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ABSTRACT

This paper reviews the current state of knowledge on the thermal
effects of nuclear weapons, atmospheric transmissivity, ignition of target
elements, and fire propagation and spread. Some of the topics considered

are;

* Importance of attack assumptions (delivery capabilities of the
enemy, warhead types and yields, altitude of detonation, timing,
and warning) in determining the characteristics of thermal
radiation and the susceptibility of targets to thermal damage.

* Modification of the thermal radiation by the atwosphere, inter-
vening cloud layers or other meteorological features, and target
elements, such as trees and topography.

* Interaction of blast, radioactivity, and thermal radiation
phenomena.

* Response of target elements to direct thermal radiation,

* Effects of weather and topography on target vulnerability
» and fire spread.

* Fire development and spread in target areas.
* Vulnerability of humans.

* Countermeasures.

This version of the report has been declassified to allow wider
usage of much of the unclassified material contained in the original.
As a consequence, certain fiéures and tables, as well as portions of

the text, have been deleted.
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FOREWORD

To understand the mechanisms of fire and their implications to civil
defense in case of = nuclear attack, the Oifice of Civil Defense has in-
stigated a broad range of research projects. In addition to this effort,
considerable work is being sponsored by other governmeni agencies, such
as the Defense Atomic Support Agency, the National Bureau of Standards,
the Department of Agriculture, and civilian groups engaged in the study
of peacetime prevention and control of urban and wildland fires.

As an aid to the synthesis of the many data available and continu-
ously being generated, Stanford Research Institute was asked by the Of-
fice of Civil Defense to ''review the current state of knowledge on thermal
effects of nuclear weapons, atmospheric transmigsivity, ignition of tar-
get materials, and fire propagation and spread; evaluate the fire poten-’
tial of large-yield detonations under a variety of assumed attack condi-~
tions with emphasis on the influence of cloud cover, rain, snow, terrain,
and other climatic a:d geographic factors; and recommend promising re-
search and action programs.” "

The present report reviews the broad aspects of the damage which
might occur from thermal radiation in case of a nuclear attack on the
United States. The repbrt, together with four others, is submitted in
fulfillment of the contract work statement. The other reports are:

A Preliminary Evaluation of Fire Hazards from Nuclear Detonations,
an initial overview outline and discussion of the thermal
effect of nuclear explosions and the resulting fire hazards
(Miller, 1962).

Radirative Energy Transfer from Nuclcar Delonations above 50-km
Altitude, a technical investigation of the thermal effects
of high yieid weapons detonated at extremely high altitudes
in clear atmosphere (Miller and Passell, 1963).

Trensmission of Thermal Encrgy from Nuclear Detonations above
50-km Altitude by the Earth's Atmosphere, a survey of the
literauture and evaluation of the encrgy transmitted through
a real atmospherc from very high altitude nuclear cxplosions.
Recommerdations for promising research are made (Passell, 1963),

UNCLASSIFIED




B O S, SRS

UNCLASSIFIED |

Ignition of Materials by Large Yield Nuclear Weapons for Various
Burst Heights and Atmospheric Conditions, a summdry of the
current state of knowledge concerning the range at which
ignition of materials is cxpected to take place for various
burst beights and atmospheric conditions., Areas are pointed
out in which research programs are particularly nceded for a
thorough understanding of the range of ignition of materials
under realistic conditions (Rogers, 1963).

This study was conducted in the Magagemeni Sciences Division of
Stanford Research Institute for the Office of Civil Defense under cones
tract OCD-05-62-135, Task III.
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I INTRODUCTION

The Significance of Fire in World War 1

It is generally acknowledged that fire was the major cause of de-
struction during World War II. In Germany, fire caused app?oximately.
80 percent of the total structural damage to cities attacked by airborne
weapons; the 54 principal cities had a median of 40 percent destrucfion,’
most of which was caused by fire. The percentage of total fire damage
in England was similar. Ton for ton, incendiary bombs were five times as
effective in causing damage as were high explosive weapons; see Bond
1946,

In Japan, over 99 percent of the total bomb loads dropped on urban .
areas were of the incendiary type (as compared to 50-50 loads of incendi-
aries and high explosives dropped on Germany). As a result, 67 Japanese
cities experienced a median of 48 percent destruction. It is impossible -
to comprehend the meaning of these figures and the associated mass loss
of life without having seen the destruction or at least having read some
of the detailed literature based on the World War II experience. The .
reader is referred to Fire Effects of Bombing Attacks (1959), Bond (1946),
and Effects of Incendiary Bomb Attacks on Japan (1947) for accounts of
these incendiary raids,

Extensive fires such as those experienced during World War II are
commonly called mass fires, The mass fire may take the form of either a
firestorm or a conflagration, depending on the natural wind conditions
and topography, the number of ignitions per unit area, or other factors.
The firestorm is an intense stationary fire; the conflagration is a mov-
ing fire of lesser intensity. Whereas the firestorm destroys practically
everything aboveground, the conflagration is less destructive but can
cover much larger areas. Figure 1 indicates the time sequence of the
qualitative development of a firestorm. Figure 2 presents data concern-
ing the magnitude of certain representative mass fires.

Fire Research since World War 11

Recognizing the importance of incendiary effects in air raids, the
Allies devoted considerable research effort during the war to the parameters

1
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!
! ‘ SCALE OF REPRESENTATIVE MASS FIRES
J : . ALTITUDE EFFECTS
! T ALTITUDE - thousands of feet - - :
s 0 L T X 6 20 2
': HEIGHT OF SMOKE CLOUD OVER HAMBURG o
: . L e o - - ORI )
; HEIGHT OF CUMULUS-NIMBUS CLOUD ' o LTt
CAUSED BY HAMBURG FIRESTORM . . ... . . ... . N
REPORTED CONVECTION CURRENTS o ‘ ‘ -
OVER A FOREST FIRE . e e e e T
HEIGHT OF FLAMES AT DARMSTADT I ' A L
& HAMBURG FIRESTORMS P Co DN
: VIOLENT UPDRAFTS AT TOKYO FIRESTORM; AU o _
SMOKE & DEBRIS AT BELL AIR CALIF.CONFLG. . % .. = s
MAXIMUM REPORTED ALTITUDE o K i :
OF FIRE WHIRLWINDS ’ ,
b. RANGE EFFECTS
. ©  DISTANCE-miles ' ..
0 2 4 e 8 10
o I | i N 1
MAXIMUM REPORTED RANGE OF '
FIREBRANDS FROM SHINGLES
RANGE WITHIN WHICH MOST FIREBRANDS
FROM SHINGLES ARE CARRIED
- . DISTANCE FROM CENTER OF HAMBURG & LEIPZIG
. FIRESTORMS AT WHICH WINDS REACHED 34 MPH ; '
RADIUS OF INDUCED HAMBURG FIRESTORM; e ;
3 FOOT DIAMETER TREES UPROOTED .~~~ . | '+’
RADIUS OF CONVECTION PILLAR AT HAMBURG .
. 4 * a
MINIMUM FIRESTORM RADIUS; MAXIMUM : s
RANGE OF BRUSH FIREBRANDS L o
. W ) Pttt .
M »
. SOURCES: Bond (1946), Fire Effects of Bombing Attacks (1959)
( : and Wilson (1962)
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affecting mass fire development. Studies were undertaken on the degree
of "built-upness” of both Axis and English cities, the percentage of de-
struction as a function of bomb types and other variables, the effective-
ness of both active and passive countermeasures, the rate of fire spread
and fire development, and many other factors.

After World War II, the research emphasis was shifted from fire to
blast and the effects of radioactivity. This shift of emphasis probably
occurred for several reasons. First analyses showed that the area of
blast damage from the nominal atomic weapons was as extensive as damage
due to fires from incendiaries (sce Figures B-1 and B-2). To the military
planner, blast effects were [ar more predictable than fire effects for
causing a required amount of damage. Perhaps more important, however,
is the fact that studies on mass fire behavior are extremely difficult
to formulate and test. This is principally due to the immense number of

| variables, the stochastic nature of fires, the complexity of even the

‘ simplest burning process, and the difficulty in scaling information de- ’
rived from manageable laboratory or field experiments to apply to large
scale mass fires. Ignition of materials and, in some cases, ignition of
structures could be studied in the atomic tests which followed World
War II.: The tests, however, could not be instrumented in any feasible
manner for the investigation of mass fires although they were successful
in supplying quantities of data on blast and radioactive fallout.

In recent years, there has been a renewed interest in the study of
fires ahd other thermal damage from nuclear weapons, occasioned in part
by the Hcvelopment of thermonuclear weapons. With these high yield weap-
ons, the arca in which ignitions could occur is larger than the area of
blast damage (under ideal.weather conditions). Figure 3 shows the ratio
of the area within which a typical kindling fucl (newspaper) would ignite
to the area affected by blast damage for several levels of overpressure.

Recent tests by the Soviet Union of extremely large yield weapons
and the acknowledged superiority of Soviet missiles in lifting heavy pay-
loads to any desired altitude and range have added impetus to the study
of fires produced by nuclear attacks. '

An additional stimulus to {ire research has been the extreme differ-
ence of opinion on the importance of {irecs resulting f{rom nuclear attacks.
Dr. Harrison Brown stated that "very large bombs (about 1,000 megatons)
will be built which, when exploded at an altitude of about 300 miles,
could sear six western states"; see Brown and Real (1960). In contrast,
Dr. Jerald E, Hill, in his report to the Committec on Government Operé-
tions, claimed that "the damage resulting from fire will be rather of a
third order effect compared to the potential damage from bhlast and
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radiation effects”; see "Civil Defense . . . 1961." The basic reason for
these differences of opinicon is that the mechanisms of fire and many of
the thermal effects of nuclear weapons are still unknown.

Interest in the fire potential of nuclear weapons has also been gen-
erated by the increased recognition that adequate shelters-—and possibly
other countermeasures--can afford considerable protection for the popu-
lation even in the extreme conditions of a firestorm. In the Hamburg
firestorm, for example, carefully documented reports show that the prin-~-
cipal reason that fatalities among the total population were limited to
14 percent was that 79 percent of the people had access to some form of
shelter from fires. In fact, not a single casualty was reported in
19 percent of the population that sought shelter in bunkers* and splinter-
proof** bomb shelters (Earp, 1953).

Bunkers--shelters characterized by heavy, reinforced concrete con-
struction, many rooms or compartments, large capacity, completeness

of utilities, and facilities for air treatment and control. All
bunkers had air conditioning systems‘which provided for ventilation,
heating, and, in some cases, cooling. The fresh ailr intakes were
usually located well above the ground in outside walls. See Earp
(1953).

Splinterproof shelters--shelters consisting of single-story structures,
standing clear of other buildings, and holding up to 500 people. Con-
struction included an air-lock at the entrance and presumably a ventil-

ating system although no details of the latter are known. See Earp
(1953).

ek
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Il SUMMARY

The purpose of this paper is to review the current state of knowledge
on the thermal effects of nuclear weapons, atmospheric transmissivity,
ignition of target materials, and fire propagation and spread. As a
guideline in establishing the scope of the study, two important goals
are assumed for the Office of Civil Defense in fire research, These are
(1) to evaluate the ultimate damage to property and population which
would be expected from thermal radiation if the United States be attacked
with nuclear weapons and (2) to compare these results with the damage
expected if feasible countermeasures be taken. Keyed to these goals,
the review follows more or less the sequence of events which would occur
following an assumed attack.

The Effect of Attack Assumptions on Thermal Damage Estimates (Appendixes

e e dagn | et e i b\ mpr 4 AT s = i gt emmn ¢ e 0

A and F)

The assumptions made concerning the tactics employed by an enemy in
an attack influence two main inputs to thermal damage estimates, These
are (1) the characteristics of the thermal radiation, viz., the rate of
delivery and the intensity of the thermal energy, and (2) the susceptibil-
ity (or vulnerability) of the target elements. No literature source has
been found which specifically considers the implications of the attack
assumptions on the thermal radiation démage to be expected. For this
reason, these assumptions are discussed rather thoroughly in Appendixes A

‘and F of this report,

Attack Assumptions Affecting Thermal Radiation Characteristics’

Delivery Vehicle CapabilitiesA

Classified paragraph pertaining
to delivery vehicle capabilitizs
has been deleted,

7 . .
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Assumptions concerning the accuracy of the Soviet missiles are
probably not critical to the problem since, compared to the large radii
of weapon effects, the alming errors would be small.

The possibility that the Soviets could launch a salvo of mis-
siles (that is, a number of missiles arriving on the same target at es-
sentially the same time) poses a particularly serious threat from the
standpoint of thermal radiation. A cursory examination in this paper
indicates that (1) for megaton yields, the long thermal pulses would pos~
sibly overlap, creating a higher intensity of radiation on any given tar-
get than would be created by missiles fired independently; (2) fires
created by separated ground zeros within a target area could coalesce
intc mass fires; and (3) a salvo of missiles would be relatively less vul-
nerable to proposed AICBM terminal defense systems.

For the nonsalvo, multiple weapon case, the vulnerability of
some target elements would increase for the follow-on weapons. For exam-
ple, more than twice as much thermal energy is required to char a white
painted wood surface than is necessary to ignite a charred one. For other
targets, such as persons who have taken shelter after the first detona-
tion, the vulnerability might decrease. From the literature review, it
appears that no effort has been directed to the evaluation of thermal
damage for the realistic case of more than one weapon on target.

Types of Warheads

Two classified paragraphs on multiple
warhead deleted.

Special warheads might be developed which would create a re-
flecting layer above the detonation altitude to magnify the thermal effects
to the ground. No analysis has been made of this possibility,

8
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Choice of Yield

Increasing the yield of a weapon not only increases the total
~thermal energy emitted but lengthens the time of energy delivery. This
implies that for the same materials, the larger the yield, the more total
calories would be required for ignition. This important faétAis often
overlooked; see Figure 4. :

Clasgified paragraph diSéussing

B ' differences in the thermal pulse
shape between classified and
unclassified literature has been
deleted.

Altitude of Detonation

 The enemy has the choice of any altitude of attack from ground
level to outer space. The choice significantly affects the rate at which
thermal radiation is emitted from the weapon, as well as the total thermal
energy per unit of area reaching the ground.' For ground bursts, a method

is developed in Appendix A and F to relate the thermal pulse shape to that-

of a low altitude air burst. Similarly, based on the results of Miller
and Passell (1953), methods are presented which relate both the pulse
shapes of a very high air burst (above 50 km--31 miles) and an outer
space burst (above 83 km—-52 miles) to low altitude air bursts.

Classified paragraph on the thermal
pulse shape has been deleted,

Based on these results, the ultimate effect of the altitude
variation on the ranges at which materlals will ignite is considered in
detail by Rogers (1963).
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s Attack Assumptions Affecting the Vulnerability of Targets

N

Two main assumptions concerning the attack can affect the target
vulnerability-~the time of the attack and the amount of warning»Which
the United States would have.

Timing of the Attack

In evaluating fire potential from nuclear weapons, the time
{(year, season, hour) of the attack is particularly important since (1)
the year determines the technology of attack and defense; (2) the season
alters the susceptibility of a particular target area to fire although
the fire season differs radically in different areas of the United States;
and (3) the hour of the day influences wind speed and direction, atmos-
pheric transmission, location of target population, probability of cloud
cover, and several other important factors. A literature review of these
effects is presented in Appendix A,

Classified paragraph on the effect
of time on countermeasures has been
deleted,

Warning

Two classified paragraphs pertaining
to warning have been deleted.

¢ | 1
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No information has been found on the quantitative importance of
warning to fire fightingunits in alerting personnel, readying equipment,
and making emergency preparations to fight mass fires.

Interaction of the Direct Thermal Radiation with the Atmosphere, the

Target, and Other Weapon Phenomena (Appendix B)

Once the tactics of the attack have been specified, the weapon
phenomena in most cases are determined, as discussed above. After a
nuclear detonation, the thermal radiation from the fireball would be
(1) attenuated by the atmosphere; (2) modified by intervening cloud lay-
ers or other weather features; and (3) screened or reflected by topog-
raphy, trees, windows, and other elements in the target area. When the
thermal radiation, which has been modified by the environment, strikes
susceptible targets on the ground, ignitions, as well as skin and retinal
burns in human beings, may occur over a wide area. There may also be impor-
tant interactions of the thermal radiation with the blast and radiological

Phenomena of the weapon. These topics, which are considered in Appendix B,
are summarized below. '

Modification of the Thermal Radiation by the Atmosphere, .Clouds, and
Topography

It has been found that the amount of thermal energy which the atmos-
phere will transmit can vary from almost zero to nearly 100 percent, de-~
pending on weather conditions. Reflections from cloud and snow can in-
crease the energy arriving at the target still further.

Recent analyses of high altitude and above-the-atmosphere bursts are
summarized in Figure 5. Note that the radius at which 10 cal/cm? (in one
second) is received from a 10,000-mt burst at 45 miles altitude can vary
from 80 to 325 miles, depending on weather conditions, Note also that
only bursts larger than 10,000 mt would be a threat at orbital altitudes.,
The relationship of these thermal radii to the radii at which materials
will burn is summarized in Rogers (1963)

The most complete analyses of atmospheric transmission have been made
on the effects of variations in visibility. The effects of cloud layers

12
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were derived from solar transmission data for bursts above the clouds,

and analytic approximations were developed for bursts below cloud layers.
Little information is available concerning bursts within clouds, between
layers of clouds, in broken clouds, or in the presence of precipitation.

In addition, the direct effects of a nuclear detonation on clouds and fog
are unknown, for most cases of interest.

A summary of some of the results on the modification of thermal
radiation by atmospheric transmission and meteorological condition is
shown in Figures 6 and 7. As indicated, the ignition radius of dry pine
needles (and of colored fabrics) can vary from less than one mile to as
much as 20 miles.. It should be noted that, due to differences in esti-
mates of material response to thermal radiation, theseAcurveS'may apply
to 10 mt weapons or to'weapons as large as 35 mt., This is discussed in
detail in Rogers (1963).

No studies have been found in this review which analytically or
statistically consider the importance of topography in shielding a tar-
get area from the thermal radiation from a nuclear weapon. (Such studies
are commonplace in the study of airborne and ground-based radar line-of-
sight.) The shielding afforded by the topography would be greatest for
low altitude bursts, of course, but would be of little effect in a heavy
fog when a maximum diffusion of the thermal energy would take place.

Interaction of the Thermal Pulse with the Target Cohplex

Response of Materials to the Thermal Pulse

Extensive laboratory tests have been completed at the Naval
Radiological Defense Laboratory and elsewhere to determine the reaction
of kindling fuels® to direct radiation from simulated nuclear thermal
sources. Unfortunately, the laboratory work at NRDL does not agree too
well with the results given in The Effects of Nuclear Weapons, which pre~
sumably is based both on field and laboratory data. Using the NRDL data
and assuming very clear weather, the radii of ignition of materials must
be increased by 70 percent or more (depending on the materials under con-
sideration) to agree with the derivations based on the ENW., For periods
of low visibility, the differences are less exaggerated. This problem is
discussed in the summary report, Rogers (1963).

* Thin material of the order of 0.0l inches thick or low density materials,
such as rotted wood.
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Figure 6

A IGNITION RADIUS OF DRY PINE NEEDLES FOR
: CLOUDLESS DAY
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Figure 7

IGNITION RADIUS OF DRY PINE NEEDLES FOR
OVERCAST DAY

( horizontal receiver, nonabsorbing and nonscattering atmosphere )

BURST HEiGHT - 30,000 feet

burst obove hlgh clouds t:, -

burst be|ow high clouds )
burst above middle clouds .

burst above Iow.c\Eqas '
BURST HEIGHT - 5,000 feet

burst below middle clouds

burst above low clouds
burst below low clouds

" 00 15 10 5 0 .5 S s 20
IGNITION RADIUS OF DRY PINE NEEDLES = mnes

HIGH GROUND REFLECTIVITY . LOW GROUND REFLECTlV'TY'\ ‘
A N '«’i HENEI
e ) o K e

YIELD: 10 mt { using ignition requirements from Glasstone ( 1962 ) and Miller ( 1962 )
35 mt ( using ignition requirements from Martin ( 1959 )

SOURCE: Schmall ( 1961 ), Haurwitz ( 1948 ), Neiburger { 1949 ), and Stanford Research Institute

16

UNCLASSIFIED




N

i

l.kJNCLASSIFIED

Using the methods developed in this present report, the results

‘of the ignition of materials from low altitude air bursts may be applied

to surface bursts and bursts above approximately 83-km (52 miles) alti-
tude. For very high altitude atmospheric bursts (50 km to 83 km), the
results can be related to the extremely short thermal pulse from a very
low yield kiloton weapon at sea level. Unfortunately, since known stud-
ies on the ignition of materials do not apply for pulse lengths of less
than about 0.1 second, the ignition capability of weapons detonated in
this altitude range is unknown.* (See Rogers, 1963.)

Tests have been made on many materials other than kindling fuels,
including plastics, metals, and heavy fuels. The results are recorded,
in part, in Appendix B.

Modificatioh of the Thermal Pulse by Materials

Some materials, such as heat-treated orlon, defy ignition by
high intensity nuclear radiation. They may, however, transmit much of
the energy and, therefore, are not good screening materials for use in
clothing, curtains, and the like. The transmission characteristics of
many screening materials have been tested both in the laboratory and in
nuclear weapons tests. These materials include glass, window screening,
plastics, and cloth of various kinds. The protection afforded by cloth-
ing, which is coumplicated by the air space between the clothing and the
skin, has also been studied experimentally. The results of these tests
are summarized in the Appendix B. ’

Interaction of the Thermal Pulse with Other Targets

Considerable research has been completed and is continuing on
the effects on humans and laboratory animals of thermal radiation from
nuclear weapons. These effects include flashburns of the skin, lesions
on the retina, flash blindness, and keratitis (an inflammation of the
cornea). A survey of studies on these effects is presented in Appendix B.
Research has not been directed toward the effects of intense thermal ra-
diation on farm animals and wildlife, which would be of interest in making
national damage estimates.

Very little information is available on the effects of thermal
radiation on living vegetation. A theoretical model for the killing ef-
fect of thermal radiation from low yield weapons is presented in one
source (Fons, et al., 1950), but the theory was not tested. Somewhat
more data are available on the screening of solar radiation by trees and

* Since the writing of this report, S. Martin of NRDL has undertaken addi-
tional work on the response of materials to very short thermal pulses,
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forests, both in urban and rural areas, and these might be applied to the
screening of thermal radiation from a nuclear fireball.

To relate the ignition of materials by nuclear thermal radiuation
to the threat of fires in cities, two surveys of the distribution of kin-
dling fuels have been made. One was concerned with the density of exter-
ior ignition points (Sauer, et al., 1953), and the other was concerned
;Ezh the density of interior ignition points (Bruce and Downs, 1956). No
studies attempt to relate these ignition point densities to the expected
damage to cities although some crude estimates can be made from incendiary
bomb damage reported in World War II.

The diffusion of thermal radiation within a city has not been
studied. However, estimates might be developed similar to those made on
the diffusion of solar radiation in forests of various densities of growth.

Interaction of Thermal Radiation with Blast and Radioactivity

‘Two classified paragraphs on
thermal radiation have been
deleted.

Fallout patterns from surface bursts may be grossly altered by mass
fires. Laboratory experiments indicate that the pattern will broaden and
shorten downwind if the fallout passes over convection currents from the

fires (Broido and McMasters,'1959). Further work is required before
definitive results can be stated.

