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This is in response to your April 25, 2001 Freedom of Information Act
(FOIA) request to the Defense Technical Information Center (DTIC), which was
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Department of Energy (DOE), for review. Because the record that you requested
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5 USC § 552(b) (3), which applies to information specifically exempted by a
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is 42 USC 2162(a) which provides withholding of Restricted Data under the
Atomic Energy Act of 1954, as amended. Accordingly, this information is denied
pursuant to 5 USC § 552 (b)(3).

You may appeal Mr. Faircloth’s decision to withhold the information by
submitting a written notice to Major General Trudy H. Clark, USAF, Deputy
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The rise of bomb debris from a nuclear explosion at between 50 and
150 kilometers altitude has been studied for the purpose of ascertaining
whether the fission fragments can be effectively confined so as to cause
presistent local radar blackout as a penetration aid. There are four
different cases of debris rise depending on differences in the important
mechanism of energy deposition, in bomb debris mixing with ambient

air, and in the heated zir rise.

{.) Low altitude. Totzl bomb energy is deposited locally, the
initial expansion is spherical, cloud rise is determined by

late buoyancy, fission products rise and are mixed in cloud.

7
i

y 2.) Altitudes 60 - 90 km. Total bomb energy is deposited locally.

The initial expansion is very assymetric, a shotgun effect
ejecting a fraction of the heated air upwards at high velocity.
The fiesion preducts are almost all in the ejected material. W
The velocity of ejection increases with increasing altitude. Con-

finement is not achieved.

3.) Altitudes of 100 - 125 km. Only hydrogynamic energy, about
1/4 of bomb yield, is deposited locally. The mechanism of

cloud rise is similar to 1.

4.) Altitudes of 125 - 150 km. Hydrodynamic energy only is de-
posited locally. lnitial expansion assymetric, Thevshotgun
effects ejects a portion of the fission products upwards with
high velocity, the velocity increasing with increasing altitude

of the burst point., The remainder of the heated air containing

a significant factoh of the fission products has an initial down-

ward accelerztion! \ The later distribution of this portion of the

cloud is not treated in this report, but appears to be the one

possibility for causing local blackout of long duration.
i

i -
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SECTION {

INTRODUCTION

An important ICBM penetration aid is the radar blackout caused by the
ionization produced by the beta rays emitted by the fission products of

2 nuclear explosion. Quantitatively the problem is not well understood;
what is least known is the locaticn and motion of the bomb debris, which
motion determines the extent, intensity, and duration of the blackout
effect. The experimental investigation of this effect has been carried on!
through several high altitude nuclear tests in the Pacific, including TEAK
and CRANGE in 1948, and BLUE GILL, STARFISH, and KINGFISH in the

current 1962 series.

Historically the physics concepts of blackcut have developed in the {follow-
MM‘?

ing manner, }
B et

- . et 07

[ .. )

i The initial

ionization intensity was more than sufficient to produce the effect; in fact
scme betas were simply wasted by overionization in small regions. The
detris cloud both rose \yith a rather rapid velocity (about 2 km per sec)

up to an altitude of 500 k., and expanded laterally during its rise so that
its radius was also about 500 lm. After this rise the ionization was spread
over so large an area that it was not sufficiently intense to cause effective

radar blackouﬁ.

In orde

a1

te

{

more efficiently,{2), preventihg local over-ionization initially, and (3),
avoiding the rapid rise and dispersion cf the debtis which lead to under-
ionization at later times, A. Latter and R. Lelavier at Rand conceived
the '""Pancake' configuration, which was tested in STARFISH. Although the
specific STARFISH event failed to fcrm a pancake due to assymmetry in

the nuclear explosion, the test did not disprove the logic of the Pancake

1.
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concept, which says that for a shot high enough in the atmosphere, the bormb
debris initially will expand unimpeded so that in less than a second the lower
hemisphere of debris will be deposited in a layer or pancake in the atmosphere
at a2 depth corresponding to the range of the debris ions. The initial wide
distribution of debris avoids local cver-ionization and results in an energy
deposition which may be low enough so that the pancake will not expand
hydrodynamically to any great extent, thus preventing underionization at

late times.

