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PREFACE

The thermal effects.of multlmegaton nuclear weapons can extend

over 51gn1flcantly gr" ¢
Therefore, an enemy mlght
large areas of the Unlted A 1w
such weapons beyond the fangefbfnthe defen31vei

far been considered feasible.

Even a cursory examinafion of the literature discloses that (1)
there are a great many reports on various aspects of thermal pulses
and their effects, (2) much of the information is inconclusive Or ap-
parently contradictory, (3) much of the data are inapplicable in the '
tpeal-world" situation, and (4) 1imits of reliability of data are
rarely given. With these limitations in mind, the members of the
Fire Panel have attempted to distill the present state of knowledge
with respect to thermal phenomena of nuclear weapons in an effort to
predict those conditions which would be conducive toO conflagrations
or fire storms. In the process of making this evaluation, emphasis
was given to setting 1imits of reliability on present knowledge of

various aspects of the problem.

As a first step in the analysis, & symposium arranged by L.M,
Sharpe was held at IDA on October 31 and November 1, 1963, on the
subject of "Large-Scale Fires That Might be Initiated by Nuclear Wea-
pons." A list of speakers, their affiliations, and the titles of

their presentations appear as Appendix D.

The rest of the analysis involved the study of material con-
tained in the talks and in reports, and an effort to arrange the ma-
terial in a comprehensible fashion in order to extract high-confidence
1imits from the results. Some calculations of high-confidence 1limits
on radii of ignition were also performed.

iii
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FOREWORD

TMPLICATION CONCERNING DEFENSIVE AND OFFENSIVE PLANNING

In Sec. 1.3, the large uncertainty in the fire effects of nuclear
weapons is emphasized. In spite of this uncertainty, it is of interest
o attempt to derive relatively confident conclusions concerning both
the offensive and defensive strategies from the available data. In
order to obtain such conclu51ons, we shall assume that the total area
~f severe fire damage is approximately equal to the area of ignition
produced by the thermal pulse of a weapon. This basic assumption en-
ables us to derive high-confidence statements from Figs. 1.1 and 1.2.
The basic assumption appears to have a greater probability of being

sprye than a hypothesis that fire spreads over additional areas com-~

J

apable in size with the initial area ignited or that most of the fires

o)}

RS

he area of initial ignitions go out, but it must be emphasized

ct

n
that a region of relatively large ignorance is overlooked in the fol-

lowing paragraphs.

tiyst consider the viewpoint of an offensive planner. 1In order

to obtain high-confidence conclusions concerning the minimum extent of

=

ire destruction, the offense will use the dashed curves in Figs. 1.1

nd 1.2.

6]

According to the dashed curves in Fig. 1.1, weapons of 2. 5 Mt or

Selow would have to be burst below 10 km in order to provide a high

producing ignitions on an average clear day.

Hh

degree of certainty o
would be reasonably well assured of igniting an

bty
y

s

[

Even then, the offe
sarea cf only a 10-km radius for 2.5 MC weapons.
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On the other hand, on a clear day, a 30-Mt weapon burst at 30 km
(which is above the protection altitude of most AICBM systems) would
ignite an area of 35-km radius, with a high degree of confidence. Em-
ploying this strategy, the offense is reascnably well assured of setting
fire to all of New York or to all of Washington with a single bomb on

an average clear day. On a day with medium cloud cover, such an ex-
plosion could not be counted upon to set any fires, but the offense

would presumably have access to U.S. weather reports and could plan
their attack accordingly.

With a 150-Mt weapon burst at 30 km, the offense is reasonably
certain of igniting all of New York or Washington even through a medium

cloud cover, and on a clear day would be reasonably certain of producing

an ignition radius of 75 km. Thus, the offense could probably ignite

both New York and Philadelphia with a single 150-Mt bomb on a clear
day.

The large orbital bomb is not a very promising offensive weapon
because even 1000 Mt burst at 80 km can be counted upon to ignite an
area with a radius of only 40 km on an average clear day. However,
the uncertainties become very large at these high altitudes, and the
orbital bomb may well be a dangerous threat from a defensive viewpoint,
since the high-confidence upper limit on the ignition radius of a 1000-
Mt weapon burst at 400 km on a day with medium cloud cover (and also of
a 100-Mt weapon burst at 150 km on an average clear day) is 150 km.

The present-day thermal threat that is most appealing to the
offense appears to be a weapon in the 30 to 50 Mt range burst at an
altitude of the order of 30 km. This is a very attractive offensive
strategy.

Next, consider the viewpoint of the defensive planner. In order
to obtain conclusions concerning the maximum extent of fire damage,

the defense will use the solid lines in Figs. 1.1 and 1.2.

The defense must consider the thermal threats of all weapons of
yields greater than about 100 kt, because a 100-kt weapon, airburst
at sea level, may well ignite an area of 15-km radius if enhancement

vi
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by a medium overcast occurs. This same high-confidence upper limit on

the ignition radius drops only to about 10 km on a clear day (with no

cloud enhancement).

Tf the defense develops an active system capable of preventing
detonations below 30 km, then it must still be concerned with weapons
in the 1-Mt range, since the high-confidence upper limit on the ignition
radius is about 20 km. for a 1-Mt burst at 30 km on an average clear

day.
Against the threat that is most attractive to the offense (30 Mt
can, with high confidence,

at 30 km, average clear day), the defense
of ignition will not exceed

conclude only that the radius of the area

150 km for a single burst. (Medium cloud cover drops this radius only

Philadelphia, the defense

to 90 km.) Thus, for one 'such burst over
ignitions in both New York

would have to consider the possibility of

and Baltimore on a clear day. The uncertainties concerning atmospheric

tpansmission become very large at these large ignition radii.
it does appear that the offensive planner's optimum thermal threat is

one of the potentially most devastating threats from the defensive view-

However,

point.
Tt may be concluded that, for the defensive planner, the thermal

threat of nuclear weapons is formidable.

vii
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1. INTRODUCTION AND SUMMARY

1.1 Introduction

The potential military uses of nuclear weapons are often con-
ceived primarily in terms of the destructive effects of blast and
overpressure caused by nuclear explosions, Interest in radioactive
fallout and thermal radiation effects, however, has increased as a
consequence of advances in nuclear technology and in understanding
the implications of rhermonuclear war. If, for example, a ballistic
missile defense system for cities precludes penetration of nuclear
weapons to their optimum altitude for maximum blast destruction, then
the attacker may still have the alternative of bursting his weapons
on the surface upwind from the target, but beyond the range of the
so as to produce lethal radioactive fallout over

defensive system,
Alternatively, if the defense system were characterized

the city.
by a limited-altitude zone within which interceptions were possible,
attacking weapons could be detonated at altitudes above the maximum
interception altitude and perhaps achieve disastrous thermal damage

to the target, even if blast and radioactive effects were small., In
fact, if mass fires engulfing large urban areas could be initiated
readily by large weapons burst at high altitudes, such attacks might
be preferred even though no defense were present. Therefore, it is of
considerable importance to determine as accurately as possible the

potential fire effects of nuclear explosions.

1.2 Objective of the Study

The purpose of this study is to review what is known about the
fire effects of nuclear weapons. Special emphasis is placed upon
large-scale fires that might result from nuclear explosions. Exist-
ing data are reviewed., However, the attribute that distinguishes

1-1

-SECRET



S N N P

Authority e v D2y B0 4 \

this study from other reviews is the attempt made to place high con-
fidence limits on existing data and to derive statements of high
likelihood. Although, for reasons that appear in the report, this
endeaver has not proved very successful, nevertheless, a number of
areas in which major uncertainties exist have been identified. Views
on the current overall status of the subject and on areas in which
significant progress might be made through research are also given.
Because of time limitations, certain important topics were only men-

tioned. These topics are identified in the text.

1.3 Principal Conclusion

If one main conclusion were to be drawn from this study, it
would be the following: The mass fire effects of nuclear weapons are
extremely difficult to predict with a high degree of reliability.

Although the qualitative influences of a multitude of factors

upon mass fires are well known, we do not know the minimum requirements

for initiation or maintenance of fire storms and conflagrations.™®
Furthermore, it is quite possible that, depending upon the values of
many parameters, very large mass fires may be induced by a nuclear
explosion, or all fires resulting from nuclear thermal ignitions may
rapidly die out. The range of possible fire phenomena is so great
that, except in a few specific areas, only rough qualitative state-
ments can be made. These specific areas do not interlock sufficiently
to enable one to reliably calculate the total extent of fire damage
from a nuclear explosion, even under conditions specified as precisely
as currently possible. Although very wide high-confidence limits on
radii of ignition can be given, in the event of a full-scale nuclear

exchange, one cannot say whether or not fire effects will be of
significance.
In the following section, the broad topics that must be considered

in studies of the process of mass fire development from nuclear explo-
sions are identified, and the extent to which it is reasonable to attempt

*Nominally, "fire storm" refers to a large, intense, localized fire
with high velocity winds, and "conflagration™ refers to a large
propagating fire.

1-2
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to make quantitative calculations of high-confidence limits is indi-

cated., Major areas of uncertainty are listed in Sec. 1.5. The in-
dividual steps involved in fire development from nuclear detonations
are summarized at somewhat greater depth in Sec. 1.7 to 1.11, where

the degree of uncertainty in each area is discussed.

1.4 Brief Summary of Results

Whenever mass fires occur, they must develop as a consequence
of a substantial amount of fire spread following ignition. Nuclear
weapons produce ignition by transmission through the atmosphere,

from the fireball to the ground, of the electromagnetic ("thermal")
Thus, five steps

energy--the thermal pulse--emitted by the fireball.
(underlined above) may be assumed to be involved in nuclear-induced
Each of these steps should be described

large-scale fire phenomena.,
quantitatively if a quantitative prediction of the extent of mass fire

damage is to be made., These five steps are treated in chronological

order (Thermal Pulse, Atmospheric Transmission, Ignition, Fire Spread,
Mass Fires and Their Ecological Effects) in Secs. 2 to 6; they are

summarized in the same order in Secs, 1.7 to 1l.,11.

In studying mass fires, we found that they have not been de-
scribed quantitatively in sufficient detail to enable one to discover

what are the important underlying parameters that govern their struc-

ture and their time development, Whether a propagating conflagration

or a stationary fire storm would be observed in a given city, under
given weather and climatic conditions, and with a specified initial
fire distribution cannot be stated with a reasonable degree of cer-
tainty. Consequently, the total area burned by a mass fire and the

extent of damage within the burned area cannot be predicted quantita-
tively, The qualitative effects of some parameters that appear to be
relevant can be discussed (Sec. 6), but numerical estimates of damage

in hypothetical mass fires constitute little more than guessing games.

The situation is not quite so poor in regard to the question of

the spread of smaller fires, Here, most of the important parameters
have been identified; some of these are the distances separating com-

bustible structures, heights of structures, materials of construction,

1-3
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contents of buildings, the types of fire protection measures taken in

designing buildings, moisture content of materials, surface wind speed,
The quantitative effects

upper atmospheric conditions, and topography.
However, so many pa-

of many of these parameters have been assessed.
rameters appear that, unless a great effort is expended in collecting

and analyzing data, quantitative calculations cannot be completed on

the extent of fire spread in a given city, under given conditions, and

with a specified initial distribution of ignitions. Therefore, ap-

praisals of the extent of fire spread following a hypothetical set of

ignitions are generally qualitative.
Quantitative high-confidence limits™ can be established for the

processes of ignition, atmospheric transmission, and thermal emission

by the fireball of a nuclear bomb. The radiant energy per unit surface

area of the material, required to ignite the lightest of kindling ma-

terials, is known to lie between 2 and 20 cal/cm2 for all thermal pulses
The transmissivity of the atmosphere to the thermal

of nuclear weapons.
within the high-confi-

radiation of nuclear fireballs can be specified

dence limits indicated in Sec. 1.8. The amount of energy emitted as

thermal radiation in a nuclear explosion can be bounded as statad in
Sec. 1.7. Xnowing quantitatively the uncertainties in each of these
processes, we are able to compute high-confidence limits for the radius

R of the ground circle within which ignitions would occurp if a nuclear

weapon of a given yield W were exploded at a given altitude h on a day
with weather conditions specified as accurately as is usually done in

meteorological reports. The results of such a calculation, which is

carried in Appendix A, are shown in Figs. 1.1 and 1.2 for an average
clear day and for medium cloud cover, respectively., We believe that
the limits shown in these curves lie between 80 and 100 percent con-

fidence limits; the difficulties in ascertaining the precise bPercentage

are considered in Appendix B.

In Figs. 1.1 and 1.2, high-confidence limit curves of the ignition

radius R as a function of weapon yield W at burst altitudes of 0 (sea
level, airbursts), 10, 30, SO, 80, 100, 200, and 400 km are shown.

ale
W

These are not precise confidence limits in a statistical sense, but
instead represent bounds within which the reasonable theoretical and

experimental results appear to fall,
1-4
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Curves showing the upper bound on the ignition radius appear for all
of these altitudes; altitudes for which lower-bound curves do not
appear have lower bounds that lie off the scale (i.e., at yields
above 106 kt). The most striking feature of these ignition radius
curves is the large distance between the high-confidence upper and
lower bounds., The factors contributing most strongly to this dif-
ference are usually the uncertainty in the energy per unit area re-
quired for ignition, but the uncertainty in the energy emitted as
thermal radiation by the fireball attains equal importance at higher
altitudes (greater than about 40 km) and the uncertainty in the trans-
missivity of the atmosphere is of substantial significance at large
values of the ignition radius R,

As an illustration of the wide separation of the high-confidence
limits, one may observe in Fig., 1.1 that the sea-level bounds differ
by as much as a factor of 5 in R, and that the upper bound at h = 80 km
exceeds R = 150 km at a value of W more than a factor of 10 below that
for which the lower bound reaches R = 0, When it is recalled that the
ground ignition area is proportional to Rz, the extremely large difference
between high-confidence upper and lower bounds on aieas of ignition
becomes apparent., One is able to suppoft/almost any desired conclusion
concerning the severity of the threat of thermal ignitions by nuclear
weapons through judicious selection of numbers that fall within the
limits of high certainty of existing data., 1In view of this fact and
of the uncertainties concerning fire spread and mass fires discussed
above, the futility of attempting to obtain numerical predictions of

the sizes of areas burned as a result of nuclear explosions, becomes
eminently clear,

This conclusion should not be interpreted as implying that certain
high-likelihood statements c:annot be made through qualitative reason-
ing or that any statement that has been made in the past regarding the
extent of fire damage from nuclear explosions may conceivably be cor-
rect, Our qualitative appraisal of the fire threat of nuclear weapons
is as follows: The fire threat of nuclear weapons of 100 kt and above
is significaht in comparison with the blast and radioactivity threats.

Many sets of conditions will permit nuclear-induced fires to severely

1-9
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damage the initial area of ignition. A few very rare setskof condi-
tions permit the development of large conflagrations that might propa-
gate tens of miles into ihitially unignited urban areas or consume
hundreds or thousands of square miles of initially unignited wild-land
areas. However, pictures of large propagating fires engulfing one
city after another, and suggestions that a single 100 Mt nuclear deto-~

nation might sear five or ten large states, are overestimates by an

order of magnitude.

1.5 Major Areas of Uncertainty

It is of interest to indicate, in somewhat greater detail than
above, the major areas of uncertainty that contribute to the overall
uncertainty emphasized in Sec., 1.3, In the following list of these
areas, the degree of uncertainty and the problems involved in each
area are not givenf a proper presentation of this additional informa-

tion entails some discussion and therefore is left to the main body
of the report,
a. The thermal pulse of high-altitude nuclear explosions
(above 40 km).
b, The accurate specification of atmospheric transmissivities
for small elevation angles in a clear atmosphere,
c., The transmissivities of clouds.,
d. The basic mechanism of the radiant ignition process,
2 The practical significance of the existing ignition energy
data,
f. The probability of a small sustained fire developing at an
ignition point, ‘
g. The time required for an indoor ignition to produce violent

flaming throughout a room.

h. The relative importance of thermal ignitions and of secondary

blast ignitions® (only inside the 5 psi circle).

ot

“Secondary blast ignitions, ignitions resulting from destruction
caused by the blast wave, are not studied in this report.

1-10
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Precise conditions under which wild-land fires will develops
Precise and simple criteria for "no fire spread" in urban
and wild-land areas.

k. The essential ingredients of fire storms.

1. The long-term ecological effects of mass urban and wild-
land fires,
Significant advances in knowledge in these areas are necessary before

the fire effects of nuclear weapons can be discussed quantitatively.

1.6 Areas in Which Well-Defined Problems Exist

In many of the areas listed above, there are no study routes that

will with a high degree of certainty lead to substantial progress. It

therefore, of interest to point out the areas in which the road

is,
Well-defined problems are indicated

signs are relatively explicit.
in the following areas:
a. Measuring the thermal pulse of high altitude nuclear explo-
sions.
b. The basic mechanism of the radiant ignition process.
Obtaining accurate ignition energy data for shorter pulse
times and for larger irradiated areas than those of the
current data,
d. The time required for an indoor ignition to produce violent
flaming throughout a room.
e, Analytical studies of precise '"no fire spread” criteria for
building fires in urban areas.
f. Precise systematization in isolating and cataloging the
effects of the various factors influencing fire spread in

urban areas, untilizing existing field data.

g. The physical phenomena involved in fire storms.

1-11
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Even if intensive research programs were to be encouraged in all of

these areas, major advances in our ability to predict fire damage

from nuclear explosions would not ensue for at least 5 to 10

years,

1.7 Thermal Pulse

The first chronological step in the initiation of fires by
nuclear weapons is the emission of e;éctfgmagnetic radiation by the
fireball of the bomb., The "thermal pulse? of the weapon is conven-
iently defined as electromagnetic energyfemitted by the weapon in
the wavelength range between 0,3 ahd SAmichnS. This wavelength
restriction is imposed because the earth's atmosphere absorbs radia—

tion very strongly outside of this wavelength band.® Therefore, in a

good approximation, the only radiation that can be transmitted with
sufficient intensity to exert a significant influence in igniting

fires lies in this "atmospheric window™ (0.3 to 3u).*¥

For burst heights from sea level to about 40 km, the thermal
radiation from nuclear detonations is approximately black-body radia-
tion with a maximum temperature between 6000 and 8000°K (which approxi-
mates solar radiation). At these black-body temperatures, most of the
radiation is emitted in the atmospheric window; about 5 to 15 percent
of the radiant energy occurs at wavelengths below 0.3u and only a few
percent occurs at wavelengths above 3u., As the fireball cools, the
effective black-body temperature decreases and an increasing fraction
of the energy is emitted at wavelengths above 3., Since the atmospheric
absorbtivity is not 100 percent at all wavelengths above 34, To some

extent a question remains as to whether radiation above 3w, emitrted

The absorption below 0,3u is practically 100 percent; that above
3 occurs mainly in rather broad bands (in which the absorptivity

is practically 100 percent).
A number of other definitions of the "thermal pulse™ have been
employed in the literature, Some of these are based on considera-
tions of ignition phenomena as well as atmospheric transmission.
The more reasonable definitions appear to differ from ours, in total
energy emitted, by less than 30 percent for most bomb pulses,

1-12
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over relatively long times, might exert a measurable influence on

thermal ignitions from very large weapons.

For burst heights above about 40 km, experimental measurements
appear to indicate that the emitted thermal radiation begins to depart
from black-body radiation, exhibiting a flatter power-wavelength curve,
with enhanced ultraviolet and infrared emission. The enhanced ultra-
violet is still absorbed practically completely by the atmosphere, but

the enhanced infrared might conceivably exert measurable effects for

large bombs at high altitudes.

The grossest property of the thermal pulse is the total amount of

energy Q contained in it. This energy is conventionally related to

the total yield of the weapon W by a thermal efficiency factor M, viz.,

M, = Q/W (L
The total energy in the thermal pulse can be computed from a knowledge
of the yield and the thermal efficiency.

One principal objective of theoretical and experimental studies
of nuclear explosions has been to determine the thermal efficiency as
a2 function of burst height, yield, and weapon design. Bomb experts

often disagree about the value of the thermal efficiency and its de-

pendence upon burst height and weapon yield. (See Sec. 2.) For use

in computing high-confidence limits on the ignition radius (Appendix A),
we have established high-confidence limits on the thermal efficiency

of nuclear weapons as a function of height of burst. These limits ap-
pear as the boundaries of the shaded region in Fig. 1.3 and are intended
£0 be valid for all weapon yields. Had we introduced a yield dependence

of T into Fig. 1.3, we would have been able to narrow the bounds some-

what, but not to a very great extent.”

‘For sea-level bursts, it is implied in Sec, 2 _that the thermal
efficiency M is roughly proportional to w=0.07, (W = weapon yield).
This very weak dependence can lead to & significant difference
between the values of T for megaton and kiloton weapons. As the
burst altitude increases, the yield dependence of T becomes more
and more highly controversial. In the altitude range of greatest
interest, i.e., above 30 km, there is no reasonable basis for
ascribing a yield dependence to the high-confidence limits.

