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Chapter 3
THERMAL RADIATION PHENOMENA (il

Within a few seconds after the explosion
a typical low altitude nuclear fireball emits
about a third of the weapon yield as infrared,
visible, and ultraviolet radiation (see Figure 4-1).
This sudden pulse of thermal energy may dam-
age any target that is susceptible to high temper-
atures. The damage may take many forms, but
the effects that are most frequently of ccacern
are fires that start as the result of ignition of
thin combustible materials (e.g.,, pz r or dried
leaves) and injuries to personnel, in the form of
bums.

The thermal pulse decays as the fireball
fades, but there is no specific time that marks
the end of the thermal radiaticn from the fire-
ball. At late times, as the radioactive cloud rises,
the heated air in the nuclear cloud still radiates
some thermal energy; however, this radiant
energy is released so slowly that it has little mili-
tary importance. Therefore, in this chapter, the
terms “‘thermal radiation phenomena,” “thermal
effects,” and “‘thermal puise™ only pertain to
wiae purtion of the radiated energy that could be
termed the “prompt thermal puise.”

This restriction in the meanings of terms
such as “thermal effects™ excludes a number of
nuclear burst phenomena that are thermal in the
broader sense. For example, fireball rise is a
thermal effect; the fireball is buoyant for the
same reason that a hot-air balloon is buoyant.
Another effect that properly could be termed
thermal is the radiation of X-ray energy by the
nuclear source. The X-ray energy is the thermal
radiation that is characteristic of an extremely
high temperature source (see Chapter 4). In
many situations, e.g., low altitude bursts, this
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radiation has no direct effect on targets, because
it is absorbed by air close to the source. In other
situations, notably aerospace vehicles exposed to
high altitude detonations, this X-ray energy be-
comes one of the most important direct damage
mechanisms. This damage mechanism is dis-

_ cussed in Section V, Chapter 9.

RADIANT exprosure [P

Four variables determine the effects of
the thermal pulse on a target:
® The amount of e.ergy that is incident on
the target.
® The time history of the thermal pulse.
@ The spectral distribution of the radiant
energy.
® The directional characteristics of the inci-
dent radiation, e.g., does it come directly
from the source, or is it scattered and
therefore arrives from many directions.
In most cases of military interest the first of the
variables is.dominant. A careful analysis cannot
ignore the other three, but a preliminary evalua-
tion of a thermal environment, for example, a
calculation to determine whether a thermal
problem exists, often can be based on the total
received.
The energy delivered by the thermal
P usually is specified in-terms of radiant ex-
posure, the energy per unit area incident on the
target surface. It is denoted by the symbol Q
and is conventionally measured in units of
calories per square centimeter (cal/cm?). The
factors that affect the radiant exposure are dis-
cussed separately in the folowing paragraphs.
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31 Thermal Partition W
Tke ratio of the thermal energy radiated
by the fireball of a nuclear explosion to the total
yield is thermal partition (sometimes called ther-
mal efficiency), denoted by the symbol f. For
burst altitudes below 100,000 feet and yields
between 1 kt and 10 Mt, values of thermal parti-.
tion may be determined from Figure 3-1. For
higher burst altitudes, thermal partition must be
determined by the method described in para-
graph 3-19. If the burst is below 180W0-* feet
(where W is the yield in kilotons), it is classed as
a surface burst and the thermal partition should
be determined by the method described in para-
graph 3-9.
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Problem 3-1. Calculstion of Thermal Partition

’Flgure 3-1 contains a family of curves
that show the thermal partition as a function of? : . . DA
yield and height of burst. The data in Figure 3-1 ’ - .

apply to yields between 1 kt and 10 Mt and to
burst altitudes from 180W0-* feet (where W is
the vield in kt) to 100,000 feet.

cxample
iven: A 10
39,000 feet. :
Find: The thermal energy that is radiated.

Solutign: From Figure 3-1, the thermal
partitioni.” i
Answe?? The thermal energy radiated is

t explosion at an altitude of

eliability .:

The shapes of the contour lines in Fig-
ure 3-1, and the precision with which values may
he vead from these lines suggest clearly estab-
lished relations between yield, altitude, and ther-
mal partition; however, the contour lines were .

obtained by fitting curves to the results of com- ds are discussed in paragraph 3-19; data for
puter code calculations. Although many aspects surface bursts are described in paragraph 3-9,
of the computed results have been compared to and data for special types of weapons are de-
experimental data, and the comparisons were scribed in paragrsph 3-17.

favorable, the thermal pesrtittons that the code ed Aaterial: See paragraph 3-1. See
predicts have not been confirmed definitely. also phs 3-9 and 3-19.