The significant question which should be examined, however, is whether or
not there is a type of atmospheric explosion intermediate in character be-
tween TEAK and the Pancake, which combines the most effective features of
both to cause local but leng lasting blackout. Lel.evier reasons that a small
enough explosion at the appropriate altitude, probably above TEAK but in
the 110 - 130 km. range, would be confined by the atmosphere initially, but
would deposit energy with so low a density that late hydrodynamic motion
would not be able to disperse the debris cloud. The fission products would
remain localized, causing high ionization immediately below at 60 to 30 km,
altitude, and would remain for 2 few minutes, which is long enough to be an

excellent penetration aid.

In this paper the possibilities and effects of such an aimospheric explosion
are explored, from the theoretical point ¢f view. All the wnrk Teported here
was carried out before the 1962 Pacific tests, and il wae done not so much
to resolve the questicn, as to determine promising altituces and yield. As

a result the calculations are quite crude. With the lunited effort which it
was possible to put into this work, a definitive answer was not obtained.
The calculations themsalves show that a portion of the debris cloud always
expands and rises rapidly, and in most cases this portion contains all the
fission fragments. For explosions in which the local encrgy deposition is
due to the bomb debris themsslves, at altitudes in the neighborhood of 125 km,
a portion of the cloud which contains a large fraction of the fission products
may remain relztively stationary. However the numerical calculations were

not directed towards following this portion of the cloud. Therefore the validity

-2 -

. RESIRICTED-DATA=ATOMIC ENERGY ACT—1954..




—QOEPRET
NdVhed
ZRTOMIC ENERGY ACT=

of the conclusion is in doubt., However, the work does indicate that some of
the effects in the debris rise are relatively unimportant and may be helpful

in that sense to persons interested in more elaborate calculations,
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SECTICN 2

PHYSICS OF THE CLOUD RISE

2.1 Inadequacy of Equilibrium Treatment

Depending on the altitude of the explosion, a variety of mechanisms account
for the manner in which a nuclear bomb deposits energy in the surrounding
atmosphere. After the energy is deposited and distributed the resulting
heated air must rise to its equilibrium positivn in the atmosphere, and the
altitude to which it will rise, as determined by equilibrium considerations
for an adiabatic expansion, will depend upon the manner in which the
atraosphere deviates from the adiabatic gradient. The heated air produced
in the lower stratosphere has a large rise, because it originates in a region
of dry adiabatic equilibrium and therefore of neutral stability, but in the
higher stratosphere, where because of the absorption of solar energy the
temperatures are greater than those present under conditions of the true

adizbatic gradient, the risc is less.

Although the equilibrium argument is suffici ot to explain the cloud rise

for most sca level explesions, a more detailed treatment of the actual pro-
cesses cf expansion and rise is necessary to describe correctly the radar
blackout effect from high altitude explosions. For this case the scale of the
entire phenomena i1s so large, and the significant time intervals so long, that
the rate of clond rise, particularly if slow, is mors important than the
ultimate location of the cloud. One must then reformulate the question so
as to ask not for the ultimate destination of the bomb debris but rather
whether the bomb debris remain fairly localized long encugh so that the
local blackout is effective as a penetration aid. The conclusion to be drawn,
therefore, is that the detailed aerodynamic motions of the cloud, which are
exceedingly violent in the initial stages, must be studied. Furthermore, »
with the low atmospheric densities and high initial temperature of the bomb
heated air, radiative transport becomes an important mechanism, and be-
cause the cloud rise is not purely adiabatic, a discussion based upon an

adiabatic assumption will be misleading.