Relationship of the Physical Environment to the Nuclear Fire Problem
(Appendix C)

The physical environment as defined in this appendix includes the.
effects of weather and topography. 1In the preceding appendix interest
was centered on the modification of only the direct thermal radiation by
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the environment. In this appendix the importance of weather and weather
statistiés to the broader problems of ignition phenomena, fire development
and spread, and ultimate damage estimates are considered.

Application of Weather and Climate Statistics to the Analysis of
U.S Vulnerability to Nuclear Fires '

Important sources of weather statistics are considered. As an exam-
ple, these statistics are applied to the problem of predicting transmis-
sion of the atmosphere and area within which ignitions would occur from
the direct thermal radiation of nuclear weapons. Such a treatment can be
equally well applied to problems of fuel moisture content, fire spread,
and other weather dependent variables. A discussion is included, con-
cerning the implications of the capability of weather satellites to
collect information on simultaneous cloud cover over the entire nation.

Effect of Weather on therTarget System Vulnerability

The effect of weather in altering the vulnerability characteristics
of a targeted area has been considered in Appendix C.. -The correlation
of temperature and humidity with moisture content of fine (kindling)
fuels, wood, and woodwork in structures has been studied extensively in
the literature. The next step, viz., to estimate the variation of the
vulnerability of fuels to ignition by intense thermal energy as a func-
tion of moisture content, has been satisfactorily completed (Martin, 1958).
It has been found that once a fire is started, for kindling fuels the
moisture content is not too important since the water evaporates quickly.
When the moisture content of heavy wooden materials is greater than about
15 to 16 percent, these héavier members are difficult to ignite and in-
capable of propagating a vigorous fire. Below 12 percent moisture con-
tent, wood of any thickness is easily ignited, and propagation of fire
is quite rapid. Extensive statistics have been collected on the moisture
content in building materials as a function of time and geographic loca-
tion. Such statistics may be useful in estimating fire vulnerability.

Studies on the effects of weather on fires and fire spread are mani-
fold and detailed; many are discussed in the text. Because of the ex-
tensive experience of the Japanese with urban conflagrations, many of
their studies appear to be of great value in understanding mass fire
behavior even though the conditions of fuels, building densities, and
other input parameters in Japan are somewhat different from those in
the United States. Unfortunately, translations of the Japanese documents
are not too accessible. '
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For forest fuels, an analytic model has been derived which success-
fully expresses the rate of movement of low intensity fires in a homo-
geneous fuel bed as a function of weather factors and fuel characteris-
tics; see Fons (1946). Models which analytically describe the growth and
movement of high intensity forest fires have also been devised, but these
are not too reliable except in predicting very short-term fire behavior
and are useful mainly to forest fire fighters.A(Davis, 1959):

i

A better understanding of the influences of physical environmental
factors, such as weather and topography, on the behavior of both urban
and rural mass fires is expected as a result of current Office of Civil
Defense sponsored research by the U.S. Forest Service and United Research
Services.,

Importance of Topography to Fire Vulnerability

Mention has already been made of the possibility of local topography
shielding target areas from the direct thermal radiation of a nuclear
" detonation. Topography also influences the rate at which fires spread.
The limited number of studies which treat this problem analytically are
reviewed in Appendix C. Also, references are cited which describe the
- special effect of the fire whirlwind. This tornado-type wind activity is
usually associated with ridge lines and is perhaps the most important
direct cause of long~distance spotting and ember showers in forest fires.

Targqﬁ_ggpments and Fire Processeé (Appendix D)

wren the direct thermal radiation from a nuclear weapon, modified by
the e¢nvironment, strikes susceptible targets on the ground, ignitions may
occur over a lnrge area. If these ignitions continue to burn until heavier
fuels are ignited, the incipient fires may develop into full-fledged fires
burning irdependently (group fires) or, in the most serious 'tase, the con-
vection currerts from the individual fires may coalesce, creating a single

mass fire. Apperd.x D reviews those studies which are pertinent to the
understanding of these fire processes.

Materials and Fire Processes

A review is mnade of fire processes concerncd with materials. These
include (1) the ignition of materjals, (2) flamespread, (3) potential
heat in building materials, and (4) heat transfer through tke ground and
through underground shelter matc.iuls.
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_ Materials may ignite because of exposure to heat of radiation, con-
vection, or conduction. The actual processes of ignition and burning are
extremely complex, and although attempts are being made to eiplain these
phenomena, the results are far from complete, Radiation is the simplest
heat transport phenomenon to analyze (see, for example, Appendix IV of
A Study of Fire Problems, 1961). Unlike thermal radiation from nuclear

weapons, the radiation of concern here is of relatively low intensity

but may be sustained for comparatively long periods of time as in the
radiation transmitted from a burning building to the facade of an adjacent
building. It has been found that in the presence of a pilot flame, the
intensity requirements for the ignation of materials are much less than

if no flame is present. This fact has been used by some analysts (Salzberg,

et al., 1961) to estimate the importance of firebrands in spreading fires
between buildings. Downwind, firebrands provide pilot flames which lower
the radiation requirement for ignition. Upwind, no such correction factor
is applied. (Of course, firebrands will spread fires in other ways not
considered in these analyses, for example, by falling in dry grass.)

Fire spread in forest fuels was considered in Appendix C where the
effects of weather on fire behavior was discussed; in Appendix D, fire
spread in building materials is considered. This subject is generally
concerned with the rate at which flames spread along the surfaces of
materials* and, in.-this respect, it is of particular interest in evaluat-
ing the effect of fire-retardant coatings. The National Bureau of Stand-
ards has an active program to analyze flamespread in various buiiding
materials, as well as a program to define and estimate the "potential
heat"” in building materials. The latter may be more important to the
study of the cambustion of structures than is the analysis of flamespread.

Estimates of heat transfer through the ground and through shelter
building materials will be of interest to those persons concerned with
the heat that might develop in underground fallout shelters during mass
fires. Broido and McMasters (1960) computed the time for the temperature
of the inside surface of a material to increase from 60°F to 90°F when
the outside of the solid, originally at 60°F, was assumed to rapidly
reach and be maintained at 2000°F. It was found that a slab of concrete
or soil l-foot thick would reach 90°F in about 3 hours. A 2-foot slab of
concrete would take 10 to 23 hours, depending on its composition.

* The rate at which fire moves in wood cribs, i.e., stacks of wood blocks,
has also occupied the attention of several investigators; see, for
example, Berl, 1961.
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Other sphrces of information on heat transfer through the ground are
studies made during forest fires. Some of these results, reported by
Davis (1959), are presented in Tables D-III and D-1V.

Structures and Fire Processes

At least two methods have been used to categorize the combustibility
of buildings. One method categorizes by the type of construction used
and the other by the contents normally contained in the building. Sta-
tistics are available on the distribution of buildings according to fire
resistance, both on a local and on a national scale. The literature on
fire development within structures and fire spread between structures is
extensive, and many attempts have been made to develop models describing
the processes analytically, Standard methods that quantify the expected
severity of building fires according to the fire resistance of the build-
ing walls have also been defined.

Structural Density and Its Importance to Fire Spread

A parameter that is often considered important to fire spread between
buildings is the density of the buildings (i.e., ratio of roof area to
total area). Wartime building densities of some Japanese and German cit-
ies are described in Appendix D. Data are presented giving (1) the mini-
mum density required for firestorms or conflagrations (Civil Defense Urban
Analysis, 1953) and (2) the percent of area which will be destroyed when
exposed to mass fires, as a function of building density (Bond, 1949).
However, since these data are based on wartime attacks on Germany and
Japan, they will not necessarily apply to the cities of the United States.
Furthermore, the reliability of the correlation of fire damage to build-
ing density is questionable, even for the wartime cases presented (see
Fire Spread in Urban Areas, 1955). N

Vulnerability of Humans in Mass Fires

A brief review of the effects of mass fires on humans is given in
Appendix D. In addition to fatalities from burning, these effects'may
include casualties from oxygen depletion, carbon dioxide and monoxide
poisoning, and excessive heat.

22

URCLASSIFIED




, R S , I

UNCLASSIFIED

Vegetation and Fire Processes

. L]

In some cases, vegetation may shield structures and other vulnerable
target elements. In others, it may enhance the destruction of nearby
combustibles. A review is presented in Appendix D of the literature on
these two aspects of the relation of vegetation to fire processes.

As a final topic in Appendix D, data are given for the fuel densi-
ties that were estimated in each of six mass forest (or brush) fires.
Thcse densities appear to be similar to those in some California cities
although detailed surveys of the distribution of treces, shrubbery, and
other vegetation in and around cities are. apparently not available.

Countermeasures (Appendix E)

‘Many kinds of countermeasures have been proposed to 1imit the pos-
sible damage that might result directly or indirectly from thermal radia-
tion in a nuclear attack. In Appendix E, a survey is made of the litera-
ture concerning many of these countermeasures. It is found that they
fall into rather clearly defined groups as determined by the stage of de-
velopment of thé radiation and fire threat.

Countermeasures to Direct Thermal Radiation

There are at least eight kinds of countermeasures that would reduce
the damage from the direct thermal radiation of a nuclear weapon. These
are:

1. Artificial fog and smoke generation--pilot studies (Duckworth,
et al., 1953) indicate that this may be an effective and feasible
method for protecting a target area from thermal radiation,

2. Warning--it is estimated that 20 to 30 percent of the fatal casu-
alties in Hiroshima and Nagasaki were caused by flash burns from
direct thermal radiation (Glasstone, 1962). If sufficient warn-
ing is given and if individuals heed it, casualties from flash
burns on the skin or on the retina of the eye should be practi-
cally nonexistent. Other countermeasures, such as the generation
of smoke, would also be effective only if adequate warning is
given, :

3. Elimination of kindling fuels and generél clean-up campaigns--
such measures would reduce the number of points at which fires

might start from thermai radiation,
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4, Use of special fabrics--two types of special fabrics have been
devised. One is resistant to ignition by high intensity thermal
radiation and, hence, if used extensively in home furnishings
and the like, it would reduce the number of possible ignition
points. The other type of fabric is effective in shielding tar-
get elements from radiation. Such fabrics might be used, for
example, as full window draperies to prevent ignition of the
interior of buildings,

5. Eye protectors--developed mainly for use by the military, these
include chemical devices and mechanical shutters. Their use is
rather restricted because of their bulkiness or the restriction
they impose on the field of view.

6. Skin creams--these have also been developed mainly by and for
the military for use in tactical operations.

7. Special screens--window screens constructed of flat metal rib-—
bons show promise of reducing the probability of ignition of the
interior of structures. More work is required, however, to esti-
mate their effectiveness in countering thermal radiation from --
megaton yield weapons. )

8. Special paints--smoke producing and foam producihg paints have |
been considered, and some of the literature pertaining to them
"is described in Appendix E.

Countermeasures to Incipient Fires

Discussed undei this heading are a few of the many reports concerned
with (1) fire resistant and fire retardant materials and paints, (2) con-
finement of fires, (3) chemical extinguishers and fire inhibiting chemi-
cals, and (4) specially designed sprinkler systems.

Countermeasures to Group Fires

Although professional fire fighters would be invaluable at any and
all stages of an attack, they would probably be most effective at that
stage where individual structures are afire but the flames have not yet
coalesced into mass fires. Stricter building and fire codes might aid
in preventing group fires from developing into mass fires. Elimination
of surrounding dry vegetation, such as exists in many California communi-
ties, and the use of fire retardant paints would help prevent the spread
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of fire between buildings. (Brown, 1962, has estimated that it would re-
quire a 7 to 20 times greater heat intensity for fire to jump a firebreak
if opposing buildings were painted with fire retardant paint rather than
ordinary paint.) Recently developed chemical fertilizers, which make
vegetation fire retardant, appear to offer promise of reducing the fire
hazard of trees and shrubbery. Since these fertilizers are nontoxic tQ
animals, they should also prove useful in alleviating the fire hazard of
grazing and crop lands.

Countermeasures to Mass Fires

Measures to resist or control damage from conflagrations or fire-
storms include active firefighting, development of cities with open
spaces and canals to act as firebreaks, construction of airtight under-
ground shelters for the population, and planning for mass evacuation
from fire and blast areas. All of these countermeasures were found to
be effective in Germany and Japan during World War II in reducing casu-
alties and structural damage. '

Some studies- have been made on the costs involved for specific
countermeasures. The economics of fire fighting have been studied by
forest and urban fire fighters for many years; but only recently have
the costs of fighting mass forest fires been subjected to the methods of
operations analysis; see Shephardand Jewell (1961) and A Study of Fire

Problems (1961). At the present time, however, there is no general ana-

lytic method to demonstrate the cost-effectiveness of countermeasures to
a nuclear threat.
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II1 CONCLUSIONS AND RECOMMENDATIONS

Before identifying areas where additional research is required, it is
important to indicate that there is a distinction between fire research for
Civil Defense and fire research for other purposes. Consider, for example,
the problems of the Forest Service. The Forest Service is especially con-
cerned with seasons of high fire susceptibility which occur at widely vary-
ing times in different sections of the United States. In contrast, the
evaluation of the threat of fires from a nuclear attack should consider
the threat of fires to the entire nation simultaneously. As another ex-
ample, with the exception of the Rocky Mountain area, the majority of
forest fires are caused by people rather than by lightning; see Folweiler
and Brown (1946). Hence, most peacetime forest fires begin at ground
level from burning debris, cigarettes, campfires, and the like, 1In a
nuclear attack, however, the thermal flash striking the tops of evergreens
might be adequately attenuated before reaching the decayed kindling fuels
on the forest floor. On the other hand, dead foliage in the tree tops of
deciduous woods during certain seasons of the year might cause crown fires,
which are the most rapidly moving and‘dangerous of all forest fires. These

_are only a few of the differences between the fire problems of the Office

of Civil Defense and those of other fire-oriented groups.

As indicated by the above examples, the Office of Civil Defense should
recognize that the protection of people and property from fires caused by
a nuclear attack presents unique problems. They are not necessarily iden-
tical with those of the Forest Service, urban fire departments, fire under-
writers, the basic researcher, or even the planner of military offense
strategies. Although the Office of Civil Defense must use the wealth of
experience and the research capabilities of these groups wherever applicable,
it should develop in detail its own fire research program based upon goals
which will lead to a feasible accomplishment of the civil defense missions.

The appendixes contain detailed descriptions of the fire research ac-
complished to date, indicate the important problems remaining, and suggest
approaches to the solutions of these problems. Broad conclusions and rec-
ommendations derived from the appendixes are outlined below.

Formulation of Quantitative Goals--As a prime prerequisite to all fire
research sponsored by the Office of Civil Defense, an analysis should be
made outlining specific quantitative goals which, if achieved, would ma-
terially assist in the conduct of the civil defense mission. As a simple
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example, a goal of civil defense might be to estimate the earliest pos-
.sible time that shelter occupants could be safely removed from shelters
within fire damaged areas. Starting from this goal, important parameters
could be identified, giving specific direction to the research. Such
parameters, for this case might be the temperature history of the fire,

the radioacfivity of the area (if any), the amount of rubble in the streets,
and the like. Although research effort should be expended on detailed
studies of these unknowns, it is not expected that they will be well under-
stood for scme time. Parametric studies might establish bounds which would
give initial results, pending more scientifically precise investigations.

Strategy and Tactics--In the past, little effort has been applied to
the importance of the strategy and tactics of a possible attack from the
standpoint of fire damage. A recognition of these inputs is necessary
for understanding the fire threat posed by nuclear weapons. In particular,
research activities should be undertaken which would include, but not be
limited to, the following: a description of the thermal effects of mul-
tiple weapons on a target area; a study of the importance of timing of an
attack on the parameters affecting the vulnerability of the entire United
States simultaneously; an investigation of the importance of warning to
civilians and professional fire fighters; additional rescarch on the ef-
fect of altitude on the thermal partitioning of energy and the pulse

shapes of weapons, particularly for the intermecdiate altitudes (10 km to
80 km--6 to 50 miles).

Weapon Phenomena--Analysis of the effects of nuclear weapons will be
incomplete unless further research effort is expended on certain weapon

phenormena. Strong convection currents from mass fires may seriously alter
the results predicted from detailed fallout models. There are also indi-
cations that with large weapons, the resulting fires may be extinguished’
by the follow-on blast wave. Furthermore, the direct effects of atomic
bursts on clouds and fog is practically unknown.

Response of Materials~-The effects of actual and simulated weapon
pulses on materials is perhaps the most thoroughly understood phenomenon
in the entire fire research area. Even here, however,

werk remains to be
done. In particular, investigation is required on the effects of extremely
short, high intensity pulses such as would be experienrced from a high

altitude burst.* Also, study is needed on the effects on materials of

overlapping thermal rulses from more than one weapon.

x* See footnote on page 17.
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Urban/Rural Interactions--Almost invariably, the study of the fire
potential of weapons has been restricted either to forested areas or to
urban areas. A unified study is required which will consider the effects
radii of weapons, the size of cities, and the interface between the cities
and forested arcaz to give an indication of the interaction between urban
and rural fire susceptibility, fire behavior, and firz defense.

Ignition Points--More precise definitions of the important ideas of
ignition points and ignition densities should be made, and parametric stud-

. ies should be conducted on their variation with attack parameters. A

study should be undertaken to develop these quantities into factors which
will apply to the ultimate aims of civil defense.

Japanese Nata-~A systematic effort should be made to interpret (both
linguisticallg-ggs mathematically) the wealth of Japanese experience with
conflagrations und to apply the results to the study of mass fires in the
United States.

Coalescence--Before firestorms and other fire processes can be fully
understood, much more information is required on the problem of the coa-
lescence of fires, both within the area of effects of a single nuclear
weapon and between such areas in the case of attacks with more than one
weapon on a target. '

Countermeasures--Although it is evident that effort should be con-
tinued on the development of passive counterneasures for the ¢ntire spec-
trum of potential fires, an equally important effn:t should be directed
toward methods for getting promising countermeasures videly accepied by
the public. Mnst countermeasures would not be effective unless inuorpo-
rated on a large scale. Since past experience has shown thgt the usual
public reaction is vne of apathy, legal steps may be required to accomplish
vigurous public participation. This may necessitate more stringent legal
restrictions on building densities and other construction codes, as well
as luws to allow fire fighters legal protection when choosing the most
ceffective method of uttacking a fire.

Functiona! Systems--Studies should be made of the fire vulnerability
of functional systems, such as the power industry, agriculture, and trans-
portation and vommunication systems. In particular, the susceptibility «f
the petroleur industry to nuclear thermal radiation, five, and fire sprecd
should he considered. With the exception of studies or the vulnerability
of military instullations, no studies apparently have considered the vul-
nerability of a functional system to the particular threat of nuclear fires,
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Appendix A

SUMMARY OF DATA EMANATING FROM
OUTSIDE THE TARGET SYSTEM

Probably one of the least acknowledged influences on the fire po-
tential of nuclear weapons is the importance of input data emanating
from outside the target system. In particular, attack strategies and
tactics and the possibility of strategic warning greatly influence the i
depth and breadth of the research required to understand and counter ;
the threat of fires from nuclear attacks, Virtually no work has been
done relating these topics to the threat of nuclear fires.

There are perhaps good reasons for this weakness., For one thing,
many investigators are specialists in fire processes, material ignition,
and the like and have only peripheral interest and experience in strategy
and tacties. Second, it is undoubtedly true that nmot too much reltable
information can be gleaned at this time since so little is known about
the basic processes of fire and fire spread. ‘

Even a somewhat hasty reflection on the input data, however, adds
perspective to the fire research, presents new challenges, and, in some.
cases, restricts the otherwise unlimited range of the variables. A
brief survey of some of the important input data and their influence on
fire research programs follows,

General Characteristics of an Attack

A nuclear attack on the United States could occur under any number
of different circumstances. One can identify some of the more likely
types of attack and their effects on the parameters of any fire study.
Table A-I lists five possible attack types and their probable effects
on timing, targeting, and warning.

For the case of a deliberate optimum attack by the Soviet Union,
optimum timing is that timing which would create the maximum damage from
all weapon effects,
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Table A-I

EFFECT OF ATTACK TYPE ON DAMAGE ASSESSMENT PARAMETERS

_Probable Effect

Attack Type Timing Targeting Warning
First strike: Optimum Counterforce None~some
deliberate . or mixed
Second strike: Time shift from optimum Population ' Some-
retaliatory in attacker's country maximum E
Pre-emptive: Random Counterforce- Some
strike from or mixed ;
fear : .
Accidental Raridom Single target None '
: to all-out !

pre-emptive

N-th Country Optimum Population-féw None
targets

Source:; Stanford Research Institute,

The timing, however, would be particularly important in evaluating
fire damage. As will be seen later, the cloud cover, the moisture content
of materials, the seasonal winds, and many other critical fire parameters
are indirectly affected by the timing. Furthermore, an unhurried attack
is likely to produce the most reliable results.

Although a second strike by ‘the enemy seems highly unlikely at first
glance, the first strike could have been made by a country other than
the United States. Hence, it is of more than academic interest to in-
clude the retaliatory strike as a possibility, at least in planning for
future eventualities. If an attack were timed by an aggressor to create
maximum damage effects on the Soviet Union, the retaliatory attack on
the United States might create less than maximum possible damage because
fire susceptibility varies greatly with geographical regions. In
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{ : o studying the retaliatory attack, one could probably choose the timing
to be on the order of a few hours or a day later than an optimum attack
on Russia.

. An accidental attack could occur under many different circumstances.
It might be caused by a single missile being launched by error, a com-
munication error at a particular weapon missile site, a breakdown in a
warning system (such as has been caused by meteoric showers in the past),
or other unusual circumstances. Hence, the accldental attack could in-
volve a single target, or it could involve the entire country.

In an N-th country attack, it is likely that any country intelli- ‘
gent enough to develop or control a nuclear device and sinister enough i
to empiloy this strategy would plan to create maximum damage on a very
few population. targets. This would create the shock necessary to in-
volve the major world powers in a nuclear exchange and would require a
minimum of cost and complexity to the instigator.

In summary, Table A-I presents some logic for choosing certain
combinations of parameters in assessing possible fire damage from nu-
clear attacks. The parameters which lead to optimum damage are likely
to involve little or no warning for the United States, and the target-
ing may be either counterforce, population (on an individual target
basis), or mixed. A retaliatory attack would probably involve only
population targets with either some or a great deal of warning. The
effects of timing should be bracketed or treated in a random variable
fashion for the case of counterforce or mixed counterforce-population
attacks with some warning. The accidental attack is the most diffi.
cult to evaluate since there would be no warning, and the targeting,
as well as the timing, would be essentially of a random nature,

Attack Input Parameters

Targeting

The choice of targets is an input parameter which is at the dis-
cretion of the attacker., Although the United States would not know this
choice prior to an actual attack, there may he reasons to believe a
counterforce, a population attack, or a mixed attack might be favored,
The effect oi the choice of targets on the threat from fires cannot be
ascertained with any reliability at this time since the physical prin-
ciples of ignition and fire spreadby nuclear weapons are not fully
. : understood. Jewell and Willoughby (1960) have taken the approach of

estimating the burnout area for various cities and military targets Jt
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each werc attacked by a single weapon, However, there is no discussion
of the total damage which would be created under various assumed target-
ing doctrines.