PQJ;_ 3-¢4 deleted.
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32 Range Effects .

As the thermal energy propagates away
from the fireball, the divergence that results
from the increasing area through which it passes
causes the radiant exposure to decrease as the
inverse square of the slant range. At a slant range
R centimeters from the source, the thermal
energy is distributed over a spherical area of
4xR?, Since the thermal yield in calories is 10! 2
Wf*, where W is the yield in kilotons, the radi-
ant exposure at a distance R cm in a clear atmo-
sphere is

12
Q= 10 ':f cal/cm?.

. Kilofeet and kilometers are more con-
venient units than centimeters for measuring the
range from a nuclear burst. Appropriate conver-
sion factors change the form of the equation to

- 100 Wf
41R§m

= 7.96 Wf/R2, alcm?,

and
Q = 85.7 Wf/R%, calem?,

where R, and R, are slant ranges in kilo-
meters and kilofeet, respectively.

B ranswirrance: @Y

.The equations presented above ignored
the attenuation by the stmosphere that would
affect the thermal energy received by a target. In
many cases, particularly when the air is clear and
the range is short, atmospheric altenuation is
not important. In other situations, scattering
and absorption of thermal energy by the atmo-
sphere can reduce the amount of thermal energy
reaching the target significantly.

In addition to atmospheric attenuation,

other effects also must be considered. A cloud

" layer above a fireball can scatter radiation down-
ward and can increase the thermal energy that
reaches the ground. If the ground also is highly
reflecting, e.g., if the ground is covered by a
layer of snow, further enhancement of the ther-
mal radiation may result.

All of these effects are approximated by
one tactor, the transmittance 7. Transmittance
is the ratio of the radiant exposure at a target
facing the fireball to the radiant exposure that
the target would receive if the intervening atmo-
sph ere perfectly transparent.

Adding the transmittance factor to the
equations given in paragraph 3-2 gives

0- 7.962Wﬂ' oy
Rkﬂ

and

0 =BSTWT o
Rin

The corresponding expressions for slant range in
terms of yieid and transmittance are’

R =282 VWT/Q.
Ry, = 926 \WIT/Q.

33 Specification of Transmittance .

A difficult task in applying transmit-
tance data to a thermal problem i3 deciding
which model atmosphere to use. Various model

f One kiloton equals 102 calorias (sse Tuble 1-2).

18 A relstionship that is esty o ssmsmber and that is reason-
ably cogrect if it is amumed that the thermal partition, f = 1/3,
and the transmittance, 7= 1.0, e radiant exposure st
one statute mile is sbout 0 = 1 calfem® per kt.
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atmospheres are identified in terms of param-
eters that can be measured without special in-
struraents. The first of these is visual range, a
parameter that indicates the light transmission
properties of the layer of air near the surface. A
second is the appearance of the sky, which can
be used to indicate the amount of haze or fog
that thermal radiation from a high altitude burst
must etrate to reach a target at the surface.

Aitnough transmittance can be calau-
lat tween any two points in space, a large
number of thermal problems involve ground tar-

gets. The matedal presented in this paragraph

has been developed primarily to calculate trans-
mittance between the point of burst and a target
on the ground. These methods may be extended
to calculate transmittance to airborne targets,
.. _but the validity ‘of such calculations has not
been checked as carefully as has the validity of
transmittance calculations for ground targets.
Whether or not a particular transmit-
tance calculation is useful depends on the nature
of the problem. If the burst is a specific test, the
weather at the particular time can be deter-
mined, and appropriate transmittances can be
assigned. If the burst involves a hypothetical
attack at some unknown date, a reliable predic-
tion of the transmittance, and, as g result, the
extent of the thermal damage from a particular
avnlncian is impossible. The atmosphere could
‘be clear or foggy; light combustibles such as
leaves or paper could be wet or dry. Yield and
position of the weapon are unknown and can
only-be estimated. .,
Two types of problems provide answers
sufficiently reliable to be useful. A cal-
culation intended to be conservative from the
" point of view of the defense indicates the level
of damage that an explosion could inflict on a
day when the air is clear and the ground is dry.
This type of calculation is useful for designating
safe areas or designing defense systems. Useful
an<wers also can be obtained in tactical situs-
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tions. The mnimum intercept altitude of a de-
fensive missile might be lowered on a foggy day,
and .an attacking force might use current
weather conditions to determine whether their
weapon would produce significant thermat dam-
age or whether they must rely primarily on
other effects.