1-13
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In order to illustrate that not all of the results reported by

bomb empiricists and theoreticians £all within our "high-confidence
P g
(Ref, 6 of Sec., 2), and a

limits," results of calculations by Rand”

bolometer measurement by Cauv (Ref. 15 of Sec. 2) are also
shown in Fig. 1.3. Rand's curves drop to zero at very high altitudes
where our minimum efficiency remains at 3 percent, But Rand has not
considered all of the emission processes that might occur at very high
altitudes; he dld not intend to study the very hlgh—altltude reglme

in et al.,

spec1f1cally.'

rather rough considerations of this
to fall outside

: 3 i It was on th e basis of
type that we felt justified in allowing a few results

our "high-confidence limits,”

The G
the thermal pulse that affects the
in Sec., 1,9 that the ener
given material cepends

this energy is delivered,

importance in determining ignriti Sirce it is very difficult

"length' to bomb pulses, the required
e of the
dQ/dt (cal/sec),

Representative curves

to ascribe a single characterist

5 o6
n ¥

informaticn on the time depend

en
in terms of the total radiant power,
tion of time (t).

given in Figs. 1.4 and 1.5.

emitted in the

atmospheric window, as & func

showing this information are Two distinct

thermal pulses appear in these figures (at least at moderate and low

5
3y

The curves shown are obtained from Rand'!s data by assuming that
the X-ray yield is 70 percent of the total yield below 45 km and
1ncreases to 100 percent of the total yield at 80 km and above.

ThlS "measured" value of the efficiency was obtained by applying

a variety of correction and extrapolation computations to the raw
experimental data, According to R.T. Stair, it represents the least
reliable of the AFCRL experimental measurements on TERK.

2,

X

«,
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altituces); most of tne energy is contained in the second pulse at
low altitudes and in the first pulse at high altitudes., Figures 1,4
cornstructed by Porzel from all available experimental
data and from certain theorstical considerations. The current un-
certainties are displayed :ty the bands whose limits at early times
generally differ from the mean curve by a factor of two. The band
width encompasses the reascnable difference between the theoretical

prediction and the measurements, the difference being within their

combined uncertainties.

Most of the experimental uncertainty in Figs. 1.4 and 1.5 arises
because virtually no measurements of absolute total radiant power vs,
time are available, Only relative power is usually reported, uncor-

al repornse or field of view of the specific instru-
ment or fcr the specific air path and weather conditions under which

Tre HARDTACK report of 1958 does cite numbers ..
' : = = e . C3D ¢

They are the only first-pulse data meaningful ernouch to serve as a

....... Total-power-vs,-time measurements
rmal messurement on CPERATIOCH FISKE3OWL in
D to 400 kn. A corcomitant

tlu u_.d be used to calitrate a relative
e transmission questions and

would often introcduce a rnew host of experimental cuestions such as the
e

* response and field of view of each instrumert, time

w

Curatior of The integrated measurement, relative obscuration, etc,
ecades of nuclear testing, the thermal efficiency
of low altituce bursts is still cited as lying between 30 and 40 per-

cent cof the zombs!' energy, within a spread of 30 percent,

ous scaling laws for the first and second thermal pulses have
been proposec. These laws enable one to relate the power-time curves,
for a range of values of the yield and of the burst height, to a single
power-time curve (e.g., to that for a 1 Mt weapon burst at sea level),

2

Scaling laws are useful in rough analytical calculations of thermal
1-18
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ignition radii, Within their specified ranges of validity, the laws
are accurate to about 20 or 30 percent, The current scaling laws are

stated (and are discussed critically) in Sec., 2.

1.8 Atmospheric Transmission

Having determined the thermal pulse of a nuclear weapon as
accurately as possible, one must next compute the fraction of the
energy in the thermal pulse (i.e., in the atmospheric window) that
is transmitted through the atmosphere in order.to. obtalnfthe energy
flux that is available at the. ground for startlngfilres 'Thls frac-
tion is convenlently expressed in- terms of the transm1331v1ty T of the
atmosphere, which is deflned as the ratlo of the'energyﬂper unlt SOlld *

angle received at the ground to the energy per unit solid angle emltted
The value of T differs from unity because

in the thermal pulse.®
of absorption and scattering in the atmosphere.

Atmospheric absorption in the atmospheric window is produced

almost entirely by the infrared bands of HQO and COQ, which have well-

known absorption characteristics, The absorption is only weakly de-

pendent upon optical depth and is therefore relatively independent
of atmospheric conditions (HQO concentration) and slant-path length,
the distance from the fireball to the point of reception on the

ground, Absorption decreases T by 10 to 35 percent., (See Sec. 3.3).

The scattering by the atmosphere (Sec, 3.4) is much less accu-
rately known and is much more variable than the absorption., On an
average clear day scattering alone yields tranmissivities for direct
plus diffuse visible solar radiation of 0.80 for an elevation angle of

90°, 0.55 for QOO, and 0.15 for 15°. Thus the scattering will have a

>

In Sec, 3, a spectral transmissivity is introduced in order to
account for the variation of transmission with wavelength. It is
shown in Sec, 3 that, within the accuracy to which overall trans-
missivity calculatlons can be made (no better than 30 percent),
variations in the spectral characteristics of thermal pulses with
time of emission, altitude, and yield produce negligible variations
in T. Therefore the overall transmissivity is used here and in
Appendix A without introducing a weapon yield or burst height

dependence,
1-19
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strong dependence on slant-path length, as well as a strong dependence

on atmospheric conditions., Use of visibility values quoted at weather

stations to determine a scattering coefficient on the ground at a given
time and location will produce a scattering coefficient uncertain to al-
most a factor of two, because of the imprecise manner in which visibili-
Accordingly, the uncertainty in attenuation due to

ties are determined,
scattering, computed by current procedures, will be roughly a factor of
* the uncertainty in the transmission fac-

two when attenuation is small;
tor increases as the attenuation increases (due to the exponential char-

ataste
iy

acter of the direct line transmission).
A formula for T on cloudless days, obtained from the equations of Sec,

3 and accounting for both absorption and scattering, is

T, Y (1 1anyy, (2)

where TA (~ 0.65 to 0,90) is the transmissivity due to absorption, D

is the slant-path length in the atmosphere (km), and V is the visibility

(km).

Some measurements on certain clouds yield the following approxi-

mate cloud transmissivities: 0,75 for a light haze, 0.5 for a medium

0.3 for a medium cloud cover, and 0.1 for a heavy cloud cover.

haze,
T given in Eq. (2) in

These factors are multiplied by the value of
order to obtain the total transmissivity on cloudy days.,.
in estimated transmissivities because data do rot exist for dif-

Errors will

occur
ferent cloud types, and because of the operational fact that one will

not know precisely how thick a cloud is along a particular slant path

at a given time, Transmissivities on cloudy days can be computed at best
to within a factor of about 2 or 3.
Our views on the utility of smoke screens for thermal protection

during a nuclear attack are given in Sec. 3.6,

“This produces a rather small uncertainty in the Transmissivity, T,

“'of the order of 10 or 20 percent,
“*This leads to very large uncertainties in T (often more.than an order

of magnitude) in the regime that is usually most critical for compu-
tations of ignition radii,
1-20
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1.9 Ignition

Knowing the characteristics of the thermal pulse and the trans-
missivity of the atmosphere, one can ompute the ground radius of the
circle inside of which ignition of a given material is produced simply
by specifying the integrated energy flux q (cal/ch) required for ignit-
Many detailed investigations have been directed spe-
In most of these, rec-

ing the material.
cifically toward determining q. (See Sec. 4.)
tangular flux-time curves are employed (a constant normal flux (cal/cm

-sec) is applied over a specified time interval); the results for rec-
tangular pulses have been related approximately to those for sea-level
bomb pulses (Sec. 4.2.6), but apparently the applicability of the rec-
tangular pulse data to high-altitude bomb pulses has not been considered.

2

The rectangular pulse studies revealed zones of transient flam-
ing, glowing ignition, and.flaming destruction, as illustrated and de-
fined in Fig. 4.1. The boundaries of these zones have been delineated
rather accurately (to within 20 or 30 percent) for o-cellulose sheets
irradiated in circular spots 3/4 in. in diameter, and the influence of
the thickness of the sheet, the moisture content of the material (rela-
tive humidity), and the absorbtivity of the surface upon the locations
of these boundaries has been determined. Corresponding curves have
been developed for representative kindling materials commonly found in
the real environment. The two major criticisms of the existing data
are that measurements have not been made for the short pulse times char-
acteristic of high altitude bursts and that measurements have not been
made on sufficiently large samples to be applicable for the long pulse

lengths characteristic of high-yield weapons burst at low altitudes.®

The length of the rectangular pulse is generally related to
weapon yield by very rough considerations, so that curves of g as a
function of W can be drawn. (See Fig. 4.3.) Because of the uncer-
tainties in relating rectangular pulses to bomb pulses, graphs of this
type are valid at best to within 50 percent and probably only within

*S.B. Martin intends to study the impulse effects of very short
pulses, and A. Hochstim is obtaining ignition data for short pulses.
Measurements for larger irradiated areas are currently in progress

at the Naval Munitions Laboratory.
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type are valid at best to within 50 percent and probably only within
a factor of 2. Added to this uncertainty is the problem of deter-
mining which, if any, of the boundaries shown in Figs. 4.1 and 4.3
(viz,, transient flaming, glowing ignition, etc.) corresponds to
ignition in the real environment, The ignition problem is intimately
connected with the problems encountered in the initial stages of fire
spread. The uncertainty in gq for tactical situations is well above

a factor of 2 and, therefore, the following rule, which seems reason-
ably certain, is suggested for high-confidence calculations: The
integrated energy flux g must exceed 2 cal/cm2 for the ignition of
any kindling material, and q is always less than 20 cal/cm2 for the
ignition of some kindling material, for all existing weapons and all
heights of burst.® This rule is applicable only to areas in which
average light-kindling materials (e.g., newspapers), not saturated

with water, are exposed to the thermal radiation.

1,10 Fire Spread

From the results summarized in Secs., 1.7 through 1.9, it is
possible to set high-confidence limits on ignition radii of bombs
of given yield and given height of burst, This is done in Appendix
A, and the results are discussed in Sec. 1.4. Fire spread and the
development of mass fires can be discussed only qualitatively at

present because of the greater degree of uncertainty in these areas,

In discussing conditions under which fires will develop from
thermal ignition points, inhabited and uninhabited regions must be
treated separately. In uninhabited areas, fire development is
governed by the same factors that influence the development of peace-

time wild-land fires, These include humidity, wind, other weather

It is generally agreed that g tends to increase with increasing
weapon yield for large-yield weapons burst at sea level., By in-
troducing a yield and burst-height dependence of q, one would
therefore be able to state slightly narrower high-confidence
limits., However, the yield dependence of q for burst heights
above about 30 km is not known, Therefore, the slight improve-
ment over a narrow regime, obtained by introducing a yield and
burst-height dependence, does not appear to justify the additional

complexity,

1-22
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factors, fuel type, fuel loading (weight of combustible per unit
surface area), and topography. The vulnerability of uninhabited areas
£o thermal attack depends so strongly upon these parameters (and
probably also upon others not yet identified) that, depending on
their values, large fires may develop from every ignition, or all

fires may rapidly die out. (See Sec, 5.1.4.)

Experts seem to agree that, in most inhabited areas, nuclear
weapons are more likely to induce indoor fires than outdoor fires,
Conditions affecting the development of indoor fires are not as
well known as those affecting the development of oﬁtdoor fires; for
example, the occurrence of indoor fires is only weakly correlated

with weather conditions. A deduction that appears to be of paramount

importance is the following: A clean environment and a well-equipped

populace knowledgeable in methods for rapidly extinguishing small fires
are very effective assets (perhaps, the only effective assets) in the
control of the growth of fires induced by the thermal pulses of

nuclear weapons in inhabited areas. (See Sec. 5.1.2.)

Secondary blast ignitions may be of importance in inhabited
areas, These are touched upon in Sec., 5.1.3, where blast-thermal

interactions and fire-fallout interactions are also mentioned.

A question of obvious importance is whether the fires that do

develop from nuclear thermal ignitions will spread to regions outside

the initial area of ignition. Detailed criteria for "no fire spread”

in urban and wild-land areas are discussed in Secs. 5.2 and 5.3.
Factors influencing fire spread include building separation distances,
building density (the ratio of the projected roof area to the total
area), building heights, building construction, building contents,
fuel loading, fuel type, moisture content of materials, humidity,

precipitation, surface winds, upper atmospheric winds, lapse rate of

the atmosphere, topography, and firebreaks. The relative importance

of these factors is discussed in Secs. 5.2.2 and 5.3.2.
of conditions permit little or no fire spread in either urban or

Many sets
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wild-land areas., A few relatively rare sets of conditions permit
the development of large conflagrations that might consume tens of
square miles of initially unignited urban areas or hundreds or
thousands of square miles of (initially unignited) wild-land areas.
Fire propagation through areas larger than this is highly unlikely
because the probability of dangerous fire spread conditions existing

over large regions simultaneously is practically negligible.
Three recent studies on fire spread from nuclear detonations
are appraised in Sec. 5.2.3.

1,11 Mass Fires and Thedir Effects

Mass fires, e.g., conflagrations and fire storms, are highly
complex, and spacially and temporally nonuniform phenomena., Failure
to recognize this{fact has led in the past to proposals of over-
simplified theories of fire storms that are incapable of describing
all of their essential properties, (See Sec., 6.1.3.) In spite of
a great deal of study, the essential ingredients of fire storms are
not known today. Most experts appear to believe that fire s
resulting from simultaneous ignitions over very large
differ greatly in intensity from the fire storms that have been

.observed in the past, 3But there is no firm logical basis for this

view, Practically everything about fire storms will remain highly
uncertain until a great deal of related basic research is completed.
Some of the pertinent research problems are currently in progress and
are defined and discussed in Sec., 6,1.3. Much more research will be
necessary, Many of the pertinent problems cannot be foreseen at the
present early stage. Practically the entire fields of subsonic fluid
dynamics, radiative and convective heat transfer, chemical thermo-
dynamics, and homogeneous and heterogeneous chemical kinetics are in-
volved, Two specific related problems that are not currently under
study are to determine the statistical character of very large scale
turbulence in free convection and to determine to what extent various
partial scaling procedures, keeping certain dimensionless parameters

fixed but allowing others to vary, can be used to extract useful
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information from model studies. It is safe to predict that fire
storms phenomena will not be understood well for at least 10 years.

The history of past urban and wild-land mass fires is summarized
in Sec. 6.1.2, where special emphasis is placed upon the incendiary
bombings and the two atomic bombings of World War II. The facts
that past mass fires have not totally destroyed entire cities and
have not annihilated a majority of the population in the fire area

are emphasized. It is argued that the simultaneous ignitions over

very large areas, that may be capable of being produced with the

large nuclear weapons now available, will engender no qualitatively
new fire phenomena.

Ecological effects of mass fires are considered briefly in
Sec. 6.2. This may well be the area of greatest uncertainty.

The demonstrated effectiveness of certain underground shelters is
indicated in Sec. 6.2.1.

1.12 Previous Related Studies

Various elements involved in the mass fire effects of nuclear
weapons (e.g., the thermal pulse, ignition criteria, mass fires)
have been reviewed periodically in the past. The only recent study
that we found covering all of the essential elements is Ref. 1,

which is barely six months old. It would be of little interest to

merely reiterate the topics of Ref. 1 in a different format. There-
fore, this report attempts to avoid repetition of the material. Work
that has appeared within the last six months is discussed, and aspects

of the subject not emphasized in Ref. 1 are considered.

Reference 1 is open to two criticisms: The material is arranged
in a somewhat confusing manner and, therefore, is rather difficult to
follbw; the review is rather indiscriminate and therefore erroneous
conclusions might be drawn from some sections. We have attempted,
in the present report, to avoid both of these criticisms. The
arrangement of material (Thermal Pulse, Atmospheric Transmission,
Ignition, Fire Spread, Mass Fires and Their Ecological Effects) ad-

heres strictly to the chronological sequence of events following a
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nuclear explosion. Our attempt to establish limits of validity of
existing data tends to reduce the possibility of drawing erroneous
conclusions.

The present report is somewhat more opinionated that Ref. 1.

The existence of Ref. 1 partially justifies this. However, we also

believe that, in expressing our reasoned judgment, we provide a

greater degree of continuity in presentation and minimize the pos-

sibility of misinterpretation.

1.13 Action Recommendations

The list in Sec. 1.6 identifies only general problem areas in
which progress can be made; detailed descriptions of promising ap-
proaches to specific problems of importance were not given. A few
such approaches are ddentified and discussed in the text. A more
complete list of problems and of possible useful approaches is given

in Appendix C. Most of these topics are basic research studies, but
a few are more operational in character. They are all directed to-
ward gaining a better fundamental understanding of the fire effects
of nuclear weapons. The list in Appendix C is not exhaustive; it
represents only a fraction of the total number of investigations that
would be needed before our ability to make a priori predictions of
fire damage from nuclear explosions in the real environment could be
improved significantly.

In this section, we discuss a few steps that would tend to im-
prove our current defensive and offensive standing, in the event of

a nuclear exchange insofar as fire effects are concerned.

1.13.1 Every effort should be made either to remove or shield
from possible thermal pulses all kindling materials in urban areas.
This is a many-faceted suggestion; it would involve disposing of
waste paper, wood, etc., storing essential, easily ignitable materials
in shielded areas, providing portable or readily deployable shields®

for protecting paper, wool-upholstered furniture, etc. from thermal

*Light-sensitive glass that becomes opaque when exposed to high-
intensity radiation may prove useful in this respect; see Chemical

Week, Feb. 15, 1964, pp. 51-52.
1-26
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pulses and initiating other steps of this nature. In principle, such

a program could increase the minimum ignition energy by a factor of
about 10, and thereby decrease the radius of ignition by roughly a

factor of 3. In practice, however, such a program would be in-

effective unless a very large percentage (at least 99 percent, and
probably much more) of all kindling materials were so removed or

shielded, because many more materials than would be needed to start

uncontrollable fires are currently exposed. There is a very strong

it requires the cooperation of

objection to this suggestion:
Without a totalitarian type of

practically the entire population.
control, it is highly unlikely that such a program would be effective.

1.13.2 The general populus should be educated and equipped to
extinguish the small fires that would immediately follow a nuclear
detonation. ApproximatelyIBO min would elapse between the time of
the blast and the time that the fires would become too large for small
groups of nonprofessional fire fighters to handle. During this time,
the public, acting cooperatively, could conceivably reduce the number
of fires to such an extent that the existing professional fire depart-

ments could control the remaining fires. In order to implement this

approach, it has been suggested that members of all households bz given
brief instructions and provided with hand extinguishers, and that small
first-aid volunteer groups (consisting of 3 or 4 men per group for each

urban block) be trained by the professional fire departments and equipped

with hose apparatus with a capacity of ~30 gal/min. The principal ob-

jection to this proposal is the same as the objection in Sec. 1.13.1.

1.13.3 Official high-level government endorsement of a reasonable
set of building codes (e.g., those of the National Fire Protection
' Association) should be obtained and all municipalities should be per-
suaded to adopt them and prohibit any exception to them. This measure
would not have an immediate effect, but within a few years after its
adoption, the susceptibility of many U.S. communities to extreme fire

damage would be reduced substantially. Measures of this type are much
more important in the U.S. than in the USSR or Europe because com-

bustible materials of construction are much more prevalent in the U.S.

1-27
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The principal objection to this proposal is practically the same as the
objection to the suggestion in Sec. 1.13.1; municipalities exhibit long

reaction times and seldom adopt consistent rules.

1.13.4 Detailed standardized specifications for urban fire-
fighting apparatus should be prepared and all municipalities should
be influenced (perhaps by subsidy) to install the standardized equip-
ment. As an interim measure, adaption devices should be designed and
supplled to local fire departments so thenr apparatus may be used in
all surroundlng communities where they would be needed in the event of
nuclear war. The fire hoses of the New Brunswick, New Jersey, fire
department cannot be connected to the hydrants in South Amboy, New
Jeréey, barely 10 miles away, because the outlets are of a different
size. Although steps have been taken to remedy problems of this type
in some areas, the New Brunswick-South Amboy situation is typical of
problems existing throughout the country. Continual checks for
standardization of installed equipment would have to be performed be-
cause once these systems are standardized, local inhomogeneities tend

to develop (due to replacement, etc.) as time increases.

1.13.5 The current fallout shelter program should be replaced by
a fire-and-fallout shelter program. For megaton weapons, estimated
total areas threatened by fire from the thermal pulse are usually
larger than estimated total areas threatened by hazardous fallout.
Construction of effective fire shelters is generally somewhat more
expensive than construction of effective fallout shelters, but it
is less expensive than blast shelters. The two fire-shelter require-
ments that are not shared with fallout shelters are: (1) ventilation
outlets located in an area free from combustible materials and (2)
shelters located so that burning rubble will not fall on top of them.
A fire-and-fallout shelter system capable of housing a reasonable per-

centage of the population would greatly enhance our ability to survive

a nuclear exchange.

1.13.6 A system to continuously monitor weather forecasts in

potential enemy countries should be instituted. The data to be

1-28
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2., THERMAL PULSE

2.1 Introduction

This chapter summarizes briefly our current ability to describe,
.on theoretical and experimental bases, the significant military fea-
tures of the thermal'ﬁulse from the firébéll of a high-yield nuclear
.detonation. Burst heights range from sea level up to high altitudes,

above the sensible atmosphere.