Another approach which obviates a detailed study of fire effects
and yet gives some insight into the dependence of the fire threat on
the choice of targeting will now be discussed,

Consider first a counterforce attack. A target list has been chosen
which contains ICBM forces, SAC bases, naval operating bases, and other
military targets., The locations of these targets have been estimated;
for each United States city with a population greater than 100,000,* the
military targets within 200 km have been listed, together with the range
to each of the cities. The radius within which 95 percent of the popu-
lation of each city resides has also been determined, using the analysis
of Weiss (1961); this radius has been subtracted from the range to the
pertinent counterforce targets; see Figure A~1 If one assumes that
military targets are attacked, the calculatlon represents the range to
which weapon eifects must extend to damage the city or threaten the
population. These data have becen accumulated in Figures A-2 and A-3 to

ons effects. Figure A-2 includes predominantly ICBM target complexes,
while Figure A-3 includes Ell counterforce targets in the United States.
Also included is the total population threatened and, in Figure A~2, the
arcas of the threatened cities have been accumulated as well,

Since some of the targets have been hardened and would require
ground bursts for destruction, more energy would go into shock and less
into thermal radiation. Hence, the area of initial ignitions would be
reduced. The broken lines in Figure A-3 show an adjustment for this
effect, assuming a decrease in range of thermal ignitions for hard tar-
gets. From these results, it is seen that considerations of ground
bursts against hardened military targets do not significantly alter

the threat to the populations of nearby cities as compared to that posed
by an all air-burst attack.

It has somectimes been argued that the analysis of fire spread in
cities has become an academic undertaking in these days when the area
of destruction of a single weapon is larger than the city itself. Fig-
ures A-2 and A-3, however, show that many cities are considerable

* According to the 1960 census, 128 cities in the United States have
populations greater than 100,000,
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Figure A-1
SCHEMATIC FOR COUNTERFORCE ATTACK

X = MILITARY TARGETS
R g5 = RADIUS WITHIN WHICH 95% OF THE
POPULATION RESIDES
D =DISTANCE AT WHICH WEAPON EFFECTS
HARM OR THREATEN THE POPULATION

'SOURCE: Stanford Research Institute ‘ : . :
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Classified Figure A-2 on cities
located near military targets has
been deleted.
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Classified Figure A-3 on cities
located near counterforce targets
has been deleted.
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distances from military targets. Consequently, in a c?unterforce attack -
the vulnerability of cities to thermal ignition and fiye spread is most
important. . :

A similar sort of approach may be used in considering populafion
attacks. In this ekample, use was made of actual 1960 population data
to determine number of people in every 5-km square. Assuming attacks on
the 30 largest cities, Figure A-4 shows the accumulation of population
as a function of range from these cities. 1Individuals in overlapping
regions are counted only once. Data are also presented for the case of
the 50 largest cities being targeted. ¥From consideration of these ex-
amples of counterforce attacks and population attacks can be derived
some insight of the importance of the range of effects of weapons,
whether fire, blast, or radiological.

Delivery Vehicle

The types and numbers of missiles and bombers in the Soviet stock-
pile, as well as their ranges, vulnerability, and reliability, are all
important to the assessment of the threat they pose to the United States.
A few special remarks about delivery vehicles can be made, however, which
are of particular concern in the study of fires.

Payload Requirements and Soviet Capabilities

Claims have been made by Brown and Real (1960) and Piel (1962)
that it will soon be feasible for the Soviet Union to detonate a gigaton
(1,000 mt) weapon at satellite altitude over the United States and,
further, that a single such weapon "could sear six western states." One
question to be answered in analyzing the credibility of this statement
is whether the thrust of the Soviet missiles is sufficient either to
launch such a device into a controlled orbit or to deliver it by bal-
listic trajectory over the United States. A second question is, of
course, whether large yleld weapons burst at very'high altitudes would
actually create the widespread damage claimed. This latter problem and
associated phenomena are considered by Smith and Stapleton (1959),
Stuart (1961), Hoerlin (1962), Biggs (1963), and Latter, et al, (1961);
an unclassified discussion was developed by Passell (1963) and Miller
and Passell (1963),
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Figure A-4
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Classified paragraph concern-
ing Soviet capabilities has
been deleted.

i

Accuracy Regquirements

Because of the spreading of fires and the large ignition areas, o
the accuracy of the weapons is not a critical factor in the weapons ef- ; |
fectiveness in igniting fires,

Salvo Attacks

Classified paragraph on salvo
attacks has been deleted.

A salvo attack 1s a particular threat for at least three
reasons:

1. Since the thermal energy pulse from more than one wafhead
would be the sum of the energies from the individual pulses, the nearly
simultaneous detonation of a salvo of missiles would be most effective
in producing ignitions. No studies have been made on the effect of
overlapping thermal pulses on materials.

2. Unlike blast, fires may spread from the areas ignited by
the individual missiles and may coalesce into a single’ firestorm or con=-
flagration. Only limited experiments have been made on the coalescence of
fires and flames in laboratories and field tests. These will be dis-
cussed in more detail in the paragraphs concerned with fire spread and
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Classified Figure A-5 pertaining to
Soviet paylcad cspabilities has been
deleted. :
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Classtficd Figure A-6. on Scviot
capabilitics has been deleted.
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Classified Figure A~7 ou yield
delivery capability has been
deleted.
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fire development. In general, the laboratory studies, such as Putnam
and Speich (1961), are difficult te scale to the mass fires of concern
in this paper. Furthermore, they are artificial in the sense that fuel
is supplied at a constant rate from gas jets, with no natural spread at
the base of the flame. In the Camp Parks burn field test, Broido and
McMasters (1960), it was hoped that the fires from simultaneously ig-
nited piles of wood (measuring 20 X 15 feet, 7 feet high, and spaced

12 feet apart) would coalesce into one mass fire. This occurred to
some extent, but 10 minutes after ignition the merging flames had sep-
arated into a group of individually burning fires. Within another 10
minutes some of the piles had stopped flaming. From these and other
limited studies, there is still very little known about the coalescence
of fires into mass fires,

Classified paragraph on salvo
attacks has been deleted.

Warhead

Five classified paragraphs concerning
multiple warheads have been deleted.

A-14

UNCLASSIFIED




UNCLASSIFIED

Classified Figure A-8 pertaining
"to re-entry weight has been deleted.
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Classified Figure A-9 on yilelds
has been deleted.
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Special Warheads

There is a possibility that special warheads could be develope
to enhance the ifire effects. For the case of extremely high altitude
shots, the ground thermal effects would be caused by the reradiation of
energy from a pancake-shaped layer at about 83 kn (52 miles) altitude.

A more efficient method for creating fires would be to generate the heat
at the point of detonation. This probably would require considerable
mass in the bomb case and for this reason might not be practical., No
research has been applied to this problem,

In detonations at extremely high altitude, at least half of
the energy is radiated directly to outer space. In atmospheric shots,
the loss is not so great because of scattering. It might be possible to
reduce the loss to outer space by first creating a reflecting layer of
particles above the altitude of detonation. Some vaporization might
occur prior to reflection. The possibility of such a tactic has not
been considered in any detail, ‘

A third possibility for increasing the fire cffectiveness oif a

warhead would be to increase its initial black-body temperature, It ap-
pears from very brief considerations that this would be very difficult,
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Classified Figure A-10 on ignition
area has been deleted.
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Yield

The area within which fires would be ignited by a nuclear detona-
tion 1s, of course, critically dependent upon the yleld of the weapon.

This relationship is not at all simple, Many complex intermediate vari- )

ables are involved and only with the most severe assumptions has the
ignition radius been explicitly expressed as a function of the yield.

The variable most directly affected by the yield is the thermal
pulse shape. ‘The shape of the pulse determines the response of ignit-
able materials--not the total energy falling on them. For example, on
a hot day, the earth receives a thermal pulse from the sun with a total
energy on the order of 700 calories/cm ; yet as little as two calories/
cm” from a nuclear detonation will ignite some materials,

Considerable work has been done on the effects on materials of
thermal pulses from sea-level nuclear detonations, No work has been
done, however, on ground bursts or bursts at higher altitudes. In this
paper, the thermal pulse at high altitudes has been related to one of
different yield at sea level in order to make the extensive tests on
ignition of materials applicable to the other altitudes. This is one
of the important reasons for considering the thermal pulse shape and its
variation with yield, :

By definition, the thermal pulse is the curve representing the power
emitted as a function of time after detonation. Since power is energy
per unit time, the thermal pulse is expressed in terms of calories (or
kilotons or megatons) per second. The integral of the thermal pulse from
time of detonation to infinity gives the total amount of thermal energy
emitted by the weapon., This will be some fraction of the total yield of
the weapon, and this fraction represents the thermal partitioning of the
yield.

Extensive weapon experimentation has shown that the thermal pulses

from all weapons burst at low altitudes are of identical shape when plotted
on logarithmic graph paper, By a shifting of the axes, the curves can all
be superimposed on a normalized thermal pulse which has a maximum power of

one unit at a time of one unit. On arithmetic paper, this means that all
thermal pulse curves may be superimposed on the normalized pulse by a
suitable multiplicative scaling of the axes.

The generally accepted unclassified version of the thermal power
pulse is shown in Flgure A-11. Included on the same graph is the percent

of the total thermal energy emitted as a function of time, The scaling
of the thermal pulse 1s as follows:
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Figure A-11

SCALED FIREBALL POWER AND PERCENT OF THERMAL ENERGY
VS SCALED TIME IN SECOND THERMAL PULSE OF A SEA-LEVEL -
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t = 0,032 Wl/z seconds
max

. 1/2
P =4 W / kilotons per second
max .

(1)

(2)

To find the total energy emitted, E, one integrates the power, P,

from t = 0 to t = infinity:

E.—:/mpdt:.-p t /m (p/P_ ) d(t/t_ )
A max max b max max‘

= 0,128 W /m (p/P ) d(t/t )
o max max

Numerical integration shows that the integral of the scaled curve is

about 2.6 and hence total energy is approximated by:

E=1/3W

The classified version of the
thermal pulse has been
deleted.
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The square root sgcaling given in the Effects of Nuclear Weapons pro-
dicts times about 30 percent too short at 1 kt and about 30 percent too
long at 3.8 mt, At higher yields, the error would be even more signifi-
cant, The importance of thesv differences in predicting areas in which
ignitions would occur has not been ascertained. For further details on
the thermal pulse, see Appendix F.

Effect of Range

The thermal power and total thermal energy as glven by equations
(2) and (3) or (2") and (3"), respectively, represent the thermal radia-
tion at the surface of the fireball., To calculate the amount of energy
per unit area falling on a surface at greater distance R, the total thermal
energy emitted by a nuclear detonation is assumed to be distributed evenly
over a spherical surface of radius R, Then the energy on each square
centimeter of this surface is given by:

Q= (4)

Wi
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Classified Figure A-12 comparing
classified and unclassified versions
of thermal pulse shape has been
deleted.
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where E is in calofies and R is in centimeters if Q is in cal/cmz. It
is often assumed that the modification of Q by the atmosphere and the
earth's surface can be taken into account by multiplying the value for
Q in the above equation by T, the transmission factor. This factor is
defined as the ratio of incident radiation in the presence of the atmos-
phere and the earth's surface to the energy received in the absence of
such environment. Thus,

TE
Q = AT (5)

The value of T is very difficult to ascertain as a function of atmos-
pheric parameters and range. It may even be larger than unity in the
case of reflections, An expression commonly used to approximate atmos-
pheric attenuation due to both absorption and scatter for all wave
lengths is given in terms of a mean exponential attenuation factor

-3.912R/V
T==e

where V, the visibility, is loosely defined as the distance at which it
is just possible to distinguish a large dark object against the horizon; .
see Broido and Trilling (1955). A more exact definition for visibility,
although not acceptable to all physicists, is that visibility is that
distance through an atmosphere at which the direct visible radiation from
a black body is attenuated down to 2 percent of its original value.

Other empirical expressions for T are presented in Jewell and

Willoughby (1960). Of course, these approximations do not consider
reflections; cloud layers, and the like. For a detailed account of the
problems of computing the transmittance, sec page B-16 and Passell (1963).

If the values given in equation (3) are used for the thermal. energy

partition, viz., E = 1/3 W, and adjusted for units:

1.04 WT 2
Q=" cal/cm (6)

where W is in kilotons, R is in miles, and T is a dimensionless fraction
(dependent on R and atmospheric conditions).
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Altitude

The altitude of detonation significantly affects the pulse shape and
hence, the ultimate thermal damage created by a nuclear explosion, The
description of the pulse for ground bursts is quite well understood, As
the altitude increases, the pulse shape, as evidenced by a limited number
of weapon tests, can be explained by empirical laws. The interaction of
the blast and electrodynamic phenomena is so complex, however, that there
1s no accepted explanation for complicated wave forms that have been ob-
served in the higher altitude bursts () 50 km--31 miles).1 Hence, the °
empirical scaling laws are not too reliable. For the case of shots in
outer space, recent test data are of little value in the study of thermal
radiation. These tests were made for the purpose of observing the ef-
fects of high altitude explosions on communication and were of such low
yield that the earth's atmosphere phosphoresced but did not heat to in-
candescence. Hence, the thermal flux information was of little im-
portance. o :

To understand the phenomena of very high yield weapons burst at very
high altitudes or in outer space, a theoretical study was undertaken at

‘SRI in conjunction with this contract, Miller and Passell (1963), The
reason thermal phenomena at these altitudes could be investigated is that

the hydrodynamic shock wave has little effect on the thermal pulse, and
hence the complicated interaction of the hydrodynamic and electromagnetic
forces may be neglected, These theoretical calculations agree fairly
well with the limited experimental data available,

In summary, it is felt that the thermal effects of ground and low
altitude bursts are well understood by virtue of the weapons test; the
thermal effects for extremely high altitude () 50 km, 31 miles) and outer
space shots are presumably known by virtue of theory; but the intermediate
altitudes are difficult to explain and the empirically derived scaling
laws are not too reliable. A summary of the influence of altitude on the

weapon pulse follows. For greater detail, see Appendix B, ,

Surface Bursts

A surface burst 1s, of course, one in which the fireball touches
the ground. The Effects of Nuclear Weapons states that between 1/4 and

1. See Nuclear Weapons Blast Phenomena, 1960, and Hillendahl, vol. III
1959,
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1/7 of the total energy of a surface burst becomes thermal energy and
that this can be introduced into equation (5), giving:

WT
Q = 0.8 to 0.5 —3 cal/cm? 7

which represents the energy/Cm2 striking a surface facing the detonation
and at a distance R from ground zero. Another unclassified source,
Kester (1961), explores the geometric effects to a greater extent than
does The Effects of Nuclear Weapons (1962), in considering energy flux
from air bursts, ground bursts, and intermediate bursts. It considers
not only targets on the ground but also targets in the air. For the
special case of ground targets, the calculations give an energy flux
identical with the air burst equation (5), the reason being that al-
though the emergy is concentrated over half a sphere, thereby doubling
the flux, the target sees only one side, i.e., half of the fireball.

Classified paragraph on surface
bursts has been deleted.
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Very High Altitude Bursts (50-83 km, 31.52 milés)'

For very high altitude bursts the pulse duration is practically
jndependent of the yield and the power is directly proportional to it}
see Appendix ¥ and Miller and Passell (1963). Although the pulse shapes
are somewhat different from those of low altitude air bursts, it is prob-
able that their effects on materials can be approximated by the low alti-
tude air burst scaled as follows:

. 3 o
Pmax = 14.5 W (10-0.036h) X 10 kt/sec (11H)
-7 0.054h
t =2.5%x 10 (10 ) sec , (12H)
max o . )
where W is in kilotons and h is in kilometers. Numerical integration
gives: )
-3 . 0,018h
E=5Xx10 W (10 ) kt . ‘ (13H)
" . As an example, at H = 80 km, these values become:
P = 19 W kt/sec
max
~3
. t =5 ¥ 10 secs
max
. E = 0,2 Wkt .
( : Do A-27
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There is no way to say whether these values are correct, since the pulse

shapes differ from the low altitude air bursts. However, over the criti-
cal portion of the thermal curve, i.e., the portion where most of the
energy is released, the curves enclose about the same area and have ap-
proximately the same shape as do the curves from the Teak tests,

Classified information on very
high altitude bursts consisting
of four paragraphs has been
deleted,
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Classified Figure A-13 on yield for -
thermal pulse shape has been deleted.
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Outer Space Detonations () 83 km, 52 miles) (Miller and
Passell, 1963) ‘

In outer space detonations a large yield weapon will heat a
pancake-shaped area at about 83 km altitude. The radius of this fire-
ball will be approximated by h - 83 km, where h 1s again the altitude
of burst in kilometers. The temperature to which the layer will be
heated 1s a function of yield and altitude of detonation, as shown in
Figure A-14, The thermal pulse will be derived from the reradiation of !
this layer and will continue over a considerable length of time,

A function proportional to the thermal pulse of the reradiating
layer for three different initial temperatures is plotted in Figure A-15,
These curves represent the efficiency of the reradiation caused by the
atmospheric passband, Two other power degradations must be taken into
account, Only about 4/5 of the energy of the device is in the X-rays
which heat the layer, and about 1/4 of that is absorbed in the reradiat-
ing layers. Hence, multiplying the values in Filgure A-15 by (1/4 X 4/5)W =
0.2 W gives the actual power pulse. Bracketing curves on the scaled
power pulses are shown in Figure A-16 and an approximation by a low al-
titude air burst is superimposed.

Classified paragraph pertaining
to pulse shapes has been deleted.
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Figure A-16

APPROXIMATION OF OUTER SPACE THERMAL PULSE T0
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Although‘at first glance the results for very high altitude
shots may appear to be inconsistent with those for outer space, they
actually are quite consistent. In Figure A-17, the thermal pulse from
a very high altitude shot is compared with one detonated in outer space.,
The high altitude shot shows a very high pulse in an extremely short
interval, followed by a long, slowly decaying tail. The outer space
shot has a much reduced efficiency, loses the early, high peak, but re-
tains the same shape as the tail of the high altitude pulse. These
results are plotted on arithmetic paper in Figure A-18,

Since for outer space detonations the fireball is pancake-
shaped, the thermal flux on the ground does not vary by the simple I/R2
scaling, This problem has been considered in Miller and Passell (1963),
and constant thermal flux contours for 100-mt and 1,000-mt weapons are
shown in Figures A-19 and A-20 for various altitudes of detonation. In
Figures A-21 and A-22, the power flux for 100 mt and 1,000-mt weapons
are seen as a function of distance from ground zero for varying alti-
tudes of detonation. Also plotted on these figures is the expected flux
for bursts at 50 km (31 miles), using the methods developed in Miller
and Passell (1963). All of these figures apply only for a very clear
day. No transmittance factor has been considered,

Intermediate Altitudes

If one ignores the shock wave for altitudes below about 50 km
(31 miles), the theory predicts thermal pulse parameters which are not
in agreement with existing data, The atmosphere holds back the energy,

causing the peak power to occur at a much later time and with less
amplitude,

Classified information on the
pulse shape at intermediate
altitudes has been deleted.
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Figure A=17

LOGARITHMIC COMPARISON OF THERMAL PULSE OF
VERY HIGH ALTITUDE AND OUTER SPACE DETONATIONS
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OUTER SPACE

ARITHMETIC COMPARISON OF THERMAL PULSE OF VERY
HIGH ALTITUDE AND OUTER SPACE DETONATIONS

Figure A-18
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Figure A-20
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RANGE FOR TWO ENERGY FLUX LEVELS AS A
FUNCTION OF ALTITUDE ( 10,000 mt )

RANGE FROM GROUND ZERO = km

SOURCE: Passell (1963)
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Figure A-21

ENERGY FLUX FROM 100 mt DEVICE ON
OPTIMALLY ORIENTED SURFACE
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Figure A-ZZ

ENERGY FLUX FROM 1,000 mt DEVICE ON

OPTIMALLY ORIENTED SURFACE

o

R :

B : i i

. Lo

. [
et e e gy
Lot : P

. . ;

i S

. RANGE FROM GROUND ZERO =~ km

SOURCE: Possell (1963)

A-40.

UNCLASSIFIED

300

et e ey e i




A - - IR S j‘._ - ..’,_,,,,_.. e e i e A i s ....._\_,.. o e mna e !

UNCLASSIFIED

Classified Figure A-23 on scaling
of time and power with air density
has been deleted. '
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In Figure A-23 the peak power of the test shots is also plottéd,
scaled with yield as at sea level, and shown as a function of air density.
The data are not well represented by a simple power function of air den-
sity, Part of the problem arises in attempting to identify the peak
power since it does not necessarily occur at the point of final maximum.
From the above, it can be seen that the understanding of the thermal
pulse shape at altitudes up to about 50 km (31 miles) 1s not too great,

Timing
The enemy's choice of the time of attack will greatly influence the

fire potential of the nuclear weapons. A broad summary of some of the
important factors affected by the timing is contained in Table A-II.

Table A-11

FACTORS AFFECTED BY TIMING OF THE ATTACK

Time Variable Factor
Year Enemy capabilities
Countermeasures
Season Climate, weather

Vulnerability of the target

Daytime-nighttime Weather, microclimatology
Target vulnerability
Countermeasures

Source: Stanford Research Institute,
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Year

As was pointed out earlier, the growth of weapon technology
is important to the fire potential of an attack. In time, multiple war-
heads may be common; salvo capabilities may be realized; and thrust
requirements may be no obstacle to a 1,000-mt or greater weapon. In a
similar fashion, the United States may have adequate AICBM's in time,
may have an aggressive shelter program, or may have means of protection
by smoke screens or other countermeasures. The growth of technology is
obvious and will not be discussed further. However, it should be re-
membered that a statement of the time frame of reference should be con-
sidered along with any estimate of a fire threat to the United States.

Season

Considerable effort has been and is being spent on the seasonal
variations of climate and their influence on the vulnerability of mate-
rials to ignition and fire spread. The results will be reviewed under
the section concerned with the direct effects of weather on fire proc-
esses, No attention at all has been directed to the simultaneous vul-
nerability of all United States targets as a function of season. This

_fact was first pointed out by Dr. Jerald Hill in "Civil Defense...1961."

In addition, the seasonal variation of climate and weather will greatly
influence the amount of thermal energy transmitted to the ground from

a nuclear detonation., This effect also has not been considered in the
past; it will be reviewed under the section concerned with the effects
of weather on the transmission of the thermal pulse energy to the
target.

Figure A-25 is a map of the United States divided into regions
determined by the seasons of greatest fire threat; Figure A-26 presents
the same data in a slightly different form. Both figures show that at

no time of the year is maximum fire vulnerability to peacetime forest

fires experienced simultaneously in all regions of the United States

and that the month in which the greatest number of regions are vulnerable
is October, It is important to keep in mind that the map is based on
forest fire statistics and does not apply to urban areas, which may dif-
fer considerably. For example, during the winter when forest may not be

vulnerable to fire, building interiors may be very dry, overheated, and
vulnerable,

The seasonal variation of urban fires has been treated in

-Pirsko and Fons (1956), a study of the number of fire starts within

structures. The study shows that the frequency of fire starts in urban
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Figure A-26
FIRE SEASONS IN THE UNITED STATES

Southwest, coastal

Southwest, inland

West, central

North

Northeast
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Southeast
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SOURCE: Based on Fire Effects of Bombing Attacks (1959)
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buildinés is related inversely to the moisture content of interior fine
fuels as determined by outside relative humidity in summer and dew-point
temperature in winter. Data on the moisture content of interior fine
fuels are given in Table A-III. The assumption was made for the study

- that artificial heating would be employed when the interior temperature

fell below 65°F and that above this temperature the air was free to cir-
culate through open doors and windows. Figure A-27 shows the results of
the study for four cities--Baltimore and Boston and the twin cities,
Minneapolis-St, Paul.’ :

The variation of temperature and humidity by season throughout
the United States can be found in Visher (1954). Marvin (1941) relates
these variables to the dew-point temperature. Figure A-28 gives an ex-
ample of dew-point temperature as a function of relative humidity. More-
over, dew-point temperature in the morning has been found to be very
closely correlated to the minimum temperature of the previous night.

