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ABSTRACT

This paper is issued in two volumes: LA-1664 and LA-1665.

In LA-1664, the fundamental properties of a shock in free air are described, including the rea-
sons for failure of similarity scaling. The results of an analytic solution for strong shocks are
presented, which permit a determination of the energy in a shock wave from its rate of growth with-
out recourse to similarity assumptions; from it the scaling laws for both homogeneous and inhomo-
geneous atmospheres are explicitly shown. The total energy is evaluated in a machine calculation
for the blast wave and from this evaluation, the free air wave form for all hydrodynamic variables
is presented. The general nature of the laws governing thermal radiation from atomic bombs is de-
duced, a new figure of merit for thermal radiation is suggested to replace the concepts of “thermal
energy” and “critical calories,” which are considered ambiguous. Partition of energy is considered
negligible in most cases of interest; the waste heat concept is reconsidered and the failures of
scaling to TNT are regarded primarily as a failure of the ideal gas law.

LA-1665 is concerned with preparation of height of burst curves. In the reflection process over
ideal surfaces, the usual subdivision into regions of regular and Mach reflection is considered in-
adequate, and the reflection process is subdivided into five zones: regular reflection, transition re-
flection, low stem height Mach reflection, high stem height Mach reflection, and hemispherical re-
flection. On the basis of these concepts, the reflected static pressures and dynamic pressures are
deduced as a function of free air pressure and angle of incidence, from which the height of burst
curve applicable to an ideal surface is deduced and drawn.

A theory of surface effects is postulated in two parts for reduction in peak pressure over real
surfaces. The first is categorized as mechanical effects, which include dust loading, surface vis-
cosity and roughness, turbulence, flow effects, shielding, and ground shock. Based on these con-
cepts, the height of burst curves which are applicable in the presence of mechanical effects are de-
duced. The category of thermal effect is postulated in two parts: the radiation from a bomb is suf-

ficiently strong and violent so that the ground surface may literally blow up prior to shock arrival
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but at least creates a layer of dus't:ér .émc&e—lédea.ah:.n:ear the surface in which subsequent radia-
tion is absorbed, thus forming a layer of hot air near the surface. The second part of the postulate
is that once such a layer is formed, the hydrodynamics of the wave entering it are violently altered
by mechanisms described as strong precursor action and weak precursor action. Based on these

concepts, the thermal height of burst curves are drawn for 1 kt and shown to be appropriate over a

fair range of scaling.
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AUTHOR’S NOTE

The present paper suffers from a number of deficiencies which the author wishes to acknow-
ledge. These are due, in part, to a lack of time for preparation because the author is presently
transferring from the Los Alamos Scientific Laboratory.

In some respects the paper is too long. Many of its sections are more appropriately parts of
separate papers. For emphasis, it is usually worthwhile to present only one new theory for a meth-
od of approach in a single paper; the present paper probably contains too many.

No library search has been made to check whether the material in the present paper has been
published previously. The author wishes to apologize if any such oversights have been made, be-
cause they are certainly unintentional. He has tried to exercise extreme care in what is considered
common knowledge and in acknowledging the source of information when it has come from someone
else.

Much of the discussion is sketchy and should be carried to logical completion. Even in its pres-
ent length only the principal results for many of the derivations are given. If time and opportunity
permit, the author intends to carry these projects to their logical completion, but it would require
at least a man year of work, and could appropriately be parts of a dozen or more papers.

The author has had the benefit of excellent editing by members of his own group at Los Alamos,
and by Bergen R. Suydam of the Los Alamos Scientific Laboratory, but it is recognized that many
parts could be rewritten, Despite the deficiencies of the paper, it is being issued at the present
time with the hope that the methods it suggests and the approach to the problems may furnish suffi-

cient “food for thought” to offset its deficiencies.
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i. DEFINITIONS

A partial list of definitions used in this paper is given below, arranged according to subject
headings. Those definitions which deal with the origin of thermal radiation in the bomb are in-
cluded under the heading of “Free Air”; those dealing with the effects of thermal radiation are un-

der the heading of “Thermal Effects.”

DAMAGE CRITERIA
pu?

Dynamic Pressure: The quantity T; it has the dimensions of pressure.

Peak Overpressure: The maximum value of pressure above ambient behind the shock wave, in

the absence of isolated, locally reflecting surfaces.

Peak Pressure Damage Level: The damage occurring from a blast wave specified by the peak

overpressure of a free air wave form. It includes the contribution to damage from dynamic pres-
sures, the thermal shock or precursor action. It applies to objects in which the damage is not seri-
ously affected by the duration of the wave.

-Total Pressure Head: The sum of the peak static overpressure plus the dynamic pressure be-

hind the shock. As used in this paper, the total pressure head characterizes the peak pressure dam-

age level, but the peak pressure damage level is labeled by the peak static pressure alone.

FREE AIR
Absolute Yield: An energy release determined without reference to scaling from other bombs.

Analytic Solution: The evaluation of the total hydrodynamic yield as derived by the author from

a measurement of the growth of the shock front, including the first and second derivatives of radius

with respect to time, on an absolute basis, without the assumptions of similarity scaling,
Breakaway: The time during which the shock front ceases to be luminescent and becomes de-

tached from the fireball. This time marks the division between early and late fireball. It is close

in time, but not necessarily identical with the light minimum,
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Early Fireball: That period ofethe Zrowdh &f a fatlear explosion during which the shock front
is luminescent, and identified with the fireball on a photographic plate.

Effective Thermal Radiation: The thermal energy radiated from a bomb up to some arbitrary

time when it is no longer effective in raising the temperature of irradiated objects. This term is to
be distinguished from the term “Thermal Yield,” which is considered ambiguous.

Free Air Pressure: The pressures achieved by an explosion burst in the absence of any large

reflecting medium, This is to be distinguished from “Free Stream” pressures.

Free Steam Pressures: The pressures locally achieved by an explosion which may be burst

over a large reflecting medium such as the earth’s surface, but in the absence of a locally reflec-
ting structure. It is used to compare the enhancement of pressure of the local structure with the

pressure in the absence of this structure.

Hydrodynamic Invariants: These are derived ratios of the state variables in dimensionless

form which can be held constant in comparing explosions in different media, or yields. One self-

consistent scheme comprises

Pressure P/P,
Density p/Po
Shock Velocity U/cy
Material Velocity u/cg
Sound Velocity c/cy
Temperature T/T,

Hydrodynamic Kiloton: (%) x 10!? ergs, or approximately 10'2 calories.

Hydrodynamic Transport Velocity: The sum of local material velocity plus local sound velocity,

which gives the velocity of a signal in a moving fluid.

Hydrodynamic Variables: These refer to quantities like pressure, density, temperature, mate-

rial velocity, sound velocity, entropy, or other quantities which describe the condition of a moving
fluid.

Hydrodynamic Yield: The integrated total of internal and kinetic energy per unit volume on the

interior of the shock. In part, this concept is intended to replace the concept of blast efficiency,
which is considered ambiguous. The hydrodynamic yield is practically 100% of the total energy re-

lease, when measured prior to breakaway.

Ideal Gas Law: The approximation that the equation of state of a gas may be represented by

" UNCLASSIFIEL

PV/T = constant.

.
L4 o
3
XYY
°
XYy
.
.
D
oo
.
.
L4 .




APPROVED FOR PUBLI C RELEASE

SENRE
S UNCLASSIFEN,

e o ® o o
Inhomogeneity Effects: The pestunbatiofsolea Bifst wave which is propagating in non-uniform

air as a result of the local lapse rate of temperature and pressure with altitude. It includes re-
fraction effects as well as differences in scaling because of the local ambient conditions.

Late Fireball: That period of the growth of a nuclear explosion in which the shock front is too
cool to be luminescent, and the visible fireball is well within the shock front.

Light Minimum: The time near breakaway at which the radiation rate from the fireball reaches

a minimum value; it does not necessarily exist on all bombs.
Mass Effect: The perturbation on the growth of a shock front and the wave form behind it due
to the finite mass of bomb parts or adjacent materials other than air.

Partition of Energy: The division of nuclear energy from the bomb, from energy released prior

to breakaway, which is not later involved in a conversion from hydrodynamic to thermal energy or
vice versa. For most bombs fired near the earth’s surface, this involves only a small fraction of
the nuclear yield, less than 1%, which escapes the fireball to large distances prior to breakaway.
By custom, neither the analytic solution nor the radiochemical yield includes the energy from fis-
sion decay products or neutrons after breakaway. The definition here is to be carefully distin-
guished from the usual concept of “partition of energy” which represents the situation as if the
blast yield, thermal yield, and residual nuclear radiation were supposed to total 100% of the “total”
yield.

Radiative Phase: The very early period of fireball growth in which the energy at the edge of

the fireball is transmitted by radiative transport instead of hydrodynamic transport as in shocks.

Radiative Transport: The mechanism by which energy is transferred by photons. It is dis-

tinguished from hydrodynamic transport of energy associated with material and sound velocities.
Refraction: The mechanism by which acoustic signals travel along curved paths because of the
variation in sound velocity in the medium.

Second Maximum: The time during the late fireball stage at which the thermal radiation rate

from the fireball reaches a maximum value. It does not necessarily exist on all bombs.

Shock Front Yield: A yield which is based on comparison by similarity scaling from conditions

at the shock front alone, It is to be distinguished from the analytic solution which, in principle, de-
termines conditions on the interior from the growth of the shock front, without assuming similarity
of wave forms on the interior.

Similarity Scaling: The assumption that the hydrodynamic variables can be expressed in dimen-

sionless units in such a way that in a comparison between bombs of two different yields, the same

N Rt UNCLASSIFIED
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values of hydrodynamic invaria’qt?s yall dccug .at;gisfgﬁces which are proportional to (W/ Po)ya and

at times proportional to 1/co (W/Py)”.

Space Time Invariants: These are derived ratios of space and time which are held constant in

the scaling process to compare different explosions in different media. One self-consistent scheme

states that the same values of hydrodynamic invariants are achieved at the same values of
s
space: R (Py/W) 7

time: t cg (P(,/W)J’é
Strong Shock: A shock in which all points behind the shock front satisfy the condition that the

hydrodynamic transport velocity is greater than the shock velocity, i.e., u + ¢ > U. This concept
replaces the condition sometimes demanded that ¢ >> 1. As defined herein, the strong shock region |

extends down to approximately 3 atmospheres peak overpressure.

Taylor Similarity: The condition that, for sufficiently strong shocks, the shock pressure is in-

versely proportional to the cube of the distance. The assumptions leading to this solution are not
made in this paper because the result is shown to be only an approximation.

Total Thermal Energy: The energy represented by air at temperatures above ambient left be-

hind the shock after a long time. The temperatures are due to irreversible changes occurring when
the shock passes over the air, and due to departures from the ideal gas law. This term is to be dis-
tinguished from “thermal yield,” which is considered ambiguous. At a very late stage the total
thermal energy is nearly 100% of the total energy release.

Variable Gamma Theory: The system of hydrodynamics based on the fundamental definition of

gamma as Ep, = PV/y-1, where Ep, is the internal energy per unit mass, P is the absolute pres-
sure, and V is the specific volume.
Weak Shock: A shock in which some point behind the shock front has a hydrodynamic transport

velocity which is less than the shock velocity, i.e., u + ¢ < U,

IDEAL SURFACES

Hemispherical Reflection: The late phase in the reflection process when the Mach stem is ef-

fectively closed so that the wave forms at or near the surface can be described by free air wave
forms with a reflection factor which is constant in space and time.

High Stem Height — Mach Reflection: The phase in the reflection process following low stem

height Mach reflection, in which the Mach stem rises rapidly. The boundary between low stem
height and high stem height Mach reflection is somewhat arbitrary. High stem height Mach reflec-

tion represents the transition between earlier phases of the reflection process in which the peak
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pressure and wave forms are sfndng]:y (ﬁ)ntrciuegl,by:cmditions at or near the shock front, and the

late phase when the stem approaches a hemisphere.

Ideal Surface: A smooth, rigid, thermally reflecting surface. In practice, it means any surface
approximated by these conditions such as water, in which the thermal and mechanical effects, as
defined later, are small.

Low Stem Height -Mach Reflection: The early phase of Mach reflection following transition

reflection in which the growth of the Mach stem is slow, and the triple point path remains essen-

tially parallel to the ground.

Pressure Multiplication: The ratio of the reflected pressure to the free air pressure at the

same distance and angle from the bomb. It is to be distinguished from the reflection factor.

Principle of Least Possible Pressures: The assumption in this paper that in a shock process,

the shock front and wave forms will always achieve that configuration which requires the least pres-
sure out of all possible configurations which can satisfy the boundary conditions.

PR — 8 Plot: A graph which specifies the relationship between reflected pressures, incident
pressures, and angles of incidence, based on the fundamental assumption in thig and in earlier
papers that the reflected pressure is a function only of the incident pressure and the angle of in-
cidence, if the yield and the type of surface are held constant.

Reflection Factor: The ratio of the yield required to obtain the same pressure in free air at

the same distance as the reflected pressure obtained from the enhancement due to the reflection
process itself. The reflection factor of 2 applies only during hemispherical reflection. At other
times, the reflection factor may vary from 2 to 8 or, in complex situations, go as high as 27. The
reflection factor is uniquely related to the pressure multiplication but usually has a different nu-

merical value.

Regular Reflection: The phase of the reflection process in which the incident and reflected

shocks intersect at the ground surface according to the theory by J. von Neumann. As used in this
paper, regular reflection is restricted to that period in which the strength of the reflected shock
and the reflected angle are uniquely determined by the conditions at the ghock front without being
affected by past history of the ghock.

Sonic Line: The line of points in regular reflection on a PR — 0 plot where the sum of material
and sound velocity behind the shock become equal to the velocity of the intersection of the reflected
and incident waves along the ground. It is to be distinguished from the customary “end of regular
reflection” where regular reflection solutions become imaginary. The sonic line occurs shortly
before this time and in this paper it delineates the boundary between regular reflection and tran-

sition reflection.
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Transition Reflection: The phése:of $he réfqutioﬁ.brocess following regular reflection in

which the incident and reflected shock intersect at the ground, but the reflected angle and reflected
shock depend upon the past history of the shock, and cannot be uniquely determined from the inci-

dent shock strength and the incident angle alone.

MECHANICAL EFFECTS
Dust Loading: The addition of solids (dust, smoke, etc.) to the air, when their mass per unit
volume is appreciable relative to the density of air.

Dust Loading Factor: The ratio of the solids per unit volume to the density of air in dust-laden

air.
Flow Effects: The general category of pressure reduction due to the familiar Bernoulli effect.

Mechanical Surface: A real surface which is non-rigid, rough, and/or dusty but not productive

of a thermal layer.

Surface Viscosity: The mechanism by which the material velocity near the ground is slowed in

comparison with the velocities obtained over an ideal surface in a layer whose depth is of practical
interest for damage. It is distinguished from the usual concept of gas viscosity which is a phenom-
enon of molecular dimension.

Turbulence: The phenomenon in which the flow behind the shock is violently perturbed in direc-
tion by the surface roughness, not in conformity with the flow pattern demanded by the reflection

process over an ideal surface.

THERMAL EFFECTS

i . a . _
Conduction Coefficient: The value of the expression Vahoo' It is a property of the surface com

position in determining the surface temperature for a thick slab when exposed to thermal radiation.

The product of the conduction coefficient and the thermal intensity give the surface temperature at
a given time. It partially replaces the concept of a critical number of cal/ cmz, which is usually
ambiguous in determining the effect of thermal radiation on materials.

Maximum Thermal Intensity: The maximum value of I (t). (See “Thermal Intensity”).

Partial Shock: A wave form in which the initial rise is fairly sharp and is followed by a
rounded-off peak due to the main shock; it characterizes weak precursor action.

Precursor: A marked change in outward curvature of a main shock as a result of strong or
weak precursor action. In practice, it usually means the result of precursor action plus the ther-

mal shock, if any, together with their mutual reinforcement.
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Rise Time: The period of’t;;neffrqm thé.irgigials .zése of the pressure to its maximum value be-
hind the wave. In weak precuréor action it is the interval between the time the shock front is
rounded off and the time when it reaches its maximum. In strong precursor action, the rise time
includes the entire time length of the precursor, plus whatever rounding occurs within the main
wave.

Slow Rise: A wave form in which the pressure rises gradually from ambient; it characterizes
strong precursor action.

Strong Precursor Action: The perturbation occurring in a shock wave in a region in which the

ambient sound velocity at or near a surface exceeds the projection of the shock velocity on the
ground, It is marked by a slow rise in pressure, separated by an appreciable distance in time and
space from the main wave.

Thermal Blow-Up: The postulate in this paper that the thermal radiation from a bomb is suffi-

ciently violent to generate a dust or smoke-laden layer of air near ground surface.

Thermal Intensity: An integral quantity which expresses the effect of the bomb in producing a
rise in surface temperatures. It is defined by I (t) = ft [((:i—?) d'r}/ VT —1. It replaces the usual con-
cept of thermal yield which is considered ambiguous foor determination of surface temperatures.

Thermal Shock: A thermal bldw—up of sufficient violence that a finite pressure pulse could be

observed as a result of the impact of thermal radiation.

Thermal Surface: A real surface which absorbs thermal radiation from the bomb but might

otherwise be smooth and rigid so that the mechanical effects would be at 2 minimum.

Thermal Threshold: The postulate in this paper that the surface blow-up ‘may not occur until

a critical temperature is reached. It usually means a temperature at which the surface begins to
decompose in such a way as to give a marked rise in the volume of the decomposition products.

Weak Precursor Action: The perturbation in a shock wave which occurs in a thermal layer in

which the sound velocity in the layer is above ambient but less than the shock velocity or its proj-
ection along the ground. It is marked by a partial shock front followed by a rounding off of the peak

pressure spike,
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ii, SYMBOLS

a — The thermal absorptivity of a surface. In this paper it is meant to be the average over all
wave lengths, and integrated over the normal components of all radiation within 90° of the
normal to the surface,

A — Sometimes used as the incident angle of a shot.

b — Stefan-Boltzmann constant.

B — Sometimes used as the reflected angle of a shock,

c — Local sound velocity.

Py, po, Toy cg — The quantities — pressure, density, temperature, and sound velocity, respectively,

in the medium ahead of a shock,
P*, T*, U*, co*, etc. — The superscript denotes the hydrodynamic variables in a thermal layer.

Pg, pg, Cg, etc. — The subscript refers to the peak value immediately behind the shock in an ideal

wave form.
Cp - Specific heat at constant pressure,
Cy — Specific heat at constant volume.

— Thickness of a thermal layer.
E; - Internal energy.
Eyp  ~— Kinetic energy.

— Internal energy per unit mass.

m
Ey - Internal energy per unit volume,
f — A general symbol reserved for an arbitrary function of several variables denoted as f (x,
Xgy oo e)e
g ~ The universal gravity constant.
h — Specific heat.
i — A running index.

I1(t) - The thermal intensity (see definition).
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k — The description of a param.e’te}f wliich éqségibés:the pressure behind a shock front of a
strong shock in which 1 — k represents the ratio of the limiting value of the absolute pres-

sure on the interior of the wave to the peak pressure at the shock front.

m — The approximation that the path of the mass particles behind the shock front may be de-
scribed in the form that r ~ t™. It is rigorously defined by m = :—%—: .

n — The coefficient which approximates the rate of growth of the shock coordinate R and the
time t, as R ~ t". It is rigorously defined by n = c(iillx:llt%

p — An absolute pressure.

Pp - Dynamic pressure = % pus.

Py - The peak overpressure behind an incident shock, or free air shock.

P, - The reflected peak overpressure over a mechanical surface.

Py —The reflected peak overpressure behind the shock, P — P,.

Py — The subscript refers to the peak value immediately behind the shock in an ideal wave form.

P;, ~— The reflected peak overpressure over a thermal surface.

q — The coefficient in the power law which approximates the density distribution behind the
strong shock: p =pg (%)q.

Q(t) — Total thermal radiation incident on a surface up to time t.

Qy  — Arbitrary value of calories used to normalize the thermal intensity. It should not be con-
fused with the total integrated cal/cm?.

r — The space coordinate of a particle behind the shock. \

R — The radius of a shock front.

S — Entropy.

t — Time.

T — Temperature.

T, — Temperature of a surface, congidering conduction process alone.

Ty — Temperature in the medium ahead of a shock.

Tr - Temperature of a surface exposed to thermal radiation in which the phenomenon of re-
radiation has been taken into account.

u — Local material velocity.

9] — Shock velocity.

