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SUMMARY

This report containg the results of & calculation of tbe blast wave
resulting from the exploaion of a sphere of air initially at rest and at
standard sea-level density but at 20,000 atmospheres pressure. Results
are presented in graphical form, showing the variatione of overpressure,
density, particle velocity, temperature and dynamic pressure as functions
of gpace and time. Shock values of these parameters, total impulses,
positive durations and shock arrival times are also illustrated. Comparison

is made with other ecaleculations and with observations.
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I. INTRODUCTION

A calculation of the blast wave in air resulting from e hot (386,300
©K), high pressure {20,000 atmos) sphere of air initielly at rest is reported
here. This particular calculétion wes made on the RAND high speed computer
(Johnniac) in 1955-1956. Some similar eslculations, carried out at the same
time, have been reported previously (1,2,3) but the press of more recent

celculations has delayed the publication of the results presented here.

THE METHOD

The work was sccomplished by a step-wise solution of a system of
difference equations, approximating that set of differentisl equetions
vhich in turn represent the usual hydrodynamic (or conservation)} equations
in spherical symmetry.(l)

Solving any such system of difference equations with the accuracy and
detall represented here involves a great meny specilal considerations and
much machine and programming time. Since Ref. (1) includes a discussion
of most of these factors, they will not be mentioned further here. The

fit to the equation of state of air, as used here, however, is the slightly

improved form reported in Ref. (3).

THE PROBLEM

The injtial conditions for this problem specified an iscthermal sphere
of air at normel (standard sea-level) density and 20,000 atmos pressure--
initially at rest. This required an air temperature of about 386,300 k.

At time zerc this sphere was relessed in a standard sea-level atmosphere.
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THE UNITS
The computations used the following set of units for the hydrodyneamic
parameters:
Radius: ) = R/a
Time: T = tco/a
where the length & 1s defined es Q° = W/B,, with ¥ = total
blast energy.
Pressure: sx = P/Po
Density: 4 = p/p,
Particle velocity: P = u/co
Temperature: € = T/To
vhere Po’ Por Cor ‘ro are the pressure, density, sound speed

and temperature in the ambient or pre-shocked air.
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II. THE RESULTS

PRESSURE VS RADIUS

In Fig. 1 the spacial distribution of pressures 1s illustirated for the
earliest times in the explosion. There are several things to note about
this beginning: The shock wave in air starte with an initial strength well
below the initial pressure of the sphere, and very shortly decays even
further in the spherical divergence. Between the outward moving ahock and
the inward moving rarefaction, at the contact surface, a second shock
develops, and begins to grow inward from that surface while the latter
moves out in the general expansion. When the rarefaction wave has exhausted
itgelf, this inward-facing second shock begins to implode on the origin.

In Pig. 2, one can trace the progress of this imploding shock and note
its refiection. MFigure 2 also 1llustrates the shock pressure spike at the
main shock front which is typical of all strong spherical shock waves. The
further progress of the secopnd shock is evident in Fig. 3, where because of
a reflection at the contact surface, the second shock is split into a
reflected and a tranamitted shock, the reflected shock again imploding and
the transmitted shock going on up the back of the main shock.

In Fig. 4 the transmitted shock (labeled SQ) can be seen to overtake
the main shock, while the reflected shock (labeled 53) implodes on the
origin, reflects and moves out after the main shock.

In Pig. 5 the repetition of this reflection--transmission phencmena
occurs and nev shocks are generated. ¥ach shock thus generated at these
early times is able to overtake and Join the main shock, since the regions

inside the mmin shock are still hot and have high sound speeds. As
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expansion continues and the shock grows as in Fige. 6 through 11 the nature
of the pressure wave becomes much like that of a point source explosion. The
effect of the secondary shocks becomes less and less important, eventually
becoming insignificant.

In Fig. 8 one can see the first development of a negative phase {where
the pressure Arops below the pre-shock ambient pressure). The last two
curves of Fig. 8 shov some negative phase. In Figs. 10 and 11 the finite
duration of the negative phase becomes evident and the nature of the pressure
pulee shove signs of approaching a semi-acoustical form, represented by a
wave of positive pressure Tollowed by a comparsble negative wave behind

vhich the air has returned to its initis] pressure.