-4 -
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2.2 Enerpy Deposition and Early Expansion

The major {raction of the energy of a nuclear is emitied in ithe
form of soft X-rays in the 1 to 10 kev energy range. These soft X-rays
are absorbed by air molecules, with absorption lengths of about a meter

at sea level, a few hundred meters at the altitude of ORANGE, and a few
kilometers at TEAK altitude, and they escape to large distances for ex-
plosions above about 100 km. Wherewer the absorption of energy is great
the air is heated and reradiates. -Most of the remaining energy of the ex-
plosion is kinetic energy of the bomb materials. Below about 150 km. the
bomb particles snowplow into the air, causing a strong hot shock which
reradiates X-rays of lower energy than the initial bomb X-rays. Above
{50 km. the particles are unimpeded by the air. Therefore, below 100 km.
essentially all of the bomb energy is rapidly converted into soft X-rays
which, as a radiation front, eat into the cold atmosphere, creating an
isothermal region behind the front due to the very rapid radiative transport
there. This phase persists until the temperature of the isothermal region
becomes low enough so that the opacity behind the front rises and stops
radiative transport, or until the emissivity drops to a low enough value so

that not much energy is converted into radiation. Only then does hydrcdynamic

expansion begin to play a role.

For explosions between 100 and {50 km., the energy of the 1nitizl bomb X-
rays escapes, but the energy from the bomb debris is distributec in the
same fashion as is the total energy for the lower altitude cxplosions.. Above
150 to 200 kmi., the bomb debris do not interact locally with the atmosphere,
In the upward hemisphere the debris escape the atmosphecre, but those which
are ionized are controlled in their motion by the geomagnetic field, In thé
downward hemisphere the debris are trapped by the atmosphere at about

150 km. Since the initial dispersal of the debris is not limited by atmos-
pheric interactions, it occurs very rapidly. The entire range of effects of
thie type of above-the-atmosphere explceion is outaide the subject of this

report.

- 5.
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Even at the highest altitude considered here of 150 km., the later tages of

0

ile bomb expansion are truly hydrodynamic, since the dimensions of the
isothermal region are much greater than the mean free paths of the air
molecules. Much of the phenomena then is common to all types of expansions,
A strong divergent shock develops around the iscthermal region, and

particle velocities behind the shock are high, causing a region of density

lower than ambient to be formed inside the shock.

Initially the expansions are alinost spherical in most cases. For altitudes

considerably below about 100 km,, the X¥-ray mean free path is less than
the atmospheric scale height so that energy deposition and therefore
pressure are spherically symmetric. Somewhat above 100 km, but below
about 150 km. the X-rays escape the atmosphere, but the range of the bomb
debris is then less than the scale heighi, and the conifiguration and metion
are again quite sphérical. At intermediary altitudes, say 80 - 100 km. or
130 - 150 km., where there is considerable variation in ambient density in

the region of energy deposition, decidely non-spherical expansion occurs.

Aotions - The Sh

.y - vese TR OC o
2.3 Assymctz‘,c ns he Shot Gun Effect

When the energy deposition from the nuclear explosion covers an altitude
range comparable to the atmospheric scale height, the expansicn will be
very assymetric, Immediately after the energy deposition the pressure vs.
altitude profile is as follows (See Sketch). Far below the explosion the
pressure is ambient. At about one energy deposition length below the
burst point, {onc effective X-ray mean {rec that below 100 km. explosions
or one mean range jor debris material above 100 km. explesions) the pressure
will increase very rapidly to a high peak. From this point upwards for a
considerable distance, the temperature attained by the heated air will be
equalized by rapid energy transport and the pressure will decrease ex-
ponentially with altitude because the density, still at ambient values, de-
creases exporentially, Temperatures of the order of 1 volt occur, com-

pared with ambient temperatures of 1 /50 volts, so that the pressures are

-6 -
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about 50 times-the ambient. Beyond a similar length above the burst point,

the pressure will start to return to its ambient value.