To clarify the significance of the terms "high yield"™ and "high
altitude" it is convenient tTo discuss nuclear attacks under three
categories:

a. Section 2,2, "Low Altitude, All Yields," concerns multiple
100 Mt or even a gigaton (1000 Mt) explosions near sea level (< 20 kft),
corresponding to a saturation attack. This domain of phenomenology
is the best understood, and is also a cornvenient way to introduce the
problems which arise at higher altitudes.

b. Section 2.3, "Moderate Altitudes, Moderate Yield," concerns
5 to 10 Mt at heights of ~ 20 to 60 kft, which correspond to "conven-
tional warheads" that might be used to provide thermal effects in a
conventional way., The first pulse is well understood theoretically
but is not militarily important; study of this domain of altitudes
- focuses on an area of present uncertainty: séaling of the second

Thermal pulse to high altitude.

c. Section 2.4, "High Altitudes, High Yield," concerns 100 Mt
weapons above 150 kft, which could conceivably be used to exploit
novel thermal effects such as starting fires over large geographical
areas or producing thermal shocks (Refs. 5,9). This domain also char-

acterizes the principal area of present uncertainty about the first

" thermal pulse{
2-1
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To separate the "knowns'" from the "unknowns," it is convenient

to further subdivide the phenomenology in each domain under three

headings. Thus, the next three subsections have identical subtitles:

Factual, Reasonably Certain, and Controversial,
a. M"Factual! describes those features of the pulse in that do-
main which are established well enough by experiment and theory to

qualify as fact.

b, "Reasonably Certaln” outlines phenomena which are almost
;certalnly true but do not enjoy the status of consensus by virtue of
,belng well understood, well establlshed and ‘widely recognized.

c. "Controversial' discusses the areas of incomplete, unveri-
fied, or controversial knowledge about the output of thermal radi-
ation in each domaih.

A final section, "Summary," is a way of appraising the present

status of knowledge.

2.2 Sea-Level Burst, 211 Yields

2.2.1 Factual

As is well known, the important thermal pulse from a sea—
level burst is the second of two pulses, such as shown in Fig. 2,122
of Ref, 1., The first pulse is due to black-body radiation from an
incandescent (strong) shock front, and the time of "breakaway'" (when
the shock front is too weak to be incandescent) roughly separates the
two pulses, The shape and amplitude of the second pulse are well
established experimentally (Ref, 2), and the law of its decay with
time can be explained theoretically (Ref., 4). The total "effective”
fraction of radiation is around 0.35 of the total hydrodynamic energy

release W, for weapons near nominal yields of 20kt.

2,2,2 Reasonably Certain

Scaling laws usually cite that the duration. of the second

pulse, the time of the minimum, and the time of second maximum all

increase as Wl/2 (Ref, 1), but a W‘42rdependence falls within the

scatter of the measurements (Ref, 11).
2-2
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energy appears in a pulse of substantially lbngéﬁ?dﬁratibﬁ§ thh
effects reduce the thermal effectiveness somewhat;' If wé heglect
stronger atmospheric absorption for longer dlstances, then the net
result is that the peak surface temperatures of most surfaces exposed
to the thermal radiation will scale roughly like a hydrodynamlc vari-
able, i.e., similar temperatures are produced at dlstances (wl/3
.where similar shock pressures are produced (Ref. 9). Thus, there

would be little to gain cr,lose in thermal damage relative to blast
for large-yield surface bursts.

Well established by measurement is the fact that about
99.7 percent of the thermal radiation appears in the second pulse
net rrom bomb debris or X-radiation directly, but
This air behind

and is engendered,
by air which was irreversibly heated by the shock.,
the shock front is incandescent even though it has expanded hydro-

dynamically down to ambient pressure by the time it radiates.

2.2,3 Controversial
Despite how well the second pulse of sea-level bursts is
time measurements for the first

known, experimental absolute power vs.
pulse are virtually nonexistent. This is the root of the trouble in

extrapolating to high-altitude bursts because, according to Ref. 3,

A spectral band of 0.3 p to 3.0 w is used in this paper as the
criterion for "effective™ thermal radiation, but is somewhat
arbltrary. Much of the true total thermal radlatlon from the
bomb is emitted at late times, in the far infrared, and at rates
which are too low to be of military consequence. It is not
usually measured for it is beyond the spectral response of most
instruments and subject to severe absorption. The criterion
used here, 0.3 p to 3,0 p, does double duty by eliminating the
tail fraction both because of late time and long wavelength.

2-3
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all the familiar details of the early fireball history at sea level
reappear as part of the main thermal pulse at the high altitudes.

Historically, the formal thermal radiation programs

have emphasized spectroscopic diagnostics. References 3 and 4 appear

to be among the few early systematic studies of the sea-level thermal
pulse done from a point of view of their military effect. Among those

results which may be regarded as novel or controversial are the

following:

a., The first maximum is mostly due to the mass effect
of the bomb. Hence, one expects the yield-to-mass ratio to be a
controlling feature of the main thermal pulse at high altitude.

b. Ra@iation is initially transported outward with
nearly the speed of light for about one free path. Beyond a mean
free path, a random walk model of photons describes  the radiative
phase of a fireball growth. Subsequently, the photons cascade down-
ward in energy as the fireball cools by hydrodynamic expansion until
the bulk of the energy is at "visible" wavelengths, at which time the

main thermal emission occurs,

c. The Wl/3 (hydrodynamic) time-scaling applies in the
first pulse even thouch Wl/g time-scaling applies successfully in the
second pulse. Shock formation plays a controlling role in the ther-
mal radiation rate for heights of burst up to roughly 200 kft.

d. The first minimum at sea level is not due to special
absorption processes such as the formation of oxides of nitrogen but
to an actual increase in transmission of radiation from the interior
fireball as the fireball expands. An expanded transparent fireball
radiates more quickly than a smaller black-body sphere with comparable

energy in a dense atmosphere near sea level,

2.3 Moderate Altitudes, Moderate Yields

2,3,1 Factual
It is generally conceded that a black-body-fireball model
applies in the atmosphere and that thermal radiation effects are much

2-4
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reduced above the astmosphers, The interesting questions are really
how high and why. Owing to fireball observations on TERK (3.8 mt

at 242 kft) and on ORANGE (3.8 Mt et 150 kft) most theoreticians
would now agree that the fireball is a black body and is spherical
at those altitudes, more certainly so at altitudes from 20 to 60 kft

for yields from ~ 5 to 10 yt,

2,3.,2 Reasonably Certain

On the basis of preliminary studies by Porzel, direct
hydrodynamic scaling of the fireball rate of growth curve (radius V-3
tlme) as observed at sea level has been found to apply for TIGHTROPE
: . | Similar results for bursts at much higher alti-

pot (b )(’?)

‘ tudes leave 1little doubt that the fireball from 5 to 10 Mt at 20 to
60 kft would scale hydrodyramically from sea level, and hence calcu-
lations of radiation rates for the first pulse using a black-body

model is a straightforward and appropriate procedure (Ref. 3),

With such confidence about the phenomenology of the first
impulse, it is only natural to seek some still higher altitudes at
which the black-body model does fail, As a result, the domain 20 to
60 kft has often been dismissed as a transition region from interest

} 4
()]

vel to interest in the first pulse at

M

in the second pulse &t sea

high altitudes.

2,3.3 Contrcversial

Reasonable consensus ends with the first pulse| |

PEEEN

DoE (b,

2-5

SECRET
RESTRICTED-DATA -



- Authority™ N D51 4 LA

) BENVANARA Date 1 1 - C

RESTRICTED-DATA-

he£ (b))

2.4 High Altitude, High Yield

2.4.,1 Factual

In OPERATION HARDTACK in 1958, both
o5 (B -' Sl neian g '

[)Dé;ﬂ(?)6:>

Impressive auroral displays of very long duration were
observed which were extensively measured on OPERATION FISHBOWL but

they are not of military interest for thermal damage.

2,4,2 Reasonably Certain

Owing to the paucity of experiments at high altitudes,
"reasonably certain" in this domain means within a factor of two
with something like 80 or 90 percent probability,

DoE Y/) -

-6
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2.4.3% Controversial

Owing to the sbsence c¢f & formal program to measure total

radiant power versus time on OPERATION FISHBOWL, much of the high

altitude thermal phenomenclogy remains controversial., Because of the

current test ban it will probably remain so, but it is hoped that in-
formal measurements cof total radiant power made - ineidentally by Project
8A1 (Ref. 13) and Project 4.1 on FISHBOWL may provide some insight

about the shots of the series. These shots were

STARFISH
CHECKMATE
KINGFISH
BLUEGILL
TIGHIROFE

1.45 M ‘&t 400 km
s poe )

b. EIxistence cf a "pancake" fireball of thickness ~10 km

and height ~(h-80)km for bursts above 80 km, This effect was suggested

in Ref. 3, and by most other investigators |

~oe (WD

c¢. Total thermal redietion above 80 km. Most thermal

theories show a marked drcp in thermal efficiency (down to a few

*As recently derived by S. Rand (Fig. 1 of Ref. 6).
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percent) &bove €0 km., Ref, 3 holds, however, that the problem is

one of evaluating the indeterminant product arising from a near-
infinite volume of air, even if at virtually zero emissivity, be-
cause of the density. So far as we are concerned with subseQuent
reradiation received at the ground surface, the albedo, due to the
atmosphere, may never reduce the thermal efficiency by much more than

a factor of two.
d. The effect cof venting of X rays to outer space, This

is a principal reason for the reduction in thermal efficiency in

pe ((1)
for radiative depletion for bursts up to 400 km would discredit radia-
tive venting, but there is a reduction in blast pressure at the ground
due to hydrodynamic venting.

e. Fluorescence at high altitudes. Direct radiation in
the visible spectrum by fluorescence has been variously conjectured
from a few

DoE (B)(r) =

Y
2\ﬁt i*z'r)x‘[')

Bd e e This must almost be considered
fine structure in phenomenology when the total radiation itself is
not yet'known.
g. The role of hydrodynamic motion at high altitude,
Some high-altitude thermal analyses neglect hydrodynamic motion,

but this is an assumption, tacit or explicit,f

2,5 Summary

The status of present knowledge about the thermal pulse can be

summarized as follows:

2-8
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The second pulse from bursts at heights less than 10 kft
dered reasonably well known for all conceivable yields.

a.

can be consi

b. At moderate altitudes (20 to 60 kft) and moderate yields
Theoreti-

(5 to 10 Mc) the second pulse is still the more important.

Doé’(b)é)

cal and empirical estimates are available

At high altitudes (150 to 250 kft) the first pulse is of
nably well predicted using

Co.
primary military importance and is reaso

'a gray-body model for emissivity.

d. The phenomenology7of the thermal pulse for burst above o
ke 5 0E (530D

300 kft is presently controversial

2-9
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3. ATMOSPHERIC TRANSMISSION

3.1 Introduction

Starting with a model of the spectral, spatial, and temporal
characteristics of the thermal radiation from a nuclear detonation

(Sec. 3.2), the effects of atmospheric absorption (Sec. 3.3), and

" scattering (Sec. 3.4) can be estimated. Cloud cover studies (Sec.

3.5) provide probabilistic estimates for attenuation and reflection

by clouds. The feasibilit§ of using smoke screens for thermal pro-

tection has been investigated (Sec. 3.6).

3.2 Thermal Radiation from Nuclear Detonations

In order to compute atmospheric transmission, one must first

determine the characteristics of the radiation source. A ground

burst will be

burst will be
80-km-burst altitude, the effective reradiating fireball may change
Ground-and low-altitude

approximately hemispherical in shape, while an air
spherical up to an 80-km-burst altitude. Above the

shape, as discussed in Sec. 2.4.3, paragraph 6.
airbursts radiate essentially as black bodies with maximum temperatures
of 6000 to 8000°K. The effective black-body temperature as a function
of time can be given; e.g., in Ref. 1, the time dependence of the
radiation is approximated by considering five different black-body

temperatures. It should be noted that the spectral dependence of the

radiation from low-altitude bursts is roughly the same as that from
the sun, which allows one to approximate bomb transmissivities by solar

transmissivities. To first approximation, high altitude detonations

radiate as black bodies at about the same temperature as the low-alti-

tude bursts. (The enhanced ultraviolet radiation cannot penetrate the

atmosphere, while the increased infrared radiation probably occurs

3-1
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over too long a time period and at too low a power level to be impor-

tant in ignition studies.)

3.3 Atmospheric Absorption

The spectral region of interest for transmission studies is
0.34p = A = 3u. The atmosphere is opaque to radiation of wave-
lengths less than 0.3w primarily because of ozone absorption which
produces absorbtivities of practically 100 percent for all helghts
of burst. If one assumes an effective black ~body temperature of
6000 to 8000 K then about 5-to 15 percent of the radlant energy is.
in the spectrum for 0 to 0.3w. The radiation output from a nuclear ;
burst at wavelengths greater than 3u is nearly zero (Ref. 1) (only
a few percent of the total radiant energy output) when the fireball
approximates a black body at temperatures of 6000 to 8000°K. Large-
yield weapons may emit a substantial fraction of their total energy
at lower effective black-body temperatures for which most of the
energy 1s in the infrared above 3u. However, this emission usually
occurs over time periods that are considered to be too long to be of

importance in ignition. Also, HQO absorption cccurs above 3.

The spectral transmission may be approximated by

T, = 7T .7 T . Ta (146) (1)
A O2 HQO . C02 S

for a surface perpendicular to the direct beam. Here 0 "go
2 2

and TCO are the transmissivities through the atmospheric 02, HQO,
2

and COQ, respectively.. Tq is the transmissivity of the direct beam

through a scattering‘atmosphere, and G is the enhancement term due

to diffuse scattering by the atmosphere. Here, in Sec. 3.3, we shall

briefly discuss the absorption terms; the scattering terms will be
considered in the next section.

The 02 absorption is unimportant compared to that by HQO and

COQ. The absorption of HQO and CO2 bands can be determined from
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the empirical relations of Howard, Burch, and Williams (Ref. 2). The
amount of water vapor in the atmosphere, of course, varies appreciably
from day to day and from one location toO another, However, calcula-
rions show that there is little change in transmissivity due to dif-
ferences in the optical depth of the water vapor; (the differences in
optical depth may arise from differences in the concentration or in
the slant-path length). It is seen from the curves in the report of
Cahill et al. (Ref. 1), that a change in H,0 concentration from 0.5
to 14 precipitable cm (a factor of 28) decreases the transmissivity
to the ground by only approximately 0.10 for most path lengths. This
very weak dependence emerges because water vapor (and carbon dioxide)
ére strong absorbers in the infrared, so that a small amount of ei-
ther constituent brings the absorption in a particular band to nearly
100 percent. In the visibie region of the specturm there is essenti-
ally no absorption by atmospheric constituents. Thus the atmospheric

absorption, (1 - TO 40 TCOQ) is relatively independent of the

deviations from an iverage atmosphere. From the limited data given
in the references, we estimate that the absorption by atmospheric

constituents decreases the transmissivity of the burst radiation by
10 to 35 percent, depending on the type 5f burst, atmospheric condi-

tions, and slant-path length.

3.4 Scattering

Condensed water vapor, dust, and other particles can appreciably
reduce the transmitted radiation through scattering, especially in
urban areas where such "haze'" can be dense. One can relate the
scattering to the size and density of scattering particles by means
" of the Mie theory (which assumes the particles to be spherical).
However, particle sizes and densities are not accurately known, so
the attenuation due to scattering is estimated from visibility mea-
surements performed at weather stations.® As mentioned above, the

transmitted radiation from a nuclear burst will be in approximately

"Turbidity and radiosonde measurements have been suggested as
possible sources of more accurate data (Ref. 4).

3-3
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plus diffuse solar radiation are 0.80 for a 90°-elevation angle, 0.55
for 20°, 0.33 for 10°, 0.15 for 5°, and 0.07 for 3°.* It should be

noted that‘a large percent of the area which receives radiation from
a nuclear burst will be at small elevation angles with respect to the

burst, so small angles will be important for high-yield bursts occur-

ring at relatively low altitudes. When the transmissivity is small,

it is observed from the above scattering formula that changes in the
visibility V, or scattering path length D, will produce large changes

Thus the transmissivities at small elevation

in the transmissivity.
This

angles will be strongly dependent on meteorological conditions,
result can be contrasted with that in the preceding section, where
absorption was found to be nearly independent of meteorological con-

ditions and slant-path length (elevation angle).

3.5 Cloud Cover

The problem of cloud cover divides into two parts: (1) determi-
nation of transmissivities through various could types and depths,
and (2) determination of the probabilities for the occurrence of
the various cloud conditions. Theoretical and experimental studies of
cloud transmissivities for solar radiation are surveyed in Ref. 4.
There have been only a limited number of measurements, and the
theoretical studies have not been refined enough to yield close
agreement with the measurements. In Fig. 3.3, abstracted from
Ref. 4, a plot of transmissivity vs thickness of clouds is presented.
The cloud transmissivity must be multiplied by clear-day transmissivity
to give the total transmissivity. Typical values for cloud trans-
missivities are 0.75 for a light haze, 0.5 for a medium haze, 0.3 for
a medium cloud cover, and 0.1 for a heavy cloud cover, Errors will
occur in estimated transmissivities because Fig. 3.3 does not dis-
tinguish between different cloud types, and because of the operational

fact that we will not know precisely how thick a cloud is along a

“Tt might be pointed out that the transmitted fraction of the
diffuse component of the burst radiation will be somewhat less

than that of the sun,
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particular slant path at a given time., For a rough estimate of the
we note that the transmissivity through

effects of these limitations,
as we go from a heavy

the cloud cover changes by 0.2, from 0.1 to 0.3,

to a medium cloud cover.
An initial study of the probabilities of various cloud covers has

5 for Washington, D.C. The Weather Bureau

been carried out in Ref.
These records have

has records of cloud covers over major U.S. cities.

been used in some studies to obtain rough curves of thermal ignition

radii as functions of time for various cities. The most probable cloud

covers for the U.S. are O to 1/10, and 9/10 to 10/10; it is rarely half

There is also less than 1 percent probability that the whole

cloudy.
The U.S.S.R.

country will be completely clear or completely cloudy.
has much more cloud cover than the u.s. ”

If a nuclear burst occlrs between the ground and a cloud layer,
the cloud layer will enhance the radiation
such a case, the effects can be calculated by
to act as a diffusely reflecting plane. Cloud
high as 80 percent. The effect of the earth's

radiation reflected from
reaching the ground. In
assuming the cloud layer
reflectivities can be as
reflectivity is small since we are concerned with the radiation at the
earth's surface.*
3.6 Smoke Screens

Estimates of the feasibility of using a-smoke screen for thermal

protection during a nuclear attack have been made by Willoughby in
He uses the Mie theory to estimate the number of smoke par-

Ref, 6%%
ticles required (a screen of two radiation mean free paths thickness

will absorb 90 percent of the incident radiation). Calculations show

that the smoke must be dispersed in a 100-meter thickness of air to
keep the temperature down to an easily tolerable level; (1 and 20-Mt

bursts were considered). Estimates yield a 10 x 10-mile protection

cost (wind dispersed smoke) of about $200,000 per sq. mi, for certain

"The amount of radiation at high altitudes above the earth's surface,
..on the other hand, is strongly dependent on the earth's albedo (Ref. 1).
"“BAnother recent study of the use of fog or smoke screens is: R.A.

Atlas, A.C. Behrenhoff, and B.N. Charles, "Thermal Protection of
Cities by Artificial Smokes or Fogs," Report No. D2-22494, The Boeing
Co., Seattle, Jan. 1964 (Confidential).
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The screen would have only ten times the concentration

asumptions.
However, deployment

of impurities already present in some cities.

is contingent upon at least 20~ to 30-min advance warning of attack,

and prevailing wind velocities of 5 to 10 mph or more. We believe

that smoke screens do not afford a promising countermeasure.
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4, IGNITION

4,1 Introduction

Precise solutions to the following problems would yield the
rate of delivery of energy as a function of time to;any object on
the ground: ' '

a. Determining the (electromagnetic) energy output of the bomb
as a function cf time, and '

b. Finding the fraction of the energy output that is trans-

ritted through the atmosphere from the burst peint to any point on
the ground.

The many uncertainties in these problems have been indicated previ-
cusly. Next, we shall assume that they have been solved precisely,
and we shall consider the remaining processes involved in the devel-
opment of large-scale fires from nuclear explcesions., Thus, this
section begins with a specified irradiation rate~-time curve and in-
vestigates ignition., Section 5 discusses the various subsequent

stages of fire growth.

4.2 Well-Defined Ignition Problems

4.2,1 Scientific Ignition Problem

One obviocusly pertinent problem has been studied at

great length., This problem, which will be seen to involve a number
of btleties, can be defined as follows: RAssume a slab of a speci-

fied solid material with a given dimension, suspended vertically in
atmospheric air, is irradiated normally with a rectangular energy
pulse of a specified magnitude and duration, What integrated energy

flux (cal/ch) is required for igniticn?