U*  — Shock velocity in a thermal layer.

v — Specific volume.
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Vo  — An ambient specific volume,s § ¢ 3 3 3¢
Vg — The specific volume of a gram of air initially shocked, but now returned to ambient pres-
sure.
Vg - The specific volume directly behind the shock.
w — Hydrodynamic yield.
Y — Thermal yield.
GREEK SYMBOLS
a — Sometimes used as an angle of incidence; corresponds to 6 or A,
Y — Defined here by Ep, = PV/(y — 1); to be distinguished from the customary definition of
v = Cp/Cy.
A — General function denoting an increment.
€ -1/(y - 1).
€ —~1/(yg—1) = 2.5.
€ — The average value of ¢ on the interior of a shock wave, defined by

‘/v‘olume [(7 ‘1?1)] v

E =
f PdV
volume

] — The density ratio across the shock, given by p/p,.
] — The angle between an incident shock and the ground.
o’ — The angle between a reflected shock and the ground.
A — Absorption coefficient for thermal radiation. In this paper it means the average overall

wave lengths.
v — A frequency, usually of light.
] — The ratio of absolute pressure to the ambient pressure just in front of the shock, i.e.,

P/P,.
&g — The ratio of absolute pressures at the shock front.
' — The pressure ratio across the reflected shock.
& — The incident shock pressure ratio.
& — The pressure ratio across the reflected shock.
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Po — Density in the medium ahead of a shock.
Ps — Density at the shock front.
o — Thermal conductivity.
T — A dummy variable for time.
¢(t) — The normalized value of I(t).
5
¥® - Equals 1—:’;

dQ/dt — The rate of energy transport due to thermal radiation. In practice it refers to the average
value from the normal component of all angles of incidence integrated over the entire

spectrum of wave lengths.
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iii. FUNDAMENTAL LAWS

This paper is based on the development of certain well known physical laws which are part of
the standard literature. The symbols are defined in the previous section,
Adiabatic Law: A result of the principle of conservation of energy from the first law of thermo-

dynamics. When gamma is constant it can be expressed in the form:
P =p” const.

Continuity of Mass: A fundamental law of hydrodynamics which demands that there be no

source or sink of mass within the blast wave. It is given by the condition that:

W, .. _
8—t+d1v (pu) =0

For a plane wave this reduces to:

8p  8p du
— 4 = 4+ —_— =
uar ot P or 0

Conservation of Momentum: A fundamental law of hydrodynamics which is essentially the ex-

pression of Newton’s law:

1/{du)
GradP+p(dt)—0

Conservation of Energy: A fundamental law of hydrodynamics which demands that there be no

source or sink of energy within the blast wave at the time it is considered. In its most simple form,

it is given by the first law of thermodynamics:
dq = dE;j + PdV

In practice, it is expressed by the condition that:

ar ot
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Conservation of Mass — Rankiné’—img:onfot Co:nditiors.

A special form of the continuity of mass
which demands that across a shock moving into still air '

poU = p(U - u)

Conservation of Momentum — Rankine-Hugoniot Condition: A derived law which demands that
across a shock moving into still air

(P — Py) = pouU

Conservation of Energy — Rankine-Hugoniot Condition: A special case of the conservation of
energy which demands that across a shock:

l _ - PV _ PV
3 P+ PIVo-V) =y~ 5D

Conduction or Diffusion Equation: The general law that the space-time variation of tempera-
ture within a substance is given by:

T
T+ ==
Kv*T ata 0

For a thick slab of infinite extent in which the depth into the surface is expressed by x, this law re-
duces to:

2T 8T
—— + —_—
ax? ot 0

Inverse R%-cosine Law: A law which expresses the thermal intensity from a point source as
Q (R) ~ (Cos G/Rz) e constant time R

The Rankine-Hugoniot conditions across the shock uniquely determine the relationship between the

peak hydrodynamic variables behind the shock when specified by one of the hydrodynamic variables.
These relationships are exceedingly useful and for convenience are tabulated as follows:

+
Density Compression Ratio: n= “E E+ 61

Shock Velocity:

_ BEETDET
/%o = Y alea—1) - 5]

Material Velocity: wcy = ‘/B(E —71();52(1: —1—)1) - 5)
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Sound Velocity: o/com ?z_ynﬁ' UNCLA
Temperature: T/Ty = ?ILT]E ' |
Excess Energy per Unit
Volume at Shock: Ey = Pg[(Vo/V) — 1] = Pot (- 1) |

Stefan-Boltzmann Law: Law giving the rate of radiation from a black body as

dQ/dt = bT4
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1.1 PURPOSE

The primary purpose of this paper is to provide, as a function of height of burst and horizontal
distance, reasonable estimates for the pattern of static and dynamic pressures achieved from a nu-
clear explosion burst over both ideal and real surfaces.

The paper has a number of secondary purposes. The first of these is broad: to define the
problems connected with height of burst for atomic bombs, and to suggest methods for their solu-
tion by actually carrying the problem from fundamental principles through reasonable completion.

Another purpose is to suggest a number of new theories. A principal one is the theory of sur-
face effects, which refers to the reduction in peak pressure due to effects over real surfaces,
categorized as “mechanical” and “thermal” effects. To define the free air curve results of an anal-
ytic solution for strong shocks is presented. The problem of thermal radiation from an atomic
bomb is considered in some detail and this suggests marked revisions of previous concepts. The
reflection process over ideal surfaces is described in a different fashion. Finally, certain phenom-
ena associated with nuclear explosions are explained. These studies are by no means complete, but
at least show separate parts of the whole problem.

From the point of view of security classification, a requirement seems to exist for a study to
delineate between the types of information which must be considered as Restricted Data, and the
type which can be considered common knowledge, since they can be readily deduced from funda-
mental principles. Another secondary purpose of this paper is to show the great extent to which
the phenomenology from nuclear explosions may be deduced in quantitative detail without recourse
to Restricted Data, and the extent to which information affecting the security of the United States

may be deduced from apparently trivial scattered information concerning actual tests.
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In order to provide reasonably rtlidble data 3or:purpoﬁes of Civil Defense, it is clear that Re-

stricted Data from real bombs should not generally be released. This paper provides data entirely
from non-classified sources. It is the author’s hope that the paper will satisfy a need for fairly

realistic, but unclassified material.

1.2 HISTORY OF THE PROBLEM

During World War II, and even prior to the development of the atomic bomb, an immense
amount of work had been done on blast from small charges by many investigators. J. von Neumann!
pointed out the fundamental fact that the peak pressure could be enhanced by raising the height of
burst, and he provided the theory of regular reflection to describe part of the process. Calculations
for regular reflection were carried out in detail by Polachek and Seeger.? Taub® and Smith* corre-
lated the theory of regular reflection with results from small-charge and shock-tube tests, and in-
vestigated Mach reflection to provide the pattern of reflected pressures on the ground from small
charges over an ideal surface. Pertinent data were also obtained by Halvorsen® and Kennedy® in
the region above the ground and over different surfaces.

Many of these results are contained in Summary Technical Report, OSRD-Div. 2. During the
past few years, Bleakney has made fundamental contributions; he provided perhaps the first satis-

factory empirical free-air curve for small charges; and later conducted a large number of shock-

tube studies which are basic to the understanding of blast phenomena.

This paper is an extension and revision of a number of previous papers by the author, dating
from 1949, and many of the contents have been hitherto unpublished. Very active work on the the-
ory of surface effects was pursued by the author from the summer of 1951 through the summer and
fall of 1952. At that time policy changes at the Los Alamos Scientific Laboratory no longer per-
mitted primary interest in this field, and since then the work has proceeded on a part-time basis.
The principal parts of the theory of surface effects date from the summer of 1951, The theory of
variable gamma and the analytic solution date from 1950; the detailed use of the analytic solution
and application to IBM problem M was done during the fall of 1952 and up to the spring of 1953.
The theory concerning thermal radiation was done principally during the same period, although
parts of it in its present definite form were done as late as the fall of 1953,

This paper is a logical extension of a previous paper, LA-1406, “Height of Burst for Atomic
Bombs,” which was completed in March 1952 but was issued only recently. An author’s note in that

paper contains a comparison with the present paper.

UNCLASSIFIED

APPROVED PGR PUR € REL EA




APPROVED FOR PUBLI C RELEASE

. W UNGLASSIFIED

) < oo e o e o
°
o: ¢ S : . ::
.
o o ee o0 %,¢

1.3 PRESENT APPROACH TO THE PROBLEM

The present paper may be considered entirely theoretical, and the reason deserves some am-
plification. No use is made nor reference given to either full-scale or small-charge tests in the
preparation of the theory and results for this paper. IBM problem M supplies the bulk of the details
for the free air wave forms but this was deduced from straightforward hydrodynamic principles.

The reason for the theoretical approach is partly for security reasons as mentioned above,
but there is a stronger reason in that it divorces the results from subsequent changes and re-
visions in the data as they occur. The theoretical approach has a number of other advantages. If
one professes to know and understand the phenomena, it ought to be possible to carry it through
completion without recourse to data, and the theoretical approach is useful in forcing one to define
all the problems which exist. Understanding is also clearer if no recourse is made to the semi-
empirical approach of pegging the theory to the data; once empirical data are used, it becomes ex-
tremely difficult to separate the rightness or wrongness of the data from the rightness or wrong-
ness of the theory. The theory describes the rules which ought to apply in all cases, especially the
ability to extrapolate to new situations. One does not ask if the data fit the theory, but, fully ex-
pecting that the data will depart from the theory, he finds the most interesting aspect to be the
magnitude of the discrepancies which do occur, because their magnitude then furnishes fruitful

suggestions for further work.
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Chapter 2

THE SHOCK WAVE FROM A NUCLEAR EXPLOSION IN FREE AIR

2.1 DEFINITIONS AND BASIC PRINCIPLES

2.1.1 Statement of Problem.

The purpose of this chapter is to derive and describe the nature of a shock wave from a nu-
clear explosion in free air using only well known principles of classical physics. _

The derivation is independent of either small-charge tests or tests on nuclear explosions. It
is a fair statement that considerably more is known about the fundamental behavior of nuclear ex-
plosions than about TNT explosions. While comparisons with TNT are useful, they are often mis-
leading, if not treacherous, and it is no exaggeration that such comparisons have probably done
more harm than good in the attempt to understand nuclear explosions during the past few years.
Insofar as it appears possible to do so, probably the best procedure is to describe the nuclear ex-
plosion on its own merits without besetting the problem with the vastly more complex phenomeno-
logy of a TNT explosion.

By “free air” is meant the description of a spherically symmetrical explosion in the absence
of any large reflecting surface. The term is not to be confused with the term “free stream pres-
sures,” which is usually used to mean the pressures in a blast wave without the presence of a lo-
cally reflecting surface such as a structure, as distinguished from the locally reflected pressures
near such a structure.

The description and specification of the free air curve is a prerequisite to a discussion of fur-
ther problems. It is the basic framework upon which rest

(1) The reflection pattern on the ground

(2) Scaling of bombs to different energies and atmospheres

(3) Thermal radiation from the bomb
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2.1.2 Shock Process — Rankine-Hdgdniat Equatiimg. o

The steep shock front in the conventional picture of a shock wave intrinsically follows from
the thermodynamic properties of air. Later portions of this paper will deal with the reasons why a
slow rise is obtained instead, and it is useful to consider first the strong requirement for a sharp
shock in an ideal situation.

The process of “shocking up” has been adequately described by various authors, but the fol-
lowing exposition may be satisfactory. Consider an arbitrary pressure disturbance moving to the
right as shown by the left hand full line in Fig. 2.1.2a., The conditions to the right of this pressure
disturbance are a pressure, Py, and an ambient sound velocity, c,. Conditions to the left of the dis-
turbance are specified by the variables, P, ¢, and u, each regarded as a function of space and time.

By definition, sound velocity is given by

(8P
Cc = —_—
V \ep js

where the subscript S denotes that the entropy is held constant, and usually one speaks of this as
an adiabatic change of state. A fundamental property of nearly all materials, and air in particular,
is that the quantity 8P/8p increases with pressure, which is simply the observation that it becomes
increasingly difficult to compress materials the more they are compressed. The sound velocity is
therefore an increasing function with pressure. In the pressure disturbance of Fig. 2.1.2a, we may
regard the pressure wave as composed of pressure signals of infinitesimal amplitudes dP propaga-
ting in the field of pressure P as shown in the figure. During the next instant of time the pressure
signals at high pressures will be propagated forward with greater local sound velocity, ¢, and hence
over greater distances, than the low pressure signals will be carried. The wave form is steepened
as the pressure front moves to the right, as indicated by the dashed line A in the figure.
Superimposed on this process is another which contributes to the steepening. A small volume
of air in the pressure field is subject to a pressure gradient, specified as 8P/ar which, by Newton’s

law, will accelerate the air to the right and impart material velocity to it, according to
89P/or =— (1/p) du/dt

The velocity of air particles to the right increases as long as the gradient is negative (as shown)

and the longer the time; that is

o f (2)a
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Sound signals from within the medm&x a}e prop:gage. fé;'.ward with the velocity, u + ¢, which we

call the hydrodynamic transport velocity. The added component of material velocity, u, again con-
tributes to the steepening, as shown by position B,

This argument for steepening of the pressure wave must continue until the “thickness of the
shock” if of molecular dimensions, when the various definitions for ¢ and u become ambiguous, and
the problem passes from hydrodynamics into the realm of kinetic theory. Because the steep shock
front follows from such fundamental properties of air, it is reasonable to expect that only strong
perturbations could alter the shock front to a slow rise in pressure.

Given a shock front propagating in space, relationships between the various hydrodynamic
variables across this shock front were derived many years ago by Rankine and by Hugoniot, inde-
pendently and with different methods. These derivations are considered well known. It is also
known that the pressure difference across a true shock is one of the sharpest discontinuities in
nature and the shock “thickness” is only a few molecular free mean paths of air. But this sharp-
ness, together with the usual derivations for the Rankine-Hugoniot conditions, has led to the suppo-
sition that a sharp shock front is a necessary condition for the validity of the Rankine-Hugoniot
equations. In the remainder of this section the Rankine-Hugoniot relations will be deduced in a
manner intended to emphasize the fundamental validity of the equations, whether the shock is
“perfectly” sharp or not,.

We first apply conservation of mass to the arbitrary pressure disturbance shown in Fig. 2.1.2b.
To the right of the dashed lines, ambient conditions are specified by subscripts zero. To the left of
the dashed lines the state variables are as shown without subscripts. The middle band labeled “the
shock front” will be a loosely defined region of transition from the hydrodynamic variables on the
right to the hydrodynamic variables on the left, caused by the “shock front” as it passes through
the air. We impose two restrictions on this shock front: that the decay of pressure in the pressure
wave to the left of the dashed lines be sufficiently slow so that there is some meaning to peak
values of u, P, V, ¢ and T; next, that this shock front be sufficiently stable in time or sufficiently
thin in space so the mass within it does not change appreciably in time. The material engulfed by
the shock front in unit time across unit cross section is a column of air u ¢cm long and of density
Pos With mass pyu. After unit time the front edge of the disturbance will be a distance U to the
right, but the trailing edge of the material engulfed will have been carried forward a distance, u,
compressing the column to a length, U — u, with a density, p. Since the mass of the column is un-

changed, we write
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p(U—-uy)= pe U e oo o oo oo . (2.1.2-1)
and speak of this as the Rankine-Hugoniot condition for conservation of mass.
The conservation of momentum is applied to this system with similar restrictions that
momenta stored within the “shock front” do not change appreciably in time. The fundamental state-

ment of Newton’s law is
F= i (mu)

During the passage of the shock over the material, the column of air is initially U cm long, and 1
cm? in area; it is subject to a force P on the left and force P, on the right, and the difference is

P — Py. According to Newton’s law, the time rate of change of momentum is equal to this applied
force. The mass of this material is given by either side of the equation for conservation of mass,
and we take it as py U. Its initial velocity was zero and its final velocity is u so that the change in

momentum per unit time is simply
PoUu
By Newton’s law, we have
P-Py=pyUu ' (2.1.2-2)

and speak of this as the Rankine-Hugoniot condition for the conservation of momentum.

The conservation of energy is applied to this system with a similar assumption that no appre-
ciable change occurs in the energy stored in the shock front. Before proceeding directly we will
use an expression for u which is obtained directly from Equations 2.1.2-1 and 2.1.2-2, by elimina-
ting U; that is,

u? = (P — Py)(Vy — V).

Consider the work done on a unit mass of gas as it is shocked. The material to the left acts on this
unit mass with a pressure, P, and regarding this unit mass as contained in a column 1 cm?, this
unit mass is compressed from length V, to length V. Quite independent of the details in the shock

process, the total work done on the gas by the material to the left of the shock is just
P(Vo-V)

The work is distributed between the kinetic energy and change in internal energy of the air pres-

ently being shocked. Since we are dealing with unit mass, its kinetic energy is simply 1/2 u®. Sub-
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Total Work Done = Change in Inty'rrgél l%nerg:'.+:l§in§§fc Energy

P(VO—V)=AE1+

(P — By)(Vo — V)
2

The change in internal energy of the air as it is shocked is then given by
AEi = 1/2 (P + PO)(—JO - V)

It is a fundamental property of thermodynamics that the state of a material can be specified by
only two independent hydrodynamic variables. In this case we mean that the equation of state must
regard Ej, P, and V as connected in some fashion so that E; may be eliminated from the above

equation. Now it is well known that in an ideal gas
Ei=PV/(y~1)

where v is the ratio of the specific heat at constant pressure to the specific heat at constant vol-
ume. Based on this clue, we suspect that in real gases, y is a slowly varying function of P and V.

Let us do more and simply say we will define a ¥ such that
Ei =PV/(y—1)*

Based on this definition, the internal energy per unit mass before the shock is PyVy/(yo — 1) and
after the shock it is PV/(y — 1). Equating the change in internal energy to the relationships ob-
tained, we find that

PV/(y — 1) — PoVy/(ve — 1) = 1/2 (P + Po)(V — V) (2.1.2-3)

and speak of this as the Rankine-Hugoniot condition for conservation of energy.

In the preceding derivations there is surprisingly little requirement for a sharp shock for the
validity of the Rankine-Hugoniot conditions. The equations for conservation of mass and m.omentum
are independent of any equation of state, and applicable to any medium. Even Equation 2.1.2-3 ap-
plies so long as we define y as we have. From these three conditions a number of exceedingly use-
ful relationships are readily derived. These specify the value of any of the state variables, pro-

vided the shock strength is specified by only one of them. Usually it is convenient to specify the

*This relationship is, of course, well known for ideal gases. The author has independently ex-
tended this formalism and its implications as used in this and in succeeding sections. It is tanta-
mount to the construction of a hydrodynamic system to exploit this fundamental definition of y,
which is often referred to as “variable gamma theory.”
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shock strength in terms of the pressui‘e, or: mor!e geneta!ly, by the ratio of pressures, ¢ = P/P,
across the shock front.
The density ratio is obtained by suitable algebraic transformation of Equation 2.1.2-3 to give,

(+1)P+(y-1) Py (rp—1) ]
(V=1 P+ (n+1) Py (y—1) (2.1.2-4)

Vo/v=

It is convenient to express these in the non-dimensional form by defining a density compression

ratio as 7, and

The equation for 7 has certain interesting properties. For low pressures, i.e., £ — 1, this equation
passes into the ordinary adiabatic law for ideal gases, namely: PV? = constant. However, at ex-
tremely high pressures, namely, { — «, the compression ratio does not increase without limit, as

indicated in the adiabatic law, but reaches a constant limit given by

=@ +1)/(r-1)

The implications of this fact are perhaps the most important of any in the hydrodynamic of strong
shocks for nuclear explosions.

The shock velocity of the pressure disturbance is specified by U and follows immediately from
conservation of mass and momentum. By eliminating the material velocity u from Equations
2.1.2-1 and 2.1.2-2 we obtain

P - P,

2:
VEy=v

V3= PoVo(P/Py —1) _ = BV, (i)‘- 1)q

1-V/V,

In this form the Rankine-Hugoniot shock velocity equation is applicable to any medium, because it
does not depe \d on the equation of state, and can be regarded to be as fundamentally sound as the
principles of the conservation of mass and momentum. If we are dealing with air and define the

sound velocity as

co = V(8P/ 9p)g
then

cd = yPyV,
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The Mach number of the shock is t&e tlmiensuznless q'uzntxty U/c, relative to the ambient sound

velocity ahead of the shock, and related to ¢ and 5 by

2. TI(E 1)

For low pressures in air ¥ = 7/5 and a useful relationship is that

U/co = V(B¢ +1)/17

Some properties of this equation are of interest. At low pressures ¢ — 1, and the shock velocity
degrades into sound velocity as U/cy — 1. At high pressures the shock velocity is roughly propor-
tional to 51/ ® As long as the shock pressure is finite the shock velocity is supersonic, and it would
be hazardous to apply the adiabatic law to a finite shock wave as is occasionally done in attempting
to describe the “slow rise.” Some further insight may now be gained into the process of “shocking
up.” Consider the shock front as extremely broad and, if the very front of the wave were of in-
finitestimal amplitude, it would travel with ambient sound velocity. As derived previously, the
shock velocity equation describes the velocity of the pressure disturbance at the point of pressure,
P; this maximum pressure will travel with supersonic velocities and clearly overtake any acoustic
signal ahead of it, provided the medium is homogeneous and no energy losses are occurring within
the shock front.