PARTICIE VELOCITY VS RADIUS

The particle velocity profiles of Figs. 12 through 21 i1llustrate most
of the pame features nentione;i in conneetlon with the pressure profiles.
The development of the second shock and its implosion on the origin, its
reflection at the center and then at the contact surfece and subeequent
shock reflections and trensmissions are all in evidence. In the later
plote a rather wild excursion of veloelty near the origin should be under-
stood to bave little influence on the bdulk of the explosion since here the
sound velocities are high and the mass invelved iz smell. Again st the late

times the wave forms are very similar to those of the point source explosion.(l)

DENSITY VS _RADIUS

Pigure 22 illustrates the density changes as a consequence of the
explosion in its early pbases. %The first eurve shows the effect of the

rarefaction in the inner regions wvhich reduce the density below normal,
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the effect of the inwmrd shock vhich terminates this rarefaction, and the
high compression region of the main outwerd shock. As the expapeion con-
tinues, the inner air becomes less and less dense, and is traversed by
various shocks, while the main shock continues to drive the alr out into

a density shell. A characteristic difference remeins between these density
yrofiles apd thoese of the point source explosion, in that the low density
of the interior retalns evidence of the beginnings in the isothermal sphere
(see Fig. 23}. At still later times even this effect becomes insignificant,
- and density profiles are indeed very similar to a point source density

distribution.

TEMPERATURE VS RADIUS

Ope can again note much of the same shock development in the temperature
ves radius plots of Figs. 29 through 34. Of comsiderable interest is the
nature of the temperature profiles at intermediate times (Figs. 31 and 32)
vhich indicate that the initisl high temperature air expands quite rapidly
behind the shock to many times its initial radius, remaining quite hot even
after the expanslon stops. This hot sphere of air which is left after the
blast wave has moved awey, contains econsiderable energy though it ie at a
correspondingly low density. Migures 33 and 34, illustrsting temperatures
at the late times bave not been smoothed for publication, and show the

original data points econnected by straight line segments.

BMEDCK PARAMETERS

The arrivs) time of the main shock as a function of the shock mdius

is dieplayed in Fig. 35.
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Pigure 36 illustrates the decay of shock pressure vs shock radius for
the main shock. Note the initisl drop as the air shock begins at s pressure
well below the pressure of the initial sphere. Note alsc the jJumps in the
peak overpressure vhere the secondary shocks Join the main ehock. Once the
rarefaction vave bas exhausted the high pressure sphere, the main shock
decey rate becomes tbat of a point-source strong shock (inverse cube) and
from then on follows more closely the “"point-scurce” picture.
The peak dynamic pressure vs shock radius is illustrated in Fig. 37,
vhile Fig. 38 shows the relation between peak wvelocity and sbock radius,
and Fig. 39 illustrates the shock density. The shock temperature is shown
in Pig. M. |

INPULSE AMD DURATIONS

The impulses for overpressure and dynamic pressure in the positive
phases are specified as functions of the shock radius in Fig. 41. The
overpressure impulse (I;) shows a roughly inverse first power dependence
o the radius. The dynamic pressure impuise shows a8 marked change as the
shock grows weaker; from a decay even more gradual than the inverse first
power {0 about an inverse cube of the rwdius. PFigure A2 shows the durations
of the positive overpressure (D;) and velocity (D:).