Except near the lower boundary of the deposited energy, the pressure gradient
will cause particles to be accelerated imtially upward. Near the lower
boundary, however, (point A of the Sketch) the material will accelerate
downward and a rarefaction wave will propagate upward, reducing the

article is re-

Y

pressure 25 it proceeds. The direction of accelerationofz p
versed when it is overtaken by the rarefaction. The reverse acceleration
lasts until the upward moving rarefaction nieets its co.unterpart moving
downwar-d from the expansion of the upper boundary, point C. As a result
the lower regions will experience the upward acceleration for a short time,
the downward for a longer time and hence then will acquire a net downward

velocity.

-7 -

RESTRIETER-QATA - ATOMIC rlurn_gy ALY 1088



RESTRICTE] —ATORIC ENERGY ACT- 1956 —————

For the upper regions the initial pressure gradient causing upward
acceleration is reduced by the rarefaction eating in from above, so that
the accelerations at a point last only as long as the sound transit time
from the upper boundary to the point in question. Therefore the debris

at some point in the interior, probably in the neighborhood of the burst

out of the immediate surrounding atmosphere. t'his phenomenon has

been termed the "shot-gun'' effect.

Alternatively, the shot-gun effect may be understood by considering the
conservation laws. 1In the early expansion, the bomb generated pressures
in the atmosphere are so high compared to ambient, that the reaction of

1

the ounter atmosphere can be neglected. In the subsequent molivn of the

heated air, its center of gravity remains fixed, and the lower portion

containing most of the mass moves downward. The upper portion, which
contains little mass, but which, significantly, contains the important bomb
debris for X-ray deposition explosions, is shot upward, in accordance
with momentum congervaticn. Bccause of the lesser mass, the velocities

upward are much higher.

2,4 Analytic Treatment of the Shotgun Effect

A rough analytic formulation can be given for the shotgun acceleration and
the velocity attained by the debris. Consider motion in the verticle Z

direction only. Then the hydrodynamic equation of motion is
Z = -9 -0Cg - (1)

where P g is the body force due to the acceleration of gravity g. As
discussed above, the pressure after energy deposition wili be much higher
than the ambient pressure Pa' but will vary exponentially with altitude in

the region of the burst point with the ordinary atmospheric scale height H,

-8 -
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Then

V= (2}

The density P has not had time to change from ambient. For the undis-
turbed atmosphere in hydrostatic equilibrium where equation(1) also
applies, but with'Z = 0,

d P
a

dZ = "{7 g' [3)

But similar to (2)

so that

—_—
=N
—

neglected in what follows. -

The very hot air behaves like a polytrope gas with

> = y-DE (6)

where & is the internal energy per unit mass. If a fraction { of the total
yield of the bomb W is deposited or distributed by transport in a sphere of

radius Ro’ the average energy per unit mass will be

-9 -
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¢ = : (7)

The acceleration is then

v-0EC iy wg
5

;o
e P

a a %—ﬂR

The acceleration lasts a time 7 of the order of the sound transit time a-

c¢ross the typical dimension of the system Ro so that the shotgun velocity
will be

where a is the sound velocity in the heated 2ir. Now

»
i
<
) l g
1]
2
L
1
™
S

Therefore

o . &F g(y'i)igi/z Ro- g L {y-i Wi }1/2
° Pa Y E“. R
3 o

(11)

By the perfect gas law ( /PaL =M /RTa’ where M is the mean
molecular weight and Ta the ambient temperature. This factor varies by

only a factor of two or three over the entire altitude range considered.

In some cases, particularly for small yield weapons, the quantily E’RO isg
the inverse mass absorption coefficient for the initial energy depositicn.
This is independert of altitude, except insofar as the agency of importance

for energy depoeition, X-rays, or bomb debris, is different at low than at

- 10 -




nigh alitiudes. One cuncludes therefore that for a particular borub ihe shot-
gun velocity itself is approximately a constant well below 100 km, where the
X-rays are important, and is also constant but considerably larger well a -
bove 1CC km. where bomb debris are important. But nowhere does there

exist a region where the shotgun velocity is very small.