The material velocity of the flow immediately behind the shock follows from Equations 2.1.2-1
and 2.1.2-2 as '

= (P — Po)(Vo— V) = PyVy (£ — 1)(n—1)/n

As stated in this form, the material velocity equation is independent of the equation of state and is
applicable to any medium,. Using the relationship for sound velocity as before, we find the ratio of

material velocity to the sound velocity ahead of the shock is a dimensionless number given by

(u/c )2 = (77"‘ 1)(E - 1)
Yo7

In the special case of air at low pressures, where y = 7/5,

5(-1)

WeoS FreET D

This equation has several interesting properties. At low pressures, as £ — 1, the material velocity
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approaches zero. At high pressm;és,jvhére 55—; 5,.. tlig’material velocity is roughly proportional to

Ey’. At high pressures the material velocity is only slightly smaller than the shock velocity, and
the ratio between them is specified by

-1_p-1_ 2

=N
u/U = =
/ 7 1l v+1

We have used the relationship for sound velocity a number of times and, while it is not in-
trinsically part of the Rankine-Hugoniot equations, some remarks are in order regarding its appli-

cation. By definition, we speak of
¢ = Y(aP/op)g
which is rigorous as a definition whether c is the actual sound velocity or not. Following this defin-
ition and using the relationship that the slope of an adiabat on log P — log p coordinates is k,
k = din P/dlnp = (p/P) dP/dp
1t follows that

c = V(kP/p)

which is an equally rigorous expression. If ¢ is to be used in the Rankine-Hugoniot equations, it
will be more accurate to calculate it from this equation than to use a measured value of actual
sound velocity, or to calculate it from the temperature. The usual derivation for sound velocity is
from elementary thermodynamics, with the assumption that the ideal gas law holds in the form

PV = RT, and that

¢ = VyRT
or
¢/co = VT/T,

This expression relating temperature to sound velocity is actually a special case, applicable only

where the ideal gas law applies, and less general than

o= V¥E75 UNCLASSIFED
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2.1.3 Hydrodynamic Relationship.s: o;éthe.Inte;.io;‘.ofEa‘:'Shock Wave

The relationships between pressure, density, and material velocity on the interior of a shock
wave are obtained by straightforward application of the principles of conservation of mass, mo-
mentum, and energy. These are expressed in differential form rather than the direct form as it is
possible to do by the Rankine-Hugoniot relations across the shock front.

The differential equation for conservation of mass is obtained by considering unit volume of
gas as indicated in Fig. 2.1.3-1. The net flow of mass across any of the boundaries is the vector
quantity p ii. The net flow per unit time across all surfaces is given by div (p U). In unit time the

average density of this curve must increase or decrease according to the net flow, and we write

the conservation of mass as
op/ot =—div (p ) (2.1.3-1)

In the special case where the symmetry of the wave permits a description in terms of a single
space variable, r, the conservation of mass is simply portrayed by use of a radius-time graph on
which the path of the shock front and the mass particles may be plotted, as shown in Fig. 2,1.3-2.
The slope of the particle paths in this r-t plane, with linear coordinates is, by definition, the local
material velocity. The spacing between adjacent mass lines graphically portrays the specific vol-
ume of the air.

Some insight into the broad validity of the Rankine-Hugoniot equations may be gained imme-
diately from such a plot. Consider the parcel of air originally bound within the spatial limits
labeled V, on the graph. After time At, when the shock has passed over this material, it will be
compressed in some manner, indicated as arbitrary. Before the shock arrived, this mass occupied
the volume which is proportional to Vy; just after the shock has passed over it, the front of this
layer remains in the same position, but the rear of the layer has been moved forward to occupy the
volume V. Before the shock V, is proportional to U A t. After the shock is passed the same mate-

rial now occupies a volume proportional to (U — i) A t. Setting the mass equal, and using the pro-

portionality
Uat_(T-uat
Vo \'A
we have
po U=p(U-1)
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which is nearly identical to the exp.t:essiox: preﬁmﬁly :{érived from Rankine-Hugoniot relations

oo E
alone. Note that variations in shock or material velocity during At do not deny the validity of the
expressions for conservation of mass, provided we interpret both U and u as average values dur-
ing the time in question.

In the special case of a wave of spherical symmetry, conservation of mass can again be ex-
pressed simply. From the r-t plot, we regard the band indicated by V, as specifying the thickness
of a shell with a volume initially proportional to 4rr? In this case, a general expression for con-
servation of mass can be written as

pr? dr = constant

where dr means the thickness of the mass shell as measured by the distance between two adjacent
mass point lines.

Conservation of momentum is applied by the application of Newton’s law to a particle. In any
type of wave, it is readily shown that such a unit volume is subject to a net force of grad P. By

Newton’s law this is equal to the time rate of change of momentum for unit volume of gas:
Grad P =— p du/dt

The equation applies along a particle path u, so by du/dt we will mean
du/dt =u- su/sr + su/st

This expression for du/dt is readily visualized on the r-t plot as the curvature of a mass line. If
the pressure gradients are high the curvature is great; when the pressure gradient is low the
curvature is small, and the mass motion lines are effectively straight on a linear plot.

The conservation of energy is applied on the interior of a wave through a customary assump-
tion that after the passage of the shock the subsequent changes are adiabatic, and the entropy re-
mains constant. This is sometimes written as

dS 8S  8S_

— =gy —+ —=

dt ar ot
meaning that the entropy is constant along a particle path u. The alternate form of this expression,
namely, P = pK. constant, is an equally valid expression along this path. It will be observed in the
preceding equations that the form of the equation for conservation of energy is the only expression

which is not valid when radiative transport occurs. If either pressure P or density p are specified

on the interior of the wave, the other value is determined by
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where k is the slope of the adiabat in the equation of state (usually y) and Pg and pg are the shock

values for the mass particle in question.

2.1.4 Entropy Change ‘Across the Shock Front

The entropy change across the shock front, as demanded by the Rankine-Hugoniot relationships,
has important implications when coupled with the adiabatic expansion of the same material after
the shock has passed.

The compression at the shock front is given by

_BEs*1

= .1.4-
£s o (2.1.4-1)

s

During the subsequent expansion the adiabatic law is assumed to hold, so the final pressure and

density can be written in terms of the shock front values by

y
Pfinal =<mea1 ) (2.1.4-2)
Pghock Pghock,
or
1
e =1s (/8s) ™" (2.1.4-3)

If the final pressure returns to Py, £ =1, and inserting the relationship for ns we obtain

_bEs + 1 1/y -
M (1/&s) (2.1.4-4)

For air shocked at low pressure, recall that ns approaches Esl/ Y meaning that ¢ — 1, and the
material returns to its pre-shock density. At high pressures, however, ¢ ~ (1/¢ s)l/ Y This
means that if the particle was originally shocked to a high pressure, even though the material
finally returns to ambient pressure, the final density is very much smaller than the initial density.
It follows from this that the final temperatures of such air are very high even though it returns to
normal pressure.

By an expansion of the adiabatic law and the Rankine-Hugoniot energy relationship it can be
shown that the difference between them is only a third-order difference. As a consequence, the
hydrodynamics of weak shocks, like those of TNT, are not seriously altered by the entropy change
across the shock front. Once the pressures become high enough, as in a nuclear explosion, the

changes rapidly become profound.
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It is this entropy change acz'q,és ﬁle shocla frdat %hich gives rise to the most spectacular fea-

ture of a nuclear explosion, namely, the fireball itself. Because of the presence of such a fireball
one knows without further experimentation that a non-adiabatic change such as the Rankine-
Hugoniot relationship must indeed have occurred at the shock front during its strong shock phases.
It is this violent residual heat which gives rise to a principal effect from a nuclear explosion,
namely, the thermal radiation. As the author delights in telling his colleagues who specialize in
thermal radiation, the thermal radiation from a bomb is only the garbage left behind the shock
wave.

Fuchs applied the concept of “waste heat” to this phenomenon, and for many years it has been
taken for granted that this “waste heat” accounted for a presumably reduced blast efficiency from

atomic bombs in comparison with TNT, and a large-scale “partition of energy.” As will be shown

in detail, this heat is not entirely wasted, even to the blast wave. Because of the high final tem-
peratures and correspondingly larger final volume of the late fireball, conservation of mass would
demand a greater average compression, and higher average pressure, for the air between the fire-
ball and the shock than from a cool inner core. One could then argue with equal plausibility that the
shock front pressures are enhanced by the fireball. When the failure of the ideal gas law is taken
into account it is found that a greater total hydrodynamic energy is actually required for an explo-
sion in air to give the same shock front yield as an explosion in gas of ¥ = 1.4, but this is not

waste heat per se. The energy per unit volume is P/(y — 1) and it happens that the air in the late
fireball has values of y like 1.18, so the energy density is more than twice that for the ideal case.
In other words, the failure of the ideal gas law involves as much energy in the fireball region as

an overpressure of more than 1 atm of ideal air.

2.1.5 Similarity Solutions for Strong Shocks

An approximate solution for the propagation of a strong shock in air has previously been given
by a number of authors, such as Taylor, von Neumann, and Bethe.

The details of their derivations will not be repeated here but an essential feature involves the
constancy of the compression ratio 7 in the limit as { — ». Under these conditions certain simi-
larities exist in the expressions for the hydrodynamics which in turn permit a Taylor similarity
condition usually specified by the statement that for strong shocks

P~1/R?

13 s UNCLASSIFIED
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On the basis of this similarity gonditign, Bg{h¢ pofqied out a fundamental characteristic of the

radius vs time curve for a strong shock, sometimes referred to as the 0.4 power law., The deriva-
tion was based on simple, dimensional considerations as in the following five steps. By the shock
velocity relationship in Section 2,1.2, observe that
1. U~p”~
From the similarity condition, we have
2. P~1/R}
Since by definition, U = dR/dt it follows that
3. U=dR/at ~1/R%
Multiply through by R’Z to obtain
4. R%dR~dt
This is readily integrated (the constant of integration is zero because R = 0 when t = 0) to yield

5. RZ~torR~th

In other words, if the log of the shock front radius is plotted against the log of the time, the shock
front would appear as a straight line of slope 0.4.

The author has shown previously in a number of papers that this derivation is not exact for
strong shocks for a variety of reasons. With regard to the first step in the derivation, the variable
gamma theory shows that the relationship is more exactly

Yy
1 U~<”+1p)
2y

In this case there is a slight dependency of the shock velocity on v as well as P so that the variation
of U with P is close to, but not quite like, the 1/2 power,

The similarity condition which yielded the dependence of the pressure on the cube of the radius
is not strictly applicable. If there is any quantity which ought to decrease with volume in a point
source explosion it will be the energy density per unit volume rather than the pressure. By the
definition of v in this paper it follows that if we regard v as some sort of average value at a given

shock radius,

E; ~ P/(y-1) ~1/R®
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2 P~ (y—1)/R}

Upon combining this relation with Step 1, the third step is replaced by

2 v
. [ -1 1
3 dR/dt ( - )

Now the dependence of shock velocity on 4 is considerably more serious because of the presence
of the term 7* — 1, especially because y i8 a number usually not far different from 1.

A further difficulty is now recognized in Step 4. If 7 is not a constant, then the preceding ex-
pression cannot be integrated directly but must be performed in some complex fashion, depending
upon the variation of ¥ with R at the particular state of the air being shocked.

The fifth step has a further difficulty, stated as follows: One cannot profess to know the func-
tion R = R(t) unless one knows the entire history of dR/dt starting from zero time. As it turns out,
the growth of the shock wave is such that the dependence of R on t from zero time is not governed
entirely by the Rankine-Hugoniot equations, and the dimensional arguments leading to the 0.4 law
are not applicable.

During a very early stage of growth, Hirschfelder pointed out (see Effects of Atomic Weapons
(EAW)) that above a temperature of approximately 300,000°K the energy propagates outward by dif-
fusion of radiation faster than it can be propagated by shock hydrodynamics. Several years ago,
the author showed the consequences of this fact that during very early times the shock radius is
considerably larger than it would have been had it propagated by shock hydrodynamics alone. This
effect might be conceived simply as adding a constant increment to R during later stages of fire-
ball growth. It decreases the slope of the radius-time curve on logarithmic coordinates to values
like 0.1 during the radiative phase. This perturbation persists for a remarkably long time until
the increment in R is small compared with R itself and extends well into those times when the
shock front is no longer luminous, around 100 atmospheres.

Asg will be discussed later, similar mechanisms of radiative transport persist on the interior
of the shock long after the shock front itself has ceased to propagate by radiative expansion. This
additional mechanism for energy transport will perturb the shock hydrodynamics on the interior,
and will transmit energy to the shock front in a different way from bomb to bomb; this partially
negates the simplicity which might have resulted from simple scaling in the absence of such radia-

tive transport.
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Finally, in all explosions, es;)é::i?illy :fhose:frcz)fn Tﬁ.T, there is a period during which the mass
of the bomb parts or surrounding material is not small in comparison with the mass engulfed by
the shock. Since the energy density or the temperatures on the interior of the shock are strongly
governed by the mass engulfed rather than simple volume considerations alone, the result is that
the average pressure in the fireball and at the shock does not scale like 1/R3 even apart from the
considerations of variable y or radiative transport. Under the conditions of large mass effect the
slope of the shock front will be approximately 1.0 if radiative transport is also present.

The purpose in discussing these perturbations here is to show that the departures from simi-
larity are too great to be neglected in the attempt to compare different explosions at high pres-
sures. Radiative transport, mass effect, and variable gamma represent competing mechanisms,
which differ from one explosion to another, so there is never a region in which the slope n can be
regarded as constant, or in which P ~ 1/R? strictly applies. It requires, of course, a long and dif-
ficult process to predict how long these effects persist, but the best procedure seems to be to de-
rive, if possible, the rate of growth of a strong shock without recourse to similarity assumptions

or scaling laws. This is done in the following section.

2.2 ANALYTIC SOLUTION FOR STRONG SHOCK

This section describes briefly the results of a derivation which expresses the total hydrody-
namic energy of a blast wave in an analytic form from a measurement of the radius of the shock
front at various times, together with its time derivatives, but without recourse to similarity as-
sumptions.

The purposes of presenting the results here are fourfold. First, they provide some insight in-
to the general nature of wave forms behind the shock front. Second, they provide the basis for
scaling laws to transpose results from one homogeneous atmosphere into another and, to a limited
extent, some insight into the perturbations to scaling which will result when an explosion occurs in
an inhomogeneous atmosphere. While these laws have been derived previously from dimensional
considerations, the derivation here is more explicit. The third point is this: from theoretical con-
siderations one expects a definite failure of the ordinary simple cube root scaling laws at high
pressures and this failure may persist on some bombs down to pressures low enough to be con-
sidered of practical importance. These failures in scaling are believed to be too serious to neglect
in an exposition of shock hydrodynamics, because of the shock’s “memory” of its early and very

different history, not only from TNT explosions but among nuclear explosions as well. Finally, we
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will use this solution to evaluate the egerfy iny réachia® solution to the blast wave, and thereby
establish the “free air curve” for an atomic bomb, which in turn is the basic framework upon

which are based all the reflected pressure patterns of widespread practical importance.

2.2.1 Definition of the Hydrodynamic Kiloton
We define

1 hydrodynamic kiloton = (47/3) 10 ergs
since

4r/3 = 4.1888
and the mechanical equivalent of heat is such that

1 cal = 4,185 joules

It follows that the hydrodynamic kiloton is effectively 10'? cal, which is identical to the radiochemi-
cal kiloton of 4.185 x 10!? ergs, quoted in “Effects of Atomic Weapons.”
The hydrodynamic or radiochemical kiloton is equivalent to the supposed energy release of a

kiloton of TNT in only a very rough way because the energy release of high explosives under these

or other conditions may not be known with sufficient precision. So far as the author can determine
from the folklore at Los Alamos concerning the origin of the “kiloton,” it seems that the energy re-
lease of TNT was taken, in round numbers, to be 1000 cal/gm. Under this very rough assumption
the kiloton of 10!? cal is 1000 metric tons of TNT and not 2,000,000 1b of TNT. However, the radio-
chemical kiloton was always defined by an energy release in ergs, and never dependent on the ac-
tual energy release of high explosive.

By hydrodynamic energy we mean the energy which is determined from the state variables of
the air and bomb material within the shock front, namely, pressure, density, temperature, and
material velocity. When so determined, the hydrodynamic yield is close, but not necessarily iden-
tical, to the radiochemical yield. The radiochemical yield should pertain more nearly to the en-
ergy release of the nuclear components of the bomb from known nuclear reactions, and the trans-
lation of these numbers into blast phenomenology requires a long train of intermediate calculations
and estimates which involve the energy per fission, the processes by which nuclear energy is first
transformed into radiant energy, and then into hydrodynamic energy. There is no guarantee that
these processes are exactly similar for all sizes and types of weapons, so it appears preferable to
describe the blast wave on the basis of the total hydrodynamic energy present after these trans-

formations have occurred.
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2.2,2 Variable Gamma Theory ®e° ot o e oo o0°

As a prerequisite to the derivations in the analytic solution, we require a formalism which is
adequate to treat air in which the ideal gas law does not hold. We refer to this treatment as vari-
able gamma theory.

The whole of the variable gamma theory rests on exploiting a simple definition for gamma.

We define a gamma such that the internal energy per gram is
E;=PV/(y-1)

For the moment we will assume no properties of gamma other than this definition, although it is
clear enough that at standard conditions it will be, as usual, the ratio of specific heats. The details
of the derivations in the Rankine-Hugoniot equations using this formalism will not be repeated here
and only the salient results are given.

The adiabatic law becomes:
dP/P+ vy dV/V—dy (y—1)=0
which can be integrated for small changes as:
PVY = (y — 1) constant
instead of the usual expression for constant y:
PVY = constant
The compression ratio across the shock front is related to the pressure by

y+1\ P
:<Y—1)Po+1:#5+1

TP w1l Evn

Py »-1

Here it will be observed that in the limit £ >> 1, the expression is identical algebraically to that in
which y is a constant. Of particular importance is the fact that, as ¥ approaches values like 1.18
for strong shocks, compression ratios as high as 12 are achieved where one might have expected a
maximum value of 6 under the assumption that = 1.4.

The equation for shock velocity becomes

sl (E=D(E+D)
(U/e” = g 76 = 1) —1/iye = 1]
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For £ >> 1, this reduces to R
(U/co)? = [(7 + 1)] ¢

The equation for material velocity becomes

208 - 1)[t/(y—1) = /(v — 1)]-
'y +1

(ll/co)2 =

Yo §+1

This formalism has found wide application for a number of years since its first appearance in
LA-1214. On the basis of lengthy theoretical calculations by a number of authors, it is possible to
calculate the effective values of y for air for large changes of the state variables. These results
were correlated by the author and are presented graphically in Figs. 2.2.2-1 through 2.2.2-4. It is
of particular interest to note that despite the changes in the equation of state, the appearance of
these graphs is not markedly different from what would have resulted from the assumption of con-
stant 7. The adiabats are nearly straight lines with slope of nearly 7, instead of being parallel
lines of slope 1.4. The isotherms are not straight lines of slope 1 but do not depart very strongly
from that condition. Note now a feature of these graphs which will be of importance later. Near
normal atmospheric pressures, ¥ decreases markedly as the density decreases (and the tempera-
ture increases). This means that much larger quantities of energy are contained in unit volume at

normal pressure but small density than would be required if the ideal gas law held and y = 1.4,

2,2.3 Wave Forms Behind the Shock Front

The details of the analytic solution will not be repeated here but the main outlines for the
derivation are as follows:

An intrinsic property of a strong spherical shock is a sharp density gradient behind it, for as-
sociated with the high shock pressure is a material velocity entirely comparable in magnitude to
the shock velocity. Because of spherical divergence, the rapid movement of material outward from
the center causes an enormous drop in density, and a corresponding drop in pressure because of
the adiabatic expansion of each air parcel. Any reasonable mathematical description of the wave
form will show this characteristic high pressure and also density gradients near the shock front.

As we now look at material successively closer to the center, the initial shock pressure asso-
ciated with each particle rapidly increases and, because of this, had a higher entropy change initi-

ally and has greater residual temperatures now. This in turn leads rapidly to states of gas in
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which radiative transport of energy.(iﬂitilfly :o;ver)gi.de;si hi(}iodynamic transport, for, apart from de-
tails, the mean free path for radiation goes roughly as T® and inversely as p. The hydrodynamics
alone will almost guarantee that pressures will be fairly uniform on the interior of the wave, be-
cause once the violence of the initial shock has passed, pressure is a self-leveling variable in the
sense that pressure signals always propagate from regions of high pressure to regions of low pres-
sure. If the pressure wave form is somewhat flat, near the center, the ideal gas law would require
the density to be inversely proportional to the temperature, ahd an overall dependence of mean free
path would be something like the inverse fourth power of the density. Toward the interior of the
fireball, the ratio of radiative transport to hydrodynamic transport has an enormous power depend-
ence on the radius, and will almost guarantee that pressure, density, and temperature will be uni-
form at a given time within this region.

It is this radiative transport on the interior of a strong shock which strongly controls the
propagation at the shock front, guarantees a sort of uniformly in the core (which may be very
close to the shock front), and constitutes a “pusher” behind the shock by sending hydrodynamic
signals across the relatively short distance from the isothermal sphere to the shock front.