4-1
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4,2.2 The Character of the Ignition Problem

A few rough minimal estimates of the required radiant
energy are given without explanation in Ref. 1. Although some data
are available from weapon tests, the most extensive sets of experi-
mental results have been obtained at the Naval Munitions Laboratory
(Ref. 2) and at the Naval Radiological Defense Laboratory (Refs. 3 to
7). In a series of careful studies on o - cellulose sheets, Martin
in Refs. 3 to 7 discovered a number of different ignition regimes, as
illustrated in Fig. 4.1. Therefore, before accurate numbers for the
integrated energy flux required for ignition can be obtained, one
must decide which (if any) of the regime boundaries identified in
Fig. 1 corresponds to ignition in a practical sense, This requires a

deeper understanding of the character of the ignition process,

Presumably, most organic solids exhibit the qualitative

behavior indicated in Fig. 4.1 and, therefore, the superficial nature

of the direct ignition process appears to be reasonably well known,

However, this does not mean that the basic nature of the process is
understood,

4.2,3 Present State of Understanding of the Ignition Process

Let us consider briefly the factors involved in analyzing
the underlying physics of the process of radiant ignition of solid
combustibles., Heat conduction normal to the surface of the sheet is
obviously of some importance., Martin in Ref. 5 was able to correlate
(scale) some of his experimental results on o - cellulose sheets of
different thicknesses in terms of the Fourier modulus Olt/LQ (¢ =
thermal diffusivity, t = pulse duration, L = thickness), Heat con-
duction concepts also provide some qualitative insight into the char-
acter of the transient flaming and glowing ignition regimes illus-
trated in Fig. 4.1. Transient flaming occurs only when the Fourier
modulus is less than about 0.3 so the entire energy input is initially
confined to a small layer of the material near the irradiated sur-
face. Glowing ignition was observed to occur when the Fourier modulus

exceeds 4, In heat conduction theory, this implies that the material

4-2



v Authority ™ N DB 4 \

B

ARA Date 1 " -G

A

sawibay uoiuby jo ydoigy aaypusn|y [y 30D

°9s ‘H19NIT 3I$INd

ol ! el

.NIO_

- waddp jou Op sawn|y Jng ‘mo|b b suipisns |P1iapw

sy} ‘ssind ayy jo pua ayy JayL ‘4pyy supaw uotiubl Buimolsy *papua si as|nd ayj} 1oyp
A}41oys jno aip inq Bmaao mm‘Eo: 4oy} supaw mEEo: juaisupa|  uajewRIp Ul youl i /g jods
IP{ND112 D U} PAIPIPOLIL 1850|N||800 4O J93YS YD1y} |1w | P of A|yBnos spuodsaiios s1y]

Buiwp|y jusisupa|

uooNLIsSaq ON|

uolonuysaq Bujwn|y

uojub)
Buimo|g

00l

Zwo/noo '357Nd IYWYIHL

RI-9-64-15

M)



O R R LIS ) N N U W W

oo UA

~ Authority I v D

o @B@hLQ\xRAImw 1 i-er

approximately maintains a uniform temperature.®

A few theoretical analyses of the ignition process have
These all consider the one-dimensicnal, unsteady

been presented.
including radiative losses and convective

heat conduction problem,
losses (expressed in terms of a heat transfer coefficient) from the

surfaces of the sheet, Most such treatments (e.g., Ref, 8) avoid

considering any chemical kinetics by assuming that ignition occurs
when an ignition temperature, which must be determined empirically,

is achieved, Reference 9 included rudimentary chemical kinetic con-

cepts by employing a one-step, overall rate formula for the poten-
tial volatile content and by assuming that damage occurs when the

potential volatile .content at the back face of the sheet is de-

creased by a factor of e—2. A1l such analyses provide rough empiri-

cal correlations at best;* " they are extremely primitive by current

standards in combustion research,

The existing studies are all based on concepts developed

in studies c¢f combustible systems inv ing I
and oxidizer intimately mixed at

a
ess begins), The cne-step overall rate process
of ignition and combustion in premixed systems;

RSN
)

useful for studies
the ignition temperature approx ~ion is less precise and is very
difficult to apply accurately,.

atively well understocd (Ref, 10).
enough cxidizer to support a flame in the

imat
Ignition in premixed systems is rel-

However, few i1f any solid com-

bustible materials contain

absence of ambient oxygen; ignition of wood, paper, etc., is essenti-

ally a non-premixed unsteady process (fuel and oxidizer are initially
separated), Such processes are extremely complex, necessarily in-

volving gas and/or liquid motion (neglected in all previous studies),

gas-phase reactions, etc.

“The temperature for glowing ignition of a-cellulose was found to

be about 300°C,

**As an illustration of the fact that the "ignition
not a fundamental molecular parameter, we may cite Hottel's find-
ing (Ref., 8) that the empirical ignition temperature depends upon
the size of the irradiated sample.

' 4-4
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Hardinggrass
Pine needles
Walnut leaves; wool serge, olive drab

Window shade material, cream color

Ttems appearing in the aebove list may be termed "kindling materials;”
thick, sound, wooden construction materials, well-painted wood, etc.,
will sustain ignition only at much higher integrated energy fluxes

Figure 4.3 presents ignition curves for
Since news-

than kindling materials.®
dark newspaper, kraft corrugated board, and heavy fabric.

papers are abundant in urban areas, many investigators have agreed to

adopt newspaper as a representative, easily ignitable material for
future ignition studies.

4.2.9 The Effect of Moisture Content of the Material

The moisture content of the material has a significant

effect upon ignitability. Some information on this effect is avail-

able (Refs. 14 and 15). The integrated energy flux for ignition at

a relative humidity of 20 percent must be multiplied by the factor

shown in Fig. 4.4 to obtain approximately the required flux at other

values of the relative humidity (Ref. 16). Here it is assumed thet
the material has been exposed to air with the given relative humidity
long enough for the moisture content of the material to reach equi-

For kindling materials this time is very short (much less

librium.**
than a day). Some heavier construction materials may exhibit igni-

. . 2 ,
tion energies as low as 25 cal/cm” after a few weeks exposure tTo hot,

dry conditions (Ref. 14).

4.2.10 Uncertaincies in Existing Results on Ignition

The existing data on minimum ignition energies is sub~-

ject to two important criticisms. First, no data have been obtained

for pulse lengths below 20 ms, and the experimental uncertainties

are very large at pulse lengths below 50 ms. Since high-altitude

Fhcourate values of minimum ignition energies for heavy materials,
for pulse durations comparable to those of bomb pulses, do not
appear to be available., Minimum energies for sustained ignition
in excess of 100 cal/cm® appear to be reasonable.

*%The moisture content of newspaper is 7 percent by weight at normal

relative humidity (42 percent).

4-11
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nuclear explosions have been observed to reach peak energy output at

0.5 ms and to emit half their total radiant energy yield in about 20

ms (Sec. 2.4.2), data are needed for shorter pulse lengths. If the

short bomb pulses cannot be simulated accurately in the laboratory,
then rectangular pulses as short as the time to peak energy output

would be needed to enable one to deduce necessary ignition energy

information for high-altitude explosions.* Martin's scaling criterion

enabled him to infer some characteristics of the behavior of thin
materials at short time scales from his experiments on thicker mater-

jals at longer time scales. However, direct experimental justifica-

tion for this extrapolation is desirable. Preliminary experimental

results at short time scales have been obtained by Hochstim (Ref. 17).
Hochstim's work is continuing and may provide the required results.

Also, Martin is searching for new physical phenomena that may occur

for very short pulses.

The second criticism of the existing results applies to

the experiments for long pulse times, 2 1 sec. In the laboratory

tests, spots no greater than 3/4 in. in diameter were irradiated.

For the longer 1 to 10 sec pulses characteristic of large-yield weap-

ons burst at sea level, these spots are so small that convective
£luid motion will have time to remove the heated gases from the ir-

radiated region. Convective heat losses therefore, ma ield higher
g 5 5 yy g

ignition energies in the laboratory than would be obtained in a typi-

cal tactical event for which large areas are usually irradiated. In

Ref. 8, Hottel has emphasized this point and has perfermed very
rough experiments in a furnace, where large areas of the sample are
irradiated, in an effort to determine the magnitude of this effect.

Conclusive evidence that the accepted minimum ignition energies are

too lérge in this regime has been obtained, but accurate corrected

values have not yet been presented. From theoretical considerations,

Hottel recommends irradiating spots at least 6 in. in diameter €O

obtain reliable results for pulse lengths greater than 1 sec. In

#Since heat conduction theory implies that the peak temperature is
reached very shortly after the time of peak irradiance, the igni-
tion temperature hypothesis, in its strictest interpretation, im-
plies that the first part of the pulse 1s of greatest importance

in producing ignition. 4-13
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Ref. 18, Broido has suggested that the existence of the glowing ig-
nition regime in Fig. 4.1 may be attributable to the small- ~Spot size,
and that glowing may result in flaming for sufficiently large sam-
ples. The influence of convective heat losses for long pulses requires
further study, some of which is in Progress at the Naval Munitions

Laboratory.

4,3 Ill-Defined Ignition Problems

4.3.1 The Practical Ignition Problem

It will be noted that Figs. 4.1, 4.2, and 4.3 do not pro-
vide unique ignition criterion. One must decide whether transient
flaming, sustained flaming, or glowing ignition constitute ignition
.1n a practical sense., The earliest inclinations favored sustained
flaming as the ignition criterion. The convective heat loss question
indicates that glowing ignition may be a better criterion than sus-
tained flaming, where these two differ, However, all of these argu-
ments presuppose an isolated vertical sheét of material, Environmen-
tal materials are not so arranged, Combustible sheets may be lying
horizontally, materials may be wrinkled or crumpled, other objects
may be located in the vicinity of the material so as to modify the
convection currents or radiative heat losses, etc, Perhaps materials
surrcunding the kindling can be so located that heat losses are re-
duced to a point where transient flaming always develops into sus-
tained flaming, More probably, the ignition criteria in complex en-
vironments cannot be represented well by any of the curves in Fig.
4.1. The possible variations are so numerous that one cannot state
a well-defined problem that will cover all contingencies, Ignition
is inextricably ccnnected with the initial stages of fire spread, and
the number of variables influencing the minimum ignition energy is
therefore large,

In view of these difficulties, a statistical approach to
the ignition problem may be desirable. One may ask: Given repre-
sentative urban, suburban, rural, and wild-land areas, what integrated
energy flux is required to start a specified average number of fires

per unit area? Although this is an ill-defined question, it is the

4-14
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kind of question to which very approximate answers have been given by
A large number of laboratory tests might pro-
Incontro-

bomb tests (Ref. 1).
vide a somewhat more accurate answer to this question.*
vertible answers can never be obtained because of the ambiguity of
the problem.

4.3.2 High-Confidence Limits on Critical Ignition Energies

Having recorded these uncertainties, we shall quote limits

for the ignition energy that, as yet, have never been found to be vio-
lated. Ignition of kindling materials has never been Obtgined in accurate
expériments at integrated”ehefgy fluxes below 2 éal/cmz."Pdr igniticn
pulses not exceedihg 10 sec in duration,** 50 cal/cm” is sufficient

to ignite all kindling matgrials and 20 cal/cm2 will always ignite

some kindling materials. With a high degree of certainty, the criti-

cal ignition pulse for typical light kindling materials, therefore,
may be taken to lie between 2 and 20 cal/ch. Consequently, it may
be reasonable to use 4 cal/cm2 and 10 c:al/cm2 as working numbers for

estimates for '"bad" and "good” conditions, when viewed defensively.

*Some such laboratory tests, e.g., irradiating the edge of a folded
newspaper, are currently planned at the Naval Munitions Laboratory.
**p]11 pulses of existing weapons fall within this limitation.

4-15
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5. FIRE SPREAD

5.1 Development of Fires that Amateurs Cannot Extinguish

5,1.1 Relationship between Ignition and the Development of
Small Fires

After the critical ignition energy of the various kin-
dling materials has been determined, one is tempted to infer that
the number of serious fires produced by the thermal pulse of a nu-
clear weapon can be calculated simply by counting (from geometrical
considerations) the number of kindling groups exposed to a pulse en-
ergy exceeding the critical value. Such an inference, however, is
manifestly false. Clearly, an isolated newspaper on a paved road
can burn completely without producing a serious fire, Anyone who
has 1it a campfire knows that faverable arrangements of kindling and
of heavier combustibles are necessary for producing a sustained fire,
One should count, therefore, only the ignition of kindling materials

which by themselves or in combination with other combustibles can re-
sult in a sustained fire.

Although the conditions for the development of small sus-

tained fires are known qualitatively to nearly everyone, quantita-
tive data is practically nonexistent., Various basic physical processes
small-fire development (radiative, convective and conduc-

rates, etc.), for the most part,

governing
tive heat transfer, heat-liberation
are reasonably well understood, but the number of parameters needed

to specify the relative geometrical locations of the various combus-
tibles is so great that comprehensive deductive scientific analysis

is impossible, 1Instead, a statistical analysis of experimental data
1s required, 1In spite of a number of attempts to determine the dis-
tribution of potential fire sources (Refs, 1 to 7), apparently few, if
any, reliable statistics on the number of very small fires that might

5-1
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develop are available. It is usually assumed that, in areas where

ignition occurs, there will be enough combustible arrangements con-
ducive to fire development to insure that a large number of small fires

will be produced, but this assumption may not always be valid.

The observation that the development of small fires is an
essential step in severe fire damage immediately suggests one means
of minimizing the hazard of fire from nuclear explosions: either

eliminate or shield from the thermal pulse all kindling materials

that can produce sustained fires (Refs, 8 and 9). At least to a cer-

tain extent, this measure is more reliable, less expensive, logisti-
cally simpler (in some respects) and less objectionable than the

"smoke screen' measures that have been proposed (Ref. 9).

The prdcess of the development of fires that amateurs

cannot extinguish tends to differ considerably in inhabited and in

uninhabited areas. Therefore we shall consider each of these regions

separately,

5.1.2 Inhabited Areas

There seems at present to be a general consensus among
experts that, in inhabited areas, nuclear thermal pulses are much
more likely to produce small indoor fires than small outdoor fires
(Refs, 7 and 10). The number of kindling piles per unit area is
commonly much larger indoors, and indoor kindling is more likely to

be favorably arranged with respect to heavier combustibles. (See Ref.

3 for an opposing view),

It has been found experimentally that about 4 1b of
newspaper must be burned at the base of an external wooden wall to
ignite the wall (Ref, 7). This much newspaper is seldom found out-
side, next to a wall, and exposed to possible nuclear thermél radi-
ation. The structural fires from outside ignitions appear most likely
to develop in rotting (punky), unpainted wood and, therefore, are
expected to.occur principally where wooden structures are in very poor

‘repair.
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It has been estimated that one or two ignitions of kin-
dling materials of substantial magnitude inside a room of a typical
house are sufficient to destroy the room if left unattended (Ref. 7).
The probability of ignition is proportional to the exposed area of the
room and depends upon the distribution of kindling materials. Perhaps
100 ignitions may be produced in a cluttered room with many windows,
but many representative exposed rooms would experience no ignitions
at all because of a greater degree of shielding and/or the absence of

sufficient kindling materials.

The dependence of ignition probability upon weather con-
ditions is very different for indoor and outdoor fires. Hot, dry,

sumner weather favors outdoor and wild-land fires; forest fires sel-

dom occur in winter. On the other hand, inside many heated buildings
in winter, the humidity and, therefore, the moisture content of kin-
dling materials is very low, and the critical ignition energy is cor-
respondingly reduced. Indoor fire susceptibility appears to be less

strongly correlated with weather than does outdoor fire susceptibility.*

There appears to be little reliable quantitative data on
the length of time required for indoor ignition to produce a fire
that envelopes a whole room in flame ("flashover™), thus preventing
nonprofessional fire-fighting. Rough estimates indicate that 5 to
20 min might be necessary.** This observaticn points up a second
promising method for reducing fire damage from nuclear attack: Rap-
idly extinguish as many of the initial small fires as possible (Refs.
8 and 9). Many of the initial fires will be small enough to stamp
out, others will require water, sand, or portable fire extinguishers.
Although quantitative information on the amount of water, equipment,
etc., required to suppress small fires has not been available, it

has been estimated in Ref. 7 (and also by Lawson®¥ below) on the basis

*Note, for example, that during World War II, incendiary bombing at-
tacks in the rain were observed to produce only roughly 20 percent
less damage, on the average, than corresponding attacks in clear
weather (Ref. 11). Incendiaries produce mainly indoor ignitions.

**See D,I, Lawson and P H, Thomas, "The Growth of a Fire," Chantry
Publications Ltd., London, 1956. More accurate information is being
obtained; see F. Salzberg, "Approach to Post-Attack Fire Suppression
in Urban Areas," OCD Contract No. OCD-0S-62-210, 1964.
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of recent experimental results that by commenczng the suppression

activities within five minutes after the thermal pulse, perhaps 90 per-
cent of the indoor fires could be suppressed by individuals with hénd
extinguishers, provided these people were trained in the use of fire
extinguishers, to overcome fear of entering a smoke-filled room, ete,

Centralized fore departments by themselves would be completely inade-
* volunteer

quate for suppressing the large number of initial ignitions;
fire brigades (composed of perhaps 5 percent of the total able popula-
tion) well trained (e.g., by the organized fire departments) in the use
of water booster lines and equipped with water pumps of about 30 gal/

min capacity, would be needed to suppress the 10 percent of the fires

not controlled by individuals. Quick action by these "first aid" brig—‘

ades could reduce the number of fires requiring the attehtion of an
organized fore department to a point where fire control would be feasible.
Clearly, establishing these "first aid" groups and training the general
populace represents a very large program, but this may be the only
effective means of controlling fires produced by a nuclear thermal

pulse in urban areas.

5.1.3 Secondary Blast Ignitions

We have been considering only fires produce by the thermal

pulse of the weapon., In inhabited areas (but not in uninhabited areas),

fires may begin as secondary effects of the blast wave (e.g., turning
over a stove, breaking a gas main, short-circuiting electrical wiring).
Secondary blast ignitions are very likely to occur at 5 psi blast ovepr-~
Where severe blast damage occurs, the significance

pressures or above,
Although the importance of

of the additional fire damage is not clear.
secondary blast ignition merits study, we have not considered this topic.

Other blast effects can have an important influence on fire

development from the thermal pulse. For example, if the blast breaks

water mains, it may be difficult to obtain water for fighting fires.

In atomic bombing of Hirbshima, water pressure in the center of the

city dropped to zero because of an estimated 70,000 breaks in water

pipes (Ref., 8). These blast-thermal interactions are difficult to

analyze and are not considered in this report.

*It has been estimated roughly that on the average, 10,000 ignitions/
sq. mi. would be produced by a 5 cal/cm pulse.

5-4
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Figure 5.1, based on dats from ENW, shows the ratio of the
area affected by the thermal bPulse to the area affected by blast, 1t

which blast damage is negligible, This, however, does not Necessarily
mean that blast-thermal interactions are negligible in these regions;
a broken water main or destroyed fire—fighting apparatus many miles
away from a burning area may seriously’affect fire control efforts in

that area under certain circumstances.,

5.1.4 Uninhabited Areas

Fires in uninhabited areas can probably be due only to the
thermal pulse. It is difficult to predict where ignitions will occur;
for example, green leaves on trees may shield dry kindling beneath,
thus preventing ignition., Fire development after ignition will be af-
fected by the same factors that influence the development of pPeacetime
wild-land fires; humidity, wind, other weather factors, fuel density
(weight of combustible/unit surface area), fuel type and topography
(Ref. 12), Depending upon these conditions, fires may Spring up at

every ignition site, or all of the ignited spots may rapidly be ex-

tinguished. Zarly human fire-fighting efforts would not be feasible
in large areas of exposed wild lands; nautral phenomena would determine

the fire development and growth,

Figure 5.2 shows the fire seasons in various Sections of

the United States. Figure 5.2 is applicable only in a Statistical
'S in the indicated interval will favor fires, and

sense, HNot all cda

Y
on some days cutside the interval fire hazard may be extreme, Empir-

ically, the wild-land fire nazard is dependent upon at least a 5-day

weather history (Ref L&), In good fire weather, the humidity is be-

wind velccity exceeds 13 mph and there has been

low 40 percent, the

& trace of orecipitation in the past 5 days. 1In poor

ffect worth mentioning is that between a mass

A well-developed fire convection column modifies

nd thereby affects fallout, Laboratory experi-

that the fire will spread the fallout pattern

; reduce the maximum fallout concentrations, and

on of maximum fallout downwind. See A, Broido and

> '"The Influence of a Fire-Induced Convection Column

1 Fallout Patterns," Technical Paper No, 32, Califor-
ange Experiment Station, Forest Service, U,S, De-

riculture, Berkeley, Calif., March 1959,
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fire weather, the humidity exceeds 70 percent, the wind velocity is
less than 13 mph and there has been more than 1/4 in. precipitation
in the past 5 days (Ref. 14). Clearly, even these rules are very
rough, Much more accurate predictions can be made on the basis of
laborious, detailed, field measurements, However, completely reli-
able predictions on whether an isolated ignition will develop into a

fire in a given area are still unobtainable,

5.2 Urban-Fire Characteristics and Factors Influencing Urban-Fire
Spread

5.2.1 Urban-Fire Characteristics

Much effort has been spent on determining the character-
istics (burning rates, flame temperatures, heat transfer rates, com-
bustion product composition, etc,) of fires in buildings. Basic
research related to fires is currently summarized in Ref, 15, & con-

tinuing journal., Studies of models can provide certain relevant in-
formation (e.g., Ref, 16), but modeling of all pertinent fire param-
eters can easily be shown to be impossible, A few full-scale ex-

perimental test fires in buildingé have been instrumented and ana-
lyzed (Refs. 7, 17 to 20). Finally, there is a wealth of qualitative
observations by experienced fire fighters. The following paracraphs
include some of the rough, but more quantitative, data derived from

these studies that may be of use in fire protection studies:

At a reasonable degree of ventilation, temperatures in a

burning room reach a steady state value not greater than 1100% (Ref,

‘ - Steady~state radiant intensities emitted by well-venti-
lated fires are about 4 cal/ch—sec (at the surface of the fire) at
the representative fire load of 10 lb/ft2 (weight of combustible
material per unit plan area). The intensity increases somewhat with
increasing fire load (Ref, 21).