This relationship is shown in Figure A-29,

As a point of interest, data for the moisture content of heavy
interior and exterior fuels (such as porches and interilor woodwork) have
been extensively analyzed in Peck (1932). As a sample, an average for
the moisture content of interior woodwork is shown in Figure A-30,

In fine fuels, however, moisture contents change much more
rapidly. Actually, once the moisture content of the fine fuels has been
established, its effect on the ignition of the material from a nuclear
thermal flash is quite well understood, as will be seen later.

The above conclusions apply only in a limited way to the fire
potential of nuclear weapons. Obviously, ignitions which occur outside
buildings are critically dependent on a different set of variables. Once
a mass fire is started, its spread is dependent on winds, other climat-
ological factors, and the distribution and condition of heavier fuels,
Furthermore, the above data were collected only for eastern and midwest-
ern cities--localities where overheated rooms and malfunctioning heating
systems would be most common. The results of Peck's study would probably
apply only to (1) the ignition of fine interior materials by the initial
thermal pulse through windows or (2) to secondary 1ghitlons from over-
turned stoves, broken electrical wires, and other blast effects. Even
in these cases, a correlation is established rather than actual .predictive
laws, B

It is of interest here to mention the results of fire statis-
tics collected in Japan. In "A Survey of Fire Research in Japan'
T. Kinbara (1961) reports: '
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Table A-III

ESTIMATE OF EQUILIBRIUM MOISTURE
CONTENT OF INTERIOR FINE FUELS®

Relative Dew-point Fine Fuel Moisture
Humidity Temperature Content
: (percent) (degrees F) (percent)
: 2% or less -18°F or less 1%
3-7 -17 to +2 2
, ' 8-13 3-15 3
14-.21 16-25 4
22-30 26-34 5
31-39 35-40 6
40-48 41-46 7
49.56 47-50 8
57-64 51-53 - -9
65-71 54-55 10
72-.76 56-57 11
77-81" . 58-59 12
82-.84 60-61 13
85.88 62 14
89.91 63 15
92-.93 64 16
94-.95 65 17
96-97 18
98-99 19
100 20

a, Use e
mean
tive
are 6

Source:

xterior dew-point temperatures when daily
air temperature is 64°F or below and rela-

humidity when daily mean air temperatures
5°F or above.

Pirsko and Fons (1956).
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Figure A-27

RELATIONSHIP OF DAILY NUMBER

OF BUILDING FIRES AND ‘
EQUILIBRIUM MOISTURE CONTENT
OF INTERIOR FINE FUELS IN

THREE US CITIES

BALTIMORE, MD. 1940 -49
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Figbre A-28

RELATIONSHIP OF DEW-POINT TEMPERATURES
TO RELATIVE HUMIDITIES AT 65° F
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"A characteristic seen in the fires in Japan is that
the frequency of their outbreak depends greatly upon
the season. In the case of the Edo (Tokyo) fires,
they broke out as many as 61 times during the winter
season of December through March, while only two
times during the summer season of June through Sep-
tember. The statistics of Tokyo fires in recent
years show that the monthly outbreaks of fire during
December through March number roughly 500 times,
while only about 300 times during June through Sep-
tember. Two reasons for this are considered. The
first reason is that heat is used more frequently
in winter than in summer. The second is that ma=-
terials such as wood, paper, fiber, etc. are more
easily ignited in winter than in summer because the
wind is stronger and the air is less moist in win-
ter. The mean humidity of Tokyo is 60 percent in
winter and 80 percent in summer,”

In considering the effects of humidity, the Japanese have de-
fined a quantity known as the "effective humidity." This is an index in
which the humidity of previous days 1is also taken into effect. It is
the weighted mean of the humidities of today, yesterday, the day before
yesterday, etc., with the weights of 1, r, rz, and so on. Hatakeyama
(1943) found statistically that when all fires were counted no matter how
small, the number of daily outbreaks had a closer relation to the mean
humidity of that day. When only those fires which destroyed more than
half a house were countcd, the number of daily outbreaks had a closer
relation with the cffective humidity for r =.0.7. The effective humidity
factor is now used by authorities in Japan for fire warnings. These re-
sults indicate that the moisture content of heavy fuels is more important
than that of fine fuels in serious fires since the heavy fuels respond
more slowly to humidity changes. The effective humidity, as defined by
the Japanesc, has apparently never been used in fire research in the
United States.

So far, only the scasonal variation of the vulnerability of
material has been considered. Obviously, the season will-also affect
the care of refugees in the post-attack period. Severity of the climate
may .greatly influence the number of casualties or deaths that might occur,

In summary, there have been some attempts to study the direct
relation of the season of the year to the peacetime threat ¢f fires,

Other attempts arc being made to link. intermediate factors of weather
and climate with the ignition behavior of fires since weuther is a well
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known function of season. These studies will be considered later. 1In
wartime, two additional effects of weather are (1) the modification of
the nuclear thermal pulse (which will also be reviewed later) and (2) the
vulnerability of the population.

Daytime-Nighttime

The attenuation of the thermal pulse by the afmosphere will be
affected by the time of day, as well as by the geographic location of the
target.* Weather and microclimatology are also affected by the time of
day., The velocity of winds normally becomes higher in the afternoon; the
direction of the winds are time-dependent; materials may become mcre vul-
nerable due to preheating of the sun; humidity changes may be important
to fine fuels; time-dependent inversions may affect transmittance of the
atmosphere and the feasibility of smoke clouds generated as countermeas-
ures; and so on.

In reference to forest fires, it has been found that 'fires of
all sizes and intensities are most likely to occur, or at least originate,
during the middle of the afternoon on sunny days. This is the time of
the day that fuel flammability is highest. It is also the time of day
when thermal turbulence in the lower atmosphere is at a maximum,” Davis
(1959). The Japanese have found that forest and prairie fires break out
by an overwhelming majority between 11 a.m. and 2 p.m., the period when
the air is most dry. This agrees quite well with the urban conflagrations
of Tokyo, most of which started between noon and 4 p.m.; see Suzuki (1928)
and Kinbara (1961).

Figure A-31 shows an example of the variation of the humidity
and temperature at two weather stations near a large (17,000 acres) forest
fire, Chandler (1961), Clearly, the afternoon is the most critical for
fires since the moisture content and initial heating of the materials are
fairly responsive to ambient humidity and temperature changes,

In the mountainous areas the winds vary in a regular pattern
with the time of day, beginning with light upslope winds and strong down-
canyon winds at sunrise and with the direction and magnitude of the re-
sultant slope-canyon wind developing as in Figure A-32. It was observed
by the author that the rate and direction of fire spreadin the Basin Fire,
July 13-22, 1961, seemed to follow clbsely this standard resultant vector

* See Figure C-8.
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 Figure A-31

TYPICAL DAILY TEMPERATURE, HUMIDITY,
AND WIND CYCLES
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SOURCE: Chandler (1961)
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Figure A-32 o . e | L

SCHEMATIC ILLUSTRATION OF NORMAL
DIURNAL VARIATION OF THE AIR CURRENTS
IN A VALLEY

A

NOTE:

SOURCE: Dovis (1959)

mmo N @

x o

Sunrise; beginning of upslope winds {white arrows ), contlauation of
mountain wind { black arrows }.

. Forenoon (about 0900 ); strong upslope winds, transition from mountain

wind to valley wind, -

Noon ond carly ofterncon; diminishing tlope winds, fully developed
valley wind,

Late afternoon; slope winds hove ceosed, valley wind continues,
Evening; omet of downslope winds, diminishing valley wind,

Eorly night; well-developed downslope winds; transition from valley
wind to mountoin wind.

. Middle of night; downslope winds continue, mountaln wind fully

developed.

. Late night to morning; downslope winds haove ceased; mountain wind

filly valley.
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wind., 1If this is true, then at any point on the fire front one could
draw a coordinate system with one axis upslope and the other upcanyon.
In this system, the rate and direction of fire movement could be ana-
lytically related to the time of day. The hypothesis was tested, making
use of the daily fire maps. It was found on a topographical map that
the fire spread wasclosely related to the wind vector, although fires
progressed upslope somewhat faster, presumably because of the proximity
of the flames to the ground.

A similar study was made of the Woodwardia Fire, Chandler (1960).
In this case, the correlation of fire direction and rate of movement with
hypothetical slope and canyon winds was not so clear. This was undoubt-
edly due to strong winds developing from the los Angeles Basin., Time
did not permit a further analysis of the data,

The direct relationship of existing winds to fire spread and
development will be considered later, without regard to their relation-
ship to the time of day.

The preheating of ignitable fuels by solar radiation can greatly
affect the rate of spread of fires., A classic experiment was conducted
in 1946 to test the spread of fire in light forest fuels, Fons (19486).
In this experiment, a uniform bed of upright twigs was ignited in a wind
tunnel, A theory was developed for the rate of spread of the fire as a
function of the wind velocity, fuel temperature, fuel moilsture content,
fuel surface-volume ratio, and fuel spacing. The results showed a very
close agreement with the theory. The effect of initial fuel temperature
1s quoted below.

"An increased fuel temperature from 70° to 120°F causes |
a net increase of 29.5 percent in fire spread . . . .
A larger increase in spread results with rising wind
velocity for a given temperature change; i.,e., for the
same conditions as above except that with the wind
velocity at 10 mph, a rise in temperature from 70° to
120°F produces a 94 percent increase in rate of spread.
The tendency of a fire to slow down soon after a
shadow from a cloud is cast on the fuel ahead of the
fire has frequently been observed, The fuel tempera-
ture in the rate-of-spread equation offers a poséible
explanation of this phenomenon, since fine fuels in
complete shade soon assume air-temperature conditions,
while in direct sunlight a much higher fuel tempera- .
ture generally prevails."}!

1. Fons (1946).
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Geiger (1950) contains examples of the rise in temperature in
light fuels as a function of time of day. Figure A-33 shows that plants
can easily vary by 40°C (72°F) over the period of a day, so that preheat-
ing by the sun can be quite important., Even solid fuels will experience
significant temperature changes from solar radiation. It has been found,
for example, that the various exposures of a tree trunk are related in
amount and time of their maximum temperature values in the same way as
are the corresponding slopes of a circular hill, The shady north side
receives its heat in the main only from the surrounding air--by conduc-
tion, not by radiation, Furthermore, the penetration of heat from the
bark into the interior of a tree does not differ essentially from the
penetration of daily temperature fluctuations from the earth's surface
into its interior. Chapter 21 of Geiger's treatise describes the pene-
tration of heat into hills of earth and sand.1 .As another example of the
heating of fuels by the sun, Figure A-34 shows the change of air tempera-
ture in a pine grove, Other examples are given in Geiger (1950).

Classified paragraph on effect of
time of day on population vulnerability

has been deleted.

The location of the urban population shifts with the time of
day, as is well known. A schematic illustration of this is gilven in
Figure A-35. As a rough planning estimate, Civil Defense Urban Analysis
indicates that about one-third of the residents of the suburbs come into
b a city in the daytime to work, shop, attend school, or for other purposes,
If due to the growth of a city its legal limits pass through densely pop-
ulated residential areas, the city will have a large proportion of its
resident population living outside the city limits, and hence the daytime
migration toward the city will be larger. Conversely, if the city limits
include an abnormally large proportion of its resident population and the

1. Geiger (1950).
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outlying suburbs have well developed industries and shopping and educa-
tional facilities, the daytime migration will be less than one-third,
More detailed analyses for specific cities have been done in numerous
references. )

. As a final remark, it has been suggested that the thermal ef-

- fects of weapons could be significantly attenuated by an artificial cloud
of smoke or fog generated prior to the attack., The feasibility of such a
countermeasure is greatly dependent upon the time of day--not only because
of the variation in winds but also because of the marked change in the
inversion layer as a function of daytime-nighttime. Table A-IV gives
the feasibility percentages for day and night for selected cities, It
can be seen from the table that feasibility is also closely related to
the season. See Duckworth, et al. (1953).

Warning

The feasibility of generating a protective layer of smoke or fog as
a countermeasure to thermal radiation from a nuclear detonation is clearly
dependent upon warning. In the East River Project,1 it was estimated that
a maximum of one ton of oil would be required to produce particles for
each square mile of protected area and that this would require a minimum
of 15 minutes'® warning, an optimum of 1 to 2 hours' warning.

Warning to active fire fighting forces would probably not be too
important except for their own preservation since mass fires develop so
quickly once started, Yoshino (1958) has analyzed, for example, the fire
front shifting in the Niigata conflagration of 1955 and the Noshiro con-
flagration of 1956. He found that the velocity of the fire front imme-
diately after the outbreak of fire was extraordinarily great. In the
extreme case, it reached 1,670 meters per hour. Following the initial

hour of burning, the velocity of the fire front decreased sharply but
spread widely.

As a wartime example in Japan2 before the city of Hachiojl was at-
tacked with incendiary bombs, it was warned of the attack by radio and
leaflets. The city of Tokyo sent 50 of its largest pumper-type fire
trucks and 300 professional firemen to assist the Hachloji fire

1. See Hudgins, et al. (1952),
2, See Effects of Incendiary Bomb Attacks on Japan (1847).
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. Table A-1V

SEASONAL AND ANNUAL FEASIBILITY PERCENTAGES FOR DAY AND NIGHT
‘ FOR SELECTED CITIES® '

Feasibility Based on Inversion Frequencies Only

e e e

Winter Spring Summer Fall Annual

Day Night Day Night Day  Night Day Night Day Night

los Angeles 27.41 69-74 38-56 59-74 79-93 81-96 57-67 88-94 50-94 74-82
Chicago 48.62 72-90 30-53 68~79 19.35 88-90 40-55 78-84 34-51 76-88
St. Louis 48.66 68-88 31-54 65-74 25-33 85-89 81-59 73.87 36-54 74-85
New York City 29-52 53-74 5-13 60-70 6-11 64-T71 8-24 57-73  12-25 60-72

Feasibility Based on Inversion Frequencies
and Frequencies of Winds > 12 mph

los Angeles 33-47 170-75 50-65 60-74 82-94 81-98 62-72 89-94 57-70 75-85
Chicago 64.69 86-95 53-72 64-80 31-45 90-91 56-65 88-91 52-63 87-92
St. Louis 64-74 79-93 57-70 77-83 31-43 87-90 53-78 86-91 51.66 82-87
76-83

New York City 65-80 80-89 58-60 79.85 36-40 71.76 4152 74-83 50-58

a. The left-hand figure in each column is computed for a 1,200' burst; the right-

hand figure in each column is computed for a 2,000' burst,

Source: Duckworth, et al. (1953).
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department. As a result, the greatest known concentration of men and
equipment (55 trucks/square mile) ever gathered to fight a fire in any
of the Japanese urban attacks was ready and waiting. Within 15 minutes
after the attack began, a cluster of bombs hit the electric switch sta-
tions, knocking out all electric power. Public water pumps failed. The
river became so low that not more than 15 fire trucks could drive onto
the sand beach to get water, Houses burned, trucks caught fire, and one
truck received a direct hit.

In Germany, the Hamburg firestorm was established about twenty min-
utes after the first bombs were dropped. The fire had run its course.in
about three hours, after which it began to die down; see Bond (1955).

In this and other raids in Germany, it appeared that if fire crews were
to be mobilized at all, the mobilization must occur roughly within a
three-hour limit, Insofar as warning would help meet this limit, it
would be useful.

In the United States, examples are available to show that warning
is not too important to fire fighting units, except in estaktlishing a
general alertness. In the Los Angeles conflagration of 1961 described
in Wilson (1962), the firemen were alerted to the high fire index of 98;
a fire index is considered dangerous when it reaches 20. The fire
started at 8:10 a.m., was reported by phone at 8:15, the first companies
arrived before 8:18, 24 engine companies were ordered by 8:26, and so on.
The reaction by the fire fighters was swift, but it was impossible to
muster enough units in time to rapidly control the conflagration.

Warning is probably much more important to the individual citizen
than to the active fire fighters. For one thing, retinal burns, which
may occur at much greater distances than other thermal damage, will be
of no consequence if people are warned not to respond to the bright flash
of a fireball, With high yield weapons where the thermal pulse is sus-
tained for a matter of seconds, a person's normal reflex to turn toward
the flash would be particularly dangerous (see page C-12 and following).
Flashburns on the skin could also be prevented with even the shortest
warning, since merely stepping inside a house or taking shelter under an
automobile would protect people from the direct rays of the bomb.

Finally, remedial countermeasures can be taken by an individual to
protect his property. For example, if warning is given, a person may
close the metallic venetian blinds of his home if it%is so equipped.
This single action would virtually znsure that no material within the
home would be ignited directly by the thermal pulse.
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Appendix B

INTERACTION OF THE DIRECT THERMAL RADIATION WITH
OTHER WEAPON PHENOMENA, THE ATMOSPHERE, AND THE TARGET

In addition to the enemy's choice of attack strategy and tactics,
there are other factors which determine the framework in which the fire
potential of nuclear weapons must be considered. 1In this appendix, the
constraints of greatest concern are those imposed by the characteristics
of the direct thermal radiation, its modification by the physical environ-
ment, and its interaction with the target complex. 1In Appendix C, addi-
tional relationships of climatic factors and topography to target vul-
nerability, fires, and fire spread are considered.

The standard texts for nuclear effects are the Capabilities of Atomic
Weapons (1957) and the unclassified version, The Effects of Nuclear Weap-
ons, edited By Glasstone (1962). At the time of this writing, a new edi~
tion of the Egggbilities is being assembled, For more detailed official

information on thermal, blast, and radiological effects, see respectively,

The Thermal Data Handbook (1954), Nuclear Weapons Blast Phenomena (1960),
and Nuclear Radiation Handbook (1957).

In most studies of weapons effects, little attention has been paid
to the combined effects of thermal, radiological, and blast damage. This
interaction can no longer be entirely ignored in treating the fire probh-
lem. Not only does the ratio of blast to fire-damaged areas vary sig-
nificantly with yield, but blast can overturn stoves, break electric
wires, and in other ways start fires in addition to those caused by the
initial thermal pulse. Other considerations which should be assessed
include the possibility of the extinction of fires by the follow-on
blast wave, the marked redistribution of radioactive particles in the
vicinity of large scale fires, and the possibility of firestorms devel~
oping rapidly in blast-damaged debris,
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Interactions between the Blast Wave and the Threat of Fire

Ignitions Caused by the Blast Wave

If a nuclear weapon is detonated over a target area, two pos-
sible types of fires may start. Primary ignitions are the direct result
of the thermal radiation from the nuclear weapon striking and igniting
kindling fuels.* Secondary ignitions, to be considered in this section,
are the indirect result of the blast wave from the weapon--e.g., over-
turned stoves, broken gas mains, shorted electric wires, or the like.

After World War II, many assessments were made of the damage
caused by the atomic bombs dropped on Hiroshima and Nagasaki. The cause
of fires was difficult to determine since the areas destroyed by fire and
blast were essentially the same; see Figures B-1 and B-2, In fact, the
British and American reports on the relative importance of primary and
secondary fires were contradictory--the British stating that the primary
fire was most predominant; the Americans, that the secondary fire was
the principal cause of fire damage; see Brown (1962). 1In spite of these
differences of opinion, it can be assumed that in any future attack
launched on a clear day, the ratio of the number of primary fires to
the number of secondary fires will be greater than it was in the atomic
attacks on Japan since the thermal radiation effects cover proportionately
larger areas than blast damage from the megaton yields.

Two classified paragraphs pertain-
ing to blast wave ignitions have
been deleted.

# Kindling fuels are thin materials or rotted, flaking heavy materials,




-

b | [ W

UNCLASSIFIED

Figure B-1
COMPARISON OF BLAST AND FIRE DAMAGE— HIROSHIMA
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Figure B-2 :
COMPARISON OF BLAST AND FIRE DAMAGE — NAGASAKI
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. A second approach to the understanding of the relative import-
ance of primary and secondary ignitions was made by Brown (1962) in a
brief study of fires caused by earthquakes. He concludes that in Japan
the number of secondary fires caused hy earthquakes is important. In
Fukui, out of 15,525 houses, 2,069 were destroyed by fire; in Maruoka,
out of 1,760, 1,360 were destroyed by fire; and in the great Tokyo earth-
quake, 447,128 huuses were burned (of an unknown total number).

In the United States, the history of fires caused by earthquakes
is somewhat different. 1In the 19806 San Francisco earthquake (magnitude
8.2 on the Richter scale), a conflagration resulted from spreading of
small fires which burned out of control because of the fallure of the
water supply. 1n Santa Barbara (1925--magnitude 6.25), no fires occurred.
In Long Beach (1933--magnitude 6,7) and Tehachapi (1952..magnitude 7.5),
fires started only in an oil field and in an o1l refinery, and in neither
city did the fire spread, From these data, Brown concludes that in a
U.S, city it ‘is probable that primary fire rather than secondary fire
will be the major problem in the event of a nuclear weapon attack,

Extinction of Incipient Fires by the Blast Wave

In addition to the paucity of data on secondary ignitions, very
1ittle information is avallable on other interrelations between blast and
thermal effects. The initial thermal pulse, of course, travels at the
speed of light and affects materials prior to the arrival of the blast
wave, 1In one series of weapon tests, a two-story white frame house was
severely charred by the thermal pulse but fire did not ensue, It was
first thought that ignition had taken place and the blast wave had hlown
out the flames. High speed photography in The Effects of Nuclear Weapons,
however, showed that a thick layer of smoke was emitted from the surface
of the building, but flames did not occur. The results of the test,
therefore, give no information on this problem since it has been found
that thick materials can sustain extrémely high thermal pulses (much
greater than 100 cal/cm?) without sustaining ignition, Therefore, only
the kindling fuels are of interest when considering primary ignitiouns,

In 1850 a study--Fons, et al, (1950)--was made of the blast.
and thermal effects of a nominal nuclear weapon on a forest, Table R.]

shows some pertinent data on the timing of the thermal and blast phennuens.

The following conclusjons were reached,
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Table B-I

TIMING OF THERMAL AND BLAST PHENOMENA

Shock Wave, Positive Phase

Radiant Energy

Distance Maximum Received (%)
from Time Wind Before During After
Ground Zero Arrival Duration Velocity Shock + ) +
(ft X 10-3) (seconds) (seconds) (mph) Froant Phase Phase
0 0.70 0.33 58 17 30
1 0.91 0.37 800 65 12 23
2 1.3 0.45 550 79 9 12
3 1.9 0.62 380 90 7 3.
4 | 2.6 0.77 270 97 3
5 3.2 0.90 200 100
6 4.0 0,98 160 100
7 4,7 1.1 125 100
8 5.5 1.1 100 100
9 6.3 1.2 80 100
10 7.2 1.2 70 100 |
12 9.0 1.2 50 100
14 10.8 1.3% 40® 100
16 12.6 1.32 30? 100
a. Extrapolated. *
Source: et al, (1950). ’
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"From the table it is seen that within the radius of poten~
tial ignition, out to 10,000 feet, incipient fires will be
hit by the shock front within 0.7 to 7.2 sec after detona-
tion. As ignition is not instantaneous, particularly at
the greater distances, the interval between ignition and
arrival of the shock front is even less. So incipient
fires will not be well established when hit by the cool-
ing winds. And as only fuels directly visible from the
fireball will be ignited, many will also face the full
force of the positive phase of the shock wind. Many in-
cipient fires will be blown out. In addition, falling
branches and debris from trees may tend to beat out
some., . . .

