surface the second shook
appears and grows in strength as it 1s foroed outward by the expansion,
After the rarefastion has reduced the high interior pressures to less than
one tenth of an ataosphere this second shock begins to move in on the origin,
Until this shock reaches the origin the pressure inside contirnues to drop
becauss of the contimuing rarefaction, reashing scmething lese than 0,08

atmos before being hit by the second 9hock. Figure 10 shows pressure
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profiles before and after the implosion of this imsmard rhook.

Figure 11 shows more of the complications due to the creation of
repeated little shocks. Again no attespt is made to indicate shocks after
the fourth one, although there is reason to believe that such subsidiary
shocks contimue to form in a similar manmer,

The history of the density profiles is told by Figs. 13 through 17,

The initial density of the high -xplo-ﬁo 1s slightly altered bty the passage
of the detomation wave, but having an initial density in this problem of

1.5 g/cc, the TNT demsity al the start of the calculation is more than a
thounand times the standard density of air. As the TET gases axpand their
density is rapidly decreased, As an air shock builds up outside the

surface of the TNT gases, the second shoock begina to grow and move inward
behind the centast surface (see Fig. 13). This res:1lts in a density profile
ab these times vhich is characterised (as one moves inwsrd from the shock
front) by first a decreass in demsity in the air dus to the spheriocal
axpansion, seocond by the density ciscomtimuity at the contaot surface which
is shown by the sudden jump to higher demsity in the high explosive products,
thirdly by the imard facing second shook whish, although moving in through
the mass of TNT gases, is being swept out by the general rerefastion,

In the luter figures (Pigs. 1% through 17) insets show the lower densities
left near the origin, This lowv density region would eventually return to
more nearly normal air density by other prooesses than hydrodynamics, simce
this represents a heated region left at a depressed demnsity after sssentially
all the pv work has been dome. This low density core is typisal of any

axplosion which generates a strong shock—since the shock then raises the
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air and gases to a higher entropy at the higher shock pressures in such a way
that more heat is deposited tian oan be sxpended in subsequent expansion
behind the shock,

Flzure 18 shows scme of the early ta:persture profiles where again
the existence of the contast surfsce and the second shook somewhat complicate
the picture. It should be noted that t-pcnturo; axceed two thousand
degreos Kelvin for a time, rising as high as eight or nine thousand degrees
in the air at the earliest times, Some radiation should be visible from
this hot air during this time, but not enough energy can de lost by
radiative processes to affect the Wydrodynsmiocs, The TNT gases do not
exceed three thousand degrees in the detonation proeess and rapidly cool
below that temperature in the expansion phase, but unlike the air, these
gases may radiate effectively below two thousand degrees, and so may give off
more light,

Figures 19 through 25 show pressures as Mtiﬁm of the time at
selected radli. Pigure 19 is a log-log plot of the pressure (in atmospheres)
versus the time, showing the complicated time behavior of preesures at
distances close encugh to be angulifed by the explosion products gases, 3Sush
pointe are at radii out to as much as ten times the charge radius, At
these distances the second shook first backs though the point, then coomee
back in past that point, and after imploding finally comes out again, The
third and fourth shocks ean also be seen going in and ooming out again,
since by then these radil all lie inside the contaot surface, Pigures 20
through 24 show a more convertional th history in which the
nain shock is followed by & negative overpressure phease on the bask of whioh

the second, third and subsequent shotks appear,
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The curations of positive phases of overpressure and velocity are
ehown in Fig. 2%,
Figure 2(. shows tha posi’ive impulses for the overpressure and for

the dyramio pressure &s functions of t.haiudiu'n. Thes? impulses are defined

a8 folilowei

It is imerssting to note that the overpressure iampulse has a dip at
s point that corrssperds rouwghly to the ekook position at the time when the
internal energy is a minimam and the kinetic energy is a maximm, Purthermore,
the region of the dip in the overpressure impluse is one which is engulfed
both by the TNT explosion product gases and by the second shock while it is
being dragged baciwmrds by the rarefaction. 1In a sense, the dip is artifioial,
and arises in the influence of the second shock which in this region serves

as a premature end tc the positive phase,
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1. PRAX OVER-PRESSURE (ap. - - 1) i1 stmospheres versus SHOCX RADIUS
(~, - R.,r"a, o’ - Hmt/po) vith compari{sons betveen TNT and point-source

blasts {n both real air and an 1deel gas (y ~ 1.4).