Representative burning times for buildings in varicus ur-
ban areas are listed in Table 5.,1. Here, "violent burning" means the

most active burning, during which the radiation intensity exceeds 50

5-8
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percent of its maximum value; "residual burning" means predominantly
glowing combustion, but with some flaming still occurring, during
which the radiation intensity lies between 50 and 10 percent of its
maximum value; the "total burning time" is the time during which an

unattended fire remains hot enough to flare up again if prodded by a

favorable change in weather, Violent burning of a building seldom

exceeds an hour, but total burning times are very long (of the order

of months) in cites, The differences between construction types can

probably be correlated fairly well with differences between fuel
load.

Once any building, or section of a building, reaches the "vio-

lent-burning" stage, practically no fire-fighting efforts can prevent

substantial damage to the building. The only effective efforts then

are those spent in attempting to prevent the fire spreading to other
buildings or to other parts of the burning building. We consider

next the factors influencing urban fire spread,

5.2.2 Urbarn-Fire Spread

Convective and radiative heat transfer constitute the
principal mechanisms of fire spread between buildings. In addition
to these, heat conduction may be of some importance in fire spread
within a building, The parameters influencing fire spread are

therefore principally those affecting the convective and radiative
transfer processes,

Fire protection engineers have gained much experience
concerning conditions under which fires will spread., This has led
to higﬁly detailed specifications of rational building codes (e.q.,
Ref, 22)., These specifications are based principally upon empirical
observations, Recently, attempts have been made to provide analyti-
cal bases for building code specifications. Curves enabling one to
compute the safe building separation as a function of building
widths, building heights and percent "openings'" have been computed
in Refs, 21 and 23. The data for these curves come (1) from the

observation that a steady radiant intensity of'O.8'cal/cm2—sec is

5-10
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d to ignite typical building materials, (2) from the observa-

require
at more than 0.3 cal/ch—sec is required to ignite kindling

tion th
materials commonly found in rooms, (3) from the observed radiant

intensity produced by fires (stated in Sec. 5.2.1), and (4) from geo-

metrical considerations. The percent "openings™ is the fraction of

building face areas occupied by doors, windows, and combustible wall

materials. This analysis necessarily emphasizes radiant heat transfer;

convection effects, often producing ignition by flying brands, are not
treated'properly. Other significant parameters (fuel loading, etc.)
are also neglected here. Therefore, most fire protection engineers
prefer to rely upon the established empirical methods (Ref. 24). It
does appear, however, that analytical studies which are more compre-
hensive (and therefore more complex) than those in Ref. 21 can be of
value in obtaining improved, more precise, and perhaps less complicated
criteria for o fire spread.'" Considerations similar to those in

Ref. 21 are currently in use for predicting fire spread from nuclear
explosions (Ref. 7).

Some factors influencing fire spread in urban areas are:

Building separation distances

Building density, the ratio of the projected roof area
to the total area

Building heights

Building fuel-loading

wind

Other weather factcrs (but only to a slight extent)

Building construction (a multitude of factors enter here;
e.z,, external wall material, paint, window-opening

A~

area, window shutters, firewalls, parapeted (extend-
ing above the roof) firewalls, avtomatic sprinkler
systems)

Building contents

The reader is referred ©O suggested building codes (e.g., Ref. 22)

for the effects of these factors on fipes which start in only one

building or compartment. Here we shall merely point out some data

specifically applicable €O fires from multiple ignition sources.

5-11
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A detailed analysis of the fire spread following an in-

cendiary attack on Hachiji, Japan, has been made in Ref. 25. The

points shown in Fig. 5.3 give the effect of building separation on

probability of fire spread, as computed in that study. The effect
of fuel loading indicated in Fig. 5.3 was suggested in Ref, 13,
Clearly, the exposure distance has a dominant influence on the

probability of fire spread, A light wind also has a substantial
effect; fire spread to leeward is enhanced by increased radiant heat
transfer from tilted flames and by increased susceptibility to fly-

ing firebrand spotting due to tilted convection columns,

A rough consideration of the effect of building height
indicates that building separation should exceed building height to
prevent fire spread (Ref. 26).

The effect of building density on fire spread is not en-

tirely independent of the effect of building separation distances,

Clearly, there is a geometrical relationship between the two in

typical urban areas. A proper assessment of the effect of building

density should be carried out at different constant values of build-
.Instead, only the following

For building densities from

For building densities

ing separation., This has not been done,
rough rules have been given (Ref. 27):
0 to 5 percent, fire spread does not occur,
for 5 to 20 percent, fire spread may occur, but mass fire develop-
ment is unlikely, For building densities above 20 percent, over an

area z 1 sq. mi., mass fires, urban conflagrations and fire storms

are possible,

Fire-resistant wall materials and parapeted fire walls
can be extremely effective in preventing fire spread in citiés, pro-
vided these walls divide the city blocks into many completely en-

closed compartments, The failure of repeated attempts by means of

incendiary attacks to produce fire storms and large-scale conflagra-
tions in Berlin during World War II, has been
the extraordinarily high degree of compartmentization of the city

(Ref. 28)., Fire walls that do not isolate compartments are, however,

attributed directly to

relatively ineffective,
5-12
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Rutomatic sprinkler systems are usually ineffective in
multiple fire areas (Ref. 29). The capacities of such systems are
usually designed to service only one or two rooms and, when a whole
building is aflame, the output of each sprinkler is so small that it
has no effect on the fire. Sprinkler systems can seriously deplete
the water supply in multiple fire areas, thus reducing pressure in

the water mains and thereby hampering other forms of fire suppression.

A statistical study of fire-spread rates in urban areas

has shown that the average spread rate is 0.12 mph, for fires burning

from 1 to 18 hours. (See Refs. 13, 30.) This is somewhat lower than

most quoted values. Wide variations (almost an order of magnitude)

about the average value are observed. The meaning and usefulness of

average spread rates in urban areas are not clear.

5.2.3%3 Recent Studies of Fire Spread from Nuclear Detonations

A number of recent studies have been designed to deter-
mine the extent of fire spread following nuclear detonation. These

studies attempt to develop computer programs (Refs. 7, 31) and model-
ing methods (Ref. 32).

Reference 7 attempted to include, as quantitatively as
possible, all of the effects discussed aboye. The objective was to
determine from the probability of ignition the expected damage as a
function of ground distance, weapon yield, etc. When all pertinent
factors are taken into account, the computer program becomes very

Consequently, results thus far have been obtained only for
with relatively uniform build-

large.
single city blocks and for tract areas
ing properties.” Even in these cases, certain oversimplifications

the effects of flying brands are not included

the results are by far the most realistic

E study thst attempts to gloss over the details dis-
cussed above breaks cities down into unit cells about one block in

size and develops (1) a probabalistic model and (2) a deterministic

“#The computer program has been written in such a way that results
for individual blocks and tracts can be put together to obtain
fire spread results for a whole city.

5-14
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model for predicting the rate of fire spread from cell to cell (Ref,
31), Unfortunately, so many essential factors are overlooked in

this kind of approach that the results have little or no relationship
to reality.

Since complete modeling of fires in structures is not
possible one would expect that complete modeling of the process of

fire spread in mass fires is not feasible. This is indeed the result

obtained in Ref. 32. Modeling of certain aspects of mass fires, how-
ever, may be possible.

5.3 Conditions for the Development of Wild-Land Conflagrations

5.3.1 Characteristics of Wild-Land Fires

There has been much basic and applied research on the

characteristics of wild-land fires, The reader may consult Ref, 13

‘for bibliography on this work., Burning rates, flame temperatures,
heat transfer rates, etc., have been studied. 1In Table 5.2. we re-

produce data analogous to that given in Table 5.1 for urban fires.

The terms have the same meaning as in Teble 5.1. The numbers given
were cbtained principally from expert field chbservers,

5.3.2 Wild-Land Fire Spread

Wild-land ccnflagrations can cdevelop only when conditions
faver wild-land fire spread. Therefore, fire-spread criteria govern
when wild-land conflagrations occur,

In small wild-land fires, radiative heat transfer is
usually the principal fire spread mechanism, The flame height and

flame angle then strongly influence rate of spread. In large fires

0
ot
2]

with more active convective currents above them, convective effec
especially the convection of flying firebrands, provide the princi-
pal spread mechanism,

Factors influencing wild-land fire spread include:

Fuel type
Fuel-loading

5-15
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4,2.4 The Need for Basic Research

To obtain a basic understanding of the ignition process
is not an impossible task. Many prcblems as yet undefined would
arise. However, many relatively well-defined problems are also in-
volved, These include:

a. Locating where (solid, gas, interface) ignition

first occurs

b, Identifying the chemical constituents that act as

fuel and oxidizer in the ignition reaction

c. Discovering the products of the radiant pyrolysis of

the solid

d. Assaying the influence on ignition of solid &nd gas-

phase diffusion processes

. RAnalyzing the mass-average motion of the gas

D

the influence of the moisture content

£, Investigating tl
of the sclid upon the ignition process

g, Attempting To determine the reactidn kinetic path

h. Develcping simplified models of the elementary steps
cf the igniticn process

i. Determining the influence of the rate of delivery of

The preceding list is not complete, To obtain a funda-
rstanding of the icnition process entails a long series of

st classified as basic research., A few studies of

oy
M

e
his kind have been reported (e.7., Ref, 11, which attacks problem
) lowever, very little effort is being expended along
A satisfactory answer to the scientific ignition problem

s
(Sec. 4.2.1) requires a significantly expanded effort in this direction.
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4,2.,5 Existing Results on Ignition Conditions

Let us return now to questions of the precise nature,
utility, and validity of existing data. Martin's experimental re-
sults on blackened o - cellulose for rectangular pulses are sum-
marized in the convenient dimensionless plot shown in Fig. 2. For
o - cellulose, approximately, p = 0,6 gm/cmB, ¢ = 0.35 cal/gm °x (dry),
and k = 0.0002 cal/cm-sec °x. Hence, o = k/(pc) = 0.0009 cm2/sec.

These numbers enable one to obtain dimensicnal values from Fig. 4.2,

Some of the theories mentioned in Sec. 4.2.3 can be made
to fit, through the adjustment of values of one or more unknown pa-
rameters, certain boundary lines of regions shown in Fig. 4.2, For
example, the theory of Ref, 9 fits the boundary of the flaming de-
struction region when the square root of the Fourier modulus is
greater than 0.4. At smaller values of the Fourier modulus, Ref, 9
predicts that this boundary line will continue to increase to much
higher values of the integrated energy flux, a behavior which is in
disagreement with the experimental results. In this region, the
theoretical results are incorrect; the theory beccmes inapplicable
because it predicts unreasonably high surface temperatures that would
lead to gasification of the surface, a process that is neglected in
the theory. (Ref. 12) At our present stage of understanding,
we have little choice but to use existing correlations of experimental
observations such as those shown in Fig. 4.2 while being careful to re-
strict application to problems within the limited zones of validity
of the correlations. When used with such discretion, results should

pe as accurate as the experimental data used for establishing parameter

lw]

values (probably 20 to 30 percent).

4.2,6 The Ignition Problem for Bomb Pulses

For the experimental data to be useful, they must be
applicable to the energy pulses delivered by nuclear explosions.
Since experiments with square radiant energy pulses do not simulate
the flux-time curves of nuclear weapons, in place of our original

problem one should ask "what integrated flux is required for ignition

4-6
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when the flux-time relationship correspond to that of a nuclear

explosion?”

Unfortunately, this question establishes a large family

of problems because, as indicated in Sec. 2 the flux-time curves of

bombs vary considerably with weapon yield and with burst height,

One may expect a corresponding variation in the integrated energy

=3

required for ignition,

curves

tive sea~-level bursts,

In Ref, 6 Martin has investigated the way in which his
are modified for flux-time curves corresponding to representa-
He summarizes his results by stating that

"No simple square-wave weapon pulse equivalence is found for ignition,

but it
pulses
of the

pared,

vield w

can be stated that equivalent effects® are observed for weapon
having peak irradiance®® of about 3 times the irradiance level

square-wave input; /when these "equivalent” pulses are com-

it is found that/ sustained flaming ignition at the higher

than do rectangular pulses and that high

eapons require roughly twice as much

rectangular pulses,

~ - ol - . 3 ™., = ~
4.2.7 Icgrition Energy Conditions Expressed as Functions of
eapon Yield
o~ o Rt 3 o ] - o - 1 n I = ~
sor gga-level bursts, characteristic pulse lengths sre
~ ! - N (AN = < . ~ b
roughly proporticnal to the square root of the vield (see Sec, 2.7.73).
E v N o PR 2 N . LT E T e v 3 . [P R
By this Martin means that the minimum in the "flaming destruction
7 P 400 o +% = . £ o = L s
curve Iin -ig, 4,2 occurs at the same value of Q I0rT gacn Oor Trecge
3 T e , [ PR . 4 oy e - 5 - b oy g e P
pulses and that certain other qualitative characteristics of Tre
curves are the game,
B o)
The drracdisnce is energy flux (cal/cm’ -sec).
Sesee
"at small values of the Fourdier moculus" or

£

TThis occurs at large values of the Fourier modules (i.e,, for
long pulses),

$N
i
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This observation enables one to replace the pulse length by the yield
as the abscissa in Fig. 4.2, It has become standard practice to make
this replacement (e.g., Fig. 4.3 or Ref. 8) in presenting data on the
critical ignition impulse. Although the practice has some obvious
advantages from the viewpoint of applications, it adds all of the un-
certainties in the thermal pulse length and shape to the uncertainties
in the ignition data. It also tends to imply that the pulse length
depends only upon the yield, thereby obscuring the sensitive dependence

upon height of burst and any variation with weapon design.

For burst heights up to about 20 miles, curves such as

Fig. 4.3 can be rendered applicable, in a rough approximation, by
multiplying the yield by the ratio of the atmospheric density at the
burst height to the sea-level density (see Sec. 2.3.3). For high

altitude bursts, however, the curve is entirely inapplicable,

.8 Relative Igritability of Various Kindling Materials

interest to relate the detailed results

on a-cellulose to igniticr cornditions for materials commonly found
in urkan and wild-1lsnd ervironments. Such relations are necessarily
T s o composition of envirommental

approximate relationships have been devel-
is fourd, for example, that the curves for
proximately to the curves for 0,5 mil
reported in Refs. 13 and 14, a variety of

orcder of decreasing ignitability, may be listed

o
holetery, dark color

Retting wood

Heavy cotton draperies, dark color

Beech leaves

Corrugated kraft board; newspaper, medium print;
heavy canvas, olive green

4-9




DECLASSIFIED

- Authority N N DSy RNV W

EEMRARS

ARA Date 1 -4 -CD

T T IoY $20d4dN0og

skep [ . 8 LST LT vz JDQUT T,
(eaone/suoy gp)
sanoy g/ 09 0L O 0T ysnag Aaeay
- (oaoe/suoy §7)
sanoy 9¢ 0§ 124 0s 9 YSNaIg wnTpojy
(oaoe/suon zT)
Sanoy 9T 0372 9 09 Z ysnag bt
ssanutw Qg oT> ¢/ T 06<  ¢/T-T ssean
EELCNEN| 3SPOTOY
Abasug Abasuqg
Swy, Te10L JO (soanuty) Tri0y], jo (soanuty)
butuang Tej0f, slichh k| DWTT, JUDOIBJ DWT T, adAL, Tong

butuang Tenprsey

butuang justoTp

Se9dY PUPT-DTIM UL STolj JO SOWTq butuang

¢S ITaUL



e

' o o V A{nhorityw NS B L
; B%?\/[%’ARA'DMCT ““";E‘:-’)

Moisture content of fuel

Humidity

Precipitation

Surface winds

Upper atmospheric winds

Lapse rate of the atmosphere

Other weather factors

Topography

Firebreaks

The fuel type has a strong influence on the rate of
spread of small fires. Fuel-loading (the total amount of combusti-

ble per unit area) is more important for large fires.

As indicated earlier in Sec. 5.1.4, weather parameters

influence on the spread of small fires., For large

: y 1 - I = B < - e e - e ~ 2
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Man-made firebreaks (areas in which all combustible
material is removed) of reasonable widths are highly effective in
preventing spread of small wild-land fires. For large fires with

well-developed convection columns, only large natural firebreaks are

very effective, A currently popular "barrier theory" of forest fire

spread places emphasis on the sizes and locations of firebreaks in

predicting the extent of fire spread. This theory has met with some

success.

For wild-land fires burning from € to 24 hours, the
average of the measured spread rates of past fires is 0.16 mph (Refs,
13, 30). Wild-land fires have been known to spread as fast as 1
mph, These numbers are obtained by dividing measured total run
distances by observed total run times,

Simplified "no-fire-spread" criteria for various types
These

criteria are based upcn empirical observations and represent the

of urban and wild-land fires have been reported in Ref, 13.

opinions of professional fire-fighters,

t
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6. MASS FIRES AND THEIR EFFECTS

6.1 The Occurrence of Fire Storms and of Urban and Wild-Land
Conflagrations

6.1.1 Definitions

While the term '"mass fire™ refers to any large fire, the

terms "conflagration" and "fire storm" are usually restricted to

rather specific types of fires. A conflagration is a large propa-

gating fire; substantial fire spread is the key attribute of a con-

flagration, Thus, conflagraticns are capable of damaging areas much

larger than the area of initial ignition.
ense, localized fire, usually with a single

A fire storm, on the oth-

er hand, is a large, int
imn extending hich above it., The key

element in the definition © is the presence of high
velocity fire-induced winds; wind velocities greater than 75 mph are

required in a representative specific definition. Fire storms do

not spread to regions outside the initial area of ignition, but

destruction is often complete within the area of ignition.

6.1.2 History

Many mass urban fires have occurred in the past through

natural causes. Among the more well-known examples are: the London

fire (1666); the Moscow fire (1812), which burned 5 days; the Hamburg

fire (1842), which burned 4 days; the Chicago fire (1871); the San

Francisco fire (1906), which burned 3 days; and the Tokyo fire (1923).

Most of these are probably best classified as conflagrations;

~ 1 sq,

-
Ior

example, the Tokyo fire spread over 12,000 acres (600 acres

mi.) of the central part of the city (Ref. 1). However, some of

these fires exhibited occasional high local wind velocities, which

are commonly associated with fire storms, For example, in Ref, 2

6-1
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the description of the Chicago fire cites observations of burning
planks lifted by fire whirlwinds (localized vortices with intense

circulation) and dropped up to 3/8 mile beyond the fire,

All of these urban conflagrations, however, are small
compared with typical wild-land conflagrations. The largest U,S,
forest fire was the Pashtigo fire in Wisconsin and Michigan, which
burned 5900 sq. mi, in October 1871 (Ref. 3). This fire occurred at
the same time as the Chicago fire and claimed more lives than the
250 recorded in Chicago, In August 1910, 5000 sq. mi. burned in a
mass conflagration in Idaho and Montana (Ref, 4). BAs recently as
1950, 3000 sq, mi, burned in Alaska (Ref., 5). Smaller wild-land fires
that burn much larger areas than any of the natural urban confla-
grations are quite common (e.g., the Stewart Fire, San Juan Capis-
trano, California, December 1958, about 100 sqg. mi.). Although prac-
tically all large wild-land fires are best classified as conflagra-
ticns, nevertheless, large fire whirlwinds with high circulatory
velocities and tall, well-defined convection columns often occur in
wild-land fires., (See Refs., 6, 7.) Thus, mass wild-land fires often

exhibit many of the characteristics of fire storms.

Mass fires were first created deliberately by man during
World War II, principally in the incendiary raids on Germany and
Japan (Ref, 8). These fires burned more intensely but for shorter
times than the previous natural urban conflagrations. Probably due
to the predominant use of combustible building construction materi-
als in Japan, the attacks on Japanese cities often gave rise to
large-scale urban conflacrations. Tokyo, Osaka, and Xobe are exam-
ples of Japanese cities experiencing large conflagrations. The se-
verest conrlagration was in Tokyo (March 1945), where 16 sq. mi. burned
and 85,000 lives were lost, These fires were often accompanied by
viclent atmospheric convection, Fire spread was not so common in
German cities, but there were at least four well-documented cases of
intense fire storms, viz,, in Hamburg (1943), Kassel (1943), Darmstadt

(1944), and Dresden (1945), In a number of other cities (e.g.,

6~2
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Stuttgart), high-speed fire-induced winds were reported. The most pub-
licized fire storm is that which occurred in Hamburg, where 40,000 lives
were lostf 70,000 of the city's 100,000 trees were blown down, and in-
stances of automobiles and trucks being lifted into the air were re-

ported. However, the most lethal fire ever recorded is probably the

Dresden fire storm in which casualty estimates ranged from 100,000 to
.300,000, the presently accepted number being about 150,000. A vivid,
if somewhat controversial, account of the Dresden fire storm may be

found in Ref. 9. It is worth pointing out, however, that even in the
center of the fire-storm area in Hamburg, more than 85 percent of the people
survived, and in Dresden, using the most pessimistic figures, 80 percent

of the population of the inner city survived™™ Thus, the worst known

mass fires have not produced devastation approaching total annihilation.