"Even though many incipient fires are blown out, it is be-
lieved now that enough will persist to be potentially
dangerous where conditions are otherwise favorable for
burning. Persistent ignitions are probable in punky wood,
which is common in all wooded areas, and in loose beds of
litter fuels, 1In the latter, ignition may take place one-
half inches or more below the surface where shock winds
may not penetrate. )

". . . Where the shock force has a strong vertical com-

ponent near ground zero, it is also possible that the

overpressure may actually increase the rate of combustion
and thus even more firmly establish ignition.”

A series of tests were undertaken by the University of California
at los Angeles in 1951 to study the effect of blast in extinguishing fires.
The first phase of the project, V. Tramontini and R. Simonson (1952), re-
sulted in the design and development of an appropriate thermal source and
test to determine the encrgy required to ignite light fuels, such as pine
needles, punky wond grasses, leaves, and litter.

The second phase, V. Tramontini and P. Dahl (1953), resulted in
the development of equipment to imposc the blast-wind air flow on fuels ig-
nited by the radiant source and to determine the effects of the air flow
on burning samples of pine needles, madrone leaves, cheat grass, punk,
and crumpled newspaper, under various conditions.

The results of the second phase suggest that ignitions may be
extinguished in certain fuels subjected to overpressures of at least 2 to
4 psi, depending on distance from an atomic bomb., However, conditions in
the field could not be dupl;cated in the laboratory, and the effect of
restraining the fuel during blasting could result in lower extinction
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velocities than would be required in the field. Statistically, the ve-
locities required for 10 percent and 90 percent probability of extinction
were about 18 percent below and above the velocity for 50 percent proba-
bility of extinction for pine needles. For beds of pine needles, the
blast winds required for extinction were about the same for vertical as
for horizontal orientation, but for other fuels the results are in-
conclusive.

Figures B-3 and B-4 show the effects of extinction velocity of
air flow time and of fuel burning time. In Figure B-3, two broken lines
show the relationship between peak pressure and flow time for weapons of
27 and 500 kt. In Figure B-4, the shaded bands cover ranges in bulk den-
sity of 1.5 to 3.2 1b/ft3. the lower density requiring the higher veloc-
ity. In both figures, M is the moisture content of the fuel, and the
extinction velocity is that velocity which gives'so percent chance for
extinction,

The final phase of the UCLA blast studies, Dahl and Guibert
(1954), describes the completion of tests on crumpled newspaper, blue
denim fabric, and muslin-sheeting fabric. Specimens were oriented ver-
tically, horizontally, or at a 45° angle to the test apparatué. A
thermal pulse ignited the materials, and after a specified time, a blast
wave was generated, ‘A threshold velocity was again defined as that ve-
locity for which the probability of extinction of fires in the materials
tested was approximately one-half. The variables in the experiments were
the following: :

*

Vo = maximum duct air velocity for threshold extinction
(ft/see)

‘OF = total time of air flow (sec)

BB = pverage burning time (sec)

M = average fuecl ted moisture content (percent)

D = average fuecl boed bulk density (lb/ita); tcr fabrics, the
weight per it areca (oz/ydz).

A few excumples of the results are shown in Figures B-5, B~6, and B-7.
Thes» data have »oparently not been ¢ 'related with wespon phenomena.
Unfortunately, the rnprge of the variables tested docs not permit a di-
rect application of “he rerults to thermonuclear devices, For example,

the largest éB tasted, 1.e., time for the burning to de-elop, is 10 sec-

onds. At a height of burst »7 500 fcet and a distance of onz mile from

ground zero, the arrival time of i blast wave is abovt 4,0 seconds
B-8
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Classified Figure B-3 on extinction
velocity vs flow time has been

deleted.
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Classified Figure B-4 on extinction
velocity vs burning time has been

deleted. -
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Figure B-5

THRESHOLD EXTINCTION VELOCITIES AS A FUNCTION OF |
FLOW TIME
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Figure B-7
EXTINCTION VELOCITY VS MOISTURE CONTENT
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for 1 kt. The corresponding arrival time for 1 mt is about 40 seconds.
This means that the burning process is more firmly established with the
larger yield. +

In their extensive survey of fire literature, Salzberg, et al,
(1960) have found two other references concernipg'the behavior of fires
that are subject to blast waves.* The following summaries are abstracted
from Salzberg, et al. (1960). '

"Streets [1953] indicates that blast winds extinguish some fires
in grass and in fine fuels when peak particle velocity is greater
than 120 ft/sec (associated with 2.2 psi) and in thicker fuels
when it is greater than 170 ft/sec (associated with 3.0 psi). . .

"prepared fuel beds of conifer needles, hardwood leaves, grasses,
and rotten wood are exposed in Operation Snapper to total ener-
gies varying from 1-22 cal/cm? [Arnold 1952]. Thickness and
density of fuel particles are determined prior to the test.

Fuel moisture at shot time is measured in duplicate fuel beds,
similarly located but outside the test area. Post-test fuel
examinations show that punky materials and fine grasses ig-
nited and continued to burn at distances from ground zero
where total thermal energy was approximately 3 cal/cm Fol-

lowing Shots 3 and 4, punky materials were still burning upon
recovery at H + 2 hours."

Unfortunately, the Operation Snapper tests were all made with low yield
weapons—-the highest yield was 31 kt; all others were less than 20 kt.

D. L. Martin (1957) has. investigated the possible use of blast
from atomic weapons intentionally detonated to extinguish mass fires,
He concludes that "expansion rather than extinguishment may be expected
when an explosive is detonated immediately over a firestorm."

As a final point, blast from nuclear weapons is important to the
evaluation of fire potential in that buildings destroyed by blast would
create barriers, seriously handicapping the work of firemen and rescue
workers., This problem has never been studied, but case histories from

World War II indicate that cven half-tracked vehicles were stalled by
the rubble; see Bond (1955).

* These refercnces were not available to the author at the time of this
writing.
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{ . " Interactions between Radioactive Fallout and the Threat of Fires

An apparently important phenomenon which has been ignored by al;
jnvestigators except Broido and McMasters (1959) is the effect of mass
- fires on fallout distribution. At a medical colloquium, Dr. Broido
(1962) made the following remarks,

> i "Mass fires produce convection columns with updrafts strong

enough to move rather sizeable objects. Fallout patterns have

been observed in experiments in the Nevada desert and over the

Pacific Ocean where, since neither sand nor water can burn too

well, few fires have been formed. 1 strongly suspect, and our

wind tunnel experiments tend to confirm this suspicion, that i
in a regicn where mass fires are produced, the fallout distri- !
bution will be totally unlike that predicted from observations i
in Nevada or in the Pacific. Our wind tunnel experiments in-

dicate the patterns will be moved further downwind; fallout

will spread over a much larger area, with a considerable re-

duction in the highest levels found."

The experiments referred to were conducted in a 6 by 6 foot low-
veiozity wind tunnel, using full-scale fallout simulants. The results
suggest quite strongly that effects which can markedly influence civil
defense planning will be found for large-scale fires. Since the effect
on fallout distribution can be significantly influenced by air flow into
and around the column, open air experiments on a larger scale are rec-
ommended in Broido and McMasters (1959) so that such flow will not be
affected by the tunnel walls and ceiling.

Another effect which must be considered is the danger from fallout
to the fire-fighting personnel, Frank McNea (1961) has illustrated this
by a hypothetical case which established a 10-mt surface burst, a 10-mph
wind, and a 10-r/hr contour as a safety level criterion. Under these
conditions, he estimates that during the first day, fire~-fighting per-
sonnel could perform emergency operations to withir six miles of ground
zero on the urwind side. During the second day, they probably could
enter the arez t» within four iniles of ground zero ou the crosswind side,
Very little emergency operations or recovery measuive: could be undertaks!
downwind of ground zero before oje or two weeks although radiological
wonitoring migh! jadicate discontinuities in the S .llout field which
could be exploitit in rescue opzrations.
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Interactions of the Thermal Pulse with the Physical Environment
and the Target System

The characteristics of the thermal pulse shape have already been
considered, as well as the variation of these characteristics with yield,
altitude, and range from the target. Additional modifications may occur
before the energy reaches the target. However, the pulse may be sig-
nificantly modified by the physical phenomena of weather, atmospheric
transmissivity, and topography. These modifications will be discussed
first; followed by the effects of the resultant thermal pulse on the tar-
get complex and the relation of the ignitions caused by the thermal pulse
to the development and spread of fires.

In this section, primary emphasis will be on the transmission of the
thermal energy from the burst to the target area and its modification by
clouds, visibility factors, surface reflectivity, and other meteorological
variables, In addition, mention will be made of the effects of topography
on the thermal radiation.

Modification of the Thermal Pulse by Physical Environment

The purpose of meteorological research on fire processes is to
provide estimates of initial thermal radiation at ground 1evé1 which can
be used in conjunction with estimates of target material characteristics
and distribution to determine the size and shape of the initial ignition
areas, The meteorological problem resolves naturally into two divisions.
The first is the mathematical and physical determination of the amount of
thermal energy transmitted through the atmosphere from the burst to the
target area under all pertinent meteorological conditions and burst geom-
etries. The second, which will be considered in a later section, is the
determination of the distribution of these conditions in the various po-
tential target areas and on a national scale. These combined estimates
can then be used as the initial conditions in the determination of the
fire spread and damage estimates which are, of course, the ultimate pur-

"pose of the research,

The transmission factor, T, has been defined earlier as the
ratio of incident radiation in the presence of the atmosphere and the
earth's surface to the energy received in the absence of such environment.
This factor modifies the thermal energy according to equation (5),

ET
Q= TmE 5

i
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e where Q is in cal/cma, slant range R is in centimeters, and E 1s the total
L. thermal energy emitted, in calories, Substituting E = 1012 fW, where £

is the fraction of the yield which appears as thermal energy and W is the
yield of the burst in kilotons, and putting R® = d2 + h2 where d is the
distance from ground zero and h is the burst height, the equation becomes

1.04 WT

Q=
2 2
d +h

where Q is again in cal/cmz, d and h are in miles, and £ has been chosen
as 1/3; see Glasstone (1962), ‘

Figures B-8 and B-9 present plots of this equation for various
warhead yields to indicate the relative importance of the different var-
iables over the ranges of interest, Note, for example, that a change in
the transmission factor from 1.0 to 0.1 will decrease the radiation from
a 10-mt burst to approximately that of a 1 mt with a 1,0 transmission
factor, (The burst altitudes in these two figures are those which will
give maximum radii for 4-psi overpressure,)

In Figure B-9 the distance from ground zero, or ignition radius
in this case, is based on typical ignition requirements from Miller (1962),
In Miller, the ignition requirements for a given material vary with yield
according to the following formulas:

0.1
QW "7, for 1<W<5.2 X 10°

o
L}

and : ’ (21)

.2
Q = 0.425wa° , for W>5.2 x 10°

where Qf is the ignition requirement (in cal/cmz) for a 1l-kt burst, and

Q is the ipgnition requirement (in cal/cmz) for a burst of W kilotons,

As discussed elsewhere, the total thermal emergy required to ignite a

given materlal increases with yield since the rate of delivery of the

energy decreases with yield. The value of Qp used here (6 cal/cmz) was

derived by Miller (1962) from the values given in Glasstone (1962). This

value is8 representative of the materials most likely to be involved as

primary causes of fire initiation, such as curtains, upholstery, paper

. cartons, pine needles, and the like. As discussed later in this appen-
dix, there are wilde variations in the estimates of ignition requirements
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Figure B-8

'"THERMAL RADIATION VS DISTANCE FOR

VARIOUS YIELDS AND TRANSMISSION FACTORS

( receiver normal to radius vector )

TRANSMISSION FACTOR

100 20 30 40 50 & 70 80 9 100

DISTANCE FROM GROUND ZERO = miles

NOTE: Burst height optimum for 4 psi
SOURCE: Based on Glasstone (1962)
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Figure B-9
IGNITION RADIUS VS TRANSMISSION FACTOR

RECEIVER NORMAL TO RADIUS VECTOR
=== HORIZONTAL RECEIVER
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___._._..__....].(29“ (9 5 ca'/cmz)z
i

0 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6. 1.8 2.0

TRANSMISSION FACTOR

NOTE: Optimum burst height for 4 psi
SOURCE: Miller (1562), Glasstone (1962) and

Stanford Research Institute
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(see Table B-VII). The ignition radii given in this section can there-
fore be considered upper 1limits; if it 1s desired to idéntify ignition
radii with particular materials, kraft paper cartons or pine needles are
appropriate to use. Note from Filgure B-8, however, that small variations
in thermal radiation requirements have 1little effect on ignition fadius,
particularly at distances corresponding to typical city sizes. Since the
transmission factor, T, varies with distance from the burst and, in most
cases, decreases with increasing distance, these curves give only a par-
tial indication of its effect.

The determination of T under all pertinent conditions of visi-
bility, cloud configuration, particulate content, ground cover, and purst
geometry is an exceedingly complex problem. Furthermore, a different
value of T must be used for a target complex than for an element of the
complex since orientation, shielding, and reflections within the térget
area significantly modify the ultimate energy falling on a window curtain,
a building, an inhabitant, and the 1ike. The effects within a target
area will be considered later. Here, only the value of T for the entire
complex will be discussed. '

While the transmission factor has received some attention in
the literature, it was not until recently that adequate numerical results
were obtained for even a representative range of variables., Because of
the complexity of the problem, all the results to date have included a
variety of approximations, partly for computational reasons and partly
because of a lack of physical data.

Figure B-10 presents some rather elementary sketches of five
types of important situations. For each of these cases, the computa-
tional problem and detailed physical description are given. This section
is primarily concerned with the air burst since the high altitude or
above the atmosphere burst is covered by Passell (1963) and the surface
burst has in general a smaller radius of thermal effect than an air burst.

Case I (Clear Day) and Case I1 (Fog or Haze). On a perfectly
clear day, with little or no water vapor in the atmosphere, the primary
attenuation is caused by Rayleigh scattering (elastic scattering by the
alr molecules themselves), by absorption by carbon dioxide, and in the
case of higher altitude bursts absorption by ozone, The surface of the
earth also plays a role by reflecting the radiation back into the atmos-
phere; part of this radiation is in turn scattered back to the earth's
surface, The albedo, or fraction of the incident radiation which is
(diffusely) reflected, can vary from as little as 2 or 3 percent for
black earth and coniferous forests. to as much as 86 percent for snow
(Case 1V); see Handbook of Geophysics,
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As the water and particulate content increases and visibility,
or more exactly, the meteorological rangé,* decreases from that on a per-

"fectly cléar day (approximately 160 miies) to what might be called an

ordinary clear day, the scattering ahd absorption by the larger particles
play an increasing role, The actual décrease in thermal radiation re-
ceived is much less than the decreasé in visibility. The visibility is
in effect a measure of the difference batween the direct component and
the scattered component of radlation while the radiation actually re-
ceived is the sum of these two components. For example, a decrease in
visibility from 50 miles to 10 miles in the case of a 10-mt burst at
5,000-foot altitude causes a change in the distance from ground zero at
which 16 cal/cm?® is received from abouﬂ 14 miles to about 8.5 miles.
(Note: the value of 16 cal/cm? is derived from equation (21) above and
is representative of the total energy roequired to ignite kraft paper car.
tons or dry pine needles for the pulsqfshape estimated for a 10-mt burst,
This same value is used expensivbly in the figures in this appendix and,
as mentioned above, provides an upper limit for the ignition radius of a
given material because of the ﬁnCertainty'in ignition requirements. Since
the thermal radiation at a given point is directly proportional to yileld,
the curves can be used directly for other ignition requirements by mul-
tiplying the 10-mt yield by the corresponding factor. For example, if
the ignition-requirement is 32 cal/cm2 the curves give ignition radii -

for a 20-mt burst.)

As the particles or dropleﬁs‘increasé in size (to about 5
microns)-~-usually because of increasing humidity--they show selective
scattering, often appear bluish in color, and are called haze; see
Malone (1951), As the particle size increases further, the selectilve
scattering is almost gone and fog results, which is ordinarily colorless.
As can be seen in the figures below, there 1is no strict one-to-one corre-
spondence between the visibility and the ignition range since the water
vapor, droplets, and particulate coiitent of the atmosphere affect ‘each
of these parameters in a somewhat d}fterent manner. In addition to dis-
tribution of particle and water droplet by size and altitude, an exact
analysis of the transmission factor for Cases I and II requires the in.
corporation of at least the following data:

4

The meteorological range is the distance at which a (large) dark object
has a brightness (luminance) contrast against a horizon background of
.02. In practice, the visibility as determined by weather station ob-
servation can differ appreciably from the meteorological range because
of local conditions and the availability of appropriate landmarks.
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1. Air density vs altitude.

2, Water vapor, carbon dioxide, and ozone concentration vs alti-
tude.

3. Scattering cocfficient vs angle; wavelength, index of refrac-
tion, and particle type and size,

4, Absorption coefficient vs wavelength and particle type.
5. Surface (and fog top) reflectance vs wavelength,

6. Weapon thermal radiation spectrum‘vs time,

7. Burst-target geometry.

Many of these individual aspects of the problem have been thoroughly stud-
jed; others have been investigated to a much lesser extent (see bibliog-
raphy of Passell).

The over-all problem of transmission factor for Cases I and II
has been treated at various levels of detail in the literature., Fig-
ures B-11 through B-13 present comparisons of some of the results in
terms of the transmission factor vs range for various values of visibil-
ity and indicate the references from which the results were derived.
While exact comparisons are not possible, the conditions shown in Fig-
ures B-11 through B-13 were chosen to minimize the effects of the vagy-
ing assumptions in the different methods. Figures B-14 and B-15 give'
similar comparisons for ignition radius vs visibility. These numerical )
examples are contingent to some extent, as are those elsewhere concerning
clouds and fog, on the direct effects of thermal radiation on clouds. and
fog. Whether or not the early radiation will vaporize enough of the
cloud or fog to enable the following radiation to be transmitted to a
much greater degree has not been investigated in detail,

The upper three curves of Figure B-1ll are based on simple em-
pirical relationships designed to apply to values of range equal to or
less than about one-half the visibility. Curve 1 is based on variations
of diffuse transmittance recommended in Stewart and Curcio (1952), The
entire equation, described in Jewell and Willoughby (1960) using the
constants recommended in Streets and Marron (1954), 1s =

-D/v_
T = (0.6 + 0.4e / )(0.52 + 0.48 tz)
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Figure B-11

ATMOSPHERIC TRANSMISSION VS RANGE FOR A
VISIBILITY OF 50 MILES— COMPARISON OF
COMPUTATIONAL TECHNIQUES

( receiver normal to radius vector )

2 4 6 B..10 12 14 16 18 20 22 24 2
DISTANCE FROM GROUND ZERO - miles

NOTE :Derived by Stanford Research Institute from;
1 Stewart and Curcio (1952), Streets and Marron (1954), Jewell and Willoughby (1960)
2 Glasstone (1962)
3 Gibbons (1958 and 1959), Streets and Marron (1954), Jewell and Willoughby (1960)
4 Cohill, Gauvin, and Johnson (1962)

Visibility = 50 miles

Burst height = 5,000 feet

Wet Atmosphere .
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- Figure B-12

ATMOSPHERIC TRANSMISSION VS RANGE FOR A
. VISIBILITY OF 10 MILES— COMPARISON OF
COMPUTATIONAL TECHNIQUES

( receiver normal to radius vector )
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Figure B-13

ATMOSPHERIC TRANSMISSION VS RANGE FOR A
VISIBILITY OF 2 MILES— COMPARISON OF
COMPUTATIONAL TECHNIQUES

( receiver normal to radius vector )

—_M

DISTANCE FROM GROUND ZERO - miles

NOTE: Derived by Stanford Research Institute from; :
Stewart and Curcio (1952), Streets and Marron (1954), Jewell and Willoughby (1960)
Gibbons (1958 and 1959), Streets and Marron (1954), Jewell and Willoughby (1960)

1
3
4

Cahill, Gauvin, and Johnson (1962)

Visibility = 2 miles
Burst height = 5,000 feet
Wet atmosphere
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Figure B-14

IGNITION RADIUS VS VISIBILITY FOR A 10 MT BURST—
COMPARISON OF COMPUTATIONAL TECHNIQUES .

( receiver normal to radius vector )

w====== DRY ATMOSPHERE
= WET ATMOSPHERE

16 cal/cm?) - miles

IGNITION RADIUS (q

VISIBILITY = miles

NOTE: Derived by Stanford Research Institute from;

1

2
3
4
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Sfewart and Curcio {1952), Streets and Marron (1954), Jewell and Willoughby (1960)
Glasstone (1962)

Gibbons (1958 and 1959), Streets and Marron (1954), Jewell and Willoughby (1940)
Cahill, Gauvin, and Johnson (1962)

Burst height = 5,000 feet
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Figure B-15

IGNITION RADIUS VS VISIBILITY FOR A 1 KT BURST—
COMPARISON OF COMPUTATIONAL TECHNIQUES

( receiver normal to radius vector )
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Cahill, Gauvin, and Johnson (1962)

Chin and Churchill (1960)

Burst Height = 500 feet
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{\j where T 1svthe transmission factor,
D= (d2 + hz)l/2 = slant range g
. d = distance from ground zero (miles) ‘ i
h = héight of burst (miles)
. v = visibility (miles) and
t2 = transmissivity of infrared region (wavelength > 7.¢) ’;

Similarly, curve 3 is based on later measurements of the diffuse trans- i
mittance in Gibbons (1958 and 1959) and involves Jewell and Willoughby
and Streets and Marron in the same way. 1Its equation is

T = Tw(0.52 + 0.48 tz)
where the diffuse transmittanée, Tew, is obtained from .

-3.91 D/v
e

Tg = (1 +2.9 D/v) For DS7 miles

-3.91 D/v
e

T (1 + 20.3/v) For D> 7 miles

with D, v, and t2 defined as above.

The relation between tz and w, the water content of the atmosphere be-
tween the burst and the point of interest on the ground, was obtained
from Streets and Marron (1954). For comparison purposes, w was based
on the "wet" and "dry" atmospheres assumed in Cahill, et al. (1962),
There the variation of water vapor density, in gm/ma, was plotted as

a function of altitude, z, in kilometers, for the two atmospheres which
had, respectively, totals of 14 cm and 0.5 c¢m of precipitable water,*
The following equation was used to find w:

2 2.1/2 h’
" .‘L_tid_L___ / ey aa

. *‘Precipitable water is the water content of the atmosphere,
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where w is the precipitable water in millimeters and h'is the burst height
in kilometers.