34 Model Atmospheres [

The typical cloudless atosphere has a
haze layer near the surface. Often this haze layer
is relatively uniform, with a sharply defined
upper boundary; when cumulus clouds are pres-
ent, the bases of these clouds may mark the top
of the haze layer.

At higher altitudes, the air usually is
clearer, and, in the absence of clouds, about 80
percent of the attenuation of radiation from a
high altitude source occurs at altitudes below 3
miles. The low density air several miles above
the surface offers almost no interference to radi-
gtion in the visible and infrared regions of the
spectrum.

A szt of doudless model atmospheres
provides an approximate representation of the
optical properties of real atmospheres. These
models only represent the atmosphere in a gen-

" eral way, but they form a basis for transmittance

calculations. They have the advantage that selec-
tion of the appropriate model is based on the
simple criterion of daytime visual range. The
madel atmospheres are cloudless; correction fac-
tors introduced into the transmittance calcula-
tions account for the effects of clouds. These
model atmospheres and the empirical equations
that are used with them give reasonably accurate
estimates of transmittance if the transmittance is
above about 0.1.

Current reports consistently use visibil-
ity, which is called “visual range” in this chap-
ter, as one means for clamifying model atmo-
spheres; however, no standard definition of
visibility & adopted consistently. The atmo-
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sphere described in this chapter as having a
visual range of 16 miles woald be assigned a
visibility of 12 miles by at least one author and a
isjbility of 24 miles by some others.
The extent to which the atmosphere
impedes the flow of thermal energy and limits
visibility depends largely on the amount of scat-
tering of radiant energy by atmospheric parti-
cles. Absorption of energy also affects radiative
transport, but absorption usually is less impor-_
tant than scattering. A description of these
phenomena is the first step in explaining visual
range and transmittance.
The thermal radiation of concemn in this
r consists of electromagnetic radiations
from the ultraviolet to the infrared. The photons

that make up electromagnetic radiations can !

react with matter in many complex ways, but
the photons that constitute the thermal radia-
tion spectrum of a nuclear fireball interact al-
most exclusively by being absorbed or elastically
scattered. If the photon is absorbed, it gives up
its energy to the absorbing particle, and this
energy ultimately appears as heat. Scattering
may be thought of as reflection from a small
particle. Its effect is to change the direction in
which the photon is traveling. The term *‘elas-
tic” means that the photon does not lose energy
during the scattering process. Other interactions
of electromagnetic radiations with matter that
are more probable for higher frequency (shorter
wavelength) radiations than those of the thermal
radiation are described in paragraph 4-3, Chapter
4. .

The scattering and absorption properties

©of atmosphere depend partly on the wave-

length of the radiant energy. Wavelength is often
measured in microns (1 micron = 106 meter),
for which the symbol is g. Wavelengths in the

visible spectrum may be identified by the rela-

tion between wavelength and color: light with a
wavelength of 0.7 u is red; 0.58 u light is yellow;
and 0.48 u light is blue. White light is a mixture

containing all wavelengths in the visible spec-
trum, which .extends from 0.38 to 0.78 u. The

- infrared spectrum consists of radiant energy at

wavelengths longer than 0.78 4, and the ultra-
violet spectrum consists of radiant energy- at
wavelengths shorter than 0.38 u.

? The energy transport properties of atmo-
sphenc particles may be expressed in terms of
scattering and absorption cross sections, which
are fictitious areas that are a measure of the
probability that scattering or absorption will
occur. Particles that are small compared to the
wavelength of light have scattering cross sections
that are inversely proportional to the fourth
power of the wavelength. Therefore, air mole-
cules scatter light from the extreme blue end of
the visible spectrum (wavelength = 0.38 u«) about
16 times as effectively as they scatter light from
the red end of the spectrum (wavelength = 0.78
#). Blue smoke, which consists of very small
particles, has similar scattering properties. Parti-
cles that are large compared to the wavelength
of light (e.g., haze or fog particles) have scatter-
ing cross sections that are much less dependent
on wavelength. Individual particles have a scat-
tering cross section that varies somewhat with
wavelength, but the mixture of particle sizes
found in a haze or fog usually results in an aver-
age cross section that is nearly independent of
wavelength. '

The sky is blue because most of the scat-
t at high altitudes is by air molecules, which
scatter biue light more efficiently than they scat-
ter other colors of the visible spectrum. A dis-
tant mountain appears blue on a clear day for
the same reason.