As a result of this radiative transport on the interior and the likelihood of fairly uniform den-

sity near the center, it can be shown that the material velocity wave form is of the form
u~r

and to the extent that the isothermal sphere is close to the shock front
u = ug(r/R)

Given a shock at radius R, conservation of mass over the entire fireball places a restriction
on the density distribution of material within it. One knows the density at the shock front from the
Rankine-Hugoniot equations which we specify as pg. From the entropy considerations discussed in
Section 2.1.4, we know also that the density at the origin should be effectively zero. To a first ap-
proximation we will specify a power law dependence such that the density p at a position coordinate

r is given by:
p =ps(r/R)2

By applying conservation of mass to the entire shock, one obtains the result that the exponent q is

given by:
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where M is the mass of the bomb and M’ is the mass of air engulfed. Since it is no secret that
atomic bombs are carried by aircraft, it is easily verified that M/M’ = 0 for nuclear explosions at
almost all pressures of interest. Rigorously, q varies with r, but the expression obtained gives the
correct average value of q. The simplicity of the equations and the accuracy of the final energy ex-
pression depend greatly on the fact that q has high values, ranging from 15 to 33.

As a consequence of radiative transport and the density distribution on the interior of the

shock, the relation between material velocity and distance is
u=ug (r/R)

By hydrodynamic transport of energy alone, this relation would not strictly hold, but the pres-
ence of radiative transport on the interior of the shock appears to perturb the hydrodynamics in
such a way that this equation does hold. Moreover, the final energy expression is not sensitive to
the exact form of the velocity distribution. If a body of gas is allowed to expand in such a way that
the pressure, density, and temperature at any time are uniform, then this direct proportionality of
velocity with radial distance necessarily follows. It is of interest to note that this velocity distri-
bution is precisely the same as is given in the concept of an expanding universe: At the reference
point all other points appear to diverge from it with a velocity proportional to the distance from
the reference point.

One can now do more., With the observation that the compression ratjio across the shock front
is not strongly dependent on the shock pressure one can conserve mass locally in the regions near
the shock front. Under these conditions the density gradient at the shock front is again specified by
a power law with exponent q which is identical to the expression previously derived for conserva-

tion of mass over the shock front as a whole, namely
M
Q=3 (s - 1), g5 =0

It is this coincidence that gives credibility to the density distribution assumed, namely, that the
density is correct at r = 0, at r = R, that its integrated value is correct, and that its first deriva-
tive is correct at the shock front.

The pressure gradient behind the shock front is then derived from the relationship
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= pg(r/R)4
u =dr/dt = mr/t
m(t) = dln r/dIn t
n(t) =dln R/din t

After integration,

p=fgdr

and evaluation of the integration constant by ¢ = £ at r = R, the pressure wave form is given by

£=ts [(1 ~K) + (%)W]

where k is the expression
-1]1 dlnm
=48 " =1 -2
k q+2 [m(l dlnt) 1]

Nis
m =n
(Tls“l)

This pressure variation is of considerable interest because it shows that the pressure drops very

sharply behind the shock, because of the power q + 2. It rapidly settles down to a constant fraction
of the pressure at the shock front given by 1 — k. It will be observed that the value of 1 — k depends
on 7g, M/M’, n, and din m/dln t at the shock front. It is this fundamental variation in the shape of

the wave on the interior, through the dependencies, which prohibits the assumption of simple simi-

larity scaling in the hydrodynamics of strong shocks.

2.2.4 Energy Expression for the Shock Wave
Given the variation in pressure, density, and material velocity as specified in the previous

section, one writes the energy in the wave as
W= [(Ej +EL)dV

where E;j is the internal energy per unit volume and Ey is the kinetic energy per unit volume and

the integration is performed over the entire volume of the blast wave. After these operations have

been performed, an expression for the energy is obtained in terms of the shock strength ¢(g, and

the radius R
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Here Z is a function of n, 7g, and € given by

oy . 3Tk 3(ge—1) - ¢
=€ k)+q+5+2(q+5)+Es-—1

where € is the average value of 1(y — 1) on the interior of the wave, and T is the sum of all the con-
stants resulting from the integration of energy over the volume of the blast wave. The significance
of the various terms in Z is as follows. The first term involving 1 —k is the energy represented
by the flat portion of the pressure wave on the interior of the fireball. The next term involving 3
€ k is the internal energy in the pressure peak near the shock front which is above the flat portion
of the portion of the pressure wave. The third term involving 71s — 1 is the contribution by the
kinetic energy to the total energy within the shock front. The final term involving € — € is a small
correction resulting from the fact that the equation of state of air has been modified from that
which applied under ambient conditions, and this term rigorously allows for the difference in en-
ergy involved by subtracting out the initial energy density Py/(y, — 1).

The expression for the energy can be numerically improved by removing the strong variation
of both R? and &s since their product varies slowly. One performs the transformations necessary

to relate shock velocity to shock pressure and uses the relationship
U =nR/t

The energy can now be expressed solely in terms of the radius-time curve, by

ans

W = py [—tr F=pyn?y’F
2

y=R/"

F=(—————”s"1)z
s

The first logarithmic derivative of R is contained in n and F and implies the second derivative as
well,

It should be pointed out that in the expressions, as they stand, no explicit use was made of the
Rankine-Hugoniot energy equation in the final expressions of the analytic solution. The transforma-
tion from shock pressure to shock velocity is the same expression given in Section 2.2.2 and in-
volves only the conservation of mass and momentum. In a practical case, one can resort to the

Rankine-Hugoniot energy relationship to specify the dependence of 7s on ¢g. In principle, however,
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with a measurement of radius and t1me Tﬁfs .r;leasurement is easily accomplished by a measure-

ment of the material velocity behind the shock concurrently with the shock velocity. Then, in turn,

7s is specified directly by the ratio of material velocity to the shock velocity through

wu="18"2 1
Ns

without use of the equation of state.
If an approximation is desired for expressing the radius-time curve of a strong shock, one

suspects from dimensional considerations that instead of n = 0.4, it would be better to use m = 1/3,

=1/ us
" 3(ﬂs-1)

In such a case, n would vary from

whence

n=0,36 where 79g=12
through

n=0.4 where 7s=26
and

n=0.5 where 7g=3

This is apart from the early radiative growth, where we expect an early dependence like n = 0.1
and mass‘effects where the early dependence is like n =1,

We can now explicitly tabulate the failure of the similarity condition P ~ 1/R? by the observa-
tions that

(1) n and hence y are not constant with time;

n can vary from = 0.1 to =1.0.

(2) ns is not independent of the pressure but varies from 12 to less than 4, because of changes
in the equation of state.

(3) € is not independent of the pressure but varies from 2.5 at low pressures where y = 1.4, to

a maximum value of = 5.5 near several hundred atmospheres.

(4) There is only the suspicion, but no rigorous proof, that dln m/dlIn t is zero.
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The W scaling law is perhaps the most widely known law in blast hydrodynamics. The basis
for the law lies in strong shocks and its limitations are explicit in the energy expression in the
analytic solution.

The form of the equation which relates pressure and radius to yield is the direct evidence that
it is possible to separate the variables into groups of dimensionless numbers, (g and F, as sepa-
rate from the space dimension R%. This means, if we regard £g as an invariant in describing dif-
ferent bombs of different yields, and if F were also uniquely related to £g on all bombs, then in the
same atmosphere, W/R?3 is also an invariant. This simple scaling law does not apply solely to
pressures; through the hydrodynamic equations the other hydrodynamic quantities can also be ex-
pressed in terms of £g as the invariants, pg/py, € /¢o, u/cy, T/Ty. These latter expressions are
equally valid as hydrodynamic invariants in the scaling law. Because velocities are invariant, it
follows that time should also scale like W%. The complete statement for the scaling law is as fol-
lows: Given bombs of different yields in the same atmosphere, all details of the wave forms both
in space and time, will scale like Wl/’.

In transposing the results of an explosion in one homogeneous atmosphere to another homo-
genous atmosphere, the pressure is also introduced in the scaling. The dependence of this result
on pressure is now well known; it was derived independently by Suydam and Sachs. Their conclu-
sions were based essentially on dimensional considerations of the invariance of the hydrodynamic
equations under certain transformations of the state variables. The analytic solution expresses
the same relationship somewhat more explicitly. If two explosions are similar in all respects, in-

cluding the variations in n, v, and din m/dln t, the F’s will be identical at the same given value of

ts. This means that the quantity (W/P,R%) is also invariant. The rule is best applied by regarding
the quantity (W/ Po)l/3 as the energy invariant with Py, expressed in bars if the original curve is in
bars. By the same token, if the quantityf(gis an invariant, we mean that the overpressure expressed
in local atmospheres is also an invariant. In scaling from a high pressure atmosphere to a lower
pressure atmosphere it follows that distances will be increased, but pressures will be reduced. It
is easily verified that the result of these transformations makes no difference in the overpressure
vs distance curves in those regions where P ~ 1/R’, but makes substantial difference when P ~
1/R. In the limits as Py — 0, it is easily verified that, while a given pressure ratio occurs, at in-
finite distance, the actual overpressure anywhere is zero; this is consistent with the intuitive judg-

ment that no blast wave can occur in a vacuum. In such a different atmosphere the velocities are

.:,n-:g‘;v\';‘—\
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invariant if they are expressg& sn rati.os to'amb1ent :;ound velocity or to a similar quantity such as
VP,V,. This means that the qu:mt;;y t/co s::;l:e; like (W/Pg s or that, in comparing different explo-
sives with different atmospheres, times will scale like 1/¢q (W/ Po)/a. In a very cold atmosphere

the time durations will be considerably longer than those obtained solely from (W/ Po)l/3 correction.

There are further difficulties, however, in scaling to very different atmospheres. These are
occasioned by changes in the equation of state, and the dependence of the energy expression on n
and F. The temperature invariant is T/T,, so all temperatures behind the shock are reduced as
T, is reduced. This changes the value of y in the shocked air, at similar ratios of £g, with corre-
sponding changes in n and €. For a cold enough atmosphere, y might remain near 1.4, and the
changes in € would alone make a difference of more than 2 in F, and give the same scaled peak
pressure-distance curve with only half the total energy. Moreover, the effect of radiative trans-
port in supporting the strong shock is likely to be quite different in, say, a cold but very rare at-
mosphere, and will result in corresponding changes in n.

These effects will persist down to pressures of practical interest, for once the shock becomes
weak (£g = 3), the region near the shock front becomes hydrodynamically independent of the in-
terior. Even if two explosions scale by (W/P,) to the same curve at sea level over a range of weak
shock pressures, this is by no means a guarantee that the hydrodynamic energy is the same.

The facts that W/ P, scaling alone does not lower the overpressure at altitude for strong
shocks, and that changes in the equation of state can raise the overpressure, for a given energy
content, suggest that a change to a rarer, but very much colder atmosphere, would actually raise
the overpressure vs distance curve. At long distances, of course, W/P, scaling demands a lower-
ing of the overpressure vs distance curve. Hence, one says there is a region of high enough pres-
sures where the overpressure curve at altitude is higher than at sea level; there is a cross-over
point at some pressure level, and below this the overpressure curve lies helow the sea level curve.

Without recourse to detailed calculation, one can estimate the point at which the overpressures
at altitude cease to be higher than those at sea level, from a plot of log Ps vs log R plot, as in Fig.
2.2.5-1. Assume that the equation of state at altitude increases by the factor Fg/F, = é:l_m!%'
because W and F are roughly proportional to € this is simply a horizontal shift by (Fg/ Fa). At
the same time, W/P, scaling will move points downward by Ps/P, and to the right by (Ps/ Pa)l/’.

In general, high altitudes are also cold and, since € is largely a function of temperature, (Fg/ Fa)%

is expected to be a shift to the right. Over a region in which the overpressure could be described as

Uhm RN Fifﬁ
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the geometry now gives the cross-over point as occurring where

log Pg/Py,
1 ¥
log (Fg/Fa)” + log (Pg/Py)

n=

which yields

log Fg/Fa _38-—n
log Ps/P, n

While great detail is required to relate F, Pg/P,, and n to satisfy these equations, some features
are clear. For high pressures, n = 3, (W/P,) scaling transforms points along the curve itself, but
a subsequent shift to the right of F increases the distance at which a given overpressure occurs.
Hence we say that at high pressures the distance at which a given pressure occurs will be (Fg/ Fa)%
times larger, and the pressure-distance curve is raised. At low pressure, n < 3, the net decrease
due to (W/P,) quickly overrides the net increase due to FA. A cursory examination of the equation
of state in Figs. 2.2.2-1 to 2.2.2-4 shows that F increases in the order of 5% for (Pg/Pa) = 10 or at

0.1 standard atm. Insertion of these values gives

log 1.05

log 10 =3/(n~1)

or
n= 2,93

Now n = 2.93 corresponds to high pressures like 100 atm, near the sea level fireball stage, and to
this extent one expects the pressure-distance curve to lie below the corresponding sea level curve,
below a pressure ratio of 100 or, for P, = 0.1 Pg, at 145 psi overpressure. To choose an extreme
in which ¥ = 1.4 throughout, the ratio of F has a limiting value of about 2. At very low pressures

n = 1, whence

log 2 =9
log Ps/Py
B, /Pg = V2

and for all such atmospheres in which P, > 0.707 Pg, the pressure-distance curve will lie above

the standard curve. From these considerations we conclude that, in general, the shift to a rarer
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atmosphere will raise pressures Eii:ghl:'ly at hiés pi‘eseilu:es, and decrease pressures at low pres-
sures. Unusual ambient conditions can be assumed in which the pressure-distance curve lies

above the corresponding curve at high shock strengths, but for homogeneous standard atmospheres,
the cross-over point from highness to lowness probably occurs well above pressures of practical
interest.

In an inhomogeneous atmosphere the problems of scaling are very much more complex and it
is doubtful that any simple analytic expression can ever be derived which is universally applicable.

The problem has been treated previously by Fuchs, but he assumed no angular flow of energy
and has treated the problem at best semiacoustically. The neglect of refraction effects and early
history are fundamental limitations on the method, and in general it predicts lower pressures at
high altitudes. Occasionally the problem has been treated by acoustic refraction methods; the diffi-
culty here is that the hydrodynamic transport of energy is quite different from the propagation of
acoustic signals; this method leads generally to pressures “higher than expected” at altitude.

Rigorously, each case ought to be treated separately, and this probably requires a difficult and
at least two-dimensional integration to derive the wave form as a function of the atmospheric pa-
rameters at different angles as well as the distance from the bomb. Even an approximate deriva-
tion is too lengthy to present here in detail and is more properly the subject of a separate paper.
The general features of such an estimate are indicated below, where a solution is suggested which
does not require a detailed machine integration.

During the strong shock phase of an inhomogeneous atmosphere, the absolute pressure at the
shock front strongly tends to be constant at the same time, for, if a pressure gradient existed along
the shock, this pressure gradient would in itself accelerate a flow of material in a direction to re-
lieve that pressure. The mechanism of radiative transport extending in close proximity to the
shock front also guarantees a uniformity of temperature within the fireball, and this is the “pusher”
or flow of energy necessary to support high pressures at altitude. This strong tendency to equalize
the absolute pressure means that the overpressure in the rarified portion of the atmosphere could
actually be higher at a given time than the overpressures in the denser portions of the atmosphere.
But the gravity head at altitude will limit the pressures to the statement that “at least the over-
pressure” will be constant at a given time. In either case, because of the higher pressure ratio in
the rarified atmosphere at altitude, the shock velocity there will be correspondingly higher and usu-

ally will exceed the shock velocity in a denser, but hotter, medium near the surface through

U= co‘/(6 Pg/Py) + 7 = co Y[6/7(Pg/Py)] + 1
7
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For an adiabatic lapse rate, with y + 128, & ~ I;OV 18eTo e extent that 6P¢/P, >> 1, this means
5,
U~ pol/'l. po‘l/z,v Py Aa

Therefore, for strong shocks, shock velocity increases with altitude, despite the lower sound veloc-
ity. Along any ray, R= fol U dt, and this means that the shock radii are greater at altitude than on
the surface. The shape of the shock front can be carried forward in integrated steps along differ-
ent rays as long as the condition for equality of overpressure is valid.

Similarly, the rate of work per unit area by the shock is W= Pu, and by similar arguments on
u, as used for U, it will follow that W is higher at altitudes than at the surface.

This constitutes a preferential flow of energy towards the regions of lightest density, just as
it does at any interface, like the ground. The concept should not be thought of as “blowing a hole
in the earth’s atmosphere” with a sufficiently large bomb, because such a dire phenomenon would
require an explosion of such magnitude that the material velocities at, say, 200 miles altitude
would exceed the escape velocity from the earth, which is in the order of 7 miles'/sec. In such a
case it is doubtful if there would be much further earthly interest in the validity of scaling laws in
an inhomogeneous atmosphere.

Eventually, at low enough pressure, shock velocity becomes sonic, (6/7)(Ps/P,) — 0. We reach
a pressure level where the low value of ¢y overrides the higher pressure ratio, and not until then
does the shock at altitude slow down to give the same radius at the same time and overpressure.

Once the shock ceases to be strong, the region near the shock front becomes detached hydro-
dynamically from the interior and by this time the fireball is no longer a mechanism for keeping
the pressure uniform behind the shock. There is still sidefeeding of energy which persists for
some time, because u + ¢ > U at the shock, and some idea of its importance is gained from con-
sidering the lateral angular spread for which hydrodynamic transport velocity can influence the
shock. Figure 2,2,5-2 shows the construction and this lateral angle. From these results one judges
that lateral feeding persists down to fairly low pressures like 0.05 atm. with a corresponding tend-
ency to keep overpressures fairly uniform. This is the concept which replaces the concept of
acoustic refraction.

Once the possible angle for lateral feeding becomes small, the shock can propagate without the
requirement for uniform overpressure along the shock front. The subsequent decay of the shock
can then be calculated by a method using the integrated results of the ordinary spherical problem.

Since the shock front is locally detached both radially and angularly, it should decay like a small
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part of the spherical wave at these co;m.it'm-ns,: if wédtake li.t% mean the local radius of curvature

instead of the true distance from the origin of the bomb. From the integration of the spherically

symmetric wave the rate of decay of a shock with distance is found to be related to the radius by:
((s —1) ~ 1/R'

where, by similarity arguments, i is a function only of the shock strength ¢£g — 1. Intuitively one
knows also that this rate of decay is connected directly to the shape of the wave form behind the
shock. From the shape of the shock front as it developed during strong shock growth, the radii of
curvature can be calculated at several angles. With these values of radius of curvature, and the i,
which corresponds to the local value of £g, the pressure at a new time can be calculated by a short
reiterative process, using the average velocity in this range. After this is done at several angles,
the new shock front path can be plotted. The radii of curvature for the next step can then be calcu-
lated.

Without presenting the details of the calculation, one can readily infer the general nature of the
results shown qualitatively in Fig. 2.2.5-3, in which the shapes are greatly exaggerated. At early
times the strong shock conditions make the wave propagate faster at altitude than at the ground, as
in A. During this period, at least, the overpressure is constant at a given time, so the pressure-
distance curve at altitude lies above the pressure-distance curve for the surface. If we were to
demand that the average shock front energy be the same as the true total hydrodynamic yield, some
point on the shock front has the “ideal” pressure for its distance, as shown by the line I; above this
line pressures would be above “ideal,” and below it the pressure would be below “ideal.” Radii of
curvature are smaller at altitude than at the ground. As the shock becomes weak, the shock at alti-
tude slows down relative to the shock at the surface, partly because all velocities become sonic,
and partly because of the smaller radii of curvature, thus greater divergence is introduced. The
shock front distance at altitude and surface become more nearly alike, as Indicated by the semi-
circle B, although it would be fortuitous if the circular shape held for all angles. At still later
times, indicated by C, the shock velocity is nearly sonic, and the growth of the shock is faster and
the distance from zero is larger at the surface than at altitude. This implies, however, that the
radii of curvature at the surface are smaller, and the surface peak pressure-distance curve decays
more rapidly than one would expect for the same yield and horizontal distance. This implies that
the pressure-distance curve at the surface continues to diverge from the ideal curve; it was al-

ready below ideal during the strong shock phase.
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The method presented above has Beefi"dofle se;erii titnes by members of Group J-10 at Los
Alamos by hand integration, and requires about one man week for each special case once the tech-

niques are learned. The extension of the method to a burst at high altitudes is clear.

2.3 IBM MACHINE CALCULATION OF THE BLAST WAVE

2.3.1 Original Derivation

A machine integration of the hydrodynamic equations for a shock wave was carried out at
LASL in 1944 under the direction of Fuchs, von Neumann, and others.

The calculation started with the assumption of an isothermal and isobaric sphere of radius 10
meters, and supposedly containing 10 KT of energy. This calculation was carried forward to a ra-
dius of 80 meters by hand calculation, using (y — 1) theory. At that time the wave form was put into
the machine as the boundary condition for the start of the machine problem. The machine solution
is an integration of the hydrodynamic equations as indicated in Section 2.1.3. An equation of state
was used which provided for variations in y through a fitted equation; it was probably valid, at least
near the shock front. It was felt that whatever reasonable errors in wave form were present at the
start of the run would not seriously affect the shape and growth of the wave at some time later
when the hydrodynamic equations had literally “taken over.”