Cahill, et al. (1962) and Chin and Churchill (1960) have pre-
sented results of detailed numerical integration of most of the factors
in the problem, the former giving a fairly wide range of parameter values
as shown in Table B-II and the latter giving a single numerical example,
which dictated the use of such a low yield in Figure B-15,

Table B-II

MODEL ATMOSPHERES USED IN CAHILL, GAUVIN, AND JOHNSON

I. Tropic--ocean or land surface

Wet atmosphere (14 cm precipitable water)

0.20 surface albedo
10-mile and 50-mile visual ranges

II. Temperate--ocean or land surface
Wet atmosphere (14 cm precipitable water)

0 surface albedo
2-mile visual range

Dry atmosphere (0.5 cm precipitable water)

0.20 surface albedo
10-mile visual range

I11, Arctic--snow field, desert, or solid cloud undercast
Dry atmosphere (0.5 cm precipitable water)

1.00 surface albedo
10-mile and 50-mile visual range

Note: Transmission factors are computed for burst heights of 0,
5,000, and 30,000 ft for all atmospheres.

Source: Cahill, et al. (1962).
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A major problem in the solution of the radiation transport prob-
lem in a scattering and absorbing atmosphere has been the handling of the
distribution of particle size. Since the scattering coefficient of a sqs;
pended particle is 8 strong function of its size, this distribution can be
important. Cahill, et al. (1962) and Chin and Churchill (1960) handle
this problem in different ways.

The former uses a semiempirical. technique to establish a gross
scattering coefficient expressed as a function of distance and altitude.*
1L also uses a similar technique to take into account the fact that the
atmosphere is both a scattering and an absorbing medium.

Chin and Churchill (1960), on the other hand, uses a direct in-
tegration of the particle-size distribution, as well as a fairly exact
approach to the scattering-absorbing problem.**

The degree to which these two techniques differ and whether th
degree of uncertainty in physical input data will mask any differences -
between them are questions worth investigating. 1In any event, the re-
sults of Cahill, et al. (1962) will be used here for illustrative pur-
poses since they cover a range of values, and, in addition, the method
has been programmed for machlne computation. Note, however, from Fig-
ures B-11 through B-13 that the curves numbered 3 are sufficiently close
to what appears to be the more exact methods to justify their use where
a much simpler approximation is desired. In fact, further comparison at
the other conditions which have been investigated would be well worth-
while for discovering the range of validity of this approximation,

case 111 (Continuous Cloud Cover). Probably at least as im-
portant as the case of a clear day is that of continuous cloud cover.
Here, three burst positions are of interest-—above, within, and below
the cloud. For the case of the burst above the cloud, there are suffi-
cient data, both theoretical and empirical, on cloud "transmission" to

* The tranmission factors in Cahill, et al. are given for a hemisphere
(f1lat) receiver pointed in the direction of maximum intensity of in-
coming radiation, an "optimally oriented receivev,"” and not neces-
sarily directly at the husit as is the situatlion in most of the other
references. For the purpasns of this report, itlas should make little
or no difference.

#% See Passell (1963) for a more detailed description of the two methods.
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make some simple estimates of initial ignitioﬁ rad:li.1 For a burst in or

below the cloud, the situation is more complicated,at least for initial

estimates, Here the reflected radlation from the surface of the earth

and from the bottom of the cloud both must be taken into account. For >
a burst within the cloud, the absorption and scattering upward by the

cloud must also be accounted for. Hence, the results may be very sensi-

tive to the exact relationship of the burst location to the cloud; see *
Duckworth, et al. (1953). If the burst is just below the cloud, much of

the radiation will be reflected (actually scattered) downward by the cloud.

If the burst is in the middle of the cloud, half of the scattered radia-

tion will be directed downward and half upward. If the burst is just

above the cloud, much of the radiation will be reflected upward by the

cloud.

Figure B-16 presents estimates of ignition radius for a burst
above the clouds. Ignition radius is plotted as a function of cloud
transmission, the fraction of energy which is transmitted through the
cloud. Also indicated are typical transmission values for various cloud
types, based on the ratio of insolation with overcast sky to insolation
with cloudless sky given by Haurwitz (1948). Different values of burst
altitude are given to indicate its effect and to account for the varia-’
tion in altitude with cloud type. The dotted transmission ranges indi-
cate the higher altitude clouds. The ignition radii here are shown for
a8 horizontal (hemispherical) receiver for two reasons: (1) the values
of insolation are generally measured on the horizontal and (2) the below-
the-cloud case discussed later has been computed for a horizontal re-
ceiver only. Also, the computations are based on a nonscattering, non-
absorbing atmosphere (except, of course, for the clouds), allowing the
use of the simple equation ’

1.04 WT' cos ©
2

2
h +d

where Q, W, h, and d are defined as before, T' is the cloud transmission
and 6 is the angle between the vertical and the radius vector from the
burst to the ignition point, Hence, '

1. See Malone (1951), Melnick and Bragg (1957), Neiburger (1949), >
Haurwitz (1948), Fritz (1949), Jones and Condit (1948), and Passell
(1963),
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Figure Be16
IGNITIQN RADIUS FOR BURST ABOVE CLOUDS

( horizontal receiver, nonabsorbing and
nonscctt!rmg atmosphere )
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Q 1,04 WT' n°
=2 2 3
2 + a%3/?

Since T' is roughly independent of 6, Haurwitz (1948), this 1s a useful
approximation, Because of the assumption of a nonscattering and non-
absorbing atmosphere, the results are only approximate, of course, and
tend toward the upper limit of the actual ignition radii.

The much more complicated case of a burst below the clouds has
been treated by Schmall (1961), also for a nonscattering and nonabsorbing
atmosphere. The incident radiation on a plane (hemispherical) receiver
between two parallel Lambert planes is analyzed for various plane separa-
tions and receiver altitudes. A Lambert plane, which here approximates
the earth's surface and the lower surface of the cloud, is a plane for
which "the reflected energy is proportional to the cosine of the angle
of reflectance," Figure B-17 presents estimates of ignition radius as
a function of surface and cloud albedo based on the dimensionless curves
in Schmall, Note the marked increase in ignition radius for high surface
albedo as the cloud albedo increases toward unity. This will be discussed
below in connection with snow cover (Case IIT). Here again, because of
the assumption of a nonabsorbing and nonscattering atmosphere and because
of the assumption of perfectly flat Lambert planes, which may differ ap-
preciably from cloud and earth surfaces, the results are only approximate
and tend to be upper limits. - ’

The circular symbol in Figure B-17 represents an attempt. to
approximate the real atmosphere case for an optimally oriented receiver.
(Unfortunately, there is no convenient way to convert from optimal to
horizontal receiver because of the diffuse nature of the radiation.)
This was obtained by inverting the results of Cahill, et al. (1962) for
the case of 100 percent surface albedo. In this reference, the trans-
mission factor is shown as a function of both altitude and horizontal
range of the receiver. A portion of one of the graphs is reproduced in
Figure B-18 (after conversion of units)., A plot of the intersections
of the "isotransmission" lines with the horizontal axis gives the vari-
ation of transmission factor with distance from ground zero at ground
level,

If a horizontal line is drawn at an altitude of 10,000 feet,
for example, the intersections with this line wili similarly indicate
the values of transmission factor at the 10,000-foot level, However,
this could also be interpreted as the ground level transmission factor
below a cloud layer at an altitude of 10,000 regt, with thef$louds»
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Figure B-17

IGNITION RADIUS FOR BURST BELOW CLOUDS

( horizontal receiver, nonabsorbing and

nonscattering atmosphere )
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Figure B-18
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Precipitable water = 0.5 cm

SOURCE: Cahill at al, (1962)
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having 100 percent albedo and the surface negligible albedo. This is
only an approximation, of course, since the variation of air density,
water vapor density, and particulate content with altitude is thus re-
versed. Also, cloud albedo seldom exceeds 85 percent; see Haurwitz
(1948). The results are included in Figure B-17 as an approximate in-
dication of the importance of this case.

Figure B-19 is an attempt to evaluate the importance of the
relation between burst and cloud altitude. . The upper 10-mt curve is
the same as the corresponding curve of Figure B~17, indicating the
ignition radii for bursts below clouds. The lower 10-mt 1line was ob-
tained from the lowest curve of Figure B-16 for bursts over clouds. It
is based on the relationship among albedo, transmission, and absorption
(their sum is equal to unity). The absorption assumed is 0.07, which is
typical of Neiburger's (1949) measurements on stratus clouds. The 1-mt
curves were derived in a similar fashion. 1If the assumption is now made
that the albedo of the lower cloud surface is approximately equal to that
of the upper surface, the importance of knowing whether the burst is above
or below the clouds can be evaluated. This seems reasonable, at least
for stratiform clouds. As an example, the ignition radius for a 10-mt
burst and a cloud albedo of 0.52 (typical of altostratus from Figure B~16)
varies from about 6-1/2 miles to about 10-1/2 miles, depending on whether
the burst is above or below the clouds. These numbers indicate that
whether the burst is above.or below the clouds can make a significant
difference. What this means in terms of precision in actual burst and
cloud altitude differential is not known since the direct effects of the
burst on the cloud are not known.

Because the fireball size is approaching the altitude dimensions
of the situation being considered in Figure B~19 (a 1-mt fireball is
5,800 feet across at maximum brilliance)--Glasstone (1962)--the direct
effects of the .burst on the cloud may be even more important here than
elsewhere. Note further that the sensitivity in terms of actual altitude
variation is moderated to some extent by the variation of cloud albedo
with cloud thickness. As the cloud gets thinner, slight variations of
altitude can change the relative position of the burst from the center
to the edge of the cloud. At the same time, the albedo of a thin cloud
is less so that such a geometsic variation is not so important (the fig-
ures on the horizontal axis of Figure A-10 indicate typical thickness
variations for stratus clouds). Because of the potential sensitivity to
relative burst and cloud height, it may be important to take into account
both the dispersion of warhead fuzing altitude and the distribution of
cloud height. This may be especially true for lower yield bursts (on
the order of 100 kt) for which the optimum burst heights (4,000 to
5,000 feot) for low overpressures are on the order of the altitudes of
typical high-albedo clouds. (An interesting technique for alleviating
this sen:sitivity should it prove important might be the use of a cloud
sensing ¢>tion on the warhead fuzing system.)
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For larger yields the bursts will ordinarily be at higher alti-
tudes, particularly i1f the attack is designed to maximize low overpressure
radii. Figure B-20 indicates the effects of such altitude variation on
ignition radius, The curves apply to the case where the burst height is
equal to one-half of the indicated cloud height since no other estimates

are avallable; see Schmall (1961)., The curves are darker up to the maxi~ -

mum altitude at which cloud bases of the indicated albedo are likely to
appear. This gives an indication of the optimum altitude for the various
surface and cloud albedo conditions from the standpoint of thermal radia-
tion incident on a horizontal receiver. Note that part of the increase of
ignition radius with altitude is due to the increasing angle of incidence
of the direct radiation on a horizontal receiver, This variation is ap-
proximately the same as that of the line farthest to the 1léft on Fig-

ure B-20, The remainder of the variation arises from the increasing area
of cloud from which radiation can be reflected to the receiver as the
cloud height increases. -

Case IV (Snow Cover). As has already been indicated by some of
the previous curves, the real importance of bursts below clouds may well
arise in connection with Case IV, that of snow-covered ground, In this
situation both the cloud and the snow may have a high albedo so that by
consecutive reflections the radiation may be transmitted much farther
than it would be otherwise. Figure B-21 indicates some of the numbers
involved in this case. This is a replotting of curves already shown and
is in terms of ignition radius vs surface albedo. The typical values . .
shown for surface albedo are from the Handbook of Geophysics (1960), For
a cloud albedo of 0.9, for example, the ignition radius for a 5,000-foot,
10-mt burst varies from about 11-1/2 miles for the albedo of a building
to about 21 miles for maximum snow albedo. Again, these figures represent
upper limits (for horizontal receivers) because of the assumption of a
nonabsorbing, nonscattering atmosphere. Note that aside from limestone,
snow 1s the only surface that has an albedo higher than 0,.35. The actual
average albedo for a snow-covered city is not known, but in view of the
large variation of ignition radius with surface albedo, it is worth in-

" vestigating.

The other conditions of Case IV are also of interest, These
include clear sky above snow and fog or haze above snow. Clear sky and
haze conditions have been analyzed down to two miles visibility for two
heights of air bursts and for surface bursts in Cahill, et al. (1962)

(see Table B-11), With the exception of the single example given in

Chin and Churchill (1960), there is apparently no analysis of bursts in

or above moderate or dense fog (visibility &2 miles), Here, also, the
presence of snow would increase the radiation at all ranges because of the
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Figuré B~20

'EFFECTS OF CLOUD HEIGHT ON IGNITION RADIUS
FOR BURST BELOW CLOUDS

(horizontal receiver, nonabsorbing and nonscattering atmosphere )
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Figure B-21

IGNITION RADIUS VS SURFACE ALBEDO FOR
BURST BELOW CLOUDS ( horizontal receiver,

- nonabsorbing and nonscattering atmosphere )
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radiation scattered back into the atmosphere.. A summary of the available
results for a dry atmosphere derived from the transmission factors in
Cahill is presented in Figure B-22 for a 5,000-foot burst. Ignition
radius is plotted as a function of yield for two different visibilities -
and surface.albedos. (The values are again given for an optimally ori-
ented receiver and a "real" atmosphere ) Figure B-23 gives similar in-
formation for a 30,000-foot burst and shows the variation of the 4.psi
radius with yield. Note that the relation between thermal radius vari-
ation and overpressure radius variation with yield changes considerably
with weather condition. 'At 5,000-.foot burst altitude, for example, they
are about the same for ten-mile visibility, but for fifty-mile visibility
and high surface albedo, they diverge considerably with yield. Further
investigation to determine the relation between blast and thermal damage
over a wide range of weather conditions would be worthwhile.

Case V (Multilayer and/or Broken Clouds). One of the most likely
situations involving clouds is that of multilayer and/or broken clouds
(Case V). This is also the most complicated case computationally and the
one with the widest variation of conditions. Here, as the sketch in Fig-
ure B-8 indicates, the problem is compounded by multiple reflections be-
tween cloud layers and from the sides of clouds and by reflections from
upper layers which reach the ground through openings in lower layers.
Because of the difficulties involved in a theoretical treatment, this
problem is probably best approached empirically, at least for the case
of bursts above clouds., As a first step, existing cloud and visibility
observations could be correlated with the corresponding solar radiation
observations which are obtained hourly throughout the day at many U,S,
weather stations. This was done, for example, by Haurwitz (1948) at a
single station for the completely overcast case previously mentioned.

One problem associated with this technique is the difficulty of observ-
ing multiple cloud layers from the ground when an unbroken ‘or nearly un-
broken lower cloud layer is present. The problem is alleviated to some
extent, however, by aircraft reporting and by radiosonde humidity vs
altitude data. It may even be preferable in this case--for climatologi-
cal purposes at least--to use the radiation records directly rather than
first determining the cloud characteristics and then determining the
corresponding radiation. Fur a burst above the clouds the ignition
radius can then be determined in a manner similar to that used for Fig-
ure B-.16, once the cloud transmission is known.* This method, however,
would allow only a rough approximation, particularly for a single layer
of broken clouds, The areas of ignition might correspond roughly to

the clear areas of the sky, and the radius determined here would be that

of an ignition envelope, within which scattered areas of ignition could
occur,

* See Figures C-9 and C-10,. .
: B-42
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Figure B-22
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(1962), and ‘Stanford Research Institute

10 miles

SURFACE ALBEDO ~ NO CLOUDS
( burst altitude, 5,000 feet ) ‘
SOURCES: Miller (1962), Glasstone (1962),
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Figure B-23

IGNITION RADIUS VS YIELD AND
SURFACE ALBEDO— NO CLOUDS
( burst altitude, 30,000 feet )
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For a burst in, below, or between two cloud layers, the problem
is much more complicated. Many studies have been made of the size, shape,
moisture content, and albedo of clouds;* these data would be required for
a detailed numerical approach to .this subject, In addition, a precise
analysis may require the variation of visibility with still another param-
eter--direction. Variations of well over 100 percent within 90° have been
observed even after removing the variation caused by sun position; see
Ponndorf, et al. (1952). The detail to which these variables should be
incorporated into a computational model has not been determined. It would
appear, however, that much additional work should be accomplished for
Cases I through 1V prior to any detailed computational work for this case,

The effects of meteorological conditions on atmospheric trans-
mission can, of course, be more complicated than those described above,
In all of the cases with.clouds, the potential effects of rain and other
precipitation should be investigated. Furthermore, eventual considera-
‘tion might also be given to those conditions less likely to occur but

_having the potential of extremely high ignition ranges (for example, the

case of a cloud bank which intersects a snow-covered hill or that of a
cloud bank which lies above and extends beyond a high albedo fog)., How-
ever, anything more than a cursory study of these special conditions
should await the development of more definitive data for the more impor-
tant cases discussed above,

The main point to be made concerning both general and special~
jzed situations of Case V is the extreme variability possible in the lo-
cation, number, and size of the initial ignition areas. Because of this
variability, there will always be an appreciable uncertainty in any local

. or national ignition area assessment, even when the meteorological condi.-

tions are precisely known,

Summary of the Cases. To summarize the data and techniques
available: For Case 1 (clear day) physical data and computational tech-
niques are available for all of the conditions of interest. Actual
computations have been made for only a representative set of conditions
and only out to a range of 30 kilometers (18.6 miles).

* See, for example, Neiburger (1949); Fritz (1949); Jones and Condit
(1948); Serebreny and Blackmer, Reports 2 and 4 (1962); and Murgatroyd
and Goldsmith; as well as the bibliography of Passell (1963),
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For Case II (fog or haze) there are only limited data on dis-
tribution of particle size in fog and on fog-top albedo. Computational
results exist for the burst within light fog or haze, but there are only
approximate methods for bursts above the fog and no results for bursts
in dense fog.

For Case III (continuous cloud cover) existing approximations
can be applied for bursts above the cloud and below the cloud, but ap-
parently none are applicable for the case of the burst within the cloud
and none exist for bursts below a cloud for a real atmosphere. .Further-
more, although considerable information is available on cloud shape, size,

"and albedo, information on droplet size distribution is inadequate for .

nationwide applicability, The use of radiation data could alleviate this
limitation tc some extent, at least for the burst above clouds.

For Case IVv(snow cover) there are numerical results for the
clear air and haze cases and some approximations for the case of the
burst belowAthe clouds. ‘

Case V (multilayer and/or broken clouds) has been treated
approximately for the burst above the clouds but not for any .of the other
conditions. Again, there is considerable information on cloud shape,
size, thickness, and albedo. -

In all cases (I through V) there are insufficient results to
allow compariscn between horizontal and optimally oriented receivers.

Figure B-24 summarizes the existing ignition radius estimates
with some approximate extrapolations to various meteorological conditions,
including dense fog. The values of incident radiation used are typical
ignition rcquirements for dry pine ncedles:* 16 cal/cm2 in the case of
the 10-mt burst. As indicated, the ignition radius can vary from less
than one mile for low visibility conditions to approx1mate1y 20 miles for
the case where the visibility is 50 miles and the burst is above a sur-
face of snow. This extreme variation makes the study of weather condi-
tions so important in the fire problem. The estimates in Figure B-24
are presented not as absolute values but as indications of the relative
importance of the various meteorological factors on atmospheric trans-
mission. The degree to which each situation should be investigated and
the range of variables of importance then involve questions of weather
and climate, to be discussed 'in Appendix C.

* "pry" pine needles are interpreted to mean pine needles with an equilib-
rium moisture content of 0.25 percent, corresponding to a relative hu-
midity of 10 percent. Note that the direct effect of the atmosphere on
the moisture condition of the pine needles is not included.
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Figure B-24

SUMMARY OF IGNITION RADIUS ESTIMATES FOR VARIOUS
METEOROLOGICAL CONDITIONS.
( cloudless day, optimally oriented receiver, real atmosphere )
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............. U S
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YIELD: 10 mt ( using ignition requirements from Glasstone ( 1962 ) and Miller ( 1962 )
35 mt  using ignition requirements from Martin ( 1959 )

SOURCE: Cahill, et al ( 1962 ) and Stanford Research Institute
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Figure B-24 ( Continued )

SUMMARY OF IGNITION RADIUS ESTIMATES FOR VARIOUS
METEOROLOGICAL CONDITIONS

( overcast day, harizontal receiver, nonabsorbing and
nonscattering atmosphere )
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35 mt ( using ignition requirements from Martin { 1959 )

SOURCE: Schmall ( 1961 ), Haurwitz ( 1948 ), Neiburger ( 1949 ), and Stanford Research Institute
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Influence of the Topography in the Target Area

In addition to the modification of the thermal pulse by the
effects of weather, the topography of the area surrounding the target
will influence the final thermal flux on the target. This effect of top-
ography has not bheen considered in relation to thermal energy from nuclear
weapons although considerable attention has been directed to the effects
of topography on the blast wave; see Nuclear Weapons Blast Phenomena {1960).

If a hill or mountain is situated between a nuclear detonation
and a target, the direct rays from the bomb obviously will be stopped.
In addition, the amount of diffused rays which strike the target will de-
pend critically on the weather. In a heavy fog, for instance, the thermal
energy will be entirely diffused with the energy falling on the target
independent of its position in relation to the hill mass. This conclusion
has been borne out by experiments of Paszynski (1959), which show that in
a heavy fog it is impossible to detect the direction of the sun--that
radiation from all directions is equal. Quantitatively, this means that
the index computed in the study (diffuse sunlight/total sunlight) becomes
equal to unity under conditions of heavy atmosphere. ’

/

‘ If the albedo of a hillside is high (for example, thé hill is
covered with snow) and the target area lies between the hill and the
detonation, it is obvious that the reflection from the hill may signifi-
cantiy jncrease the total energy falling on the target area. Further-
more, the thermal energy will no longer come from a single predominani
direction, particularly on a day when the visibility is high. Further
information or references to the effects of topography on the thermal
pulse are unknown. '

}nteraction of the Thermal Pulse with the Target Complex . :

As with any radiant energy, the initial thermal pulse from a.
weapon may either be absorbed by, reflected from, or transmitted through
a target. The energy which is absorhed by the target element or trans-
mitted through it may ignite or otherwise damage this element. The re- j
flected and transmitted energy may fall on other tarzet elements before ‘
it is ultimately absorbed. Hunce, it is important tr consider not only
the effect of energy on a target, but the effect of the target on the
thermal pulse. The final intensity impinging con a target element will
be a certain fraction (possibly greater than unity) of the intensity
which would have been received if the target had been in the open with
no shielding or reflectiors by other elements. This is defined as a
transmission factor of the target complex (see the discussion on page B-16.) ' !
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In this section both the direct effects of the thermal pulse on the tar-
get and the modification of the pulse by the target will be considered.

The elements of a target may be treated individually or they
may be aggregated. The following is a listing of most of the targets
considered in this study. ) : :

. Units

Materials

Life system units
Human
Animal
Vegetation

Materiel system units
Structures ' .

Aggregates

Districts

Cities

States

Regions

National

Crops

Forests

.