In the more important case, however, which occurs for large yields, the
energy initially deposited is rapidly spread by radiative transport, which
continues until the temperature or energy density per unit mass § reaches
a characteristic value €0 which determines the initial radius Ro to which
the shotgun calculation applies. From (7) then

1/3
2 —/——-Wf (12)

and from the first equalily in (11)

™M /\1. . 1\1/2 . 1//5 /x‘x'rf \1/3
v = g RTa L\ N, ; Co ('——.4_“'2) (13)
3 ¢

Equation (13) exhibits a decided dependence of the velocity on altitude
through the (\’—1/3 factor. The velocity in this case increases exponentially

with increasing altitude of the detonation.

2.5 Location of the Debris in X -Ray Deposition Explosions

Initially the bomb debris are at a higher temperature and higher density than
the surrounding air; the acceleration of the debris is therefore Taylor stable
and mixing with the air does nct occur. An expansion of the debris toa

density lower than the air rapidly occurs, however, and a Taylor instability
develops. A mixed air-debris region is then formed. But this condition for

mixing alec is short lived. The debris-zir mixture is decelerated in its out-

ward expansion by the heavier air, again a case of Taylor stability. Decidely

incomnplete mixing results.

~ RESTRICTED-BATA==ATOMIC- ENERGY-AET—1 854
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At somewhat later stages, the material near the vertical axis of the cloud
containing the bomb-debris is accelerated upward by the ''shot-gun effect”
discussed in Section 2.2 Velocities on the axis will be highest, becoming
progressively less off-axis, and as a consequence, there will be a shear be-
tween layers. The shear flow will develop Helmholtz instability, and air
iree of bomb debris will be entrained with the central core containing the
debris as the latter rices. The mixing of figsion products with the air,
started by the early Taylor instability, will now be carried on very much
further, but is no doubt incomplete. For total mixing to take place it re-

quires the formation of a complete vortex, a still later development.

For explosions for which the X-ray energy escapes, the bomb debris are
intimately mixed with the entire mass of initially heated air, since of course
the debris themselves are the cause of the heating. The material projected
upward in the shot-gun effect consists of air mixed with debris, although a
large fraction of the total debris is not contained in the shotgw:n jet, but re-
mains behind. Furthermore the mechanism of Helmholtz instability and
vortex formation will cause the entrzinment of additional air, further diluting
the bomb debris, in accordance with the mechanism just discussed for X-

ray deposition explosions.

.2,6 Later Stages of Expansion - Buoyancy Effect

There is no definite termination to the shock expansion stage described in
Section 2.2. The shock grows weaker as it diverges; the temperature be-
hind the sheck is v above the ambient, and the outward velocity be-
hind the shock decreases. The very sharp boundary of the fireball so
apparent to the observer denotes nothing more than t—he position whexe the
shock is no longer strong enough to heat the air to reradiation in the visible.
Finally the shock degenerates to sonic, and no further energy is deposited
by it. The boundary of the mass of hot, low density air which is involved in
the cloud rise is some indefinite region beyond the visible fireball, but not

extending out as far as the radius at which the shock is sonic.
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The prevailing radially divergent motions of the air cease soon after the
internal pressures are reduced to ambient. At this time a large region of
air is in hydrostatic pressure equilibrium with the surrounding atmosphere,
but is below ambient density. The ordinary buoyancy effect will cauee this

air mass to rise.