After the run was completed, the energy in it was said to have been integrated (in 2 manner
unknown to the author) and found to be as high as 13.4 KT instead of the supposed 10 KT it origi-
nally contained. For a number of years this problem lay untouched, in part, because of the uncer-
tainty of its yield and, in part (which now seems ironical), because it did not agree with the data on
nuclear explosions which were considered most reliable during the late 1940’s and early 1950’s.
Some three or four years ago the author, as well as Bergen Suydam of LASL, began to use the re-
sults of this problem, accepting its supposed uncertainty in yield for the sake of its general utility.

Having the variable gamma theory and the analytic solution available, one now reasonably asks
two questions: First, whether 10 KT of energy was actually put in the blast wave at a radius of 10
meters, because this is a matter of knowing the correct values of y at pressure levels where it
was known less reliably than at lower pressures. The second question is whether the evaluation of
13.4 KT was based on reliable values of y at late times for the “bookkeeping.”

Whatever the initial conditions of the IBM Run were, or the specific equation of state used, we
now propose that the IBM Run specifies P, p, and u in its listings at separate times. This configu-

ration of hydrodynamic variables is sufficient to define an energy content. If one then applies any
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equation of state, the energy in the wave ‘may be ififedfated simply as a matter of bookkeeping. If

it turns out that this energy content is reasonably constant over a range of pressures, then the IBM
results are useful, particularly in view of the insensitivity of the most interesting parameters near
the shock front to the energy content of the wave as a whole, and because the starting conditions
and equation of state were not in great error.

The remainder of this section is devoted to this energy evaluation, which was done in two

ways, followed by a presentation of the results of the IBM calculations in a usable form.

2.3.2 Energy Integration of IBM Run

Despite the uncertainties regarding the values of v used in the IBM Run, the existing entries
specify the state of the material by giving specific values of P, p, and u, which are sufficient to
prescribe the internal energy, using whatever energy is given by modern values in the equation of
state.

The energy evaluation of the IBM Run was first integrated directly as follows. By definition,
the hydrodynamic energy is given by the expression

W= [(E{ + Ey) dV

R P P 1
=4 _ 0 4 = 2 2d
“fo [(y—n -1 2"“]‘” T

At pressures of interest (below 3000 atm) the contribution of radiation energy density to the inte-

gral is negligible. To facilitate the numeral integration, transform this equation as follows

RT ¢ 1 1 pu?
W=47P — +-2=|r?dr
0 ‘/0‘ [(7“1) ('}’o—l) 2P,

- Rp & 1 lip w\)p
wp [ [(y—n (70—1)+2(P0P0V0)]rdr

Upon conversion of material velocity in IBM units, u’, to cgs units, u, and with p, = 1.1613 X 1073

gm/cm®, P, = 10% ergs/cm?,

nu? _
2 PV, 2 10°

”2 —3 2
nu’ (1.1613 x 107°) (:(5)) = 74.39 gu,z

Observe that

r’dr=1/3d (r9
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rgy’ denbity against r® and then integrating
directly.

Because the distances in the IBM Run are expressed in units of 20 meters, and with 1 KT =
4.19 x 10! ergs = (47") x 10!? ergs,

”2

- R 3 1 n.u
W (KT) = 8x10‘_/; [(7_1)‘(Y°_1)+2P0V0 d (r’)

The average density 77 between mass points may be calculated directly from entries in the IBM
Run. Denoting the initial position of the mass points by ro; and the present position by rj, conser-
vation of mass requires that

I3 —rdia
r{—ri-

1t is convenient to integrate this equation in numerical form as

Lo
[(y e RS ]‘r

shock
W=8x 10—‘

Both 7 and § are specified by the IBM Run. Figures 2.2.2-1 through 2.2.2-4 give the value of y
to use through the definition E{ = PV/(y — 1).

In some cases the IBM Run does not extend sufficiently far into the interior to specify pres-
sures completely to the origin. For strong shocks this difficulty is overcome by use of the rela-
tionships from the analytic solution. The tabulated results of the integration are as follows:

Radius Times Pressure Yield
(IBM Units) (IBM Units) (Bars) (KT)
4.0 0 77.25 11.7
5.1 38 40.02 11.4
8.37 222 11.58 11.1
23.28 2164 2.007 11.5
79.62 13,652 1.1375 11.6

Average 11.5

In view of the consistency of these results, the modicum of effort which could be devoted to
this study, the uncertainties in the equation of state in Figs. 2.2.2-1 through 2.2.2-4, and the
meager requirement for accuracy in energy, it seems clear enough that the energy in the IBM Run

over the entire range is 11.5 + 0.5 KT for practical purposes.
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There is one additional interestiné'?:omlu%ion Suodh thig:study. At low pressures there is a

strong temptation to specify y as 1.4, which is certainly correct near the shock front, even at sub-
stantial pressures like 50 psi, and the interior of the wave has long since decayed to normal at-
mospheric pressures. An examination of the lines of constant y in Figs. 2.2.2-1 through 2.2.2-4
shows, however, that this is not the case; despite the fact the air near the center has returned to
ambient pressure, it is at the very high temperatures induced by the original entropy change, and
the departures are large from the ideal equation of state with ¥ = 1.4. If the energy integration is
performed at low pressures with ¥ = 1.4 over the entire wave the remarkable result is that the
apparent energy of the blast wave at low pressures drops to 5.5 KT. The ratio of this number to
the average value of 11.5 KT is surprisingly close to the so-called blast efficiency of a nuclear
explosion, in comparison with TNT. This meaﬁs further that the entropy change itself does not
“waste heat” as such, but that the final configuration of pressure and density on the interior of the

wave requires a greater energy by virtue of low values of y — 1 than would be required for y =1.4.

2.3.3 Analytic Solution on the IBM Run

The analytic solution was applied to the IBM Problem M for several purposes: (1) to find the
pressure level at which the analytic solution is no longer valid because it is a strong shock solu-
tion; (2) to give an independent determination of the IBM yield; and (3) to test the validity of the
gecond derivative terms involved in dln m/dln t by applying the solution in a region where the
logarithmic slopes n and m are known to be changing rapidly.

Some pertinent points in the procedure follow. A zero time correction is necessary and zero
time for the IBM run was arbitrarily set to make the slope of the log r vs log t plot exactly 0.4 at
the first listing at 80 meters. This may or may not correspond to a real bomb but the procedure is
reasonable because this assumption of slope was current at the time the work was done. Second,
the values of 5 ¢ are tabulated listings and these were used directly rather than those from Figs.
2.2.2-1 through 2.2.2-4. The values of € were obtained from the tabulated values of ¢ for a given
time. Third, the tabulated values of pressure and velocity at the shock front were used since these
are specified directly by the run. Finally, no attempt was made to smooth out variations in yield
by an iteration of the solution to correct for variations in the plotting and calculating procedure.

The tabulated resuits of this study appear in the following table.
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SOME RESULTS FROM THE ANALYTIC SOLUTION APPLIED TO IBM PROBLEM M
Time, t Radius, R din m Overpressure, P Yield, W

(msec) (Meters) T dint (atm) (KT)
11.60 80.00 0.921 76.25 11.91
16.35 91.96 0.965 52.57 12,15
22.85 105.6 1.018 35.65 11.96
32.10 121.8 1.035 24,02 11.66
45.60 141.4 1.026 16.29 11.87
64.10 164.0 1.026 11.14 11.61
90.60 191.2 1.088 7.46 11.79
126.6 222.3 1,132 5.08 11.68
180.6 262.3 1.172 3.41 11,96

Average 11.84

At this pressure level the solution finally becomes inadequate, and slightly after it is expected to do
so by a comparison of wave forms.

256.6 310.9 1,222 2.31 12,77
360.6 369.5 1,259 1.593 14,11
520.5 450.3 1,374 1.074 13.57
720.5 542.7 1.488 0.753 15.99
1040.5 680.0 1,532 0.504 21.93
1440.5 842.1 1.601 0.355 29.45

As a result of this study it seems clear enough that the IBM Run evaluates in the order of
11.8 + 0.1 KT. The solution evidently breaks dawn from 1% accuracy around the 30 psi level. Even
at the low value of 10 psi overpressure the apparent energy is off only by 35%, and because of the
cube root dependence this means little more than 10% in pressures or distances at low pressures.

1t is especially satisfying to see the solution fail near the 3 atmosphere level, precisely where
the strong shock assumptions fail. As part of this study, the pressure wave forms, the IBM run,
and the analytic solution were continuously compared. During the earliest part of the run, when the
IBM wave form is strongly influenced by the starting conditions used, the analytic solution gives
slightly higher pressures on the interior than the listings; this disagreement is expected and appears
as the high value of yield 11.91 (fortuitously close) and 12,15 KT at the first two entries. Thereafter,
the hydrodynamics of the machine run control the wave form, and it is interesting that this changes
the IBM wave form to better agreement with the analytic solution. This consistency in wave form is

associated with the consistent analytic solution yields down to the 3.4 atmosphere level. Thereafter

the analytic solution wave form gives pressures which are higher than those of the IBM Run, and this
discrepancy is directly associated with the high apparent yields at 2.31 atmospheres overpressure and

below.
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2.4 DERIVED CURVES FOR FREE AIR

2.4.1 Variables at the Shock Front

Once the energy of the IBM problem is determined, tables and graphs can be constructed for
convenience in applying the results. For facility in yield transformations, distances and times
have been scaled to 1 KT using the original run as 11.5 KT. In all graphs and charts that follow

throughout this paper, ambient conditions are

P, =1 bar, or 10® dynes/cm?

Density po =1.1613 x 10~ gm/cm?

Sound velocity ¢, = 1138 ft/sec, or 347 meters/sec.

Transformations to other atmospheres or yields are made as described in Section 2.2.5.

Appendix A contains the listings of the radius and time, as well as the hydrodynamic variables
of interest at the shock front. The pressures listed as absolute pressures in bars will also be the
absolute pressure ratio in terms of whatever ambient atmosphere is chosen. The density ratio
listed as ng will be the compression ratio at the shock front. Shock velocity is listed as the dimen-
sionless quantity U/c, and for other atmospheres may be converted to velocities in ft/sec or
meters/sec by multiplying by the appropriate ambient velocity. Material velocities u/c, are listed
in a fashion similar to the shock velocity.

Figure 2.4.1-1 is a plot of the peak overpressure vs distance. For convenience, the curve is
also plotted with a reflection factor of 2, and, as such, is convenient for obtaining directly the peak
pressures over an ideal surface from shots at or near the ground surface.

The relationship between a kiloton of TNT and the hydrodynamic kiloton is not, nor is it ex-
pected to be, a fixed quantity at all pressure levels. For most pressure levels of interest, a nu-
clear explosion of yield W will give the same overpressure as approximately 40% W of TNT, in the
usual comparison with short tons of TNT. In comparing small charges with TNT the appropriate
scaling factors may be read directly from the graph, because the horizontal displacement between
the free air curve and the TNT curve and the TNT curve is, of course, the cube root of the yield.
The relative efficiency is also plotted in Fig. 2.4.1-2. Because the TNT curve and the curve with a
reflection factor of 2 roughly superimpose, it follows that a rough rule of thumb, valid to a few
percent in distance, is that the scaling factor of approximately 100 applies between 1 1b of TNT and

a 1 KT nuclear explosion.
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hips can be derived at will. For example,

From these curves and graphs many useful reﬁti’o’ns
if the peak pressure is plotted against the time, it will be found that the relationship Ps x t!«! =
constant is satisfied. This is expected because at high pressures P is nearly proportional to 1/R3,
and R ~ t°4, R® ~ t!%; hence, P; x t'? is approximately constant. At long distances, the pressures
are usually said to approach 1/R. At this pressure level the distance is proportional to the time,
(U = ¢y), so Pt = constant. When variable vy is introduced, the variations in y and the departures
from the strong shock conditions result in P ~ 1/R%% at a time when R ~ t°4, whence Pt!-! = con-
stant. At pressures around 1 psi the shock is not yet sonic and corresponding variations in these
powers also result in a proportionality of the form: Pt'-! = constant. This suggests a convenient
form for a simple, approximate integration for conditions at the shock front for forming analytic
expressions over a wide range of pressures. Since the shock velocity is related to the overpres-

sure by

U/cy =V (6/7)(Ps/Py) + 1

and

it follows that

U/cy=v(6/T(A/t1T) +1

and further

dR = [V{6/T)(A/TFT) +1 dt

This form of expression ought to give a considerably better approximation than the terminated

series, sometimes used, of the form
R=3 Apxt"

The result that Pt = constant, with n = 1.1 is a simple statement which applies from strong
shocks with variable gamma down to regions where Fuchs’ term of the P ~ 1/R vlog R applies.
Through the Rankine-Hugoniot conditions, it then completely defines all the shock conditions, and
with this as a boundary condition, it defines the wave forms on the interior. So, the whole history
of a shock wave could be described from this result. With this discovery one asks if there is any

inherent property of shocks which makes it so, or is it only a fortuitous compromise between n =
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1.2 and n = 1.0. If there were a good physical reason,.zt wduld provide a completely new basis for

solving the propagation of a blast wave.

2.4.2 Hydrodynamic Variables on the Interior of a Wave

The curves in this section are a novel presentation intended to permit a rapid determination of
the wave forms for static pressure, dynamic pressure, density, material velocity, or mass coor-
dinates for any yield or atmosphere. The wave form may be obtained at constant distance as a
function of time, at constant time as a function of distance, or along any arbitrary path desired in
the r—t plane.

On each curve the line marked “shock front” is the time of arrival curve. On the interior of
the wave the positive or negative durations (where applicable) may be read from the difference in
time at the shock front to the time when the variable in question passes through ambient conditions.
Similarly, the positive wave length may be read from the difference in distances at the shock front
at the time in question to the corresponding distance at which the variable in question passes
through ambient conditions. It should be noted that the positive duration and positive wave length
are different for each variable.

The method for obtaining the wave forms is similar in all figures, Figs. 2.4.2-1 through
2.4.2-5, which we will illustrate with the case of the pressure level at 1000 ft. To obtain the pres-
sure vs time wave at this time for 1 KT, place a straight-edge along the line “1000 feet.” The
pressures and corresponding times are read directly at the intersection between the straight-edge
and the isobars. It is even more convenient to use the bottom edge of a piece of log paper (semi-
log or log-log)* as the straight-edge, if the functional modulus of the paper is the same as the
graphs here. The pressure wave may then be plotted directly by extending a vertical line upward -
from the intersection of the paper and isobar and posting the pressure on any convenient ordinate.
If desired, the wave form may then be transformed into any other set of coordinates.

For convenience, a scaling line has been drawn which illustrates the method of transforming
the results to other yields. This scaling almost demands the use of these graphs on standard size
paper. Tick marks are provided for 1, 2, 5, 10, 20, 50, 100, 200 and 500 KT, and 1 MT. First use
or draw up a transparent 1 X 1 cycle logarithmic paper of the same functional modulus both in

radius and time as the original, but with the coordinates labeled to suit the yield in question. Now,

* These were originally drawn on Keuffel & Esser Co. No. 359-100L logarithmic 1 x 1 cycle.
Master ozalid copies (the original on this standard paper) are available through J-10 at LASL, and
considerably facilitate the procedure.
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slide the 1000 ft and 1 sec intersection of the transerent paper up or down 45° along the scaling
line until that intersection falls on the appropriate yield. This procedure automatically scales both
space and time to the yield in question and the wave forms at the proper distances and times may
be read directly as illustrated in the previous paragraph for 1 KT. If the ambient atmosphere is
different from Py = 1 bar the procedure is modified by using (W/P(,)l/3 as the energy invariant in-
stead of simply W', If the ambient sound velocity is different from 1138 ft/sec, an additional shift
of the transparent sheet is required: to the right if ¢y > 1138 ft/sec, to the left if ¢, < 1138 ft/sec.

For the region in question, the density variation may be determined from the pressure curve
nearly as well by using the adiabatic law as by using the density curve presented here. If it is de-
sired to provide independently for the variations from the adiabatic law due to the different en-
tropy, the following procedure may be used. Locate the point in question on the interior of the
wave on the mass motion graph. Follow this mass motion line backward in time and until it inter-
sects the shock front at this radius and time; the peak shock pressure and density may then be
read from the table in Appendix A. The adiabatic law may safely be applied using v = 1.4, when
the pressures involved are less than 10 atmospheres. At higher pressures, a similar procedure
would be followed by reading the shock values directly from the figures in Section 2.2.2 and fol-
lowing the corresponding adiabat down to the pressure at the time in question.

The hydrodynamic transport velocity is often of interest. The local sound velocity on the in-
terior of the wave form may be calculated from the pressure using the adiabatic law or, if de-
sired, by reading pressure and density both, and using the equation ¢ = v9P/p. In this connection,
a point is often confused in the current literature. It is often assumed that the end of the positive
pressure phase moves with ambient sound velocity as if positive durations were the same for all
three variables, pressure, material velocity, and sound velocity. Examination of these figures or
hydrodynamic considerations show that this cannot be the case. At the end of the positive pres-
sure phase, the material velocity still has a forward component, and will not become zero until
deep in the negative pressure phase. Because of the initial entropy change across the shock front,
the sound velocity is also above ambient at the end of the positive pressure phase. A correct
statement is that the end of the positive pressure phase always moves with a velocity greater than
¢y Similarly, at the depth of the negative phase, sound velocity will be less than ¢y and the mate-
rial velocity will usually be in a negative direction at this time. Hence, a correct statement here is

that the negative phase always travels slower than ambient sound velocity. At the end of the nega-

tive pressure phase the sound velocity is again above ambient because of entropy changes, and tt.s
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material velocity may again be more positive thar: .at°{he depth of the pressure negative phase.
Thus, there is a point near the end of the negative phase which travels faster than the depth of the
negative phase preceding it. This “catch up” velocity is important because it enhances the pro-
duction of secondary shocks on the interior of the wave near the end and depth of the negative
phase,

It is sometimes incorrectly assumed that all sound signals on the interior of a shock wave
eventualiy catch the shock front. The existence of the point at the depth of the negative phase,
which travels more slowly than ¢, which, in turn, is slower than U, constitutes a barrier prevent-
ing small signals from ever catching the front. It is, of course, possible for a finite shock of suf-
ficient strength to be supersonic in the local medium and pass over the negative phase. However,
in most cases the accumulated signals on the interior will not be this strong and the two shocks
may run behind one another forever. In much the same way, other pressure signals are trapped

in a series of oscillations behind the first positive and negative phases.

2.5 THERMAL RADIATION

2.5.1 Total Thermal Energy of the Bomb

In Section 2.1.4 it was shown that the entropy change associated with strong shocks resulted in
pronounced residual heating on the interior of the fireball. This gives rise to the principal differ-
ence between a nuclear and a small-charge explosion, namely, the fireball and the thermal radia-
tion from it. The basic phenomena have been described in Chapter VI of Effects of Atomic Weap-
ons. The time dependence of the radiation rate for a nominal bomb has been estimated in Fig. 6.20
in that publication and it will be made the basis for the discussions concerning thermal radiation
in this and succeeding chapters.

The main features of the thermal radiation from the bomb are briefly reviewed as follows.
Following the initial detonation, the radiation rate from the bomb rapidly rises to a maximum in a
fraction of a millisecond and thereafter begins to fall sharply. A minimum in the radiation rate
occurs around 15 msec for a nominal bomb and thereafter the radiation rate rises to a second
maximum around 0.2 to 0.4 sec. For convenience, the figure in Effects of Atomic Weapons was
plotted as the log of the radiation rate vs the log of the time. This distorts the impression one
would obtain from a linear plot. Only a very small fraction of the total radiation is emitted prior
to the light minimum, at which time the radiation rate falls effectively to zero. The effective frac-

tion of thermal radiation occurs relatively late compared to most phenomena, other than blast, in a
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nuclear explosion. The bulk of the radiation comeé aﬁririé .the period from 0.2 to 1 sec at rates
which are several hundred times greater than at the minimum, or at times like several seconds.

Figure 2.5.1 is a linear plot of Fig. 6.20 in Effects of Atomic Weapons. Since the thermal
radiation rate was given, this graph can be readily integrated to obtain the total thermal energy of
the bomb by performing the integration

Qr=J; (dQ/dt) dt

where dQ/dt is the height of the curve and the figure suitably normalized at any distance desired.
It is thus found that the total thermal energy of the bomb is 8.4 x 10!2 cal, or about 42% of the
specified nominal yield of 20 KT.