Orientation of the Target. A factor which is often ignored
but applies to all targets is the orientation of the target to the fire-
ball. The variation of thermal flux with range, as given in Equation (5),
assumes that the radiation is emitted from a source poin; and falls on
the surface of a sphere whose center coincides with the source. The
fireball is not homogeneous, however, and hence the source of radiation
cannot be considered as concentrated at one point. Since the error in
making this assumption is not serious, it has been ignored in this

paper.*

The assumption that the energy falls on a surface normal to
a line drawn from the target to the fireball is a serious one, and tar-
get orientation must be included in any valid calculations or estimates
of the fire threat. Miller (1962) has considered the orientation of the

* Hillendahl (1959, Vol. 1) considers the case of the 1nhoﬁogeneous
fireball.
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target from a purely geometric point of view. The development in the
present study, however, will be slightly different,

Assume that the fireball is spherical and a homogeneous radi-
ator, an assumption which applies fairly well for all but outer space
shots. Let R be the vector from the target to the fireball, but let n
be the vector normal to the surface of the target. Then, the energy
flux must be modified by the term ’

.

where © is_thé angle between the two vectors. If R is divided into its
components from the target to ground zero and from ground zero to the.
fireball center, then '

R=r+h,

where r is the horizontal component of R,”and h is the vertical compo-
pent:; Hence, cos B becomes '

(h +r) - 0 _h cos L + r cosS
=TT = 7
h o+ r|-lnl V2, 2

where <X is the angle between n and the vertical and /2 is the angle be-
tween n and the projection of R on the earth's surface. This gives a
final correction for the thermal energy as

ET(h cos £ + r cos <) ET (sin ¥ cos K + cos # cos <)
Q= T2 2.3/2 = 2 » (22)
77 +r) 477R

where & is the elevation angle of the fireball viewed from the target.
When the surface is horizontal, (22) reduces to (22h):

ET
Q = 2 sin @ . : (22h)
477R
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When the surfaée 18 vertical, (22) reduces to (22v):

Q= cos @ cos A , ) . (22v)

477‘1!2

For the case of detonatlons outside the atmosphere, the geom-
etry is somewhat more complicated because the fireball is no longer a
sphere but is pancake-shaped. The effect of target orientation has not
been calculated for this case,

The following paragraphs are concerned with the interaction
of the components of a target complex and the thermal pulse.  This sec-
tion will review only the direct effects made by the nuclear thermal
pulse on a target; secondary effects will not be considered. As an
illustration, the thermal energy may ignite dead leaves or other refuse
on the floor of a forest; this in turn could cause the ultimate destruc-
tion of the entire area. But only the radiation requirement for the
initial ignition of the leaves would be considered here,

Response of Materials to the Thermal Pulse. The impingement
of a nuclear thermal pulse on materials may manifest itself in any one
of a number of different ways. These effects range between the two ex-
tremes of (1) no damage to the materials and (2) a sustained flaming.
Other possibilities are charring without ignition, transient flaming
which disappears at the end of the thermal pulse, or destruction of the
material by sustained glowing. (Plastics when irradiated may melt,
crack, smoke, or flame.,) Transient flaming may occur with a high-energy,
short-time pulse. In this phenomenon, the outer layer cf the material
may vaporize and ignite without further damage to the lower layers. For
example, transient flaming will occur when heavy, dark cotton draperies
are exposed to a 10-kt weapon at a range of one mile; see Figure B-43,

From the standpoints of the ignition of widespread fires and
cf fire spread, the most important effect on a material is sustained
flaming. However, if the material is near combustibles, transient flam-
ing is obviously important; if it 1s on the floor of a forest, a sus-
tained glowing may be critical. All of these reactions may take place
in the so-called kindling fuels, that is, thin nonconductors. Before
discussing this most important class of fuels, a fow remarks will be
made concerning the reaction of thick nonconductors, plastics, and ma-
terials treated with flame retardants (which must not be confused with
materials treated to protect against the high radiation flux of a
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nuciear weapon). Special materials and coatings designed to counter

{ntense thermal radiation from nuclear weapons will be considered in

Appendix E.

For most applications, damage by radiant energy is assumed to
be dependent on the attainment of a certain eritical temperature., There-
fore, the prediction of depth of damage requires a knowledge of the maxi-
mum temperature attained at each depth as the thermal energy absorbed at
the surface diffuses into the solid. In thick pieces of wood, for exam-
ple, up to a temperature of about 230°-240°F, the moisture in the wood
is driven off., The loss of moisture is the greatest between 212°.230°F;
see Bomb Damage Analysis (1949). At 300°F, a chemical decomposition ot
the wood fibres occurs. A darkening of the surface of the wood is per-
ceptible at this temperature and increases as the temperature rises. At
520°F, complete decomposition of the wood occurs without further appli-
cation of external heat. This last phase is commonly ascribed to the
jnitiation of a strongly exothermi¢ reaction. :

Much effort has been placed on the measurement of temperatures
created by nuclear thermal pulses within thick nonconductive materials;
see The Thermal Data Handbook (1954), Since the radiation damages the
material but seldom leads to a sustained ignition, only the summarized °
results will be presented here. The data are directly abstracted from
The Thermal Data Handbook and shown in Figures B-25, B-26, and B-27;
Table B-111 1ists the important parameters required to use the figures,

Because of their shatterproot characteristics, certain plaétics
have obvious advantages over glass for use as glazing, window covering,
skylighting, and awning materials in the construction of homes and in-
dustrial buildings. Furthermore, in some test shots, homes equipped with
plastic window curtains and other plastic items were less gubject to
interior ignitions than those using other tabrics;

In Operation TEAPOT--Laughlin (1957)--680 plastic samples were
installed at ranges from 6,600 feet to 8,690 feet from ground zero, In
addition, numerous plastic articles were placed inside buildings. The
plastics were representative of all types widely used on the consumer

‘market. The general conclusions drawn were that the results of the

thermal action were influenced by the type of material, its thickness,
and its color, Thermoplastics were more affected than thermosetting
plastics. In general, the vinyls suffered more than other samples
submitted, ' h

More quantitative results regarding the reaction of plastics
have been discovered in laboratories, Results derived at the Naval
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Classified Figures B-25, B-26, and
B-27 pertaining to pulse irradia-
tion have been deleted.
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Notes to classified Figures B-25,
B-26, and B-27 have been deleted.
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" Table B-111

THERMAL PROPERTIES OF MATERI»MS
April 15, 1954

*SOURCE: The Thermal Du!;: Haruthook (1954),
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‘ Specific
Density, £ Heat, £ Conductivity, Diffusivity, A
- Material © (gree) (cal/g-"C) (ca)/secscme T (sq cm/sec)

Insulating .

Air u.46 5 1074 0.24 0.55 » 10-4 0.22
Asbestos . U.58 ) , 0.20 4.6 x 107 30 x 1ot
Balsn 0.12 0.4 1.2 x1y? 25 g 1ut
Brick (common red) 1.8 0.2 16 x 107 18« 107t
Celluloid 1.4 0.35 5.0 «x10°* 10 x10°*
Cotton, sateen, 0.70 0.35 1.5 x10°* 2.5 x 1074

green .
Fir, NDouglas . .

Spring growth .29 0.4 . 2 x 10°% 17 x 107t

Summer growth 1.00 0.4 5 x 10°* 12 x 107t
fir, white 0.45 - 0.4 2.6 x10°% 14 ot
Glass, window 2.2 . 0.2 19 x 1074 43 10t
Granite 2.5 . 0.19 66 X 1074 140 x10°*
Leather sole 1.0 0.36 .8 x1o0°t 1«10t
Mahogany 0.53 0.36 3.1 x10°* 16 x 1074
Maple 0.72 0.4 4.5 xlot 16 x 1074
ak . 0.82 0.4 5.0 «x10°* 15  «x10°t
Pine, white 0.54 0.33 3.6 x10°*% 18« 1074
ine, red A X | 0.4 5 x 104 24 x 107
Rubber, hard : 1.2 0.5 3.6 «x10°*% 60 x10°%
Teak - 0.64 0.4 4.1 w10t 6 a0t

Metals (100°C) .

Aluminum 2.7 , 0.22 0.49 1.0
Cadmium - 8.65 0.057 0.20 0.45
Copper 8.92 0.094 0.92 1.1
Gold 19.3 0.031 0.75 1.2
fead 11.34 0.031 0.081 0.23
Maguesium T 1.74 ) 0.25 0.38 0.87
Platinum 21.45 ‘0.027 0.17 0.29
Silver 10.5 0.056 . 0.96 1.6
Steel, mild . 7.8 . 0.11 0.107 1.2
Tin 6.55 0.056 0.14 .38

Miscellaneous .

" lee (070D ©0.92 0.492 54 x 1074 120 «x 1074
Water 1.00 1.00 14 x 1074 14«10t
Skin (porcine, 1.06 0.77 ) x 10-4 11«10t

dermis, dead
Skim (human, living, 1,06 0.75 8 x 1074 30 xlo™*
averaged for upper
1 cm) .
Polyethylene, black 0.92 0.55 8 x 1074 17 104
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Material Laboratory are shown in Table B-1V. These data should only be

used as approximate measures of the comparative susceptibilities of the
various plastics to thermal damage, The Effects of Nuclear Weapons,
Glasstone (1962), summarizes the results of thermal radiation on plastics
by stating: A

", . .many plastic materials, such as Bakelite, cellulose ace-
tate, Lucite, Plexiglas, polyethylene, and Teflon, have been
found to withstand thermal radiation remarkably well, At ‘
least 60 to 70 calories per square centimeter of thermal

energy are required to produce surface melting and darkening.”

Finally, it should be pointed out that the products of combus-
tion of a plastic may be extremely toxic or chemicaliy active. Compre-
hensive studies of this problem have not been made, but the subject is
of obvious importance since plastics are used extensively in home build-
ing and furnishing. ’

In addition to the aforementioned research on plastics, the‘
Naval Material Laboratory has done considerable work on the susceptibil-
ity to damage of many other types of materials. The results of these
studies are reported in publications of the Naval Material Laboratory
and in The Thermal Data Handbook. One interesting result concerned
treatment of materials with flame retardants. It was concluded that
flame retardant treatment increased resistance to destruction only for
woolen fabric. For white cottons, on the other hand, resistance to
destruction was reduced, presumably as a result of increased absorptance.
However, there was no sel f-propagating flaming or afterglow of treated
fabrics and when destroyed they formed a brittle mat of carbonized fibers.

These general results on flame retardant treated fabrics agree
with more recent British tests described in Evans (1960). These tests
showed that although the flame-proofed fabric is not destroyed by flam-
ing, it loses strength at a lower heat dose than does the untreated
fabric, in a range below the point where the latter flames; see Table B-V.

"By far the greatest amount of effort, both in the laboratory
and in weapons tests, has been directed to the ignition of kindling fuels
by thermal pulses. Fortunately, the bulk of all ignitable substances in
any target area are composcd of cellulosic fuels, and standardized cellu-
lose can be used in many experiments.  1In this paper, the results derived
at the Naval Radiological Defense Laboratory (NRDL) will be considered in
some detail. Most of the work has been done with cellulosic fuels and
square wave pulses although cxtensions have been made to other conditions.
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. ‘Table ‘B-1V
CRITICAL ENERGIES FOR THERMAL DAMAGE TO PLASTIC MATERIALS

Critical Energy

Material Effect (cal/sq cm)
Plastic Materials® 1 ~ k
Cellulose acetate (transparent), ‘A" Surface melun¥ 67
Blackening of back 170
: 1 surface .
Fabric base phenolic, FBG (opaque), ‘A" Surface browning : 5.5
: 1 Flaming 18
: Melamine asbestos (opaque), A" Dense smoking 23
1 Flaming . 63
. Melamine glass, GMG (opaque), A" Shg;ht scorching 23
1 Charring - 44
: Paper base phenolic, PBE (opaque), A" Surface browning 4.5
' . ) 1 . Flaming . 17
. Polyester glass (opague), /" Flaming, browning 61 .
Polyester Paraplex, 5% styrene, A", P-43 (vransparent)  Cracking and splitting 150
Polyethylene (opaque), 14" Surface melting 67
. 1 Persistent f]amlng - 160
Vinylite 5544 (opaque), A" Surface blackening 1.8
: Dense smoking 3
o Flaminﬁ 27
Vinylite 5900 (opaque), A" SQurface blackening 2
’ . ) . Dense smoking . 3
) 1 . Flaming ) 13
Vinylite 50517 (opaque), A" Surface browning i R
B . Dense smoking 13
Window Plastics® oy ) : . )
Cellulose acetate butyrate 19078, ‘A" . . Surface melting ‘60
i 1 Destruction . 200
Diatlyl plycol carbonate 14598, “A" Surface melting 90
1. Destruction .. 290
Hleat resistant methyl methacrylate 15987, A" Surface melting 70
Ly ) Bubbling 270
Laminated methyl methacrylate 18503, "% Surface nmelting 60
1 Bubbling 300
Laminated methyl methacrylate 18521, "2* Surface nelting 70 .
: ) Bubbling 220
Laminated methyl methacrylate 18765, 2" Surface melting 70
. 1 Bubbling 300
.Laminated heat resistant methyl methacrylate 19873, ‘2"  Surface melting . 90
" Bubbling 300
Methy!l methacrylate 15978, ‘A" Surface mel~ing 70
1 Bubbling 260
Polyester 18368, A" Surface melting : 110
. Destruction 270
Polymethyl alpha chloracrylate 18212, “4" Surface melting . a4
i Destruction 250
Unidentified 19315, ‘A" Surface melting 40
\ . Bubbling : 95
Vinyl copolymer 19077, ‘A" Surface melting 20
L] . Destruction 200

S plastic materisls submitted by the Bureau of Ships and tested at NML, using & curbon src source at an irs

radiance of 85 cal/ag cmesec. Critical cnergies are accurate within 1J5% limit of error. -
Various transparent Air Force window plustics for whieh progressive effects of thermal radiation were as
follows: surface melting, formation of amall bubbles leading to opacification, deep melting, blackening,
and flaming. Not all effects were seen in all plastics,

SOWCE: The Thermal Data Handbook (1954). : g

1

Note: Initial surface melting, which was not readily obaerved with the naked eye, was discerned by means of
o shadometer. Above 100 ral/sq cm the effrct of inviaible depusits of dust particles was to increase marke
edly the damage to the clear plastics. It is expected, therefore, thot scratehes and surface contamination
may decrease the resistance of these plastics to hikh intensity thermal radiation. Field tests at Operation
Snapper confirm the resistance of AF plastic canopies to thermal radiation, but quantitative estimates for
operational use are difficult to make at present. Absorption of infrared radiation by clear plastics ime
plies that spectral characteristics of the radiation sre of utmost importance.
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CONSTANT FLUX FALLING ON SAMPLES
(10.0 cal/cm sec)’

Bursting Streﬁéfh 6% 4-inch
Diameter Area

Exposure Thermal Dose . (psi) :
(seconds) = (calories) Untreated Poplin . F/Pa Poplin

i.0 10 Sample ignited Sample charred to

‘ destruction

0.9 9 <5.0 L

0.8 8 30.9 <5.0

0.7 7 40.3 ©18.2

0.6 6 - 40.0 ' 31:1

0.5 - 5. 40.5 : 35.5
Unexposed 0

40,0 ' _ .36.0

a. Fireproofed,

Source: Evans (1960).

‘Figure B-28 shows the first basic NRDL results for the 1gn1-
tion of cellulosic materials by square wave pulses of time duration t
and total energy Q; see Butler, et al. (1956). The constants appearing
in the variables are dependent only on measurable properties of the ma-
terial: L = thickness of the material in cm, € = density in gm/cm3,
c = specific heat capacity in cal/deg/gm, and « = the thermal diffusivity
(thermal conductivity//’c) in cm /sec. The curves in Figure B-28 apply
only to blackened materials (absorptivity, 90 percent) with an equilib-
rium moisture content of 5 percent (relative humidity, approximately
40 percent), Because of these restrictions, they have only limited di-
rect interest here. The importance of the results, however, is that
they show that the properties of flaming, glowing, and transient flaming
actually can be related analytically to properties of a material, the

total calories/cm impinging on the material, .and the duration of the
square wave pulse,
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Figure B-28

REACTION OF CELLULOSE TO HIGH INTENSITY -
THERMAL PULSE ( square wave )

L="(mils)

104 ——-—

" FLAMING DEST

_Q
Lpel

0% o)

""'TkAiTxé’l'E}lh' AR I A
/ - NON-DESTRUCTION | -

U S

INCOMPLETE ENERGY MODULUS (°C)

|
10 .. 1 . . IR U P ‘ R
107 10° ' 0

' ‘ + 950
\/FOURIER MODULUS® =/Z¢ - T, 298 +25° K

Equilibrium molsture content =5%

* dimensionless

SOURCE: Butler et al, (1956)
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The next important step in fire research was to determine
whether or not a similar relationship would hold for a different pulse
shape; Martin and Lai (1958). The following reasoning was used in set-
ting up the experiment. In Figure B-28 the abscissa 1s seen to be a
function of &Ct /L which is dimensionless. The time scaling equation
for the weapon pulse in Figure A-11 shows that the time to the maximum

power is proportional to the square root of the yield, i.e.,

t s==W1/2 .
max

Hence, for the dimensions to be similar, the abscissa should probably be
a function of Kt/ /12 = le/z/l‘..z

A limited number of laboratory tests on materials were made,
using thermal pulses of the same shape as those shown in Figure A-11, '
but varying in intensity and duration. It was found that if @/~ Lc were
plotted as a function of tmax/L?, regions for various types of ignition
were clearly defined by the data. The curves separating the regions
were, however, of somewhat different shape. The authors conclude that

" ', .no simple square-wave weapon pulse equivalence is found
for ignition, but it can be stated that equivalent effects are
observed for weapon pulses having peak irradiance of about
three times the irradiance level of the square-wave input;
sustained flaming ignition at the higher irradiances requir-
ing up to 40 percent less energy and sustained glowing re-
quiring up to a third more energy when delivered in the form

of the simulated weapon pulse."”

The above completed the NRDL expériments on the effect of pulse

shape.** The next step was to investigate the effects of varying the
absorptivity (energy absorbed/energy impinging) and moisture content of
the material; sce Martin, et al. (1958). It was found that absorptivity
of the material acts merely as a multiplicative factor for the energy
required for ignition, As an example, if 12 calories/cm were required

* Cal/cm/sec = power per square centimeter,

** Other agencies have done many'tésts on materials using square, tri-
angular, and other weapon simulated pulse shapes, The theory relat-
ing the square shape to the actual weapon pulse is well developed for
thick materials in the Thermal Data Handbook (1954),
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to ignite a material with absorptivity = 0.9, 1t would require
(0.9/0.4)x 12 = 27 calories/cm2 to ignite a material with ahsorptivity
0.4, all other conditions being equal, -

The results for varying the moisture content are somewhat more
complex. In the report of Martin, et al. (1959), the combined results of
experiments with moisture content, simulated pulse shapes, absorptivity,
and other properties of the cellulosic materials are given in Figures
B-29 and B-30. Table B-VI lists the values of the parameters for some
kindling fuels. Here, m is the moisture content of the material; to cor-
rect the ordinate for moisture, the values given in the figures must be
multiplied by

1 -3.2m

1+ 3'zmnominal

(23)

Figures B-31 fhrough B-38 show the resultant reponses of the materials
~ listed in Table B-VI under conditions of nominal moisture content.

A few important facts should be pointed out concerning the ex-
periments made on the response of materials,

1. By statistical tests, the results are considered reliable
and reproducible under the conditions assumed.

2. There is a yield, We. which is most efficient in producing
fires (see Figure B-29 and B-30). In terms of the properties of the ma-
terial, this yield is given by

we(of/x,z)z = 3.5

or

2, ,2
_w"_a.'S(L. oy ., | (24)

In Figures B-33 and B-34, for example, this yield is at about 3 kt for
pine ncedles (weathered), A smaller yield for the same calories

per unit area, Q, will cause transient flaming only; any larger yield
with the same Q will cause no damage at all.
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3. Considering_only the sustained flaming threshold, the curves
in Figures B-29 and B-30 can be approximated by two straight lines inter-
secting at a yield about 1.5 W,, where We is the same as in paragraph 2
above, This 1s shown in Figures B-39 and B-40. The slopes of the ap-
proximating lines are -0,04 and +0.25. Hence, the results for a given
material are: '

-0.04
W

—~

= a constant » WS W (25)

Q~W1/4 : , WU, . (26)

in other words, if the calories/cm2 required for sustained flaming at a
given yield are known, the requirements for a different yield may be
determined.

4. These results have not heen tested for extremely short
weapon pulses of less than 0.1 second.” It appears that transient flaming
would occur unless the intensity of the pulse were extremely great, (See
Figures B-29 and B-30.,) 1In the cases of transient flaming, the surface
layer of the material immediately transforms to inflammable gases and ex-

‘plodes. The material beneath this layer is virtually unharmed.

5. The NRDL data apply only to celliilosic materials with very
little mineral content. The presence of even a small percentage of min-
eral content in the fuel will considerably increase its susceptibility to
glowing ignition. For the larger ‘'yields where glowing ignition would be
the usual effect, the ignition energy may be reduced by a factor of 2 or
3 because of mineral content.

6. Based on data in Glasstone (1962), Miller (1962) has con-
cluded that :

0.1 C 3
Q~W , W=1t05.2x 10 kt

3
Q~w *, W> 5.2y 10 kt .

The differences between these cquations and equations (25) and (26) may
be due to the difference in material .response as presented in Glasstone
and those achieved in the laboratory at NRDL. In general, the calorie
requirements for ignition by large yield weapons are much lower in
Glasstone than those derived by NRDL. A comparison of these data is
shown in Table B-VII for a 10-mt burst, It is difficult to identify the

* See footnote on page 17,
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reasons for these differences since Glasstone does not give a source for
the data presented.. Presumably the data are derived from Upshot-Knothole
weapons tests and tests made at the Forest Products Laboratory of the U.S.
Forest Service. The data are sufficiently different from the NRDL results
that the difference cannot be ignored. It is recommended that the NRDL
data be used in preference to that presented in Glasstone. No further
research on the effects of thermal pulses on materials 1s contemplated at

NRDL.

To relate the ignition of materials to range, NRDL has used the
: transmittance data given in The Effects of Nuclear Weapons for an ex-
z tremely clear atmosphere. These data are shown in Figures B-41 and B-42,

and equation (6) leads to Figures B-43 through B-52.

In Figure B-42, it can be seen that the radiant exposure as a
function of range is not critically dependent'on visibiiity. If a con-
stant visibility and a corresponding average transmittance (i.e., that
T is independent of R) are assumed, equation (6) may be combined with
the approximations (25) and (26) to find that the range for ignition var-
ies with yield as follows: : -

R—W DWW 27
0.37
R~W W W, : (28)

where We is defined by cquation (24). Of course, it is understood that

the range, R, is the slant range from the weapon and that . the orientation
of the material to the weapon remains constant. Figures B-43 through B-52
verify the approximations given in equations (27) and (28). They are only
valid, however, under the assumptions that the scaling for weapon effects
and transmittance as given in The Effect of Nuclear Weapons are valid.

For large yield weapons, the criterion that the slant range is less than
half the visibility will probably make the assumptions on transmittance
invalid,

Modification of the Thermal Pulse by Materials. Up to this
point, only the effect of a high intensity thermal pulse on materials has
been considered. As a contrasting effect, materials can be considered to
modify the thermal pulse in that they intercede between the energy and
other possible targets. Examples of this screening effect are clothing,
window glaés in structures, venetian blinds, screens, and the like.