The scattering properties of larger air-
bome particles may be observed on days when a
very light haze reduces visibility to about 10
miles or less. Near the surface, scattering by haze
particles contributes more to the light in the air
than does scattering by air molecules. The sky
still appears blue, but the color is not as deep as
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it would be on s clearer day. Distant hills and
the sky near the horizon appear to be more gray
than biue, which indicates that the lower atmo-
sphere is scattering all wavelengths of light about

- u‘l .
y\vater droplets cause nearly all of the
ening that occurs in a fog or a thick cloud.
Consequently, clouds are white and fogs tend to

wash out all impressions of color.
Absorption ususlly has little effect on

visible light, but it can affect the infrared and

ultraviolet portions of the spectrum signifi-
cantly. The principal absorber of thermal energy
usually is water vapor, which has strong absorp-
tion bands in the infrared spectrum. Dry air
transmits infrared energy more efficiently than
humid air. Carbon dioxide and other gases pres-
__ent in the atmosphere in small amounts also
" absorb infrared energy.

Ultraviolet energy is absorbed most
stro at the shorter wavelengths: the limiting
wavelength that air in the lower atmosphere will
transmit is about 0.2 micron. Ozone, appreciable
quantities of which are found between roughly
60,000 and 80,000 fect, absorbs ultraviolet
radiation with wavelengths shorter than 0.29
micron. As a result of these absorption bands
ultraviolet energy that reaches the earth from
the sun is almost entirely imited to the spectral
band between 0.38 micron (the violet edge of
the visible spectrum) and 0.29 micron.

Dark colored particles gbsorb appreci-
able energy in all regions of the thermal spec-
trum. Dust, smoke, and the smoky haze from
large cities fall into this category.
Detailed calculations of the complex
scatt€ring and absorption processes that can
occur between a nuclear explosion and a target
require computer-codes that are capable of con-
sidering detailed changes in the atmosphere and
the effect that these changes can have on the
entire spectrum of frequencies emitted by the
fireball. Monte Carlo calculations have been per-
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formed for several model atmospheres and for
several discrete wavelengths; however, as of this
time, these calculations have not been general-
ized into a form that is suitable for inclusion in
this manual. Therefore, the formulas and curves
for atmospheric transmittance that are given be-
low are bastll on a simplified model based on
the concept of effective optical height for single
gths.

One way to specify the attenuating
properties of the atmosphere as a function of
altitude is to assume that the transmittance be-
tween the point of burst and ground zero fol-
lows an equation of the form

T = e-m) .

where T is transmittance and r(k) is the effective
oprical height of the burst height A This con-
cept was applied in 1966 to specify one parti-
cular model atmosphere for which the visual
range is 16 miles.®* The attenuation for light of
0.65 micron wavelength was used to specify
«(h). This choice was a purely empirical one,
used because it brought the calculated values of
transmittance into general agreement with ex-
perimentaily determined values. The wavelength
that was selected is attepuated less than is
the thermal radiation spectrum as a whole;

““‘Imtyd'tbAwruwm
from Nuclear Weapons™ (sse bibliography). A 12 mile visusl
mmge was amigned to this model stmosphere. This choice was
bused on a comparison bstween & large numbez of visusl range
estimates st an sirport weather station aad simuitsneous mes-
surements with instroments designed to messure metoatalegical
mnge. The 16 mile figure is vwd bere bocause it is consistent
with the definition of visnul zinge gives in this chapter. Qualita-
tively, this range is definod g3 the distance at which a dark object
Mw&ﬂhm“mmW
specifically defined in pacagrsph 3-7. .