In a later part of the section we will postulate that the “total thermal energy” of the bomb is
more like 100% of the yield and meanwhile it is instructive to consider roughly the decay rate of
the thermal radiation tail. A rigorous consideration of this problem presents enormous difficulties
in the detailed physics of the radiative transport interacting with shock hydrodynamics. However,
since radiation rates, temperatures, and emissivities are often expressed in power laws, it seems

reasonable to make estimates for the power dependence in the late history of
dQ/dt ~ 1/t2

We question whether the sharp cut-off in Fig. 6.20 near 3 sec is real or will persist, and wonder
why an abrupt change should occur so late after that maximum. A temporary drop could be real
and the reason is the very low opacity (and hence emissivity) of cold air, but this merely delays
the emission of radiation, and would thus sustain the rate at still later times. At late times most
of the heated air is returned to ambient pressure, and at a corresponding temperature, which is

higher than ambient. Assume all elements of the air radiate with the temperature dependence like
dQ/dt ~ €(T) F(T) ~ TP

where we include the dependence of emissivity on température as part of the power b, In a ra-
diating mass of gas, the temperature will fall according to the heat remaining from an original Qs
after Q(t) has radiated away. If the specific heat is independent of the temperature

T~ (Q-Q

After substituting for T, we have
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Q-Q

After integrating this expression, we have

1
Q-1 ™t

or

t~(Q—-QLP

T ~ (@ - Q) ~t1/1b
it follows that

dQ/dt ~ Tb ~ tb/1-b ~ 1/tb/b-1
or

n=b/b -1

A median value of b might be 4 from the Stefan-Boltzmann law and a black body model, whence n =
1.333; some higher power is applicable if emissivity falls with temperature, whence, for b = 5,

n = 1,25; or some lower power, whence, for b = 3, n = 1.50. These would seem to be high estimates
of n, for if the radiation rate fell because part of the radiation was absorbed in some special proc-
ess, the captured radiation would later re-radiate and sustain the tail fraction, thus lowering the
value of n. If the emissivity falls, it will similarly sustain the rate at later times. From this we
cannot definitely conclude that the sharp break at 2 sec in Fig. 6.20 is wrong, but if it is real there
is little reason to expect a sharp break in slope at this time to continue for all time.

Conservation of energy also places restrictions on the decay rate. Specify 7 as the time when

the tail begins to behave like
dQ/dt = A/tn

Then the radiation in the tail to infinite times would be

o A
aQr<t<=)=a [ A/t =
T
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It is clearly required that n > 1 in th:e ta.ﬁ, or the:rnt.vgr:’.L would diverge to infinite total thermal
energy. Even for n > 1, there is a substantial contribution in the tail for small n — 1.

Because the radiation rate is quite low at times like 2 or 3 sec for a nominal bomb, there is a
strong temptation to regard the radiation up to these times as the total thermal radiation. Buta
comparison of the thermal radiation integrated to infinite time for 1 < n < 1.5 with the integrated
thermal radiation to time 7, shows that such a tail fraction is so large that it is entirely ambigu-
ous to speak of “total thermal radiation” at times like several seconds. One might speak of Q(7)
as the “effective radiation,” but this depends in turn on an arbitrary convention for selecting 7.

This comparison between Q(7) and the tail fraction can be done carefully on a specific pulse
shape curve but the relative magnitude of the tail fraction can be illustrated as follows. From Fig.
2.5.1-1 the radiation rate over the entire sphere at 2 sec is 0.94 x 107 _(_:;a_l_R_;_ngt_egi which gives

cm? sec
for the entire fireball

A = 47 x 0.94 x 10! cal/sec

The entire area under the curve to 3 sec integrates to 42% of the nominal bomb; by 2 sec, 93% of
that has been radiated, which is 39% of the energy of the bomb or 7.8 x 10! cal. The decay rate is
then limited by the total energy so that no more than 12.2 x 10!2 cal could be radiated later than 2

sec.
A
12 > A
12.2 X 10¢ cal (m-1) 781
or

n-1 47 % 0.94 x 10
12.2 x 102

n-1)2 =~ 1.0

This is solved with n 2 1.65. A repeat of this calculation at 7= 1 sec gives n 2 1.23. It also means
that the total thermal energy is 100% if n has values between 1.25 and 1.50. Between 1 and 2 sec,
Fig. 6.20 actually shows a slope of —1.43.

The suspicion that the decay slope should not change abruptly at 2 sec, and the low value of n
for 1 <t < 2 in Fig. 6.20 makes one suspect further that a large fraction of thermal energy may be
involved in the long tail after 2 sec, and we should try to estimate the total for reasonable limiting
values of n, without reference to the shape of the curve in Fig. 6.20. Writing the total thermal ra-

diation as Q> and the radiation up to time 7 as Q.




APPROVED FOR PUBLI C RELEASE

i UNCLASSIFIED

Qp= [T [@Q/dD) dt + [ (@Q/dt) at

_ A
=Q,[1+ a.1) 771 ]

The term in the brackets involving A is the relative thermal yield in the tail fraction. Now some

manipulation of the function Q(t) will show that a reasonable approximation during times from the

maximum to 1 sec is

QW) = Q, (t/1)%

whence

(dQ/dt), = Q,/27 = A/Tn

80

Qr 7 n-1

A= 5

Using this approximation, we obtain
Qr=Q.l1+ _1
T =% 2(n-1)

From this we conclude that for n =1,5, the tail fraction is equal to the so-called “total thermal
radiation” Q,, and for n = 1,25, the tail fraction is twice the “total thermal radiation.”

To summarize the findings in this section, we can say;

(a) The sharp logarithmic decay in radiation rate in Fig. 6.20 is probably not real forever, and
the final rate should be more like n = 1.50,

(b) If the final rate is from n = 1.25 to n = 1,50 the tail fraction is such that the total thermal
radiation will approach the entire energy of the bomb.
The decay rate for n = 1,50 is shown as a dotted line in Fig. 2.5.1-1. The differences from the
original curve are hardly detectable in the interval 1 to 2 sec. It will be shown in a later section
that these differences are unimportant in view of hydrodynamic perturbations to the radiation rate
which could be observed at these and later times.

The discussion in Effects of Atomic Weapons leads to the general impression that the “total
thermal radiation” from the bomb should be a constant fraction of the total yield, more or less in-
dependent of the yield. In the remainder of the present section we will question the simplicity of

basic theoretical arguments presented here. In a later chapter we will require a more detailed
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description of the thermal radiation rate and its hnpiiﬁﬁtioﬂs, and will show that neither the “total
thermal radiation” nor the “total” cal/cm? at a given point determines the effect of radiation; from
this a new figure of merit for thermal radiation on thick slabs will be suggested. In the remainder
of this section a different presentation of the thermal theory will be undertaken, but it is instruc-

tive to first retrace the steps which lead to the constant fraction concept.

2.5.2 Black Body Model for Thermal Radiation

The description in Effects of Atomic Weapons for thermal radiation involved several assump-
tions which lead directly to the result that the thermal radiation is a constant fraction of the total
yield. The first is that the surface of the fireball radiates as a black body following the Stefan-

Boltzmann law, namely, the radiation rate per unit area is
dQ/dt ~ o T*
where
0 = a universal constant of nature, 5.67 x 10~ ergs/cm?, sec deg!

T = absolute temperature of the body

Another assumption involves the sharp cut-off in transmission of air for wavelengths less than ap-
proximately 2000 ;\

With these assumptions the constant energy fraction is readily deduced. One writes that at a

given time, t, the fireball surface is specified by temperature T, and the total radiation from the
bomb at that time has the rate given by

dQ/dt = 47 R 0 T¢
The fraction of the total radiation emitted which can penetrate a significant distance in air is said
to be a function of temperature only. However, since the fireball itself is a hydrodynamic phe-

nomenon and is expected to follow hydrodynamic scaling laws, it follows that, in scaling to a larger

bomb, the same temperature will occur when the fireball radius is increased by a factor of Wl/a.

This implies that the radiation rate scales like
dQ/dt = 4 W/ R? ¢ T*

To obtain the total energy from the bomb integrate the radiation rate over the time as
Qp =470 [ RY(t) T4(t) at

But if the fireball scales hydrodynamically, the time variation also scales like Wl/a, S0
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This combination of Wz/3 from distance scaling and w from time scaling results in the thermal

radiation being directly proportional to the yield, as
Qp =47W [7 R* T dt

The model also implies that the details of the thermal radiation, such as the minimum and the
second maximum, should also occur at times which scale like Wl/".

In the sections which follow the assumptions used in deriving the constant fraction will be ex-
amined in more detail. One of the questions asked is whether the surface area and temperature of
the fireball alone determine the thermal radiation rate. If the radiating sphere is semi-opaque,
so that there is a contribution in depth, there is probably a corresponding change in the scaling
laws for thermal radiation. It is recognized that a rigorous solution is almost hopelessly complex,

but by asking these questions, it could be hoped that the resulting description will be a step closer
toward reality.

2.5.3 Radiation in Depth

It appears inadequate to treat a material like air as if it were completely opaque at one tem-
perature and completely transparent at another. The opacity is not a qualitative difference, but
represents a quantitative difference in the diffusion rate of photons outwards in a random walk
from regions of high temperatures in the interior of a fireball to the low temperatures near an
observing instrument several miles distant from it. The various cross sections for scattering and
absorption are complex functions of the wavelength, direction, and physical state of the medium

traversed.

Considering absorption only, a different fraction of each wavelength from an interior particle

is absorbed. The absorption might be described by the differential equation
dI/dx = -\ I
where A may also depend on the temperature, density, physical state, and chemical composition of

the absorber in dx. Assuming for simplicity that X is independent of x, and, defining A to be some

average value over all wavelengths, the exponential absorption law follows
/Iy = e-xx

where x is the distance traversed. This elementary law states two factors which require a revision
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of the simpler concept of thermal radkaiioil: the de.grée ofa’osorption through A and the path
lengths for absorption through x.

1t is well known that a similar law is required to describe the radiation received at long dis-
tances, but it is usually assumed that when there are proper transmission characteristics, one
could correct back to the source. Here we are doing something different by applying the absorption
concept to the source itself.

These considerations suggest that the radiation rate of the bomb, especially as observed be-
yond the shock front, should not be as in the original equation, but should be replaced by a more

complex expression, perhaps like
dQ/dt = 47 foR fo" r? e(r) o T*(r) f[R~r, 6, A(y,r)] dr dv

where { itself is some complex function which describes the complex behavior of the absorption in
the path length between the radiating particles at r and the shock front at R. This integral is in-
tended to state that the radiation we see beyond the shock R is the sum of contributions in depth
from shells of radius r and thickness dr. Each shell is characterized by its own temperature, T,
a function of the radius r, and near the front of a strong shock this temperature falls rapidly with
increased radius because of the different entropy changes. Associated with each temperature may
be a different absorption coefficient for each wavelength from farther in the interior. The radia-
tion which eventually escapes the shock is also a function of the kind and quantity of material lying
between the interior and the exterior of the shock, which is indicated by the function f. Now, it is
the introduction of the path length in £ which should result in the failure of thermal radiation to
scale like W. The form of the equation is not unlike the original. To the extent that radiative
transport is relatively slow near the shock front, the state variables affecting absorption and re-
emission are controlled primarily by the blast hydrodynamics, and these should scale. The angu-
lar dependence also scales. So, by this simple argument, one states that fraction f will be smaller
for larger bombs because the path lengths R — r near the shock front will be proportional to W
over some range of yield. The argument is not universal because, for a small enough bomb, the
absorptive zone could be small compared with any mean free paths, and absorption arguments are
not applicable; for large enough bombs (like the sun) the mean free path is negligibly short in com-~
parison with other lengths, and true black body concepts apply. However, in the range of interest

where we assume that semi-opaque conditions apply, it is noted that

dQ/dt = constant (W' R)2 ~ W7
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but the term f will be such that at hydsbdy‘;xaxhicalfg graleq times and distances, f is a decreasing

function with yield, so
2 n
dQ/dt ~ W f ~ W

where n < 2/3,
If the assumptions leading to an elementary exponential absorption law were applicable, the
1
factor f would be an exponential like e AWAR-r ), the yield dependence might be conceived of as

taking place over a limited range of yields, something like
dQ/dt ~ W/ R? e-W/pxr

In diffusion processes, where the mean free path is short, the dependence on a path length x might
be like e-x® instead of simply e-x. Since the argument is only qualitative, assume a simple expo-
nential form for illustrative purposes only and the effect of the Wl/3 in the negative exponent is of
interest. When the yield is small, or effectively zero, the value of the exponential is close to 1,
and there is no spatial effect on thermal scaling because of longer path lengths for absorption.
Hence, Y ~ W where Y is the thermal yield. Nothing is said here nor implied for what values of
W this occurs. As the value of W increases there is a range over which the failure of scaling

could be approximated through
ex ~(1-x) for x«1

This means that over a higher range of yields the thermal yield will not quite scale with the total
yield. For example, over a certain range we could arbitrarily choose a certain variation like W092
which implies that over this range the thermal radiation would be less than expected from straight
scaling, falling slowly at higher yields. For larger values of W this approximation fails in turn,
and one would require a rigorous expression for the exponential. In a high range of yields the
thermal radiation rate from the bomb would be almost limited by the exponential absorption. When
the value of x is small, then a fivefold change in yield increases the exponent from x= 0.01 to x =
0.05, and reduces the thermal radiation (from a constant fraction) to 0.99 in one case, and to 0.95
in the second case —a difference which may be too small to detect within the scatter of experi-
mental observation. When x is originally large, say, a number like 2, a fivefold change in yield
would then reduce the thermal radiation from a factor of e~? = 0.14, down to e~% = 0.00875, for a

total of 20 times from a constant fraction.
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For a range of still larger exploéians; iteis priobably $rlie that the black body concept would

again apply everywhere in the history, and, here again, the constant fraction concept might be ap-
plicable but, of course, a much smaller fraction than in the range of low yields.

The above arguments are intended to be merely qualitative, but are sufficient to show that the
radiation rate (and by implication the total effective thermal radiation) is not a constant fraction of
the total yield, but might generally be described as a concave downward curve on logarithmic co-
ordinates, falling to a lower fraction at high yields, as indicated in Fig. 2.5.3-1. The figure is also
intended to be only qualitative.

The absorption coefficient A is dependent on a large number of factors: the temperature of
the absorbing air, its density, physical state, and chemical composition and the wavelength of the
radiation itself. In Effects of Atomic Weapons the assumption is made that a certain critical wave-
length exists, around 2000 K, below which cold air is completely opaque, and above which the
air is completely transparent. This is an idealization; the absorption coefficients for cold air are
shown in Fig. 2.5.3-2. While it emphasizes the essential physics, the cut-off concept is not ade-
quate for temperatures with spectra containing a great deal of energy in the range between 1400
and perhaps 3000 g_ By the Planck distribution these wavelengths are the maxima corresponding
to 25,000 and 10,000°—roughly the temperature of the shock during early fireball growth before
breakaway. During earlier stages of growth, nearly the entire fraction of radiation from the in-
terior will bé absorbed in the zone of high density near the shock front or the cold air just ahead
of it. When the temperatures fall considerably below these values, the spectrum is distributed
over longer wavelengths, to which the air is more transparent. In this general region, the absorp-
tive path lengths play a significant role in affecting the scaling, for here the fraction of energy

which is captured near the shock front will be a function of the thickness of the absorptive zone
behind the shock front, in a complex way. In summary, the f, referred to in Equation 6.11 of Ef-
fects of Atomic Weapons is dependent on yield, and decreases with yield.

It is only during this period that the concept of “partition of energy” has any real meaning in
the sense that it separates the fraction of bomb energy which appears as blast from a fraction
which appears as thermal radiation. During the very earliest stages of bomb growth nearly the

entire energy of the bomb is present as radiant energy in which the energy density is given by

40T
c

E ~

where, in this case, c is the velocity of light. At high enough temperatures this quantity greatly
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exceeds o oo :
E; = P/(y —1) = pT/(y — 1) constant

which, in a stricter sense, is the hydrodynamic energy. Because of the hydrodynamics, the in-
terior of the fireball is much hotter than the regions near the shock front and much lower in den-
sity. Within this region radiation transport of energy plays a predominant role. As we approach
the shock front the temperatures cool and density increases rapidly because, in general, the mean

free path behaves something like T%/p. By the analytic solution, for 75 =11, q = 30

19/p ~ B/t [0 /R 65227

Once k(r/R)% « 1 —k, the mean free path for radiation would behave like 1/r!?, This means that
an isobaric, isothermal, isopycnic sphere is formed on the interior of the shock but, at its outer
edges, the very sharp drop in mean free path results in almost complete absorption, The zone be-
tween the isothermal sphere and the shock front then constitutes an absorptive zone in which the
conversion of radiant energy to hydrodynamic energy may take place for some time after the shock
itself has ceased to propagate by radiative transport.

This zone is close to the shock front and provides the close connection between the interior
and the shock front which makes the analytic solution possible. The degree and rate of support
which it gives to the shock will vary from bomb to bomb as the thickness of the zone changes in
hydrodynamic scaling, and is one of the fundamental reasons for the failure of similarity scaling
for strong shocks.

We will investigate in a later section what fraction of the total thermal radiation of the bomb
is likely to be involved in this partition of energy before breakaway.

The same concept of exponential absorption applies after breakaway, because most of the ra-
diation on the interior is still at too short wavelengths to move any appreciable distance. To the
extent that the absorption coefficients depend on the temperature and density of air, the paths for
hydrodynamic invariance scale like ws and, on a scale basis, the absorption-heating process is

held down, almost as if the absorption coefficient increased by wh

2.5.4 Absorption External to Sphere of Effective Radiation

The usual equation which expresses the total incident number of calories at a point (R,0) from

the bomb is given by:
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In general, the constant is considered as part of an over-all measurable “absorption per mile,”
related to visibility, and tables are so given in Effects of Atomic Weapons. By implication and
usage, the constant is regarded as a function only of the local atmosphere, independent of a nu-
clear explosion and independent of time. In this section we investigate what is required to describe
this absorption in more detail for practical considerations. The distinction between absorption
within the sphere of effective radiation (in the previous section) as opposed to absorption external
to it (in this section) is somewhat arbitrary, but has been made principally because the absorption
external to the sphere of effective radiation is the only type which has been generally considered.
A large number of hydrodynamic phenomena influence the absorption constant both in space
and time. The purpose of this section is to point these out, partly because they show the ambiguity

in quoting “transmission” and, in turn, a thermal yield. They indicate a requirement for a cri-~

terion for thermal radiation which is less sensitive to these effects. So far as the effectiveness of
total radiation at a distance is concerned, many of these have the same quantitative effect as shown
in the previous section, because they introduce factors in the exponent for absorption which is of

the form

e oW s

Shock Dust

It is a major consideration of Chapter 4 (and of interest here because it affects the total ther-
mal radiation) that dust raised by the shock at the ground surface shields the surface itself from
further thermal radiation. At most distances of practical interest, the shock arrives shortly after

the second maximum, and can readily reduce the “total cal/cm?” by a factor of 2. The effect de-

pends on the local surface and is yield dependent through the length of the positive and negative
phases for material velocity, which scale like W%. I

Dust and Smoke Raised by Thermal Radiation

This is a major consideration of Chapter 5 and is again of interest here for any object exposed
to the radiation, not necessarily at the ground surface. The effect is most likely to occur during
the rapid rise in radiation rate prior to the second maximum, and thus not only reduces the in-

tegrated calories markedly by a factor of 2 but, of more importance, it will reduce the maximum

APPROVED: PR *FUBLI C” REL EASE




APPROVED FOR PUBLI C RELEASE

U . Tt

N
o o FyrEn -
®0 o0 000 000 000 o PTaANs
° o o o o
. ° oo o o ° o
o o ° o o
oo o o e o o ®
o oo o oo oo .

rate of thermal radiation which definitely influences the peak surface temperatures achieved. The
fraction absorbed tends to be yield dependent for the thickness of the thermal layer, follows Q(t)
closely, and therefore scales like a hydrodynamic length. On the other hand, the effect tends to be
self-compensating because the less radiation reaching the surface through absorption, the less

dust and smoke will be raised.