This buoyant rise is not a simple adiabatic expansion, however, In some
cases, the shot gun effect causes a volume of material to be ejected upwards
with high velocity in addition to the major mass of heated air. In all cases,
the rise will cause turbulence at the boundaries resulting in entrainment of
cooler high density air. The turbulence itself will increase the eifective drag
forces at the boundaries of the rising air mass, and the entrainment will
change its total mass, volume and dencity, thus affecting the bucyant force
and the buoyant acceleration. The rise is further complicated by the vortex
motion of the cloud, which results in a circulation with upward motion in the
center, downward motion on the cutside. The relative velocity of the boundary
of the cloud and the'ambient air is thus much lower than the relative velocity
of the center of the c¢loud. In many cases, radiation will play a significant role
in cooling the air as it rises, in additipn to the usual adiabatic expansion. It
appears hopcless to inClee' f}lu'ese effects accurately in any purely theoretical
computation. As a result, data from test explosions are used to find an
effective drag coefficient for the buoyant rise. The value found is one tenth

rather than the value of unity suggested by the model of a rising sphere of air.

- 13 -
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SECTION 3

CALCULATIONS AND RESULTS

3.1 Machine Calculaticns

Using the ideas discussed in Section 2, a relatively crude calculation of

the rate of rise of the central portion of the bomb fireball was made. This
calculation, done on the IBM 1620 computer with a code appropriately called
Snuffy Smith, was to establish the approximate variation in fire ball rise
rates with detonation altitude, initial fireball radius, and yield. This
analysis probably gives the right magnitude to peak rise velocity for the
detonation altitude range of 50 to about 120 km., and has been used as high
as {50 km,

The assumption used in Snuffy Smith include the following:

(1) A uniform temperature spherical fireball is formed instantaneously.

(2) The fireball is assumed to contain the air originally present in the

calculated initial radius.

{3) Firebzll size as a function of time is as predicted in the report,”"The
Blast Wave in Air Resulting {rom a High Tcmperature, High Pressure
‘Sphere of Air"”, by H. L. Brode, RM-1825-ALC.

(4) The motion of the fireball through the atmosphere can be treated
like & sphere going through a fluid. Newton's law, the ''shotgun"
acceleration, buoyancy, and drag are usec to caiculate the rate of

rise,

{5) The {959 ARDC model atmosphere was assumed, as reported by
Minzzr et al, "The ARDC Model Atmosphere, 1939", AFCRC-TR-267,

{6) The distribution of the total yield energy in the X-rays and in the de-

bris was assumed to be 75 percent and 25 percert, respectively.

(7) No consideration wes given to magnetic braking.

- 14 -
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The majority of the assumptions are clearly non-ideal, but probahly
adequate. The third assumption is highly questionable, because Brode's
study was conducted for a quite low altitude explosion. However, the
buoyancy and drag effect on the peak rise rates proved to be quite in-A
significant at high altitudes, so that relatively little error was intro-
duced by the use of Brode's low altitude fireball expansion data in the high

altitude regime studied.

The eqﬁat‘mns integrated by the machine code are

MZ:F1+FZ-F3-F4 (14)

where M = M(t) is the total mass of the heated air at any time, the F's
are the various forces acting on this mass, and Z is the altitude coordinate

of the mass followed in the calculation.

The forces Fi and F2 are the surface forces for inviscid flow fluid dynamics.

Ideally the Z component cf these forces is

F, +F, = Pcos © do (15)

urface

where © is the angle between the inward drawn normal to the surface element
do and the Z axis. As the discussion of Section 2 indicates, at early times
the pressures P are very large and directed outward so that the heated air
does work on the ambient atmosphere. The center of gravity of the mass,
however, actually moves very little under the resultant force. But an im-
portant fraction of the mass will be ejected upward by the shotgun effect. To
follow the motion of this mass, the actual surface force is replaced by a
fictitious surface force F, giving the shotgun acceleration to the entire mass
MO initially in the volume now occupied by thc:z heated air. This force operates

only for the sound transit time 7"= R/a. From equation 5, one finds

F, = M

P
2 o8 T (16)
a
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It is correct-to omit the extra term in (5) for the body force is taken care of
by the term F3.
At late times FZ disappears. But now expansions have slowed sufficiently so
that a quasi-static equilibrium exists. Then the surface integral (15) gives

the ordinary buoyant force Fi’

Fl = Mog . (16a)
Since Fl is very small for early times, it is included for calculation at all

times even though strictly it should be used onlv for late times.