B-78
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The percent of the eneréi transmitted through fabrics from a
high intensity thermal pulse has been studied at the Naval Material_Lab-
oratory; see The Thermal Data Handbook (1954). For example, cotton twill
(both with and without a flame retardant treatment), heat-treated orlonm,-
and metalized fabrics have been considered. Although there is some evi-
dence of a reduction in apparent transmittance as a result of flame re-
tardant treatment of white cotton twill, the effect on colored twill may
be to increase slightly the apparent transmittance.

Orlon which has been maintained at 250°C for 3-1/2 hours under
carefully controlled conditions becomes very resistant to damage from
thermal radiation. Untreated orlon is destroyed by 30 cal/cm2 at a maxi-

mum irradiance of 85 cal/cm®/sec. With the same irradiance, treated orlon

requires a destruction energy of 180 cal/cm2 if the pulse duration is
131 seconds. For shorter or longer pulse durations, the energy required
to destroy the treated orlon is much greater: 740 cal/cm? for 650 second

duration; 5,500 cal/cm? for 63 second duration. The transmittance is about

1/2 to 2/3 that of olive drab wool serge (6 percent). Metalized rayon was
less resistant to thermal damage than untreated rayon; however, the ap-
parent transmittance of thermal energy was reduced significantly.

The effect of screening of thermal radiafion by clothing is com-
plicated by the air space between the clothing and the skin, by under-
clothing, by perspiration, and so on. Some of the results of tests made
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Figure B-41

ATMOSPHERIC TRANSMISSION AS A FUNCTION OF DISTANCE FOR

VISIBILITIES OF 10 MILES AND 50 MILES

b ,
0.1 0.5 1 5
SLANT RANGE FROM EXPLOSION - miles

i

0.5 |

TRANSMITTANCE

SOURCE: Glasstone (1962)
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RADIANT EXPOSURE AS A FUNCTION OF SLANT RANGE
FROM A 1 KILOTON AIR BURST FOR VISIBILITIES OF 10

MILES AND 50 MILES

Figu re B-42

100
10
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SLANT RANGE FROM EXPLOSION - miles

SOURCE: Glasstone (1962 )
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on pigs (second degree burns) are shown in Figure B-53. Additional test

results on the skin similant developed at the Naval Material Laboratory
are shown in Figure B-54.

The protection from thermal radiation afforded by window glass
has been investigated by Downs and Bruce (1955). Critical ignition ener-
gies of 22 materials were measured in the laboratory by exposure to the
‘radiation of a graphite plate at 4200°F, with and without a filter of
single strength window glass. To barely ignite a material the energy
: per unit area reaching the glass had to average almost twice the energy
E reaching the material directly, Limited field tests were also made using
radiation from a British nuclear weapon of unspecified yleld. It appeared
here that the window glass offered appreciable protection by absorbing and .
reflecting about 28 percent of the broad spectrum of the radiation from the
fireball. Additional results are presented by Bruce and Downs (1956).

Field tests were also made by Downs and Bruce (1957)‘for the pro-
tection afforded by window screening. Three typical window screens were
found to exclude 31.6, 34.8, and 46.7 percent of the incident 1light. Com-
mercially available window screens, made from flat metal ribbons rather
than wires, gave complete protection, provided the elevation angle of the
fireball was greater than about 38° (see Appendix E). Other tests of win--
dow screening have been made by Banet and Hirschman (1956). -

Effects of the Thermal -Pulse on Humans and Animals. The scope
of this report precludes an extensive review of research on the effects of
the thermal pulse on humans and animals, Nevertheless, the effects are of
such a serious nature, would cover such extensive areas, and are in many
ways so closely related to the fire threat that they will be given some
attention here although no attempt will be made for completeness,

The quantitative information available on the vulnerability of
animals and humans to thermal pulses from nuclear detonations has been
derived from weapons tests, theoretical calculations, and laboratory stud-

ol jes. In this research, the reactions of pigs, rats, rabbits, and humans,
as well as human skin simulants, have been analyzed., 1t should be pointed
out that the tests on animals have been made only to better understand the
reactions of humans, No studies have becen made of the response of live-
stock and domestic animals other than pigs and rabbits,

There are four types of damages which may be suffered by humans
or animals exposed to a thermal flash, These are flash burns on the skin,
retinal burns, temporary flash blindness, and keratitis (an inflamation
of the cornea). These will be considered in order,

* Sece Table B-XX.
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Figure B-53 |
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Notes to FigureB-53 - . . f

Jan, 1, 1955
FLASH BURNS OF SKIN :

. Pl!()TRCTlVH VALUE OF SERVICE UNIFORMS:
; LABORATORY STUDIES OF 2, 4, AND 6 LAYER FABRIC COMBINATIONS

Exposures required to produce 2+ burns under fabric
ensembles as related to the phenomenon of flaming

An example of the complications encountered in attempting to interpret tbe'results_of .
experiments on burns produced under fabrics is described for three service uniform combinations
of nractical importance. It was found that the probability of producin 2+ burns under a trope
scal uniform which is spaced from the skin depends on the duration of flaming over a wide range
.of radiant exposure. Hence, when the outer layer was flameproofed (HPM), ccnsiderably more

- energy was required to produce burns.

Burns were produced on Chester White igs with the Rochester carbon arc source comprising i
a 24 inch carbon arc searchlight with an eYllpsoida] mirror focusing on an exposure port 1.7cem
in diemeter, Such burns were found to differ from those with unprotected skin; for a given
degree of surface damape, the depth of damage appeared to be greater as a consequence of proe
longation of the heatin period. Between four tnd twentyesix burns were evaluated for each of
the points plotted in tﬁe accompanying graphs. The resu ting curves show the percent of 2¢
burns (corresponding to 2nd degree burns in humans) produced at various exposures to pigs
clothed with two layers (tropical uniform) or four layers (temperate uniform) in contact with,
and separated from, the skin, Under six layers (arctic uniform) no 2+ burns were produced with
exposures up to 108 cal/sq cm, Uniform assemblies were as follows, reading from outside in:

( Two layers—Cotton, Oxford, light green; Cotton, knit, underwear

Four layers—Cotton, sateen, G; Cotton, Oxford; Wool-nylon shirting; Cottonm,
knit, underwear

Six layers-—~Cotton, sateen, 0G; Cotton, Oxford; Mohair frieze; Rayon lining;
Wool-nylon shirting; Wool, knit, underwear.

Contact: The two-layer tropical uniform increased the amount of energy required to cause 50%
2+ burns, EQgo, from 3.5 to 7.5 cel/sq cm, and, hence, may be said to give 4 cal/sq cm protece
tion. Fiameprnofing did not increase the protection afforded by this system. The four-layer
SKStem Fave 40 cal/sq cm protection and is, therefore, adequate protection within the region
where thermal effects are predominant. :

Sraced: The most significant feature of the tests in which the uniform was spaced 5 mm from
the skin was the occurrence of persistent flaming. Burns reached a peak, in number and sever-
_ity, at 10 cal/sq cm but dropped to a minimum when exposures were increased to 15 cal/sq cm.
The latter exposure failed to produce even wild 1+ burns,

A second E0yp was found at 20 cal/sq cm and at higher exKosures'thc probability for 2+
burns rapidly attained 100 percent. The first maximum, and the ensuing minimum, were found to
o ) correlate ClUSEIX with the duration of flaming of the outer layer. For instance, the carbon
arc exposure of 0 cal/sq cm delivered in 0.5 second was followed b{ flaming which lasted for
nine seconds. An exposure of 15 cal/sq cm, however, so destroyed the outer fabric that flame
' was not supported; increasing exposure levels then ignited the inner layer.

Spaced, flnmeﬁronfed: In the absence of flaming of the outer layer, no burns weré produced
until it had been destroyed. An EQgo of 30 cal?sq em.testifies to the advantages of flame-
.proofing in this system.

SOURCE: The Thermal Duta Handbook (1954).
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Classified Figure B-54 on energy
transference has been deleted.
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; Notes to classified Figure B-54

have been deleted. .
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~ In the Effects of Nuclear Weapohs! it 1s stated that 20 to 30
percent of the fatal casualties in Hiroshima and Nagasaki were caused by
flash burns., Approximately 90 percent of the Japanese who sought aid .

‘ within the first week following the atomic bombing did so because of

thermal injury; see Sulit (1960). For the weapon ylelds and environmental
conditions prevailing in these two attacks, there is ample evidence to
support the seriousness of the flashburn threat. In the following para-
graphs, data are presented for burns on bare skin, The effect of clothing
and other shielding is considered in this appendix and Appendix E,

By far the bulk of the laboratory work done on flashburns has
been undertaken at the University of Rochester, the Naval Material lab-
oratory, and the Naval Radlological Defense Laboratory. The work done by
these and other agencies is summarized in The Thermal Data Handbook (1954),
which is a basic source of information in this report,

Two classified paragraphs on
burns have been deleted.

The thermal exposures causing burns of moderate severity to Chester White
pigs are given in Table B-VIII,

Classified paragraph on burns’
has been deleted, :
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Table B-VIII

éﬂEDIAN ENERGY REQUIRED TO PRODUCE BURNS
“OF PIG SKIN IN EXPOSURES OF 0.3 SECOND

Type of Burn

Cal/sq cm (moderate)
2.0 1+
3.7 24
6.3 3+
9.0 g 4+

21.0 5+

Figure B-55 shows the results of experimental and theoretical
studies of the variation of radiant exposure required to produce burns
on pigs as a function of the time of exposure to an essentially square
thermal pulse. These results are very similar to those produced on rats

at NRDL, if an adjustment is made for the triangular shaped pulse used
at NRDL.

By using the theory resulting in the curves in Figure B-55 and
correcting for the shape of the weapon pulse, Figure B-56 was derived--
see Thermal Data Handbook (1954)--to show the thermal energy required to
cause burns as a function of weapon yleld. The plotted points are fieldf
test data from Operations Greenhouse and Snapper, and although. they are
not necessarily threshold values, they tend to substantiate the curves.
Included also (dashed line) are laboratory results on rats exposed to a
simulated field pulse. ’ :

Because of the possibility that humans may be able to find shel-
ter from the thermal pulse, studies were made of buins resulting from
fractions of the pulse from an atomic weapon. The results are most clearly
shown in Figure B-57 where the critical burn radius for a 2+ burn has been
plotted as a function of weapon vield for no evasion, 3 second response,
and 1 second response, Note that the atmosphere 1s assumed to be very
clear in these calculations. Evidently Figure B-42 or a similar graph
was used for atmogpheric transmittance.

Classified paragraph pertaining
to the critical burns radius
has been deleted.
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Classified Figure B~56 on energy
required to produce burns has
been deleted.
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Clagsified Figure B-57 pertaining
to flash burns has been deleted.
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Notes to classified Figure B-57
have been deleted.
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Figure B-58

RANGES FOR FIRST-AND SECOND DEGREE BURNS AS
A FUNCTION OF THE TOTAL ENERGY YIELD
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SOURCE: Glasstone (1962)
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Additional work on flashburns, skin témperatures, and skin sim-
ulants is continuing at the Naval Material Laboratory; see Derksen, et al.
(1960). . ’

- Damage to the retina of the eye will occur at much greater dis-
tances from a nuclear detonation than will most other effects because of

the focusing action of the eye. Under the assumptions that the subject

- is looking in the direction of the fireball and that there is no attenu-
ation of the energy by the atmosphere, the image of the fireball on the
retina will become smaller with slant range. However, the energy per unit
area which strikes the retina will remain nearly constant since both the
total energy and the area of the image are inversely proportional to the
square of the slant range from the detonation, Because of chromatic aber-
ration, for very long slant ranges the image on the retina reaches a mini-
mum diameter of about 10 microns (0.001 cm); see Glasstone (1962). Beyond
that range the image size remains constant, the energy still varies in-
versely with the square of the range, and the energy per unit area drops
off rapidly.

Additioﬁal factors affect the possibility of'retinai burns. For
one thing, the energy received by the retina is proportional to the open-
ing of the eye. Hence, the response in pright sunlight would be consid-
erably different from that on a cloudy day. Furthermore, the blink re-
sponse may protect the eye from weapons for which the total thermal energy
is distributed over a long period of time——fdr example, the low altitude,
high yield bursts. : v

Classified paragraph concerning
retinal burns has been deleted.

As was seen in the section concerning the effect of altitude on
the thermal pulse shape, the thermal energy from a very high altitude det-
onation is delivered in a very short time. In the TEAK shot, which oc-
curred at an altitude of 40 miles, the thermal pulse was too weak to cause
even minor skin burns at ground zero. Yet, lesions which were approxi-
mately 2 millimeters in diameter were caused at about 40 miles; these
decreased to 0.5 millimeters at 300 miles; see Broldo (1962), As a con-
trast to this and to show the importance of. the atmosphere, the Orange
burst, which was also detonated at high altitude, caused no thermal radi-
ation effects because of the cloud cover that existed at detonation time.
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Table B-1X gives estimates of the limiting distances for chorio-
retinal (permanent eye) burns in humans for a 20-kt low air burst, As '
can be seen, the results are dependent upon the visibility and the pupil
opening diameter. The data were derived from tests with rabbits, and the
assumption was that in humans an exposure of 0.1 cal/cm2 for a period of
about 0,15 second would produce a minimal eye burn. Work is continuing
on the study of retinal burns, Recent experiments have been made, for
example, using lasers to simulate the weapon pulse; Rose (1961), It was
found that the pigment in the eye can vary its vulnerability considerably.

Table B-IX

ESTIMATED LIMITING DISTANCES FOR CHORIORETINAL BURNS
IN HUMANS FOR A 20-KILOTON LOW AIR BURST

Distance in Miles for Pupil Opening Diameters oft

2 mm 8 mm
~Visibility  (bright sunlight 4 mm (completely dark
(miles) adapted) (cloudy day) adapted)
25 23 31 - 40
12 11 16 . ' 20
6 8 8 10
2 2 3 4

‘Source: Glasstone (1962).

Flash blindness 1s a temporary loss of vision due to receipt by
the retina of radiant energy which is too weak to cause a burn but is
o stronger than necessary for image perception. Some field tests on flash
blindness have been made on human subjects at Operatibn Buster, Snapper,
. Upshot-Knothole, and Plumbbob; see the Nuclear Radiation Handbook, Wise
(1959), and Gulley, et al, (1857).

Classified paragraph on flash
blindness has been deleted,
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Finally, the eye injury known as keratitis (an inflamation of
the cornea) is reported for about 56 persons out of a sample of'l;OOO‘sur-
vivors of Hiroshima and Nagasaki. As reported in The Effects of Nuclear
Weapons, the symptoms'inciude pain caused by 1ight, foreign-body sensation,
lachrymation, and redness. These symptoms‘méy appear immediately or as
long as a month or more after the explosion, “-In no case was permanent
injury to the cornea observed, and three’years after the detonations all

corneas were found to be normal, = - :

Two classified paiagraphs'peftain—
ing to'eye injuries from fireball.
‘stimulus have been deleted.

B-107

' UNCLASSIFIED




N .“.

Classified Figure B-59 on blink
response and head response has
been deleted.
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Effects of the Thermal Pulse on Vegetation. The direct effects
of the thermal pulse from a nuclear weapon on vegetation are twofold.
First, all or part of the vegetation may consist of kindling materials
which would be ignited by the flash. The ignition of these materials
has been discussed previously in this report. It should be pointed out
that no studies have been made which directly relate the parameters iden-
tified as important to the response of materials (thickness, density,
-diffusivity, absorptance, moisture content, or humidity) to the parameters
used in computing forest fire indices. The forest fire danger:indices,
being predomxnantly an indication of the danger of fire spread, involve
parameters such as wind speed, slope of the terrain, days since new growth
(for brush fuels), visibility, and so on. The only common factors between
the laboratory studies of material response and the forest fire danger
indices are the factors of humidity or moisture content and (indirectly)

the type and condition of vegetation; see Fireline Notebook (1960) Pirsko
(1950), and Davis (1959)

Table B—x gives a descr1ption of various classes of forest kind—i
ling fuels and Figure B-60 shows their estimated requirement for ignition,

To find the minimum radiant exposures for a yield other than'l kt, mul-
tiply the exposures read from the flgure by Wl/8 These results do not
apply for weapons in the megaton range: T :

Table B*x

CLASSES OF THIN WILDLAND KINDLING FUELS
(Arranged in Order of Decreasing Flammability)

Class ' Description

I Broadleaf and coniferous litter-ﬁmixture of fine
grass, broken leaves and duff, and thin translucent
broadleaf leaves

II Hardwood and softwood puhk.in various stages of decay
111 Cured or dead grass
v Conifer needles and thick, nearly opadue broadleaf
leaves : :

Source: Capabilities of Atoﬁic Weapons (1957).
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Classified Figure B-60 on radiant .
exposure has been Qeleted.
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In an unpublished manuscript, S. Martin, who was responsible
for much of the work on the response of materials at NRDL, has made esti-
mates for the material parameters for wildland Classes I,‘III,‘and 1v
shown in Table B-X. He has made use of the parameters. SR

X = -log (o}osz'K¢%'121? -

Y1+ log (el

where Ve£/L2 and ajel are precisely as shown in Figures B-29 and B-30.
Values for the parameters X and Y are shown 1in Table B-XI. Using these

data, a figure similar to Figure B-60 could be derived which would hold
for mégaton‘y;elds{ L S S , : o

‘Table B-XI
IGNITION PARAMETERS FOR WOODLAND CLASSES I, ITI, AND 1V

Class X
1 0.6-20 3.0-40"
11’ 2.0-25 2.7~ 30
2.5 - 3.6 1.3 2.7

v

Source: S.'Mnrtih in an‘hnpuﬁlished manuscript,

The second effect of a thermal pulse on vegetution is the pos-
sible killing of living growth by the intense heat. Some dnta on killing
temperatures of pine needles is given by Davis (1950). - Another
reference avallable on this effect is Fons, et al. (1950). . In this docu~
ment theoretical culculations are made of the killing rodius to vegeta-
tion for a nominal weapon, The following is abstracted:

"It is probuble that the lethal effeets of thermnl radiation on
living folinge nre of minor importance compared to thqmigni-
tion effects on dead fuels, Only that port of the tree crown.
facing the fireball would be affected, and on the exposed side
killing would be confinecd mostly to surface folinge. Near the
1imiting distance at which lethal effects occur, only those
Jeaves and parts of leaves normal to the direction of radiation
would be killed, The initinl temperature of the leaf is an .
important factor in influencing the distance at which the '
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killing of vegetation will occur. Table III {[Table B-XII in
this report] shows how the radius of lethal effects for leaves
of two different thicknesses varies with initial vegetation "
temperature. Visual range is given a value of 12 miles. The n
leaves are assumed to be normal to the radiation and to have“
moisture content of 200 percent."

Table B-XII

RADIUS OF LETHAL EFFECTS FOR LEAVES

Initial Thickness = 0.008 cm Thickness = 0,032 cm
Vegetation Energy B Energy
Temperature Required Distance Required Distance
°o) (cal/cm?). (feet) (cal/cm?) (feet)
o 0.66 17,000 2.64 10,200
10 0.55 18,000 2.20 11,000
20 0.44 19,300 1.76 12,000
30 0.33 21,000 1.32 13,300
40 0.22 24,000 0.88 i 15,400

Source: Fons, et al. (1950).

Modification of the Thermal Pulse by Vegetation. Many targets
would be entirely or partially shielded by trees, bushes, or other vege-
tation from the thermal radiation of a nuclear detonation. In Geiger (1950),
Chapter 27 is devoted to the absorption of solar radiation in low plant
cover; Chapter 30 considers radiation levels in old stands of trees. Fig-
ure B-61 shows the fraction of outside light reaching various heights above
the forest floor in an old stand of beech treces while Figure B-62 depicts
the manner in which the trces shelter the forest floor,
the age of the trees. Tables B-XIII and B-XIV show some

as a function of
additional results.

Bruce and Downs (1956)

also considers the shielding effect of
trees. In this reference

it was assumed that a well-foliated hardwood
tree would be a perfect shield against thermal radiation from

a nuclear
weapon.

To ascertain the transmission of radiant encrgy through a decidu-
ous tree in winter, the north sky light transmitted by 35 large elm, maple,
ash, cottonwood, and oak trees without leaves was measured. The average
transmission was found to vary [rom about 65 percent just above the main
crotch to about 80 percent through the upper part of the crown. These

figures seem to be slightly high in comparison with the results given in
Table B-XIII.
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Figure B-61

DECREASE OF BRIGHTNESS IN THE INTERIOR OF A THICK

FOLIAGE OF RED BEECH GROWTH
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Table B-XIII

ILLUMINATION ON A FOREST FLOOR

Illumination as a.Per-
centage of Outside

Kind of Trees Illumination
(old stand) Leafless Leafed.Out
Deciduous _ ]
Red Beech 26~66% 2-40%
Oak 43~-69 3-35
Ash 39-80 " 8-60
- Birch ’ - 20-30
_Evergreen
Silver Fir 2-20%
Spruce 4-40

Scotch Pine . 22-40

Source: Geiger (1950).

Table B-XIV

BRIGHTNESS IN A STAND OF TREES

Brightness in Percent of
that Above Open land

Coniferous Mixed Deciduous
Trees Trees Trees
Time of Measurement = - () (B) (C)
End of April bhefore
. sprouting . 8% 22% 51%
End of May after sprouting : 7 14 23
End of Sepiember shortly
before faliage changer
color -4 . 4 ]
e —
Source: Goiger (AO5G).
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Effects of the Thermal Pulse on Structures. In most cases, fire
in structures would not be started directly by the thermal pulse; rather,
it would develop from ignited kindling fuels in proximity to or within the
structures. This will be treated later in this report where the relation
of thermal pulse to fire development is considered.

There is a passibility that fires would be ignited on the roofs
of structures. Miller (1962) uses the criterion of 9 cal/cm2 for the ig-
nition of weathered shingles by a 1-kt weapon. This, of course, would have
to be scaled with yield for larger weapons, and the corrections given in .
equation (22) should be used to adjust for the orientation of the roof with
respect to the fireball,

For roofing, Capabilities of Atomic Weapons (1957) lists the data f
given in Table B-XV. , i

Classified Table B-XV concern-
ing radiant exposure values
has been deleted.

‘In slum areas, where the general condition of the structure is
so dilapidated that the woodwork is rotten or splintered, integral parts
of the buillding other than the roof may ignite from the thermal pulse.
These might also ignite at about 9 cal/cm? for a 1-kt weapon according to
Miller (1962), which shows this value for weathered wood siding.

As a point of interest, because of the critical dependence of
the ignition of fine fuels on moisture content, it has sometimes been
suggested that buildings should be left unpainted in order to absorb more
moisture. Others, however, are convinced that painting is important not
only to preserve the wood and limit rotting, but also because of the re-
flectivity of the paint,
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Alfhough it takes more tﬁan 19 ca1/¢m2 by a 1-kt weapon to char
white painted wood siding, once charred, even new wood will ignite at about

9 cal/cmz; Miller (1962). Hence, structures are much more vulnerable to
the thermal pulse from a follow-on weapon than from a single detonation.

Modification of the Thermal Pulse by Structures. Thermal radia-
tion from a nuclear detonation may enter a structure through a window or
door and ignite kindling materials, such as draperies, magazines, news-
papers, upholstery, or clothing. Because of the masking by window glass
or screens, the window or door frame, and external structures and trees,
only a fraction of the possible radiation from a fireball will strike a