By comparison with the mass fires discussed above, the fire

effects of the 20-kt atomic explosions at Hiroshima and Nagasaki are

not great. In Nagasaki, mainly because of the hilly terrain (reducing

the number of ignitions) and the large number of firebreaks (reducing
fire spread), less than 2 sg. mi. burned. In Hiroshima, where the flat
valley and short separations between buildings favored both ignition
and fire spread, only 5 sqg. mi. were burned. (These results cannot be
related to our thermal ignition criteria because it is not known for
certain whether the fires resulted from primary thermal ignitions or
secondary blast ignitions.) A mild fire-induced wind of 30 to 40 mph
was observed in Hiroshima, and very little fire spread occurred beyond
the initially ignited area.

Today's nuclear weapons are capable of igniting much
larger areas than those burned in Hiroshima and Nagasaki. Some past
natural wild-land conflagrations have burned over areas of the same

order of magnitude of 5,000 to 10,000 sg. mi. as those which, ac-

cording to the most liberal estimates, could be exposed to simultaneous

multiple ignitions by an explosion of a 50- to 100-Mt bomb under

“This is the largest known number of casualties ever caused by a fire
before 1945,

"“People are known to have died between burning buildings (from radiant
heat), in basement '"shelters'" (from carbon monoxide poisoning and heat),
and within the burning buildings themselves. People survived by
taking refuge in well-designed shelters or by evacuating the areas
of intense fire.
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optimum conditions. Therefore, the area of ignition threatened by a

nuclear weapon is not large compared to previously observed burned areas.
Hence, the principal difference between fires induced by large nu-

clear bombs and previous large conflagrations is that the ignitions

are simultaneous in the former case, This difference will lead to

much shorter total burning times for the bomb-induced fires. However,

because of wide natural variations in fuel type, thickness, density,
etc., the bomb-induced fires will not all develop simultaneously;
their behavior should rather resemble that of previous large-scale

conflagrations, but with a time scale compressed by as much as an

order of magnitude, The degree of destruction within the initial
area of ignition, and the extent to which additional large regions
will be burned over as a result of propagation will depend upon the
factors affecting fire development and spread, discussed in Sec, 5,
Thus, no qualitatively new fire phenomena are expected to be produced

by large nuclear explosions.

6.1.3 Fire Storms

Since all mass fires are highly nonhomogeneous, it 1is
difficult to decide precisely what constitutes a "fire storm."
Originally, the term was intended to denoté a fire-induced storm ex-
hibiting all characteristics of a meteorological storm, viz,, wind,

clouds, and rain, Wind is induced by free convection resulting from

the buoyancy force on the hot gases produced in the fire, Gaseous
H2O, a principal product of ~combustion, often econdenses into clouds
resembling ordinary cumulus clouds (Ref. 7) as a consequence of being
transported upward into cooler air, the temperature of which is below
the condensation point of the water. There is no a priori reason

why these clouds cannot become sufficiently saturated to produce
precipitation, and there have been scattered reports of rain falling
in intense forest fires., More recent definitions (Sec., 6.1.1)
do not include clouds and precipitation (which are clearly secondary)

as requirements,
Many qualitative mechanisms have been proposed as being

essential aspects of fire-storm development. A feedback mechanism

6-4



DECLASSIFIED
Authority b v D2 m b e

EﬁQ¥LNA&\DmCW‘W

has been suggested whereby an increased burning rate produces stronger
convection columns which give rise to an increased air inflow veloc-
ity, This velocity, in turn, tends further to increase the burning
rate (Ref. 10). A series of experimental studies on the effect of
forced ventilation on laboratory fires has been undertaken in an ef-

fort to ascertain the validity of this hypothesis. (See Ref., 10, 11.)

Forced air flow into the fuel bed increases the burning rate, but

forced air flow into the flame or convection regions has little ef-
fect (Ref., 10).

Another hypothesis is that, in order for .a fire storm
to occur (specifically, in order for very high wind velocities to
occur), wind shear (a horizontal velocity gradient perpendicular to
the direction of the wind) must be present in the ambient atmosphere
(Ref, 12). The velocity gradient necessitatesa high speed circula-
tory motion when the air is drawn into the fire by a convection
column. In this view, & fire storm resembles a large fire whirl
(Ref., &), Simple small-scal leboratory demonstrations have shown
that, when a fire is enclosed so that air entrainment must occur
sangentially instead of radially, the character of the flame 1is
changed dramatically:; the flame heicht has been made To inc

from less than 1 ft to as much as 11 ft, the burning rate increases

by a factor of 3, and inflow velocities have been observed to in-

crease to 20 mph (Ref, 13). Fire whirls as large as 600 ft in di-
ameter and with velocities up to 125 mph have been observed in Ifor-
est fires (Ref. 14). It is plausible, therefore, that circulatory

winds are responsible for many of the reported instances of high air
velocities in urban fire storms, According ©O Ref. 12, laboratory
experiments with fires on rotating ~ables are being undertaken in an

attempt to gain a basic understanding of the influence of wind shear.

From a fluid dynamical viewpoint, it 1is lc that con-
vection columns play an impeortant role in the entrainment of air into
fire storms. Consequently, an understanding of e character of a

convection column is essential for an understanding of fire storms;

m
i
w
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(note, for example, that the convection columns are essential elements
in each of the mechanisms described above), Thermal convection

plumes have been analyzed under various sets of conditions in the
past,®* Reference 16 deals specifically with the large convection
columns above fire storms, including the effects of combustion and
composition variations within the column, radiation losses from the

hot gases, the lapse rate of the atmosphere, varying fuel supply

rates and various base-burning areas. Through a numerical integra-

tion, the integral boundary layer method yielded solutions for prop-
erties as functions of altitude within the column, such as those

shown in Fig. 6.1. Some of the parameters entering the analysis,

particularly the entrainment coefficient a for the plume, are known
very imprecisely for fire storms and, therefore, the numerical re-
sults may not be very accurate, Furthermore, concentration and tem-
perature profiles are known to be given very imprecisely by analyses
of this type, and hence the possible implications that flame heights
are very large and that oxygen concentrations are reduced to danger-
ously low levels in the center of a fire storm should not be taken

very seriocusly (Ref, 16). The parameter of greatest interest, the

induced horizontal wind velocity near the ground, is not given by

this theory because the boundary layer approximation breaks down near

Thus, it is not yet known whether rotational motion 1is
An appli-

the ground.
essential for achieving ground winds of hurricane force.

cation of the boundary layer approximation in a different manner may

provide an answer to this question (Ref, 16).

A uniform fuel source is postulated in fire storm con-

vection column analyses (Ref, 16)., However, urban and wild-land

areas always burn nonuniformly, The merging of convection columns
above individual clumps of fire in order to form a single large con-
vection column above the fire storm, therefore, may be an integral part

of fire-storm structure. This merging process has been rather success-
1

fully modeled in the laboratory by using many small gas jets., (See

“See Ref, 15 and references quoted in Ref, 16,
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Refs, 17, 18.) Certain aspects of fire-storm development and
structure are therefore amenable to laboratory modeling analysis,
To simultaneously model all essential characteristics of a fire
storm, however, would be very difficult or impossible.

The following question is often raised: "Might not a

fire storm resulting from simultaneous ignitions over a very large

area be much more intense than the fire storms encountered in the

past?" The guess of most experts is "no,"™ Most fire experts esti-

mate that, when an area of radius greater than roughly 1/2 mile is
aflame, a physical phenomenon occurring within that area will differ
negligibly from the same phenomenon occurring within an infinite

fire environment., Since fires larger than 1/2 mile in radius have
been observed, fire storms resulting from large areas of ignition
are expected to be comparable in intensity to previous fire storms.

Reasons given for the limitation to roughly 1/2 mile are of the fol-
lowing types:

a,
to extend beyond 1/2 mile outside of the fire, even in the largest

High-speed fire-induced winds have not been observed

known fire storms’

b, The wind velocity i1s not observed to increase or
decrease uniformly inside a large burning area; instead, conditions
are highly nonuniform and, therefore, the maximum distance of in-
fluence of collective phenomena within a large fire should probably
be comparable with the more accurately observed distance of influ-

ence outside the fire (Ref, 14).

c., Some highly simplified theoretical models of fire

storms have failed to produce correlation distances greater than 1/2

mile,** (Ref. 19)

"It might be noted; however, that measurable fire-induced winds (i.e.,
winds of a few mph) have been recorded as far as 2 mi. from intense

fire storms (Ref. 14).

**Por example, cxygen depletion does not appear at first glance to be
able to produce large interaction distances because all the air needed
to burn a typical house is contained in a volume with base area equal
to the plan area of the house and with a height of only about 200 ft.

6~8
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d., Although it is obviously possible to identify char-
acteristic lengths substantially greater than 1/2 mile (e.g., the
scale height of the atmosphere), such lengths have not been related

rationally to ground-correlation distances for flaming areas.

These preceding arguments are frought with uncertainties but appear

to be the best that are currently available.

I+ should be clear from our discussion that fire-storm
Possibly none of the mechanisms

phenomena are not well understood.
Al-

discussed above can explain all characteristics of fire storms.
ternatively, perhaps each of the above mechanisms can account for
the principal observed properties of fire storms; for example, in
some cases, the high velocity winds that have been experienced may

be due to rotation and, in other cases, to strong radially symmetri-
cal convection. There are a host of basic research problems related

to fire storms, and a clear conception of what constitutes a fire storm

will not emerge until many of these problems are solved.

n

Fire

6.2 Damage Caused by Large-Scale Urban and Wild-Land

5.2.1 Urban Fires

In urban areas, fire damage can be classifie
damage and human casualties, The extent of severe property damage

in mass urban fires has been discussed in Sec, 6.1.2, In relation

to property damage, it may be worth mentioning that many factories

destroyed by fire in World War II were back to nearly full produc-

tion within a month of the attack (Ref, 8); fire damage to prcoer:

alone does not necessarily produce long-term incapacitation.

Casualties from mass urban fires in the past have been
given in Sec, 6.1.,2, Fire alone is not extremely effective in claiming

human lives; the majority of the people survive. In this connection,

P IR
4 sSuY

it is of interest to point out the strong evidence that people ¢

vive any mass fire if they take refuge in a shelter beneath 2 or 3

[N
-
O

earth, located where no rubble or fire debris will fall on top of
the shelter or the air vent. (See Refs, 20, 21.) Reports of shelter

6-9
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casualties have always referred to basement shelters under burning

buildings, where the occupants were exposed to high temperatures for
> 2 to 3 hours, or shelters with ventilation adjacent to burning or
smoldering materials, where the carbon monoxide concentrétion usual-

ly reaches lethal levels. To provide adequate sheltering from mass
fires is not difficult. ‘ V

6.2.2 Wild-Land Fires

Long term effects of fires on wild-land regions have
been studied intensively by the U,S, Forest Fire Service, U,S, De-
partment of Agriculture., Often, certain types of fires are highly

beneficial to forests; this observation has led to "prescribed burn”

procedures in U,S, forest management, Other fires are highly detri-

mental to wild-lands. It is often difficult to decide whether a

given fire has been beneficial in an overall sense, because fires
have favorable effects on some properties and unfavorable effects on
others. BAlso, whether or not the effect of a particular type of
fire on a given property is favorable depends upon many parameters
(e.g., a beneficial fire in flat land may be undesirable in hilly
terrain). The intricacies of this problem are much too complex to

be discussed here. The voluminous literature will not be cited.
Representative of the difficulties encountered in ecological studies,
Ref. 22 states: "...it is universally agreed that the replacement
of pine and spruce forests in the northern Lake States by aspen is
entirely the result of past fires. Whether this is good or bad de-

pends upon whether you want conifers or aspen.™
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APPENDIX A

CALCULATION OF HIGH-CONFIDENCE LIMITS ON IGNITION RADII

The results of Sec, 1,7 through 1,9 enable us to calculate
the ground radius R inside of which ignitions will occur. In terms
of the integrated energy flux q required for ignition, the transmis-
sivity T of the atmosphere and the total energy Q emitted in the
thermal pulse of the weapon, the formula determining R is

q = TQ/4ns’ (1)

where

2 2 2 | (2)

is the square of the slant path length from the bufst point to the
ground, and it is assumed that the thermal radiation from the burst
can be considered to emanate from a point. In view of Eq. (1), of
Sec. 1, Eq. (1) above can be written as )

Y
2

R = (7.95 TW/q - h%)Z, (3)

where the weapon yield W is in kilotons, q is in cal/cm2 and h and R
are in km. When the thermal efficiency 7, the atmospheric transmis-
sivity T and the ignition energy q are known, Eq. (3) may be used

to compute the ignition radius as a function of the weapon yield and
the burst height.®

%
Equation (3) is not really an explicit formula for R because the
factor T depends upon R,
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We have substituted hfgh~confidence limits for T, T and q into
Eq. (3) in order to obtain high-confidence upper and lower bounds
for R at specified values of W and h? Our aim was to specify the
parameters T, T and q as accurately as they can be specified in a
representative operational situation. Thus, a reasonable number of
unsaturated newspapers (or their equivalent) were assumed to be
present, so that the limits on q can be taken as 2 and 20 cal/cm2
for all values of W and h., (See Sec. 1.,9.) The limits employed for
7 were the boundaries of the shaded region in Fig. 1.3. Typical
meteorological data (visibilities and type of cloud cover, if any)

were assumed to be available for estimating T.

Calculations were performed for only two sets of weather condi-
tions, the average clear day (visibility quoted as 10 miles, no clouds)
and medium cloud cover (ground visibility about the same as for the
average clear day, sky completely overcast with medium clouds, but
no rain). We believe that these two cases characterize represehta—
rive conditions favorable to ignition and representative conditions
unfavorable to ignition, respectively. Clearly, ignition radii
will exceed our average clear day values if the visibility is un-
usually high, and ignition radii may be much less than our medium
cloud cover values if the ground visibility is very low and there
are dense clouds. Since our principal objective is to aécertain
representative orders of magnitude of uncertainty, we have not pre-
pared ignition radii catalogues for the whole realm of possible

weather conditions.

For bursts above the atmosphere (specifically, for values of h
> 10 km), values of T on the average clear day were taken from
Fig, 3.2; limits were defined by drawing lines that bound all curves
and points shown in the figure. For sea-level bursts on the average
clear day, Eq. (2) of Sec, 1 was used for T, with bounds on TA taken
as 0.65 and 0.90 and with representative high-confidence limits on \%
assumed to be 10 km and 40 km,*¥

%*
The validity of this procedure is considered in Appendix B.

**Tn Eq. (2) of Sec. 1, D = R for sea-level bursts.
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associated with cloud cover, cloué transmissivities for medium cloud
cover were assumed to be bounded, with high confidence, by the limit-
ing values of 0.4 and 0.2, (See Sec. 1,8,) In the calculations for
medium cloud cover, these cloud transmissivity factors® were included
in T and the rest of the computation was completed in the same way as
for the average clear day, for all R curves except the upper bound,
sea~level-burst curve, The uppér bound on R for sea-level bursts

was taken to be somewhat higher®* for medium cloud cover than for the
average clear day in order to account for the possibility of reflec-

tion of radiant energy from the clouds.

The results of the calculations appear in Figs. 1.1 and 1.2 and
are discussed in Sec. 1.4,

“The increase in the path length through the cloud with decreasing
elevation angle leads to a corresponding decrease in the cloud
transmissivity which was included.

The enhancement factor employed in. T lay between 2 and 4., The
correct factor is strongly dependent upon the geometry, the
earth's albedo, etc,, and therefore a precise computation was
not attempted.

wek
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APPENDIX B

THE MEANING OF HIGH-CONFIDENCE LIMITS

We calculated high-confidence limits on the ignition radius R
simply by substituting high-confidence 1imits for the thermal effi-
ciency T, the atmospheric transmissivity T and the minimum integrated
energy flux for ignition q into the formula for R. It might be sug-
gested that this gives limits on R that are much wider than reasonable
and that one perhaps should use the square root of the sum of the
squares of the deviations of T, T and q from their mean values in
order to obtain high-confidence limits on R. This last suggestion is
not acceptable because the high-confidence limits on the parameters
are so wide that appreciable changes in the funcéions occur between
these limits and conventional error analysis is inapplicable. The
only acceptable approach for refining our definition of high-confidence
limits on R is to express the probability distribution of R in terms
of the probability distributions of M, T and q and to calculate, from
this expression, the % confidence limits on R in terms of the given
wé, confidence limits on T, T and q.

This correct approach encounters two major difficulties. First,
it is not clear precisely what humbers constitute % confidence limits

on N, T and q. The numbers émployed in our calculation are believed

B-1
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to lie between 90% and loo%gconfidence limits, but perhaps they are
as low as 80% confidence limits; there is no sound basis for estab-
lishing exactly what percentage confidence limits we have chosen.
Second, and most important, there is no information at all about the
functional forms of the probability distributions for M, T and q.
For some probability distributions, our method will yield accurate
W, limits on R from x% limits on T, T and q (with the same value of
v for all parameters). For other distributions, our method canbbe
inaccurate. It is worth emphasizing, however, that if our numbers
correspond to the narrowest 100% confidence limits on 1, T and q,
then our method yields precisely the narrowest 100% confidence limits
on R. It was on the basis of this observation that our method was
adopted.

Tn view of the difficulties mentioned above, it is unprofitable
to attempt to compute accurate ¥ confidence limits on R. The formula
for computing the probability distribution.of R from the probability
distributions of T, T and q is given below, for use in case information
concerning these last three distributions becomes available. A simpler
related problem is also considered in an effort'to obtain some con-
ception of the magnitude of the change in the percentage confidence
1imits that our method of calculation might produce.

If Xy, oeey %, 3T€ real random variables and

z2 = £(X 5 eees %) (1

is a known function of these variables, then the probability distri-

bution of z is given by



......................................

P(2) _ff f 5 [ CE(%yy eees X )] P(%y s ey X, ) % OXgo.udx, , (2)

-0 =00

where & is the Dirac delta function and P(x,, ..., X, ) 1s the joint
probability distribution of x,, ..., X,. In our present terminology,
"probability distribution" means what statisticians often term "frequency
function" or "density function'; i.e., thé probability of finding the
random variable z in the range dz about z is P(z)dz, and the probability
of finding X, in the range dx, about X;, Xz in the range dx, about xé,
..., and x_1in the range dx, about x, is P(Xys ooes Xp) O%; XpeoodX, .

If %, «.., X, are statistically independent, then
P(Xy5 eoes Xp) = Py (%) Pa(xz) «ov Pr(x) (3)

where P,(x,) is the probability distribution of X, [i.e., Py (x,)dx,
is the probability of finding x; in the range dx, about Xi] .

Applying Egs. (1) and (2) to the function R?+h*,

we find

[=e] o© ©

P(R®+h?) =fff 8(R®+h®-7.95TTW/q)P(M,T,q)dNdTdq . (4)

See Appendix A for notation and for the appropriate function

F(Xys eees Xp)» If 7, T and q are statistically independent,
then

pren®) = [ f [ s(RP4n2=7.95TM/Q), (P (TP (ARG 5 (5)
0 0 0

where P, , P, and P; are the distribution function for 7, T and q,

respectively. The quantities W and h are fixed constants in the above
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equations; 7N, T, q and R are the random variables. One integration
can readily be performed in Eq. (4) or Eq. (5); we find, for example,

from Eq. (5) that

«© <0

P(R%+h?) =ff (q/7.95TW)P, [(R2+h2)q/7.9STW} P, (T)P, (q)dTdq . (6)

To proceed any further entails assigning functional forms to P,, P,

and P,. Since no basis for choosing these functions yet exists, we

\/
%

terminate the present development at this point.
Consider next the related problem in which there are two inde-

pendent random variables x and y, and
zZ =Xy . (7)

Here,

0

pz) = [ [0 stzp, GORa@xay = [ (LB a/RaI , (8)
0

where it is assumed that x and y are non-negative (i.e., P,(x) =0
for x < 0 and Pa(y) = 0 for y < O ] .