Wavelength and Angular Dependence

The effectiveness of thermal radiation is a strong function of the wavelength and the angular
dependence of the incident radiation, which are intimately connected with the spectral distribution.
Both are effectively yield dependent because they depend on actual distances from the bomb, which
are usually larger by what poinfs of the same hydrodynamic interest, like peak pressure. They
also depend, in good part, on other effects, such as the cloud chamber effect. They illustrate very
well the ambiguity associated with total thermal radiation with respect to either effective thermal
radiation or thermal effects. By conservation of energy we demand that the total thermal radiation
approach 100% of the bomb, and whatever the absorption processes for thermal radiation, the en-
tire amount should eventually reappear after successive conversions to hydrodynamic energy and
entropy changes. So, the absorption process we speak of in transmissions less than 100% is, in the
last analysis, only temporary, and in the long run does not affect the total thermal radiation. Ab-
sorption results in a smoothing out of the thermal pulse shape, which markedly reduces the ef-
fectiveness of thermal radiation, not only by reducing the radiation rate near its maximum, but also
by converting it to longer (infrared) wavelengths where subsequent delays by H,0 and CO, absorp-
tion are much more acute. The analysis in a later section will show that about one-half the thermal
radiation from the bomb would be at wavelengths below 2200 A and above 10,000 A which are not

transmitted directly in air over any reasonable length, and therefore in any reasonable time,

Normal Cloud Cover

This is a yield dependent effect in the crude sense that the expected integrated thickness of
cloud covers increases as W3 just as the distances of hydrodynamic interest increase as W%. This
is simply the observation that cloud cover would never be a matter of consideration on small-
charge explosions. This effect by itself almost precludes the possibility of accurate predictions

for thermal radiation.
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Local Density and Temperature ‘e’ e ¢ e te %

The density changes the apparent thermal yield in a very fundamental way. According to pre-
vious discussions, the absorptive path lengths increase basically as W1/3, absorbing larger frac-
tions of energy on large bombs and probably changing the spectral distribution by absorbing some
wavelengths differently from others in a nonlinear fashion, Primarily, it is the mass of absorbing
material which counts and in the perturbations to the basic scaling p, behaves like W” in increas-
ing the mass in this path length. If, in any way, the fraction of effective thermal yield or the radia-
tion rate is believed to vary with yield, it follows that similar changes would result from a change
in density corresponding to a change in W", Since the point about path lengths was originally ar-
gued from a perturbation, which goes like W%, it means that we can equally regard the dependence
as p, wh,

The dependence on density could be argued in a different way. A reasonable model at late
times is one in which the fireball is regarded as a hot motionless sphere after the hydrodynamic
effects have passed. Regard the radiation as diffusing outward through the cold regions near the
edge. p characteristically appears in the diffusion equation in such a way that one expects simi-
larity variables to exist which depend on the square root of the density, but it is probably an
understatement to call this argument oversimplified. There is a further effect of density through
time dependence. In subsequent chapters it will be argued that, from the standpoint of effect, the
longer time duration on large bombs decreases the effectiveness of the thermal radiation by the
square root of times, or as W% since times scale like WY2. This is a perturbation from a simple
dependence like wh scaling because of path lengths. If p, behaves like W5 then we also expect that
the effectiveness of thermal yield will be decreased through the time dependence.

Without a detailed consideration, it is not clear how ambient temperatures will affect these
results. For those wavelengths which appear by direct transmission, the hydrodynamic tempera-
ture will be roughly proportional to the ambient temperature, and the radiation rates strongly
decreased as the ambient temperature decreases. However, much of the radiation appears only
after diffusion and degradation to visible wavelengths at the outside of the fireball or, that is, when
certain absolute temperatures are reached near the fireball surface. In this case, much of the ra-
diation which initially was at too short a wavelength to leak out through the fireball is shifted. In

a colder atmosphere, this early spectrum is shifted closer to wavelengths in which air is trans-

parent, and by these arguments the same amount of thermal energy could be delivered in a shorter

time.
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The above arguments on density and temperatdsesare particularly applicable since they apply

to the main radiation pulse. While they apply in the same measure to the thermal pulse before the
minimum, this fraction has always been known to be small, and was originally estimated by Hirsch-
felder and Magee as something like 1% of the thermal energy. Even this fraction may be high and
could be more like 0.3% so that, even if the effective fraction at this time is increased by a factor
of 10, through decrease in density, there is no material change in the effectiveness of this portion
of the radiation in producing effects. On the other hand, a very serious change in effectiveness of
thermal radiation is associated with the suggestion that the main radiation pulse can be similarly

affected by variations in local densities.

Cloud Chamber Effect

The cloud chamber is typical of these effects because it interposes a blanket of fog, literally
and figuratively, between the fireball and an observer. With perfect spherical symmetry, the
effect is very small because the process is principally one of scattering light, and the direct ab-
sorption is small. The thickness of the layer depends upon the local humidity and upon the yield of
the bomb through the hydrodynamic length of that region in the negative phase which is below the
dew point. The discrete water particles scatter light enormously, and the total absorption could be
high after successive scattering into ground surfaces, even though only a small chance of absorp-
tion occurred after each scattering collision. Figure 2.5.4.-1 is a result of a study using the tem-
peratures in the negative phase, as deduced from Figs. 2.4.2-1 to 2.4.2-4, and applied to the radia-
tion rate of Fig. 2.5.1-1. It suggests that something like 25% of the total radiation could be screened
by the cloud chamber if the tail fraction of Fig. 6.20, Effects of Atomic Weapons, is assumed
correct. If, as we expect, there is a long tail fraction of radiation, which is not shown in Fig. 6.20,
Effects of Atomic Weapons, then as much as 75% of the total thermal radiation could be affected
except that, when the shock becomes weak enough and the air not saturated, the cloud chamber ef-
fect will lift as well as move outward.

With perfect spherical symmetry, all scattering, and zero absorption, the cloud chamber ef-
fect would be negligible, but the practical import arises from the lack of spherical symmetry.
When ambient humidity is higher near the ground, and low at altitude, the cloud chamber should
form roughly as a toroidal ring surrounding the burst or, in any case, with a cloud below the bomb
and relatively clear air above. Then the inner surface of the cloud preferentially scatters light to
altitude and away from the ground. The spherical symmetry is further destroyed by the presence
of the ground surface, where the pure absorption probability is high for each photon scattered into
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it. The cloud chamber effect suggests ﬂu;t tﬁe captuie (v 14 thieﬁnal radiation near the ground in the
negative phase can locally enhance the hydrodynamic energy there, increasing the positive phase
length, but it is probably too deep within the wave, too late in time, and confined to a region too
close to the ground to influence markedly the pressures at the shock front. The change in apparent
thermal energy, as well as any hydrodynamic reinforcement, is of course expected to be more
serious on large bombs than on small bombs and more serious for dense and humid atmospheres

than for rarified and dry atmospheres.

Change in Air Density by the Shock

The variation in air density caused by the shock could conceivably change the effective trans-

mission by changing the average density so that
[Ppdr=p R

For very small bombs or bombs fired in rare atmospheres, where the bulk of the thermal radia-
tion comes out early, this effect would be part of the absorptive zone discussion in the previous
section. For bombs of nominal yields, and in ordinary atmospheres, the effect is probably small
also because the mean free path for air is very long for the radiation of interest. The effect is
also small because of compensating effects. By conservation of mass for spherical waves, the

average density from burst center to the shock is such that
R
fo pdr < p, R

However, this occurs because most of the path is through the rarefied air of the isothermal sphere,
the surface of which is regarded as the radiating surface. The average density from the end of the

density positive phase at distance x to the shock front at R is certainly above normal
¥ pdr>pg (R—%)

When and how much the transmission is increased or decreased depends on the detailed hydrody-
namics in every case, with a realistic consideration of where radiative transport actually puts the
isothermal sphere. Without recourse to a detailed discussion, the effect can be estimated as in-

creasing the path of air by a length comparable to the positive phase length of the shock wave, and

will not be serious until the positive phase length of the blast is comparable to the mean free path

for light absorption.
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This could conceivably change the effective transmission by changing the distances to the
bomb and carrying the fireball in or out of local strata of clouds, if present. It would be yield de-
pendent because gravity does not scale. It can be shown, as a hydrodynamic exercise, that a
weightless sphere (like the vacuous fireball) will rise with an acceleration of 2 g in any fluid. On
large bombs, the whole time scale is increased and the fireball is not necessarily raised to a cor-

responding scaled height in
S=1/2 at? = gt?

However, even if the time of interest extended to 3 sec for thermal radiation of a nominal bomb, it
would lead to a rise of 200 ft, which is only 2/3 the fireball radius. The fireball rise could be of
academic interest in causing a change in the apparent radiation rate in the long tail; at 10 sec S =

gt? gives a rise of 3200 ft.

Function I(t) as a Figure of Merit for Thermal Radiation

The ambiguity surrounding the total thermal yield in integrated flux need not be as distressing
as it may appear at first. The fact is that neither the total thermal yield nor a critical cal/cm?
usually determines the effect of thermal radiation. In the work on theory of surface effects in
Chapter 5, we will derive a general solution to the conduction equation for an arbitrary flux rate,
and an integral result which is useful and which can be integrated graphically.

The surface temperature of a thick slab exposed to thermal radiation at time t is related to
the flux rate through

Ts (t) =%pof0‘ (‘j,_—?__&;) dr
where 7 is a dummy variable for time. The constants in front of the integral are all characteris-
tics of the material exposed to the radiation. They play the same role in this calculation as the
ordinary concept of the critical cal/cm?, except that such critical energy is yield dependent and
has little meaning. We define the integral as I(t) and it is readily integrated graphically from the
thermal pulse dQ/dt. Since this integral enters so directly into the calculation of surface tempera-
tures, it is suggested that it be used to replace the concept of total cal/cm?, which is ordinarily
used to describe the same thing but which is, in fact, ambiguous.

In the succeeding section, (2.5.5), it is presumed that the total thermal radiation from the

bomb is known, namely close to 100%. There is no need to express this quantity in view of all the
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pitfalls which will be introduced through tl;e t.rans:miss:ibn:at late times. On the other hand, the
function I(t) represents the effective fraction of total thermal radiation. .

In particular, one is not interested in the complete history of I(t) but only in its maximum
value, which is reached shortly after the second maximum. From this flux rate, the function I(t)
can be calculated until it reaches a maximum value. In pringiple, this is not much more difficult
than integrating the area under a flux vs time curve, although there are some tricks which are
useful in performing this integration. A point here, however, is that if the thermal flux shape is
known up to the time tp,ax, the maximum temperature is not affected by the shape of the flux curve
afterwards or, in other words, by the “total thermal radiation.” It is expected that the function
Imax (t) will be yield dependent, but it further turns out that, to a reasonable approximation, Imax
(t) scales in such a way that the surface temperatures actually behave like hydrodynamic variables.
The most important aspect is that I,,,,, (t) has a practical meaning on effects, whereas total ther-
mal yield does not.

There are other practical advantages to the use of this function to replace the concept of
total thermal yield because of the effects on transmission discussed in this section. The maximum
in I(t) appears shortly after the second thermal maximum and may be located approximately in
time in the region in which the flux is decaying like %, with regard to the hydrodynamic effects
discussed previously, the following comments are pertinent. Shock wave obscuration almost al-
ways occurs after Imax (t) is reached. Thermal dust obscuration will begin before Iy, (t) but it
seems likely that I, .. (t) is probably less sensitive to thermal dust than is total thermal yield.
The band width and angular dependence is of less serious importance because the long wavelengths
are emitted at a slow rate and do not contribute materially to the maximum surface temperature
or the effective total thermal radiation. Normal cloud obscuration will affect I{t) just as it does the
effective thermal yield, but one worries less about the rise of the fireball changing the cloud ob-
scuration. The maximum in I(t) occurs before the cloud chamber effect sets in and the figure of
merit is thereby not affected by it. The density compression in the shock front would affect it,
but could be taken as part of the over-all yield dependence. Since I gy (t) occurs relatively early
there is little worry about the fireball changing the path length or moving it into local cloud cover.
The local density and time dependent details of the radiation affect I(t) but are much more mean-

ingful when the results are interpreted in terms of surface temperatures.
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2.5.5 Effective Thermal Radiation from Space and Time Dependence

If we accept Fig. 6.20 of Effects of Atomic Weapons as approximately representing the thermal
radiation rate ef the bomb during most of the main pulse, then it is readily shown that the strength
of the shock frent is not strongly connected with the thermal radiation emitted. By the time the
thermal radiation from a nominal bomb has reached its maximum rate, near 0.2 sec, the shock
pressure is neer 100 psi, the shock radius near 800 ft; but the fireball radius is only 400 ft, and its
pressure has returned close to its ambient value. For pressures of practical interest, well below
100 psi, the shock front is even more separated from the fireball. A homely example is this: If it
is possible forian observer to feel the shock front pass at a time when the bomb is still radiating,
it is clear that some sort of an inner core is the principal source of the radiation and is well de-
tached from the shock front. In this paper, we divorce ourselves completely from the temperatures
of the shock front in describing thermal radiation and choose instead the cr1ter1on that the radia-
tion is princ1pa11y controlled by the residual temperatures left in the air, after the air has re-
turned to ambilént pressures and the shock wave history is essentially complete for the material in
question, :

In Section j2‘1.4 it was shown that

lf— o R

Eg + 1
!

If we accept the ideal gas law as a rough approximation, it follows that the residual absolute tem-
| :

perature will be inversely proportional to this final density. Consider a gram of air, originally

shocked to a px%essure £g. Its excess temperature will be given by T/T, — 1, and the residual ab-

solute temperature of this air is given by

o EEY (st % (Pg+T)
Tg/Ty = W“(l*'l’f)"'m

where Pg is now the overpressure in atmospheres and y is assumed to be 1.4. We will require the
behavior of this function at low values of pressure. To obtain this dependence we will split the

right-hand terxln into two parts. The first part expands as an infinite series by the binomial theo-

rem

(1+ Pt =1+5/TPB —(1/2+5/72/T)P4+(1/6 - 5/7-2/7-9/T)Pi—....

The second paft is a quotient which expands as
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These series may then be multiplied together and the interesting result is that the first three
terms of the product drop out. This is the third order difference mentioned in Section 2.1.4. After
dropping out higher terms, we have remaining a heat Qg, which is capable of radiating by virtue of

its elevated temperature.
Qf ~ T/Ty—1 ~ 10/343 P?

Now assume that at low pressures the overpressure follows a law given by
P ~1/R"

It is often assumed that the exponent n is exactly 1 at long distances. However, if we now integrate
tﬁe energy potentially capable of radiation by residual heat, it will be the sum of contributions from
shells of radius R, and thickness dR, and the heat per unit volume within each shell will be pro-
portional to 1/R%™. The total residual heat then becomes ~ 47 | R? dr/R%™. This integral will
diverge for all values of n < 1. Hence, it follows that the pressure wave must decay by some value
of n > 1, otherwise we would imply an infinite amount of heat left behind the shock. On the other
hand, the shock wave itself does exhibit powerful tendencies to behave like P ~ 1/R, because of the
sonic approximation at long distances. This competition itself leads to a reasanable compromise:
That all the energy of the bomb finally appears as residual heat left behind the shock, and this is
the eventual death of the shock wave which controls the pressure decay at long distance.

Figure 2.5.5-1 is a plot of this residual heat as a function of the radius R, which was roughly
estimated from the free air curve of Appendix A.

Having plotted R?AT, the area under this curve represents the total energy of the bomb. The
temperatures are also proportional to Qs. A striking result from this figure is the large amount of
heat contained in the immense volumes at low residual temperatures.

The radiation rate strongly affects the effective thermal radiation. The radiation rate is
roughly proportional to T according to the Stefan-Boltzmann law. This function dQ/dt ~ T* is also
plotted on a relative scale on the figure as a dashed line. From this it is clear that a sharp cut-off
occurs from air initially at 300 ft for a 1 KT bomb. So, one can say, as a result of this combination
of a large entropy difference, and the T* dependence in turn, that residual heat from material ini-
tially beyond 300 ft from the burst center will never contribute materially to the thermal radiation

rate which may appear to an external observer.
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The effective thermal radiation may be dediced froﬁf these simple concepts from Fig. 2.5.5-1.

First, one may say that no radius inside of 50 ft will contribute strongly to the early thermal ra-
diation; most of this radiation will have been absorbed near the shock prior to the light minimum.
This fraction of radiation, so trapped, eventually appears principally as blast energy. On the other
hand, the radiation rate from material beyond 300 ft is too slow in comparison with radiation from
material inside of 300 ft to be recorded on an instrument or to affect surface temperatures of ir-
radiated objects. By comparing the area between 300 and 50 ft with the total area under the curve,
one finds that the ratio is approximately 50%. If it were possible to build a device which could
measure extremely low radiation rates and if it were possible to confine the atmosphere sur-
rounding the explosion, one might very well find 100% of the bomb’s energy present, over all wave-
lengths and in infinite time. There is a further reason, however, why even this 50% is an over-
estimate. The bulk of the radiation in the tail exists at low temperatures, and for wavelengths
above 10,000 10\ the air is quite opaque because of absorption bands due to both CO, and water
vapor. Hence, it follows that the contribution from material at these low temperatures is almost
bound to be absorbed successively, again well behind the shock front or, in any case, within a
reasonable distance from the bomb.

It is reasonable to question how absorbing lengths can be involved which scale like W%, as in
Section 2.5.3 when, at the same time, most of the radiation comes from material deep within the
shock, which is assumed to have returned to ambient pressure. The answer is in part the absorp-
tion external to the sphere of effective radiation, which is controlled by shock parameters, such
as the cloud chamber effect, and fp dr. But, in addition, the absorption coefficients are sensitive
to density and temperature and the radiation must diffuse through air which is left at certain
residual temperatures and densities, with path lengths varying as W in scaling.

The time dependence of the radiation rate from the bomb falls naturally into three categories:
before the light minimum, during the minimum, and during the second maximum.

As has been previously discussed, the period before the light minimum constitutes a period
during which absorption is nearly complete. With the absorption model assumed in the previous
section, we may now describe the meaning of the light minimum. Prior to the light minimum pres-

sures are approximately proportional to 1/R? and temperatures follow a similar law
T ~ 1/R?

Then, according to the Stefan-Boltzmann law, the radiation rate per unit fireball area goes as
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dQ/dt ~ T* ~ 1/R!?
But during this period of strong shock, the radius of the shock is roughly given by
R ~ t0-4
from which it follows that
dQ/dt (total) ~ 47 R*T4 ~ 1/R!1? ~ 1/t4

This is the same time dependence as shown in Fig. 6.20, Effects of Atomic Weapons, between 0.2
ms and 10 ms. At this time, however, the shock front and the interior have cooled to more trans-
parent wavelengths, and a greater fraction of the interior radiation is seen by an external observer.
The increase in the transmitted fraction partially offsets the decrease in radiation rate due to the
cooling-expansion of the fireball, and the radiation rate curve becomes concave upwards on a loga-
rithmic plot. Eventually, as the fireball temperatures pass into more and more transparent wave-
lengths, the compensation in rates is complete. We could, therefore, define the minimum as the
time at which the rate of decrease in dQ/dt, due to cooling, is exactly equal to the rate of increase
of dQ/dt by the change of transmission for the wavelengths involved. In other words, the minimum
does not occur because of some sort of 2 minimizing process, but quite the opposite, because of
the presence of increasing transmission,

As pointed out in Effects of Atomic Weapons, the formation of oxides of nitrogen in the air
probably contributes strongly to the low surface temperatures near breakaway. Such compounds
probably deepen the minimum and delay it in time. However, the presence of such compounds is
part of the argument for the role of absorptive path lengths, and does not negate the qﬁalitative
arguments presented previously.

As the fireball cools further a greater fraction of energy is present in wavelengths to which
air is transparent and absorptive compounds will disappear so dQ/dt will continue to rise. Because
of the energy so radiated, this reservoir on the interior will eventually be depleted. Sooner or
later the rate of decrease caused by cooling and depleting will just offset the increase due to trans-
mission. In a way similar to that for the light minimum, we can define the second maximum as that
time at which these rates all cancel.

With these definitions of the minimum and second maximum, there are marked changes in the
concept of how these details of the thermal radiation rate ought to scale in time, Without entering

into the enormous complexity of the details involved, one can say something about the time depend-

ence of thermal radiation.
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Conservation of energy will place gross restrictions of the time dependence. We require that

in the long run, all the energy is degraded to thermal and there must exist some Qp = W such that
Q=fdwmm~w

By the conventional model, dQ/dt ~ R? and with the fireball scaling hydrodynamically in size, this
alone would demand that time scale like W2, However, by an absorption model during early stages,
dQ/dt is less than proportional to Wz/a, and this demands that times scale with a correspondingly
larger dependence than Wl/a. In reality, the situation is much more complex than can be described
in a simple manner because the “highness” or “lowness” will be different for changes in yield at
different times. Nonetheless, if it were possible to draw normalized radiation rates for bombs
over a limited range of yields with dQ/dt ~ W™ then the time scale must also be restrained to be-
have like W1-n, In particular, n < 2/3, so time must scale by a power greater than 1/3; the next
obvious gross choice is a whole number fraction like 1/2.

The scaling law is expected to be different for each wavelength, depending on the degree to
which it is initially absorbed. For some wavelengths and path lengths Wl/3 scaling could well apply.
For other path lengths the phenomenon could be considered a diffusion process. In nearly any dif-
fusion and conduction process in which the parameter is constant, and the mean free path short,
the differential equations are such that similarity variables can be formed, involving linear dis-
tances and the square root of the time as x/vt. During the late fireball stage, it might be regarded
as a hot sphere of gas, at ambient pressure, with little or no material motion; some fraction of the
radiation could be described by such a similarity variable.

Now, the main features of the fireball are controlled by the hydrodynamics in which the dis-
tance and time scale like W, If, by virtue of diffusion, a perturbation is imposed which delays
time and goes like the square root power, the net effect of the perturbation is »/ﬁ t = W%t Multi-
plying a function which ought to scale like w by a perturbation which goes like W' results in an
over-all time dependence, which goes like Wl/3 X Wl/6 = Wl/z. In this very crude way one suspects
that the times at which the minimum and second maximum will occur scale more like W2 than W,

These definitions of the maxima and minima apply to scaling, which is illustrated qualitatively
in Fig. 2.5.5-2, If we go to a smaller bomb or a rare atmosphere, the absorptive zone of air be-
tween the isothermal sphere and the shock front will decrease in thickness; relative to a larger
bomb, the transmitted fraction of radiation will always be higher. Hence, one will not have to wait

relatively as long for the rate of increase of transparency to just offset the cooling of the fireball.
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This means that on the basis of hydrodynamic t.1m<.3 Wl/f tht’tim® of the minimum will occur ear-

lier, just as we deduced the Wl/2 dependence. At the same time the radiation rates at the minimum
will be higher, which means, in turn, that greater amounts of energy will be depleted from the
bomb at relatively earlier times. The second maximum, which involves the depletion, should then
also occur at a time earlier than indicated by W/ and again about as we have deduced from the w
law. Because the integrated radiation lost prior to the maximum has been larger, one will not have
to wait as long for the second maximum to set in, and it would seem that the radiation rate at the
second maximum will fall in the case of this smaller bomb.