XLAST WAVE PARAMETERS VS TIME
The remaining figures (¥igs. &3-5k)} display portions of the time
Ristory of the various blast parameters after shock arrival (t' = ¢ - ts)

la.rl;y solutions of a similarity nature with the simplifying umﬁ ions of
a point-source ”d a strong-shock were developed by G. 1. Taylo
J.Von!am Mtoashoekpnsmvhichdecrea-edlihethe
inverse cube of the shock radius. Although these solutions are exceedingly
useful and ingenious in their simplifications, they fail to give realistic
results for other than simple sources, for a complex gas such as air and
for shotks of omly modast strength.
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at these points ranges from BOSC psi to 3.4% psi, providin:

tion of the initisl behavior of overpressure, dynarmic pressurc

velozity, temperature and demsity at a wide veriety of peszi ov
levels. Reasonable interpciations between graphs &llows predicticuoc

of pther pressure levels,

It should be noted that the overpressure in the esri:
the explosion (Figs. 43-48) exhibits a decay which is bezt £i+ bo e

suwr of two negetive exponentiels:

] - 1
AP(tt) = zsps(ae'c‘fC + pe Pt )(1—t'/Dp}.
The last factor may be included tc force the overpressure o g7 @

zere at the end of the positive phase, The reality of Liiz ez it

dichotomy of overpressure decay is made pleusible wher one
the nature of the overpressure vs radius profiles while the ghocok iz
still strong {Figs. 1-6) from which one sees that the pressurs muri
drop rapidly after the shock has passed, since the shoek is movin,
rapidly and the pressure behind the shock front decreases repidly
with decreasing radius. Once the sherp pulse neer the shock frout
has gone by, the pressure must decay at a slower rate which will be
characteristic of the adiabatic expansion of the intericr air -- =
volure of alr which is essentially free of any further pressure grad-

lents.



Sirilar exponential fits may be readily made for
meters, bul it is coiy the overprossure that displaygs

of decay rates.
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III. CONCLUSIONS

COMPARISONS OF FPEAK OVERPRESSURE

The pesk overpressure ve shock radius is shown for comparison (in
Fig. 55) for various calculations and for the empirical curve for nuclear
explosion (the latter from "The Effects of Nuclear Hea.pons“(6)). As seen,
the agreement between the present celculation (s0lid line) and the nuclear
explosion curve (circled dots) is quite good. This agreement, however is
less good at the lowest pressure, where the difference, corresponding to
about 6 per cent in radius, would amount to nearly e 20 per cent difference
in explosion energy. Al these lete stages In the calculation the initial
explosion energy has become a small fraction of the ambient energy of the
alr involved. The explosion energy, then, at late stages is the small
difference between the large energies of the engulfed air before and
after shock arrival.

The fact that the present curve agrees as well as it does, while other
ealculations with less correct equations of state for air are different by
a nearly constant factor, is indicative of the importance of the equation
of state for air explosions. The ideal-gas, point-source results, (7) for
instance, can be brought in line over most of the range of overpressures
by reducing the energy source by a factor of about one-half, j.e., & real-
alr polnt-source explosion is about 50 per cent as efficient as a point-
source explogion in an ideal gas of y = 1.L.

Aleo shown in Fig. 55 is the result for the real-air point-source
caleculation, (1) but since that caleulation bad an equation of state which

w5 based on the 0ld and incorrect value of the binding enpergy of the
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nitrogen molecule, 1t might be expected to differ slightly from the present
{bot sphere) results. The fact that it differs by as much as it does is
scmevhat surprlsing.

The TNT ca.lcr.;..‘tza.‘l:ion,(35 ) whose peak overpressure curve is also included
on Fig. 55, also had the slightly incorrect fit for the equation of state
of air. Perhaps more significantly, the TNT curve illustrates the futility
of comparing solid explosive blasts with other types of explosive sources,
eitber blaste from different chemical explosives or from nuclear, epark or
impact sources, since at no interesting pressure level can the TNT results
be said to have "forgotten" their source. A rough rule as to when an explo-
sion's peak overpressure decay becomes similar to that of a point source,

16 when the shock wave has engulfed a mass of air ten times the mass of the
initial explosive. For chemical exploslves such e distance means quite
small overpressures.

In connection with the comparison here with a nueclear explosion, it
should be further stated that although fair agreement for shock overpressure
vs shock radius is achieved, between calculatiorn and empiriczl curve there
is no reason to expect agreement for hydrodynamic quantities much behind the
shock front, since in reality other mechanisms must become important there--
e.g. radiation transport mechanisms which have been ignored in this simple,

spherically symmetric hydrodynsmic model, started fram a sphere of hot air.
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