n2

MACH FUMRER (u./co), SHOCK COMPRESS 10N (p_/pg -1l -

SACCX SPEXD MACH WMBBER (U/c0 - 1) in excess of scund speed, PRAK PARTICLX

v\.-l),.msmcxovn-

TRETUTURE (T, °C/T % . 6, - 1) versus SEOCK RADIUS for TNT Blast.

3. SPACE - TDE DIAGRAM for Shocks sand Conteet Surfuce for TUT Blast ( - t.co/a)

(» « r/a).

M. Divislon of BLAST EINERGY betveen KINETIC (Q) and LITERRAL () as & function

of time for a TWT? blast (X + Q 1).

“. PARTICLE VELOCTTY (B - u/c ) versus Msdius (. - r/a)
a THT blast.

.. PARTICLE YRROCTTY (O - u/co) versus Radius (. r/a)
s TUT blast.

' ( .
PAFTICLE YELOCITY (8 - u/co) versus Rdius (A - r/a)
a TET bLlast.

.
—

4. PARTICLE VELOCITY (8 - u/oo) versus Radius (A - r/a)
s TWT bDlast.

9. PRESSURX (x - p;’po) versus MDIUS at Indicated Times
10. PREssUM («x - p/po) versus MDIUS at Indicated Tines

11. PRESSURE (« « p/po) versus RMADIUS at Indiocated Times

[
n)

PRESSURE (x = p/p_) versus MDIUS at Indicated Times

at {indicated times for

at indicated times for

at indicated times for

at indicated times for

for a T¥T Blast.

for a TT Rlast.

for a 797 Rlast.

for a T¥T Blast.
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TENSITY (1~ 0/p ) vereus RADIUS at Indiceted Times for a TWT Rlast.

DEESITY (n - o/ao) versus RADIUS nt Indicated Times for a THT BRlast.
DENSITY (4 5;;;’90) versus RADIUS at Inlicated Times for a TWT Blast.
DENSITY (1 = p/po) versus MDIUS at Indicated Times for a TNT Blast.
DEX3ITY (1 - D/DO) versus RADIUS at Indicated Times for a TWT Blast.

TO®ERATUTE (0 - 'r/'ro) versus RADIUB at Indicated Times for a TNT Blast.
('I‘D is the ambient air temperature on the absolute scale.)

PRESSURR (atmos) versus TIME at four points - all inside the maximm
radius of the TET explosion products, 1.e., at radii less than that
of the contact surface at saximum expansion (refer to Plgure 3).

OVER-PFRESSURE (:p = ¢ - 1) versus TINE after shock arrival at a radius
A - 0.3 from a THT explosion.

OVER-PRESUURE (-p * x - 1) versus TDE after shoek arrival at a radfus
o 0.669 from & TET explosion.

OVERPREBSURE (-p = x - 1) versus TIME after shock arrival at a radius
5 = 1,32 from s TET explosion.

OVER-PRESSURE (‘p ~ x - 1) versus TIME after shock arrival at a radius
L o= 2,1% from a T¥T explosion.

OVER-PRESSURE (:p = « - 1) versus TIME after shock arrival at s radius
Lo« 5,50 from a TET explosion.



DURATIONS OF POSITIVE PRASES OF OVKRPRESSURX (np‘) ad VRLOCITY (Du’)
versus PADIUS for a TET Blast.

POSTTIVE DPULSES FOR OVERPRESSURE (1p’) and DYRAMIC PRESSURE (1“’)
versus NMDIUE for a TET Rlast.
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