The body force FB is

F, = Mg, (17)

while the drag force is

i 2 \
F4 = 5 €av CDA {18)
From Brode's work, one can obtain the volume of the fireball V({t) at any
time and the mass M(t) within the fireball by assuming that the entire previous
expansicn took place at the altitude the fireball occupies instanianeously.
Then the quantities needed in the above equations arc
4 3. 2
t = Vo t = = : - - R™!
MO(L) ea. V(t) s V(1) 3T R7u; A r R7)

Snuffy Smith was used to study fireball rise characteristics of ! and 4 MT
detonations at altitudes between 75 and 150 km. Becausc of the unceértainties
in the initial fireball size, the calculations were conducted parametrically
with several values of initial radius. The values of initial sizc used are of
the right order for the cases run at 120 km. or below, but are probably too

small at {35 and {50 kilomecters, The essential input numbers and results
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are shown in Table !, Resulting peak rise rates are the right order of
magnitude but several times high at the Teak datum point. Table 1 indicates
that rise velocity increases with 2 decrease in ambient density {increase in
altitude) at constant fireball size. Although fireball size really increases
with increasing altitude, even when this factor is considered as discussed

in Section 2, equation {13)fireball velocity increases with increasing altitude.

Drag braking was observed to be very slow in all of the problems run, with
the fireball rising to very great altitude in every case. Further examination
of Table ! indicates that the precise value of drag coefficient, which was varied
from . 1 to .8 for the 75 km detonations, has cernparatively little effect on
the calculated velocity, but that firebzll size and energy content are quite
significant. The detonation altitude also seems fairly significant. Drag
coefficient was taken as . { for cascs 5 through 13 on the basis of the drag
insensitivity observed on the {first five cases. The insensitivity of the
calculated peak velocity to drag coefficient raises the suspicion that buoyancy
forces are also quite unimportant in determining peak velocity, and suggests
the use of an even further simplified calculaticn for predicting trends. Such
a simplified analysis was actually run to permit more direct observation of
the trends, without the frequent reprogramming required to study the many

effects separately on the computer.

3.2 Shotgun Effect Only

The simplified analysis considered orﬂy the shotgun velocity given by
equation (1!) which was put in the form
. > 1/2 -
_gM [y-1 Wi , - o
v = EY i__y i (19)

30 R,
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Now assume the following values:

2
Wi = 4.18x 10 ZYf ergs, where Y is now the yield in MT.

¥ = 1.4 for moderately heated air
B -5 gms . . .
,‘ORO = 6x10 —i:[ for light debris nuclei

M = 29 gms/mol
= 980 cm/secz, neglecting altitude effect

8
7 0
R = B8.33x 10" ergs/mol K

Then v in km/sec is

= 23’520 Y1 km/sec (20)
o

At somewhat lower altitudes, where X-ray heating is dominant, /oRo should
be replaced by the mean free path for X-ray absorption, taken as 2 % 10-2

2 . .
gm/cm®. Then the velocity expression becomes

km/sec. (e

1280 /YT
T
o
Equations 20 and 21 were used to estimate velucity for cases 21 to 25 (Table-2),

Both equation {20) and (21) assume that the initial radius of the {irebali to be
used in the shotgun calculation is determined by the energy deposition from
the bomb. In cases where radiative transport redistributes the energy before
hydrodynamic motions occur, one should use an initial fireball radius given
by equat.ion (12) leading to a velocity of rise given by equation (13). The
appropriate temperature at which radiative transport becomes unimportant at
those altitudes is about 8000 °K which may be used to determine éo by the

caloric equation of state.