As we go to still smaller bombs, the radiation rate at the minimum will shift higher and ear-
lier in time, and the second maximum will shift to a lower rate and also earlier in time. For a
small enough bomb and a rare enough atmosphere, sooner or later so much radiation will have
escaped that the light minimum and the second maximum will coalesce into an inflection point.

In the limit as W — 0 or as p — 0 even the inflection will disappear because the shock front
will now be too thin in thickness or too rare in density to absorb any radiation from the inner core.
In the ultimate limit and for a weightless bomb, the entire energy of the bomb should escape in a
single pulse. Hydrodynamic scaling in itself might show that the blast pressures approach zero in
this limit, but radiative transport effects an equally strenuous reduction; no blast appears because
radiant energy was never converted to hydrodynamic energy in the first place.

For a bomb burst in a2 very rare atmosphere, the major effect from an atomic bomb would no
longer be blast. The effective thermal radiation would be enhanced, not only because of the greater
transmission exterior to the radiating sphere at these altitudes, but by large factors through the
fraction which escapes the radiating sphere. There is even more. In a succeeding chapter it will
be shown that the surface temperature of irradiated objects is also dependent on the radiation rate,
as well as the total radiation received and this greatly increases surface temperatures when the

bomb can rapidly divest itself of its energy through thermal radiation at early times.

2,5.6 Scaling Laws for Thermal Radiation

We will require a description of thermal radiation in relation to its effect on the shock wave.
It is convenient to describe the scaling of thermal radiation relative to blast scaling by giving a
comparison of the relative thermal effect at a certain pressure level as the yield of 2 bomb is
changed.

The total radiation received at a hydrodynamic point depends on the model used. In the black
body model, in which Y ~ W, the total thermal radiation incident at a point will be given by:
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Qr = 47 RE ~ 47 R?

In hydrodynamic scaling, angles are preserved so cos 6 is invariant. Distances scale like w and,

neglecting the atmospheric absorption in e-const R |

a W cos 8 1
Q = NW/S
T 4n (W R

According to this model then, the incident thermal radiation will increase according to Wl/3 at a
given pressure level.
In the absorption model, thermal radiation will be somewhat less than Y ~ W, so that the total

number of calories at a given hydrodynamic point may increase or decrease depending on whether

n > 0.67 or n < 0.67 in the relationship Y =a W2
QT ~ Y/R2 ~ wn—0.67

A primary interest in thermal radiation is the surface temperatures produced by it. This in-
troduces another dependence, for the longer the time duration during which a given amount of
thermal radiation falls, the lower will be the surface temperatures produced by it. A pertinent
example here is normal sunlight which delivers 2 cal/min/cm? at the earth’s surface; this is 10
cal in 5 min, and according to the critical tables in Effects of Atomic Weapons, the same radiation
from a nominal bomb will char wood. In general, this dependence is inversely proportional to the
square root of the times involved. In a previous section it was shown that the time of the radiation

scales like Wyz. Combining these dependencies, we have

Ycosg _ W
R? t% Wz/a(w‘/z) 1

If, in particular, n has the value 0.92 over a range of points of interest in yield, then the surface

L
Tg ~ Q'r/t/2 ~

~ WD-0.67-0.25 _ yyn-0.92

temperature is independent of the yield at a point of hydrodynamic invariance, i.e., at the same
pressure level.

It is these dependencies which well lend insensitivity to the effect of thermal radiation on
blast. Qr behaves like hydrodynamic length W/ forn = 0.927%1 which is as required for some of
its effects, whereas the surface temperatures behave like a hydrodynamic variable.

For a very large change either in ambient conditions or in yield, this insensitivity disappears.

As assumed in Section 2.5.3 for nominal bombs, nearly all the thermal radiation at early times is

absorbed in the zone behind the shock front. Within reasonable changes of yield, the blast at the
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shock front is effectively 100% of the total energy of fhe b'om.  and the total thermal radiation also
approaches 100% of the bomb. But for a very small bomb or one detonated in 2 very rare atmos-
phere, these assumptions are no longer valid. A much larger fraction of the bomb’s energy will
then appear as thermal radiation during strong shock phases and a corresponding smaller fraction
will appear as blast. In this case, not only will the effective radiation increase in comparison with
what might be expected from a nominal bomb fired at sea level but the surface temperatures will
increase further because of the shorter time duration of thermal pulse. The increased fraction of
radiation rate occurs prior to the light minimum. The fraction after the minimum decreases if the
total is considered 100%, but this fraction may be shortened in duration, or literally shifted from

the “tail” to the main pulse, and thereby increase surface temperatures markedly.

2.6 EFFICIENCY OF A NUCLEAR EXPLOSION

2.6.1 Waste Heat Concept

It is usually taken as common knowledge that the “efficiency” of a nuclear explosion is con-
siderably less than that from TNT. Fuchs introduced the concept of “waste heat” from entropy
changes, which accounts for this reduction. The argument is often extended to represent it as a
loss in energy, solely because the temperatures left behind (by entropy changes) in a nuclear ex-
plosion are, of course, enormously greater than those left behind by a small-charge explosion.

We investigate this concept more closely. In the first place, the analytic solution or a direct
integration as it was applied to the IBM Problem M in Section 2.3.2 evaluates the hydrodynamic
energy as it is actually present within the wave. If the energy is so evaluated and radiation energy
density is small, there is no meaning to the “efficiency” because the energy present is counted
once and for all as hydrodynamic energy.

Next, one could argue with equal plausibility that the heating due to the entropy change actually
enhances pressures at the shock front because the high temperatures also imply that the specific
volumes are larger for the material on the interior of the shock. If the material on the inside oc-
cupies a greater volume than it would if it cooled to ambient temperature, it follows that the air in
the layer between the fireball and the shock radius would have to exist at somewhat higher average
density and, therefore, higher average pressures. This means, of course, that the shock front
pressures would be higher, not lower, because of the [/ P dV work done by this inner core.

Another way to state the problem is by using variable gamma theory. By the time radiation

rates are near or beyond the maximum, the pressures on the interior will be effectively at ambient
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pressure P,. The excess internal energy per unit volu?ﬁe'ﬁear’the fireball is then
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1t follows that there is no waste of energy directly through the temperature because the internal
energy per unit volume can differ only through the pressure, if the ideal gas law held and y were
identical for all material within the shock front. In thinking of the energy over the blast wave at
late times there is this natural disposition to assume that y = y;, = 1.4 when only low pressures are
involved. The result from the curves in Section 2.2.2 is the failure of the ideal gas law at normal
pressure but at very high temperatures. Here the value of y falls to values below 1.2. If the ideal
gas law fails in such a way that y < y,, a substantial fraction of the bomb’s energy is tied up in
energy at the center of the bomb even though the pressures are returned to ambient. It follows
that the energy available at the shock front will be reduced, but, the hydrodynamic energy, if
evaluated over the entire sphere, will not be smaller than it would be had the ideal gas law held.

It is obvious, however, that if this hot material radiates and a substantial fraction of energy
is observed as thermal radiation beyond the shock front, then there must be a corresponding de-
crease in hydrodynamic energy within the shock. The point is that the IBM run did not allow the
material to radiate, and energy was conserved within the shock by the adiabatic law; the direct
integration counted all the energy. Even if it did radiate, the analytic solution was applied at times
when the depletion of energy due to radiative cooling-contraction would not be manifest at the shock
front. Whether radiative cooling ever affects the shock front pressures will be considered in de-
tail in subsequent sections.

In summary, heat is not wasted directly because of the entropy change, but may be wasted be-

cause of a failure of the ideal gas law.

2.6.2 Efficiency with Respect to TNT

It is well known that the peak pressure vs distance curve from a nuclear explosion falls below
what would have been expected from direct scaling small-charge high explosives. While this has
generally been attributed to the waste heat concept, it is probably worthwhile to investigate this
comparison more closely.

In the first place, it is not clear, at least to the author, what is meant by a kiloton of TNT. In
practice it refers to short tons of TNT; in Section 2.2.1 it was noted that metric tons was meant.
The true efficiency of a nuclear explosion with respect to small charges has little quantitative
meaning unless the total energy behind the TNT shock wave and behind a nuclear shock wave are
both known.
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In the previous section it was shown that higher tot;ﬁ enérgy is required for a point source

explosion to produce a given pressure at the shock front because of the failure of the ideal gas law
on the interior of the wave. In the energy integration of the IBM Run in Section 2.3.2 this point was
tested directly and it was found that, under the assumption y = 1.4 throughout the wave at low pres-
sures, the apparent energy of the same bomb was only 5.5 KT instead of 11.5 KT, as obtained from
using more realistic values of y. Now, TNT explosions never reach the enormous shock pressure
reached by nuclear explosions and the residual temperatures in the interior are correspondingly
lower. It is to be expected then that even with the same pressure wave form for both types of ex-
plosives the departures from the idealtga.s law are much milder in the case of a TNT explosion,
and that the total energy implied in the pressure wave is, therefore, smaller than for the same
wave on a nuclear explosion. To compound this difficulty, however, the center of a TNT explosion
is hardly air, but over surprisingly large volumes will be an atmosphere composed largely of de-
composition products from the TNT explosion, mostly oxides of nitrogen and carbon. In evaluating
the energy behind a shock for such an explosion, the equation of state for that material would have
to be known. It would be surprising if it turned out that y = 1.4, but even more surprising if it
agreed with pure air at these temperatures.

The description of a high explosive wave has been given by Kirkwood and Brinkley. The author
understands that this work was done with ¥ = 1.4 and further, that an arbitrary fit was made of this
theory to empirical data for TNT charges. It is suggested that whatever agreement occurred was
because of the chance that the average y for the decomposition products of TNT was close to 1.4.
Whatever fitting was required is evidence that the y was not 1.4.

It is clear from the analytic solution and the discussions of partition of energy that nuclear
explosions can hardly be expected to scale with TNT. These variations depend on a large number
of factors and should be resolved by detailed tests on both types of explosions. It is not to be ex-
pected that the failure of scaling will be the same at all pressure levels.

A priori then, the assumption of a constant efficiency of a nuclear explosion in comparison

with TNT is not justified. Fortunately, through the IBM Run and the analytic solution, comparisons

with TNT are unnecessary.

2.6.3 Partition of Energy

Because of the presence of types of energy other than blast on nuclear explosions there is a
natural disposition to assume that a natural partition of energy occurs which somehow divides the

energy of the bomb into a number of mutually exclusive fractions. Thus
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Blast + Thermal + Nuclear = Total
50% + 35% + 15% =100%

We wish to consider the concept of partition more closely.

As is well known, not all of the energy from fission is released promptly; about 11% appears
after the first second in delayed fission products. But this is not a bona fide loss to the shock wave
because it occurs much too late, and by the convention stated on page 14, Effects of Atomic Weap-
ons, it is not included in the energy value of the radiochemical kiloton of 10!? cal. By the same
convention, it was not included in the evaluation of energy in the analytic solution nor in the direct
integration of energy behind the wave. Some energy from gamma rays or neutrons could be behind
the shock front, and to this extent the stopping process would contribute to local heating which, in
turn, would raise the local temperature, expand the air and, to a limited extent, reappear as hydro-
dynamic energy. If this absorption occurred deep within the wave, it might never make itself ap
parent at the shock front. However, the density distribution behind the shock front contributes
strongly to the probability that this absorbed energy will be manifest at the shock front, because
the shock is a dense layer of air in which the probability of cap%ﬁ‘re is high, and the hydrodynamic
transport of energy is fast. The interior of the blast wave is low in density, so the probability of
capture there is very small. Like the absorption of radiation near the shock front, this reinforce-
ment of the blast wave depends, of course, on yield. For small bombs, the neutrons and gamma
rays will escape the shock completely and a considerable portion of the energy can be manifested
at long distances from the bomb. For large bombs, all scaled dimensions increase and, because of
the exponential nature of the absorption process, the trapping of energy behind the bomb may be
fairly complete. These differences correspond to a failure of hydrodynamic scaling in comparison
with a total yield.

Thermal radiation from the bomb reinforces the wave from arguments similar to those ap-
plied above for gamma rays and neutrons. There is a further important difference, however, be-
cause of the substantially larger fraction of the total energy which appears as thermal radiation
and the time at which it occurs. As was discussed previously, only a small fraction of the thermal
energy appears prior to the light minimum. Most of the thermal radiation appears'long after
breakaway when the shock is a considerable distance ahead of the fireball. There is no question
that the radiation from the fireball represents a bona fide loss in hydrodynamic energy to the shock

wave during the time it is observed well in advance of the shock front itself.
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The question is whether this radiath:e 1.o.ss can tfoxén:red:x;e the pressures at the shock front.
This question can be resolved by an analysis of the figures given in Section 2.4.2. Energy signals
are propagated behind a shock front with the velocity u + ¢ forward, and u — ¢ backward. The ra-
diative loss to the blast wave, which appears as thermal radiation will result in contractive cool-
ing, a rarefaction which can the propagate forward with the velocity u + ¢. From Fig. 2.4.2-4 one
may calculate the local velocity u + ¢ and determine the paths by which signals from the interior
can reach the shock front. It will then be found that, at high pressures, signals within the shock
front will always catch the shock front. Around the time the shock falls to something like 40 to 50
psi, a negative phase begins to develop in the shock front. This means that there is always some
point within the shock in which the velocity u + ¢ is less than U. A signal behind this point will
never reach the shock front. In the present report this difference has been made the basis for the
distinction between strong shocks and weak shocks.

The method of characteristics supplies a similar and more powerful argument why signals
well within 2 weak shock can never catch the shock. Once the negative phase develops, it means
that two values of the Riemann invariant, approximately u + 5 ¢ for a weak shock in spherical
waves, can be found behind the shock front. This value is invariant along the path u + ¢, which is
usually called the characteristic. It is a property of this method that characteristics cannot cross
and a definite value of the Riemann invarient is associated with each part of the shock. It follows

then that wherever multiple values of characteristics occur within the wave, signals from both

points cannot reach the shock front. This point will be investigated in greater detail in Section

3.7* but, for the time being, merely note that this double value of the Riemann invariant within the
wave occurs around 40 psi. This is about the time when thermal radiation is rising to its maximum
rate. This means that the rarefaction associated with the emission of most of the thermal radia-

tion will be restricted behind the negative phase, where it has no chance of attenuating the shock

front, but could deepen the negative phase.

2.7 THE SHOCK FRONT IN FREE AIR

2.7.1 Proofs for the Existence of a Sharp Shock

As a prerequisite for discussions in later chapters it is useful to examine whether the shock

front for free air is actually sharp, or whether it could be a slow rise.

*Part II, LA-1665.
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The existence of the fireball itself is strong evidente®*fhat the shock front at early stages is

sharp. As shown in an early section of this chapter, the presence of a perfectly sharp shock front
is not, in fact, a necessary condition for the validity of the Rankine-Hugoniot equations. These
equations are merely a conservation of mass, momentum, and energy across an undefined boundary,
which could be quite broad. It is only required that this boundary be quasi-stable in the sense that
there is no source or sink of mass, momentum, or energy within it; if this is so, the Rankine-
Hugoniot equations hold across the boundary regardless of the variations within it, It follows that
the entropy change will result precisely as predicted by the Rankine-Hugoniot equations. If the
shock were sufficiently broad so that the Rankine-Hugoniot equations were no longer valid, one
would require an approach to the adiabatic law as a substitute for the Rankine-Hugoniot energy
equation. From this it would follow that no entropy change occurred across the shock front, and
since subsequent changes are adiabatic, it would be tantamount to the statement that the fireball
does not exist. On this argument, one judges that the shock front is effectively sharp.

More direct evidence is afforded by the direct observation of refraction “hooks” caused by
the shock wave itself. Such refraction can be observed in a number of photographs released of nu-
clear explosions. The rocket trail technique for photographing this refraction was suggested by,
and done at the request of, Los Alamos Scientific Laboratory a number of years ago, and has since
been developed and used extensively by Naval Ordnance Laboratory.

A third and less direct argument for sharp shock is based on the reflection process. The re-
flected pressure at normal incidence from a shock is, of course, a strong function of the incident
pressure, As will be shown in detail in Chapter 3, LA-1665, the pressure multiplication, meaning
the ratio of reflected pressure to incident pressure, varies from a factor of 2 at low pressures to
factors like 12 or 13 for very high pressures. This finite result is obtained with the assumption of
a sharp shock. While the details are too lengthy to warrant their inclusion here, the pressure mul-
tiplication can be derived in a similar fashion by using an adiabatic rise across the shock front
instead of the Rankine-Hugoniot energy equations. It is then found that the pressure multiplication
at high pressures increases without limit, rather than being limited to a finite value. This would
mean that the pressures on the ground below tower shots of nuclear explosions would rise to many
millions of atmospheres. Without disclosing security information, it seems clear from craters
like Trinity, that no such enormous pressures occurred. The pressures may have been many thou-

sands of atmospheres, but could hardly have been millions of atmospheres.
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2.7.2 Possible Perturbation to Sharp Shocks® °©  °* %e °e’

There are a number of other mechanisms by which the shock front could be a slow rise at high
pressures. We sish to consider briefly these possible effects on the validity of the Rankine-Hu-
goniot equations., _

First, as is well known, a nuclear explosion is accompanied by a considerable release of
energy in the form of gamma rays and neutrons. These are stopped in air; eventually their energy
will appear as degraded thermal energy from the production of secondary electrons. It might be
supposed that the increase in temperature from this decay would raise the local temperature and,
hence, the local sound velocity in the vicinity of a nuclear explosion. To some extent, this increase
in ambient sound velocity ahead of the shock will increase the shock velocity and hence the ap- .
parent hydrodynamic energy. It can be easily shown, however, that the temperature rise due to
this heating, is only a matter of a few degrees even close to the bomb itself, and is, therefore, in-
significant in affecting the propagation of the shock.

The thermal radiation from the bomb is a mechanism similar to gamma rays. Here, however,
the shock front itself is the source of the thermal radiation. While it is entirely possible to heat
the air in the form of a precursor tail in front of the shock front, it follows that the shock front it-
self will be reduced in pressure strength because of this radiative loss. If this boundary is small
enough, as indeed it appears to be, then the Rankine-Hugoniot equations are still valid across it.
Physically this means that the shock velocity may be increased by virtue of raising the ambient
sound velocity just ahead of it, but, by the same token, the shock pressure will be reduced just
enough to compensate for the increase in sound velocity. It is of further interest to investigate the
validity of the Rankine-Hugoniot energy equations, even under the assumption that such radiative

losses are occurring. The relationship between the shock velocity and the pressure is given by
/(P — Py) 1 /(P—DPy
Vo—-V) ° v, YA-V/Vp)
In any case, the denominator in this expression is a number like 5/6 for y = 1.4, and with variable
gamma more nearly like 11/12 at the very high pressures where such radiative loss could be ex-
pected. Now, if the radiative loss at the shock front were complete enough to limit the shock tem-
perature to a fixed value, then V/V, — 0, and in this case, the denominator would be a number

more like 1. It follows that, even if the pressure-density relationship followed an isotherm instead

of the Rankine-Hugoniot “adiabat,” the relationship between shock velocity and shock pressure
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would be affected only as the square root of 1.1./12 diffegs:f.rom.!he square root of 1. Further, one
expects that the Rankine-Hugoniot equations would apply up to pressures of the magnitude of 1000
atm. The departure from the Rankine-Hugoniot energy relationship, small as it is, would not occur
until the shock pressures themselves were very much larger than.1000 atm.

In summarizing the present chapter, we recall that the free air wave from an atomic bomb has
been derived solely from the principles of conservation of mass, momentum, and energy. This has
been done for a nuclear explosion on its own merit through IBM Problem M, independent either of
tests on small charges or of tests on nuclear expolsions themselves. The thermal radiation from
the bomb has been shown not to affect seriously the apparent blast energy at the shock front. Fi-
nally, we have no reason to suspect strong departures from these equations because of the nature

of the shock process on nuclear explosion.
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Fig. 2.4.2-3 Density in space-time.
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SHOCK CONDITIONS FOR 1 KT IN FREE AIR
Ambient Conditions;

Py = 14,505 psi
¢y = 1138.45 ft/sec
po = 1.1613 x 1073 gm/cm?

Taken from IBM Problem M, the Energy of which was Deduced in Two Ways:

1. Direct evaluation of energy from the wave forms, using the equation of state in LADC-1133
(11.5 KT).

2. From evaluation with the analytic solution from the radius-time data (11.8 KT).
The value used to scale to 1 KT was 11.5 KT.
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