First, suppose that x and y have rectangular distributions;

0 , X <X = A
P,(x) = l/(2A1) 5 X = A < x < X + Ay ()
0 , X > X + A

Tt might be remarked that, for example, the x% upper confidence
limit on R®, denoted by Ri, is determined from P(R®+h®) by the

formula Ri+h2
X

2 2 2 2 — 1
_/~ P(R*+h*)d(R*+h*) = 5 + 500

0
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0 L, y<y- b
Pg(y) = l/(zAE) s —};'— A2’<Y<§+ Ja% (lO)
0 :y>§:+A2

For brevity of notation, assume further that
X+ 8 - b)) < (X = MY + 82) 3 (11)

[if Eq. (11) is not satisfied, one need only interchange the defi-
nitions of x and y and it will be:]. Substitution into Eq. (8) and

integration yields

0 , z<(X~ 8 ) (F-42)
1 z — - -
In | — — s (X=y ) (T 02)<2<(R+ 4 ) (¥~ 42)
o b [( 'Al)CY"Az):l
P(z) = 4A:1LA2 1n %) s (Y+A1)(?—A2><Z<<Y-A1>(V+Ae) , (12)
4A3'A2 1n [@“Al ;(%A")] L (T, ) (T4 8 )<2< (R iy ) (742

0 2R+ ) (V+A2)
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whence,
( /
0 , z2<(X=0, )(T-1h2)
z z - N CS WICAITY
44 B2 {ln [(5?"‘&‘)(57'[\2)‘] l} 44 be ?
(R= 1 ) (T= 22 )<2<(X+ 1 ) (F-42)

Z

_ 1 X+A -

'/O‘P(z)dz = e [z ln<§-_-_-i-) - QAI(Y'AB)] s : - (13)

(X4 Y (T~ 82)<z2<(X- A ) (THA2)

z (X+0 Y (V+A2) 47 Az = (X440 ) (T+A
g {ln[ Iz 2 ]+l»} 4 ==L 4A1A27 A2) ,

\ (X= 2y ) (F+ b2 )<z<(Xt & ) (T+42)
1

> z>(X+ 1 ) (F+82)

The lower and upper x% confidehce limits on z are obtained from
Eq. (13) by solving the equations f P(z)dz = £-x/200 and fZP(z)dz =
$+%/200, respectively, for z. S:mc‘e in general this invol\(/)es solving
a transcendental equation for z, we shall proceed directly to a
numerical example.

Let X =y =1and p, = pe = 0.8. Then, from Eq. (13), the %

confidence limits on z are given by

0 , 2<.04
Z z .04
R %ln [,04] 15 + 5, -04<2<.36
i . S
= * 200 z 3,24 68
5TEE g In [ - ] +1 f = 5tg o .36<2<3.24 . (14)
1 , z>3.24
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TABLE B-1

COMPARISON OF EXACT AND APPR%XIMATB CONFIDENCE LIMITS ON z =
Xy . WHEN x AND y HAVE RECTANGULAR PROBABLILITY DISTRIBUTIONS

"WITH LOWER AND UPPER LIMITS OF 0.2 and 1.8

Confidence Exact  Exact Approximate Approximate
Percentage Lower Upper Lower  Upper Lower Upper
X Z Z. x&y XxX&Y Z 4
100 . 040 3.24 .20 1.80 .040 3,24
95 .130 2,65 .24 1.76 .058 3,10
90 .175  2.36 .28 1.72  .078 2.96
80 . 225 2,01 .36 1.64 .130 2,69
50 . 390 1.445 .60 1.40 . 360 1.960
20 . 650 1,055 .84 1.16 . 707 1.346

The lower and upper values of z, corresponding to various chosen values
of x, as obtained from Eq. (14), are shown in the second and third
columns of Table B-1l. Also shown in Table B-1 are the corresponding -
upper and lower values of x and y, computed from $+x/200 = (x=X+p )/20 =
(y-§#A2)/2A2 which reduces to 1+0.8x%/100 = x = y in the present example,
and the upper and lower values of z computed by substituting these
limiting values of x and y directly into Eq. (7). These last values

* of z, labeled "approximate™ in Table B-1l., are evidently the values
obtained by a procedure analogous to that used in computing high-
confidence limits on R, It will be noted from Table B-1 that, al-
though we have chosen an extreme case in which high-confidence limits
on both x and y differ by a factor lying between 5 and 10, neverthe-
less the exact high-confidence upper limits on z differ from the
approximate ones by no more than 35%, and the exact high-éonfidence
lower limits on z differ from the approximate ones by no more than
a4 factor of 2.25. It may be remarked that the approximate limits on
2 obtained with 80% confidence limits on X and y are about the same

as the exact 95% confidence limits on z. However, the observation
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that the e;;ct 95% upper and lower high-confidence limits differ by a
factor of 20.4, while the}approximate 95% upper and lower highéconfidence
limits differ by a factor.of 53.5, indicates that the factor of ~ 2.6
by which these ratios differ is small compared with the factor of ~ 20
by which the upper and lower high-confidence limits differ. One may thus
infer that, for rectangular probability distributions of the original
variables, the approximate mnethod for computing high-confidence limits
on z does not lead to gross errors in these limits.

Next, suppose that x and y are normally distributed about their

mean values X and y with standard deviations o, and g,. Then

1 _(X'—X)z
Pi(Xx) = e 2 (15)

and

P,(y) = e 2 Oa (16)

Substitution into Eq. (8) yields

o«

P(2) = 5 f 2 e [_ (v = P2 _ (2fy = 702} @y  an

<]

The value of P(z) given by Eq. (17) can be expressed in terms of tabu-

lated functions only for special values of the parameters; [e.g., if

0,02 0102
Bessel function of the second kind of order zero]. However, the

X =7y = 0 then P(z) = 1 X, ( z ), where K denotes the modified

asymptotic expansion of P(z), valid for large values of z, can be

obtained in terms of previously tabulated functions from Eq. 7).
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This expansion is useful for compuéing upper high-confidence limits
on z. Since we intend to compare the present results with those ob-
tained above with rectangular distributions, we shall write down the
asymptotic expansion only for the special case X=y =aoand 01 = 03
= ¢g, which is analogous to the case x =y (= 1) and A = ‘Az (= 0.8)

treated above, We obtain

: . _(z+ R) _ 204z
P(z)= ———— 0 o -z 0 2
g 20 A/ane © { 4JZ+ (z)]
20 ,J2
ot ——
+ e o [l+4aﬁ+0(-32—')] 5 (18)

where 0(%) denotes terms of order 1/z. When o > 0, Eq. (18) becomes

D A
P(z) = - "/_2_1__(_2 exp[ ——-52————-] {l + O(A/Z)]’ (19)

the integral of which is

=]

g (JZ - )° 1 |
JP(z)dz =7 NoT exp [— -—T—}[l-i-c(jz:)] (20)

Z

To obtain the upper X% confidence limit on 2 [determined by

f P(z)dz = 1/2 - X/200] from Eq. (20) requires solving a trans-
z

cendental equation for z.



Suppose o = 1 and 0 = Q}3° A standard deviation of o = 0.3 is
rather iarge for a quéntity of unit mean that is known to be positive;
rhe value of ¢ was chosen to provide rough correspondence with the
rectangular distribution considered above and with the problem that
engendered this study. The resulting upper X% confidence limit on
z, calculated from Eq. (20), is shown in the second column of Table
B-2. Values of X below 90 are not included in this table because the
asymptotic expansion is invalid below X = 83; it is not very accurate
at X = 90, where it underestimates the upper confidence limit on z
somewhat. Also shown in Table B-2 are the corresponding upper con-
fidence limits on x and y, and the approximate upper confidence limit

on z, computed by substituting these values of X and y directly into
Eq. (7).

TABLE B-2

COMPARISON OF EXACT AND APPROXIMATE UPPER HIGH-CONFIDENCE
LIMITS ON z = xy, WHEN x AND v HAVE NORMAL PROBABILITY DIS-
TRIBUTIONS ABOUT MEANS OF UNITY WITH STANDARD DEVIATIONS OF 0.3

Confidence Asymptotic ' Approximate
Percentage Upper Upper Upper
X Z x and vy Z
99.9 2,66 1.99 3,95
99 2,06 1.77 3,15
98 1.88 1.70 2,89
95 1.57 1.59 2,52
90 1.15 1.49 2,23
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Tt will be noted that the approxi?ate upper confidence limit differs
from the asymﬁtotic upper confidence limit by 50 to 90% in Table B-2%
This discrepancy is more than twice as great as that obtained with
the rectangular distribution. Thus, the approximate method of cal-

- culating high-confidence limits is not as'accurate for a normal dis-
tribution as for a rectangular distribution. This is to be expected
from the shapes of the two distribution functions. Intuition also
dictates that the approximate procedure would be more accurate for a
bimodal distribution than for a rectangular distribution.

Thus, in the absence of any information on the probability dis-
tributions of M, T and q, it is pointless to attempt to calculate how
accurately our approximate method for computing high-confidence limits
on R reproduces the same percentage confidence limits on R that were
used for M, T and q. On the basis of the preceding analysis, one might
guess that the caleculated limits on (R® + h?) are too wide typically

« by a factor of 2, perhaps by a factor of 5 in some cases, but often by
a negligible amount. Discfepancies of this order are small compared

with the range of uncertainty obtained in Appendix A

*The approximate upper limit on 2z obtained with the 90% upper con-
fidence 1limits on x and y is apprOX1mately equal to the asymptotic
99,5% upper confidence limit on z.
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APPENDIX C.

RECOMMENDED RESEARCH

A selection of pertinent research investigations is given below.
They are divided according to the general areas upon which they prin-
cipally bear, although some of the investigations are relevant to more
than one general area. As indicated in the text, it is not possible
at the present early stage to state precisely how the results of these
studies would combine to improve our ability to predict fire damage

fyom nuclear thermal pulses.

1, Thermal Pulse

1.1 The thermal yield of high-altitude (50 to 400 km) high-
yield (above 2 Mt) nuclear weapons should be studied carefully, both
theoretically and, if permissible, experimentally. The theoretical
study should be carried out by a highly'competent‘team of physicists,
who will account as accurately as possible for all pertinent physical

phenomena and will use electronic computers when necessary.

The nature of the problem is such that a very.careful study
by the best theoretical physicists probably can yield results suffi-
ciently reliable to eliminate thermal efficiency as & substantial
contributor to our ﬁncertainty in ignition radii. The study would
last about three years. Preliminary steps in this direction already

may have been taken.

2, Ignition
2.1 Accurate ignition energy data should be obtained for shorter
pulse times and for larger jrradiated areas than those of the current

data. Such measurements are now in progress.
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2.2 Measurements of temperatures and of radiant emission should
be made to find whether eXothermic reactions first begin in the solid,
in the gas, or at the solid-gas interface during the radiant ignition
process of cellulosic materials. One related study has been reported,

but much more work is needed.

2.3 Gas-sampling measurements should be performed to discover
what gaseous products are produced in the radiant pyrolysis of cellu-
lose. A number of studies of this type have been reported, but ap-
parent contradictions exist so that the state of affairs is not yet
clear. The uncertainties might be cleared up by obtaining time-
dependent profiles of the gas composition through analysis of gas
samples taken at various positions above and within the cellulose.
The results are needed for an understanding of the radiant ignition

mechanism.

2.4 Attempts should be made to identify, through theoretical and
experimental studies, what chemical constituents act as fuel and
oxidizer in the ignition reaction of cellulose ignited by radiation.
The results are necessary for an understanding of the ignition process.

2.5 Theoretical analyses of the radiant ignition process should
be performed. The analyses should account for the fact that the system
is basically non-premixed. Studies along the lines currently being
employed in investigations of solid propellant ignition might be
applied very fruitfully to radiant cellulose ignition.

2.6 The relative importance of molecular diffusion and of con-
vective motion in radiant ignition processes should be studied theo-
retically (by estimating the magnitudes of terms in the governing
equations) and experimentally (by sampling techniques).

2.7 Further attempts should be made by physical chemists to un-
ravel the reaction kinetic path and to determine the rates of the
elementary reaction steps of the ignition of cellulose. Accompanying
this study, attemps should be made by combustion theorists to develop
useful simplified models of the elementary steps in the ignition process.
Such studies might lead to relatively accurate specifications of
radiant ignition conditions.

c-2



Authority™NNDAS Y &V ST

| egMaEARa D1 ZA0D

R n——
L

2.8 Gas sampllng and temperatyre measureients (2.2 and 2,3) should
be performed at varying moisture contents of the material in an effort to
determine the mechanism (physical or chemical) by which moisture con=-
tained in the solid affects the radiant ignition process of cellulose,

2.9 An experimental study should be initiated to determine the
sorption characteristics of cellulose for various gases (e.g., CO,
Co
ascertain under what conditions and to what extent physical adsorption

ns and O Yo The purpose of the investigation would be to (a)

occurs, and (b) to ascertain under what conditions and by what mechanism
chemisorption occurs, This is basic input data needed in developing |
an understanding of the ignition and combustion mechanisms of cellulose,
e.g., to interpret rationally the results of study 2.3.

2,10 Basic research should be conducted to determine such proper-
ties as explosion limits and flammability limits for mixtures of air
and cellulose decomposition products. The results would have direct
bearing on ignition conditions for cellulose. A modification of this
experiment, employing various simulation techniques, could be used to
provide information on the problem listed in study 3.8.

2,11 A definitive survey should be made of the distribution of
potentiél ignition materials in the real environment and of the extent
to which they are exposed to potential muclear detonations, Only very
small statistical samples of needed data of this type are available,

3, Fire Spread

3,1 A group of official forest-fire observers, should be appointed
who would be responsible for seeing that forest fire records are ob-
tained in a complete, logical, impersonal, and scientifically intelli-
gible form, Educational requirements for a responsible position in
the group would be a Bachelor's degree in science or engineering. The
group would be charged with compiling records of fuel type, fuel-load-
ing, terrain, natural and man-made fire-break locations, detailed weather
conditions (pre-fire, during fire and post-fire), linear fire propagation
rates, fire-control activities and their effects, qualitative character-
istics of the fire, extent of damage, long-term consequences of the fire,
etc, In some cases, records currently compiled by the Forest Fire
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Service would be sufficient. But in most cases, these recérds would
have to be modified or supplemented for scientific clarity,

At least for the large fires, this task would require an
observer to be on the scene at the fire-control headquarters., The
observer would not be permitted to take part in or interfere with
any fire-fighting activities. He would listen to or read the usual
fire-fighting progress reports and, after the fire, inquire about
any logical inconsistencies or omissions from the persons involved,
He would supplement the field data on fire spread rates for large
fires by employing infrared photographic records of fire spread
taken from airborne vehicles above the fire by supporting personnel,
If necessary, he would carry out some post-fire field measurements
himself. The principal aim of his report should be scientific
comprehensibility; if certain relevant or essential data are unobtain-
able, this should be noted as in typical scientific reports.

The observer's reports should be filed in a central office
and should be indexed according to size of fire, weather conditions,
fuel type, terrain, etc., The existence of the file should be made
known to the scientific comnunity by all possible means. The reports
would be of special interest to the research establishments of the
Forest Fire Service, U. S. Department of Agriculture, The reports
would be of great value in establishing the multi-dimensioned
functional dependences of fire-spread rates, no-fire-spread conditions,
and the extent of fire damage upon the many parameters influencing

fire behavior,

3.2 Make a detailed review of existing raw data on wildland
fire spread with the following objective: to discover the effect of
each individual parametér upon the rate of spread, when all other
parameters are fixed. Thus, values of all of the parameters listed
in Sec, 5.3.2 should be tabulated, and cases in which all values
except one are practically the same should be selected. The variation
of the spread rate with variations in the single remaining parameter
should then be noted. This should be done for as many different fixed
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combinations of the other parameteys as possible, The process should
then be repeatéd for each of the other pavameters. In this manner,

the spread rate can be expressed as a multidimensional function of

the governing parameters, and the relative importance of the various
parameters can be assessed. This may enable one to identify a few

key parameters governing wild-land fire spread and to develop analytical
methods for predicting spread rates. gtudies similar to this have been
made previously, but they are not quite as systematic as the suggested

investigation.

2.3 The method described in 3.2 should be used to investigate the
effects of the parameters listed in Sec. 5.2.2 upon no-spread criteria
for urban fires. From the scatter in the results, an attempt should be
made to discover what parameters not listed in Sec. 5.2.2 can signifi—'
cantly influence urban fire spread. Very few careful studies of this

type have been made for urban fire spread.

2.4 Analytical studies should be undertaken to determine the in-
fluence of convective heat transfer and of convection of sparks, fire-
brands, etc. upon urban fire spread. Fire spread by radiation in urban
areas is relatively well understood today; & comparable theoretical
understanding of convective heat transfer may enable one to calculate
analytically with confidence the conditions under which fire spread

will occur in urban areas.

7.5 The results of studies (3.3) and (3.4) should be compared
to see how accurately theoretical calculations can be made to agree

with real-world observations.

3.6 The effect of a flow of air on the rate of glow-burning of
small wooden fuel elements should Dbe measured. The experimental
measurements would consist of determining the glow-burning rate as a
function of airflow rate and of determining whether a critical velocity
exists above which glow-burning will cease. The results would bear on

conditions under which glowing ignition may give rise to small fires.

3,7 A program should be conducted-to obtain trhe effect of a flow

of air on the flame-burning rate of single, small wooden cylinders.
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The program could be carriedfout very conveniently in the test section
of a low-speed wind runnel. In such a facility the air speed could
be controlled easily. The end-burning rate should be measured for
various air speeds and for various orientations of the cylinderéwith
respect to the airstream. The results would have many implications

regarding fire spread.

3.8 Experimental measurements should be made of the critical
speed of an airstream necessary to blow out an end-burning flame in
a small wooden cylinder. The experiments could be conducted in a
suitable low-speed wind-tunnel facility. The cylinder would be ig-
nited at one end, and the air speed increased until a speed is reached
at which the flame is blown out. In this way, the "blowout speed"
could be obtained for various orientations of the cylinder with res-
pect to the air and for various cylinder diameters. Data of this type
appear to be lacking and would have a number of implications regarding

fire spread by flying brands, combustion in fire-storm areas, etc.

3.9 A program should be conducted toO ascertain the conditions
under which a small flaming sphere of wood, suddenly placed on a large
horizontal flat wooden sheet of finité thickness, will create a pro-
pagating flame in the large sheet. A series of experiments could be
conducted by varying the sphere size and by 'varying the thickness of
the large wooden sheet. Another series of experiments could be con-
ducted by using glow—burning,spheres instead of flaming spheres. The
implications of the study regarding fire spread by convection of burning

materials are obvious.

2,10 Wind-tunnel measurements should be made of the drag force on
burning wooden cylinders and spheres, and the results should be com-
pared to the drag force on ﬁon-burning cylinders and spheres. This
would provide one fipst step toward understanding the mechanism of

convective transport of burning materials.

3,11 A theoretical and experimental study should be undertaken
to determine the stable equilibrium position taken by an asymmetrically
burning (i.e., burning on one end) wooden cylindrical body in a steady
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low-speed flow of air. The experiméntal study may be conducted in a
wind tunnel by measuring the torque on the body for various orienta-
tions of the body with respect to the flow of air. This bears on the
problem mentioned in (3.9).

2,12 An experiment should be conducted to measure the critical
spacing necessary for the spread of fire from one vertical wonden
cylinder to an identical vertical wooden cylinder. One of the cylinders
would be ignited at its base, and the critical separation distance
above which the fire will not spread could be determined for various
lengths and for various diameters of the cylinders. This fire-spread
experiment could be analyzed to ascertain whether radiative or con-
vective heat transfer is dominant, and by making measurements on cy-
linders of different sizes, scaling laws might be inferred. Thermo-
couple temperature measurements and Schlieren photographs‘should be

made in an effort to facilitate the theoretical interpretation.

7,13 An experiment should be conducted to measure how the critical
spacing (necessary for the spread of fire fyrom one vertical wooden
cylinder to an identical vertical wooden cylinder) depends on a hori-
zontal flow of air over the vertical cylinders. Xeeping the cylinders
in a vertical position, experiments could be conduqted for various
orientations of the two cylinders with respect to the direction of air-

flow. Fire~spread implications are again obvious.

3.14 A program should be conducted to obtain the flame spread rate
in a linear array of identical vertical wooden cylinders as a function
of size and spacing of the cylinders in the array. The dependence of
the flame spread rate upon the speed and direction of a horizontal
flow of air should also be measured in a suitable wind tunnel.

3,15 Studies 3.7, 3.8, 3.10, 3,11, 3,12, 3,13, and 3,14 should be
carried out for fuel elements of different shapes (e.g., sheets) and
for fuel elements oriented in different dipections with respect tO
gravity (e.gdes horizontal cylinders).

3,16 The effect of atmospheric humidity on the results of studies
3.6, 3.12, and 3.13 should be ascertained.
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4, Fire Storms .}

4,1 The possibility of partial modeling of fire storms should be
investigated theoretically. Complete scaling is known to be impossible,
but it may be possible to keep the most important dimensionless groups
invariant and thereby obtain a reasonably accurate model. The ability
to construct a reasonably valid experimental model of a fire storm
would be invaluable in enabling us to ihvestigate its controlling

mechandisms.

4.2 A theoretical and experimental study should be made (e.g.,
with hot-wire measurements) of the statistical structure of turbulence
in buoyant plumes, measuring eddy sizes, correlation functions in
various directions, the energy spectrum, etc. This data is essential
if the structure of the convection column above a fire storm is to be
understood. Reliable data of this type require a great deal of time
and patience to acquire.

4.3 A theoretical analysis should be made of the influences of
varying the atmospheric-lapse rate and of introducing small amounts
of circulation into the atmosphere upon the structure of buoyant
turbulent plumes. Such an investigation might uncover critical at-

mospheric conditions required for the development of fire storms.