- 18 -
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The results can be expressed in the approximate form

v = 10 (Yf)1/3e>q:4nz— km/sec - (22)
where Y is the yield in megatons and 4 Z is the height of burst above 100

kilometers in kilometers. For bursts below 100 km A Z is negative and

the equation still applies. Equation 22 was used to calculate the last two cases
in Table 2.

Results calculated by equations (20), (21) or (22) agreec very well, within
about 10 percent, with the more detailed calculations ¢f Snuffy Smith given
in Tablel. Valid conclusions for a wide range of cases can therefore b
obtained {rom these simple equations. In particular equation {22), which
holds in most cases of interests, predicts rise rates of 1.5 km per second
for one megaton even as low as 60 kilometers. In 100 seconds, the duration
required if radar blackout is to be effective as a penetration aid, the cloud
would rise 150 kilometers, expand to a radius of about 150 kilometers and
be unable to cause severe ibnization and blackout. Detonations at higher
altitudes wili be even less effective since the velocity of rise increascs with
altitude. Detonations of lower yield and lower altitude will not cover a wide

enough area initially to be a reasonable penetration aid.

It must be remernbered that the numerical work here treats only thec molion
of a centrally positioned mass of air. When X-ray energy deposition is im-
portant this mass will probably contain almost all of the fission products,
and the source of ionization for blackout will not remain localized for long.
When bomb debris energy deposition is all important, the bottom portion of
the debris cloud, which is not considered in the present calculations, may

remain relatively stationary, and therefore be significant for blackout.

- 19 -
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3.3 Work of Other Authors

Superficially, the conclusions of C. G. Davis ct al, "Theorctical Studies of
the Motion of Bomb Debris" SWC TR 61-89, appear to differ in some respects
from these reported here. Davis points out that for a certain combination of
altitude and yield parameters, the analysis which he reports is not strictly
valid. This combination includes yields of 100 kt or greater at 100 km or
higher, 1| MT or greater at 80 km or higher, and 10 MT at 60 km or higher,
Davis points out that for this high yield and high altitude regime, the shotgun
effect is dominant, and his model is not ideal. In any event, Davis' studies

do not offer hope of a low velocity detonation altitude either.

G. Plass et al, "Final Report, Theoretical Study of the IMotion of Bomb
Debris', SWC-TR-61-20, repcrt rise velocities of the order of several km/‘
sec for detonations at 100 km, but does not indicate the expected variation

with altitude.

R. H. GChristian et al, "Finzl Repart, Research Studies in Nuclear Effects

in the Upper Atmosphere', AFSWC-TR-60-29, treats the more general
problem. Christian concludes that detonations at altitudes from 40 to 300 km
probably will causc significant blackout effects. Christian also concludes
that the rate of rise is very large and increasing with altitude for detonations
at about 110 km, but that magnetic trapping probably will occur. Christian
discusses several different models for predicting the debris mction at altitade,

and reports results varying from 2 to 50 km/sec. at altitudes above 100 km.

Both the current study and the literature in the field confirm the need for more
wortk in the vicinity of 100 to 200 km, In particular, magnetic braking effects
need much more study. No great hope is held for an altitude region of
startlingly low fireball rise rates. It is to be hoped that the 1962 Pacific lest

series provides valuable new data.
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TABLE !

SNUFFY SMITH CASES

Peak Rise
Case | Altitude | Fireball Initial Radius Drag Velocity
(Km) Yield (MT) (Km) Coefficient (Kin/Sec)
1 75 { 10 . 3.8
2 75 t 10 .2 3.7
3 75 1 10 L4 3.5
4 75 1 10 .8 3,1
5 75 4 11.4" { 6.9
6 100 4 1.4 A 56
7 100 4 : 50 o 24
8 120 .25 40,5 . 16
9 120 .25 40.5 . {7
10 izo .25 50 A 6.
11 125 oy - oge” 1 25. 1
12 135 .25 10 . 50
13 135 .25 50 A 24
14 150 .25 50 1 26

* Initial radius chosen by equation 12 with initial fireball temperature 8000 °K.
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