ﬂnqadhﬂmtaﬂsmblmh-
‘been chunged, the msason for having assigned the 12 mile figare
cuxzies 3 ussful waining. Thers is B0 assurancs that even trzined
metocrologists will amke estimstes thet sre consistent with a
procise mathematical definition of visssl nge.
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therefore, this choice makes allowance for addi-
tional energy that reaches the target by scatter-
ing. For bursts below one-quarter mile and sur-
face targets, a wavelength of 0.55 microns was

¥used together with a buildup factor, as described

below,

Figure 3-2 shows 1(h) as a function of
altude for this particular model atmosphere.
This model shows no attempt to represent an
abrupt increase in transparency at the top of the
haze layer; optical height is a smoothly varying
function of altitude. This approximation to the
actual atmosphere does not appear to introduce
serious error into the calculations, and it is more
convenisnt than s model atmosphere that re-

quires s estimate of the height of the haze layer

as well ‘as an estimate of visual range.
When visual range is different from 16

-spmiles, the model atmosphere is specified by

multiplying the values of effective optical height
in Figure 3-2 by 16/V, where V is visual range in
miles. For examgie, if the visibility is 8 miles, all
values of optical height are doubled, indicating
that transparency at all altitudes is reduced by a
factor of 2. This transformation may be stated
matheratically as

hly =70, 33

where 7(h),, is the effective optical height at a

given altitude ior the model atmosphere for
which visual range is ¥ and 1(h), ¢ is the effec-
tive optical height of the 16 mile model atmo-
sphere at the same altitude. o
! Visual range, a surface measurement, is a
r criterion for predicting the clarity of the
air a few miles up. Although there is some corre-
lation between these two quantities, the main
justification for this somewhat arbitrary pro-
cedure is that the optical thickness assigned to
the upper atmosphere, since it is a small fraction
of the total optical thickness, has little influence

.abo

on the calculated transmittance to targets on the

d. :
B‘E If the burst height is less than about one-
q

er mile, the line-of-sight path from the
burst to the target passes through zir which, in

" most cases, has optical properties that are fairly

uniform. In a uniform atmosphere, the attenua-
tion of a direct beam of thermal energy may be
related to the visibility of distant objects by
the equation.

T = e29 RNV,

“d

where T, is the transmission coefficient for di-
rect flux over a path of slant range R, and V' is
visual range. As mentioned above, scattered as
well as direct flux must be coasidered. Conse-
quently, transmittance is larger than the trans-
mission coefficient for direct flux and is given
approximately by the following empirical equa-
tion:

T=e2 RV (1 + 19 R/V).

. The exponential factor in this equation
accounts for energy loss from the direct beam
by scattering. The expression in brackets is a
buildup factor that accounts for energy scatter-
ed toward the target. This equation does not
specifically involve any property of the model
atmosphere other than visual range; however,
the properties of the model atmosphere are in-
valved implicitly, because the rate at which
transparency changes with attitude helps deter-
mine the magnitude of the coefficient 1.9 in the
buildup factor. Figure 3-3 shows this relation in
graphical form.

When the burst height h is greater than

one-quarter mile, transmittance may be
cziculated from -
. 16 R
T= e.’m vy
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where 7(h) (from Figure 3-2) is the effective
optical height of the model atmosphere with 16
mile visual range, and r(h) 16/V is the effective
optical height in the model atmosphere for
which visual range is V. The factor R/h converts
effective optical height to the effective optical
distance measured along the slant path of length
R, where 4 is the height of burst.

The two equations just given are for
(but not necessarily clear) atmo-
spheres. The effects of cloud layers are consid-
ered later in this subsection.

Height-of-burst curves provide a conven-
ient means for applying these transmittance
equations to thermal effects calculations. Fig-
ures 3-4 through 3-14 are a series of such curves.

The height-of-burst .curves do not show

-~ ~—transmittance data for bm_sabove 100,000 feet

(with the exception of Figure 3-13a).” Trans-
mittance above this altitude depends only on

312
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clevation angle. If the burst is above 130 kilo-
feet, the transmittance is independent of alti-
tude, and the contours become straight lines.
This is illustrated for a 16 mile visual range in
Figure 3-13a, in which the height of burst is
extended to 250,000 feet. As mentioned abave,
these curves are based on two empirical equa-
tions, one of which applies when the burst
height exceeds one-quarter mile (1.32 kilofeet)
and the other of which applies to lower bursts.
The discontinuities that occur where these two
families of curves meet has no particular sig-
nificance other than to suggest the degree of
uncertainty inherent in any transmittance data.
The discontinuities have been allowed to remain;
joining the contour knes would produce shapes
thrt may h=2= no physical basis (for example,
the curves should not be interpreted to imply
that for short ground ranges the optimum burst
height for thermal effects on the ground is
necessarily below 1/4 mile).
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