4,4 The observed behavior of laboratory fire whirls should be
explained by means of a theoretical analysis.
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APPENDIX D

MEETING PROGRAM
NUCLEAR WEAPONS AND LARGE-SCALE FIRES

INSTITUTE FOR DEFENSE ANALYSES
October 31 - November 1, 1963

THE THERMAL PULSE

Porzel, Mr, F.B.

IDA/RESD

"The Thermal Pulse as a Function of Nuclear Weapon Yield and Altitude"
Rand, Dr, S.

IDA/RESD

"Reradiation from Air Heated by a High-Altitude Burst (> 40 <180 km)"

Tucker, Dr, Ben L,
IDA/RESD

"Purther Comments on the Thermal Pulse

Gauvin, Mr. Hervey and Cahill, Mr. John
Air Force Cambridge Research Laboratory

"Phermal Pulses at High Altitude" (above 100 kft);

Passell, Dr. Thomas O,
Stanford Research Institute

"Radiative Energy Transfer from Nuclear Detonations above 50 km Altitude”

ATMOSPHERIC TRANSMISSION

Gibbons, Dr. M,G,
Naval Radiological Defense Laboratory

"Atmospheric Transmission of Thermal Radiation from Nuclear Weapons™

Gauvin, Mr. Hervey and Cahill, Mr. John
Air Force Cambridge Research Laboratory

"Pylse Transmission Under Various Atmospheric Conditions"

Dutton, Lt. John
Climatic Center, USAF

"Probability of Occurence of Ground Patterns of Thermal Radiation from
High-Altitude Nuclear Weapon Detonations™
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Rogers, Mr, Jack C.
Stanford Research Institute

"Tgnition of Material by Large-Yield Nuclear Weapons for Various
Burst Heights and Atmospheric Conditions™

Altman, Dr. Harry
U,8. Weather Bureau

"Weather Forecasts and Large-Scale Fires"

Willoughby, Dr. A,B.
United Research Services

"Ignition -Countermeasures"” (Smoke screens)

IGNITION

Scorgie, Mr. G,C,, Head

Mathematics /Physics Group

Atomic Weapons Research Establishment
Aldermaston, Berkshire, England -

"Phenomonology of High-Altitude Bursts"
"Target Response, i.e., Ignition and Fire Spread"

Martin, Dr. S.B.
Naval Radiological Defense Laboratory

"Pime Dependence of Ignition of Materials (720 ms)”

Hochstim, Dr. A,
IDA /RESD

"Ignition Conditions Required for Very Short Time Scales
‘ (10 to 100 ms)Y

FIRE PROPAGATION

Lansberg, Dr. Helmut
1.8, Weather Bureau

n"Climatological Factors Conducive to Conflagrations™

Hill, Dr. J.
Rand Corporation

"History and Observations on Large-Scale Rural and Urban Fires"

Broido, Dr., A,
U.S. Department of Agriculture, Forest Service

"Qualitative Observations on Fire Storms" (Definitions, conditions un-
der which they occur, minimum size, etc.)

Willoughby, Dr, A.B.
United Research Services

"Fire Models as They Pertain to Prevention of Fire Spread"
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Nielsen, Dr. Hugo J. ' ]
Tllinois Institute of Technology

A Computer Model for the Rnalysis of the Convective Column of Fire
Storms™

Salzberg, Dr, Fred and Waterman, Dr. Tom
Illinois Institute of Technology

"Computer Model for Fire Spread in Urban Areas™
"Prevention of Mass Fires"

Chandler, Dr, Craig
U,S, Forest Service

"Large Scale Forest Fires" (Effects of geography, material composi-
tion, weather, etc., on fire-fighting methods)

Lotz, Chief Eric A,
Director of the Bureau of Personnel, Training, and Civil Defense
Los Angeles 12, California

"Some Experiences with Large-Scale Urban and Suburban Fires™
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I, Introduction

Recently a considerable interest has developed in the effects
of very large yield nuclear weapons detonated at high altitudes,
that is, above typical interception altitudes for currently con-
ceived anti-missile systems. Under these conditions, the blast
effects are negligible compared to the more serious effects of
thermal reradiation from the bomb-headted air. Basic to future
defense planning is the question of whether the thermal weapon,
detonated beyond the range of projected interceptors, can be made
significantly more destructive than the blast from a weapon of
the same yield, exploded near sea level, but also beyond the range
of interceptors which are designed to protect;a given area.

N The thermal weapon produces a heat pulse, which is expected
to ignite combustible materials, and thereby eventually cause
wide-spread fires over a given area. In estimating the damage

caused by the weapon, many factors must be considered. These in-

clude:
» 1. The efficiency of the weapon, that is, the fraction of
* the total bomb yield which is reradiated by heated air.
" 2. The transmission factor through the atmosphere, that is,

the fraction of the reradiated energy which can penetrate the

atmosphere and reach the ground.
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3. The pulse requirea co ignite typical combustible materials,

4. The probability of many small fires developing into a
conflagration or fire storm, and the overall destructiveness to
life and property which would result.

The uncertainties associated with the first three factors have
been considered previously. It has been found that, for a 100 MT
bomb detonated at an altitude of 50 km, current estimates place limits
on the efficiency of 15% and 60%. This energy is radiated primarily
in the visible part of the spectrum. The atmospheric transmission
factor is probably best known, although it depends critically on
weather conditions. For a clear day, estimates range between 50%
and 90% transmission. Average cloudiness causes a reduction in the
transmission by about a factor of 4, although thick storm clouds
may reduce the transmission by up to a factor of 50. The pulse re-
qQuired for ignition is quite uncertain. In accordance with current
knowledge, it may be asserted that a pulse of 20 cal/em®, delivered
in a reasonably short time, like less than a few seconds, will cause
virtually all paper and dry leaves or sticks to burn. We further expect
that typical cloth products, such as curtains and clothing, will also
burn when irradiated by a pulse of this magnitude, A lower limit
on the pulse required for the burning of paper and leaves has been
set at 2 cal/cm®. Thus we observe that the critical ignition pulse

is uncertain by up to a factor of 10.
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The fact that fires will occur throughout a large city may be
ascertained from geometrical considerations. A bomb at 50 km,
which delivers a pulse of 100 cal/cm® at ground zero, will produce
about 60 cal/cm® at the edge of a city which is 30 km in radius.
There is little doubt that a pulse in excess of 20 cal/cm?® will
result in a serious fire hazard. |

Extensive damage may arise both from fires caused by irradiation
from the initial pulse, and by the spread of fire from one locale
to another. A pulse ranging from 60 to 100 cal/cm® will cause the
burning of paper, leaves, clothing, upholstery, and window curtains,
as well as some wooden furniture. We therefore expect that many
suburban houses, as well as residences in the outlying areas of
the city, will be set aflame by the initial pulse. This is because
these buildings are likely to be made of combustible materials, or
have ignitable roofs. Furthermore, residential windows are often
decorated with curtains or wooden venetian blinds, and, if the
bomb is detonated over the center of the city, the pulse will be
transmitted through windows in the outlying parts of the city with
very little attenuation. Because of the large number of fires,
professional fire fighting activity will probably be ineffectual.

We expect therefore that if a single house on a residential block can

be caused to burn intensely, then the entire block will probably burn.

Although the relatively wide streets associated with one and two

story houses provide effective fire breaks, it would appear that
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Light (i.e., radiant heat) scattered by the atmosphere,
particularly if there is haze, can penetrate windows vitually
unattenuated and can approach the same intensity as the direct
illumination. On a clear day, with visibility of 10 miles, we
estimate that 2% of the direct radiation will be scattered into
a vertical window by the atmosphere, while industrial haze
(visibility 2 miles) could yield 10% scattered radiation. Over-
cast sky or light fog introduces attenuation as well as scattering
and vastly complicates the problem.

Reflected light from rooftops, streets, foliage, etc., may
contribute significantly to the heat pulse passing through a
window, or may be entirely negligible, depending upon the detailed
geometry of the city and the window in question. Although the
"diffuse" light (heat) thus entering a vertical window is much less
effective than the direct radiation, there can be no question that
it will start a number of fires in the illuminated rooms. Sky-
lighted rooms are, of course, expected instantly to be aflame.
Subsequent analysis of the firespread will reveal that until the
number of fires initiated instantaneously exceeds 10% of the buildings,
the final damage level is relatively insensitive to this quantity.

If the bomb is detonated "off-center," with respect to the
downtown area, the damage should usually be more extensive. We
will, for the present, assume that the burst is directly over the

center of the city.
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3, The pulse requirea co ignite typical combustible materials.

4, The probability of many small fires developing into a
conflagration or fire storm, and the overall destructiveness to
life and property which would result.

The uncertainties associated with the first three factors have
been considered previously. It has been found that, for a 100 MT
bomb detonated at an altitude of 50 km, current estimates place limits
on the efficiency of 15% and 60%. This energy is radiated primarily
in the visible part of the spectrum. The atmospheric transmission
factor is probably best known, although it depends critically on
weather conditions. For a clear day, estimates range between 50%
and 90% transmission, Average cloudiness causes a reduction in the
transmission by about a factor of 4, although thick storm clouds
may reduce the transmission by up to a factor of 50. The pulse re-
quired for ignition is quite uncertain. In accordance with current
knowledge, it may be asserted that a pulse of 20 cal/cm®, delivered

in a reasonably short time, like less than a few seconds, will cause

virtually all paper and dry leaves or sticks to burn. We further expect

that typical cloth products, such as curtains and clothing, will also
burn when irradiated by a pulse of this magnitude. A lower limit

on the pulse required for the burning of paper and leaves has been
set at 2 cal/cm®. Thus we observe that the critical ignition pulse

is uncertain by up to a factor of 10.
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When a beam of light is incident on glass at a grazing angle,
the fraction of the power transmitted across a single surface is
given, as a power expansion, by

2 4
2(n +lz . - 4(n*+1) 2, (1)
(r?-1)7% n®-1

t o=
where ¢ is the grazing angle, assumed to be much less than unity,
and n is the index of refraction for glass in the visible part of
the spectrum. For commercial glass (1.5<n<1.9), Eq. (1) may be
written, to within a few percent,

t =5.7¢ - 2032 (2)
Taking account of multiple reflections within a pane of glass, the

total transmission of an incoherent beam is given by

T = 5 -0, (3)

where t is given by Eq. (1), and N is the number of internal re-

flections. The value of N can be shown to be

lé

N = (n?-1) -g—a, (4)

where y is the vertical distance traversed by the ray in the glass
of thickness d, and again, n is the index of refraction. By com-

bining Eqs. (1), (3), and (4), we have the limiting values

2 =]
T = _g._g_n..i.:.].‘.i)... Y 62; 2(n2+l) % e<<l
(n*-1)2 4
(5)
2
= A0k 2(rE+1) £ e>>1
(n?-1)% d

Eq.(5) gives the fraction of the incident pulse which will be trans-

mitted through closed windows, in order to produce internal ignitions,
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The fact that fires will occur throughout a large city may be
ascertained from geometrical considerations. A bomb at 50 km,
which delivers a pulse of 100 cal/cmz at ground zero, will produce
about 60 cal/cm® at the edge of a city which is 30 km in radius.
There is little doubt that a pulse in excess of 20 cal/cm® will
result in a serious fire hazard.

Extensive damage may arise both from fires caused by irradiation
from the initial pulse, and by the spread of fire from one locale
to another. A pulse ranging from 60 to 100 cal/cmz will cause the
burning of paper,lleaves, clothing, upholstery, and window curtains,
as well as some wooden furniture. We therefore expect that many
suburban houses, as well as residences in the outlying areas of
the city, will be set aflame by the initial pulse. This is because
these buildings are likely to be made of combustible materials, Or
have ignitable roofs. Furthermore, residential windows are often
decorated with curtains or wooden venetian blinds, and, if the
bomb is detonated over the center of the city, the pulse will be
transmitted through windows in the outlying parts of the city with
very little attenuation. Because of the large number of fires,
professional fire fighting activity will probably be ineffectual.
We expect therefore that if a single house on a residential block can
be caused to burn intensely, then the entire block will probably burn.
Although the relatively wide streets associated with one and two

story houses provide effective fire breaks, it would appear that
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A "locale" might be either a building or a city block considered as
a unit. In the following treatment we shall consider the spread of
fire from one locale to another in a statistical way and relate

the results to specific locales by inserting appropriate values for
the parameters which characterize the process.

First let us choose a unit of time, and consider the process to
be proceeding stepwise. For example, a large, modern structure should
burn vigorously, if unchecked, for an average of 1-2 hours, while
it might take 5-6 hours for a block to burn out. Considering the
locales categorically, though, it is only necessary here to pick a
symbolic, average tiﬁe, say t,, during which one locale is considered
to burn. During this time, there is a certain a priori probability
that the fire would be spread from one locale to another, presuming
that the latter had not previously been burnt, and that the two
locales in question are isolated from all others. Call this
probability q. As the locales are not in fact isolated, it is useful
to introduce another parameter, N, defined as the average number of
locales to which fire might be spread from any given locale.

We assume that throughout the city there is initially a spatially-
uniform random distribution of fires (this restriction will be re-
laxed later). Let the a priori probability that a locale, selected
at random from the city, is on fire during the time t (where
nt,<t<(n+l)t ) be denoted by P, . Generally P, must be a function
also of the position of the locale with respect to ground zero;
this spatial dependence will be considered at the end of this

section.
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With that assumption therefore we expect that residential areas
will be completely destroyed, and the central area of the city may
or may not be largely destroyed, depending upon the degree of fire
spread. The final degree of destruction to which the downtown
area is subjected, after all fires have burned themselves out or
been extinguished by firemen, is expected to depend upon three
effects: the initial extent of small fires directly after the
burst, the mechanism and probability of fire spread from one locale
to another, and the extent of fire fighting activity. It will be
shown presently that; under the conditions envisaged, fire fighting
activity will rarely have any significant effect on the final ex-
tent of the damage. The final result is also, within rather broad
limits, nearly independent of the initial number of fires, For
example, let us assume that within a few Hours after the attack,
some fraction P, of the city blocks in the downtown area are
burning intensely. In view of the discussion concerning the in-
vulnerability of downtown buildings, we expect P, to be small,
probably less than 0.1, and yet greater than a number like 0.00L.

It will be shown that for P, within these rough limits, the fraction
of downtown blocks, which are eventually hurnt out, is fairly in-
dependent of P,, and depends almost entirely on the probability

of fire spread.

The initial density of fires is expected to be relatively low out
to some radius R from the center of the city, and sufficiently high
to render nearly complete destruction beyond the radius R, and well

into the suburbs. We now estimate the "cut-off" radius R,
7
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Furthermore, it follows from the definition of q and y(m), that

y(m) =1 - (1-)" (12)
By substituting Egs. (11) and (12) into (10), and performing the
summation, we find

B_(Nq,N) = 1 - (1-aP,)", (13)

where we have written B, as a function of the two parameters Ngq and
N. The parameters are chosen in this manner because, as will be
shown, the solution depends rather weakly on the parameter N, so long

as the product Ng is held fixed. For example, we have from Eq. (13),

B, (Ng,1) = NgP_
_ (14)
Bn(NQ:‘”) =1l-e Nan,
so that, for any given situation, we have the limits
-NgP
1-e n<B <NgP_ (15)

which depend only on the product Mg, In fact, it follows from (15) that
B, ~ NaP_, for NgP,<<1 | (16)

In genergl, a combination of Egs. (9) and (13) with (8) will yield

the equation for P_ as a function of n. The solution depends on

the parameters Nq and N, as well as on the initial conditions

(initial distribution of fires)., However, limits can be placed on

the solution, by using each of expressions (14) in place of (13).

The limits for P , obtained by using Egs. (14), depend only on the

single parameter Ng., It will be shown that in almost all cases of

interest, the limiting values for Pp are not very different, so that

the solutions are virtually independent of N, so long as Nq is fixed.
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Purthermore, it follows from the definition of g and y(m), that

y(m) = 1 - (1-a)" (12)
By substituting Eqs. (11) and (12) into (10), and performing the
summation, we find

B, (N, M) = 1 - (1-a2,)", (13)

where we have written B, as a function of the two parameters Ng and
N. The parameters are chosen in this manner because, as will be
shown, the solution depeﬁds rather weakly on the parameter N, so long
as the product Nq is held fixed. For example, we have from Eq. (13),

B, (Ng,1) = NgP

n

- (14)
B,(Naye) = 1 - ¢ m,
so that, for any given situation, we have the limits
1 - e VPap NgP, (15)

which depend only on the produd N In fact, it follows from (15) that
B, ~ NaP,, for NgP <<l | (16)

In general, a combination of Egs. (9) and (13) with (8) will yield

the equation for P, as a function of n. The solution depends on

the parameters Nq and N, as well as on the initial conditions

(initial distribution of fires). However, limits can be placed on

the solution, by using each of expressions (14) in place of (13).

The limits for P, obtained by using Egs. (14), depend only on the

single parameter Nq. It will be shown that in almost all cases of

interest, the limiting values fér P;1 are not very different, so that

the solutions are virtually independent of N, so long as Ng is fixed.

12
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It is interesting to note that as P, - 0, the quantity 1-A,
approaches a nonvanishing value. To show what the limiting
value is, we look for an analytic solution under the condition
P << 1 (17)
Such a solution is possible with the added condition
Ng - 1L<<1 (18)
These two conditions allow us to make three mathematical approxi-
mations. It will be shown, when the solution is obtained, that
1. Conditions (17) and (18) allow us to set NgP <<1, so that

B, may be approximated by NgP, , as given by Eq. (16).

2. :i:Pm<<l, so that A , as given by Eq. (9), may be approxi-
m=0
mated by
n

A, =~1- ;Pm.
m—

Then Egq. (8) becomes

P,y = (1 - 2)?,!) NQP, (19)
m:

3., Finally, it will be shown that conditions (17) and (18) per-

mit us to treat n as a continuous variable, so that Eq. (19) may be
written as an integro-differential equation. Setting P ,; =~ P(n)+%§,

Eq. (19) may be written

p 4+ OF = (1 - J‘nP(m)dm>NqP (20)
3n .

It is clear from the form of Eq. (20), that if Ng<l, then P(n) is an

exponentially decaying function. We will therefore limit our studies

to Ng>1.

14
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Tt is interesting to note that as P, - 0, the quantity 1-A,
approaches a nonvanishing value. To show what the limiting
value is, we look for an analytic solution under the condition

P, < <1 (17)

Such a solution is possible with the added condition

Ng - 1 << 1 (18)
- These two conditions allow us to make three mathematical approxi-
o mations. It will be shown, when the solution is obtained, that
A 1. Conditions (17) and (18) allow us to set NgP, <<1, so that
- B, may be approximated by NqP,, as given by Eq. (16).
R o
o 2. }E:Pm<<l, so that A,, as given by Ed. (9), may be approxi-

m=_

- mated by

bed n

- Anz‘l—mZ_;SPm.

2%

Then Eq. (8) becomes

tnd
Poy1 = (1 - :?%Pm) NgP (19)
= m=
S 3., Finally, it will be shown that conditions (17) and (18) per-
o3 mit us to treat n as a continuous variable, so that Eq. 1.9) may be
! written as an integro-differential equation. Setting P 4, =~ P(n)+%§,
e Eq. (19) may be written
e
of " p(m)a P

2 Prgp = \L -, Blmdn JNa (20)

It is clear from the form of Eq. (20), that if Nq<l, then P(n) is an
)
%g exponentially decaying function. We will therefore limit our studies
- to Ng>l.
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el

- SECRET-



W o

25

p

i Authority NN DA =1~ h
 BEMESARA Dae 1 -4 C >

Analysis indicates that this quantity i1s small compared to unity if

o® = (Ng-1)® + 2NgP, <<1,
which again retrieves conditions (17) and (18).

Eq. (23) is the solution we seek, As P, - 0, we find that

1 - A=) a-gi%%:il, Ng-1<<l, (26)

A few comments are in order. There is an apparent discontinuity in

the solution (26), since‘it'is clear that if P, vanishes identically,

then we must have 1-A(») = 0 (there is no fire), but if P, is extremely

small, we arrive at the nonvanishing result (26). We conclude that

as P, -» 0, the time required to attain the solution (26) becomes infinite.
Sinee the quantity l-A» is relatively insensitive to

variations in P,, as indicated by Fig. 2, the more important

parameter is Ng. In Fig. 3, we have plotted 1-A, as a function of

Nq for various values of the parameter P ,. Again the relative

unimportance of P, is apparent. However, for very small values of

P,, it is necessary to include two effects which have thus far been

o>
neglected, Since the initial distribution of fires is in fact not

uniform (see Section II), there must be a preferential direction

for the spreading of fires. For example, if the probability dis-

tribution of fires at the center of the city is very low, the dominant
mechanism for burning the downtown area may be the spreading of

fires from the suburbs. Also, if P, is very small, it becomes
reasonable to include the effects of professional fire fighting
activity. We will first consider modification resulting from a non-

uniform spacial distribution of fires.
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Analysis indicates that this quantity is small compared to unity if

= (Ng-1)® + 2NgP, <<1,
which again retrieves conditions (17) and (18).

(23) is the solution we seek. As P, - 0, we find that

2

1 - Ale) - g—%—?{;——'}—z Ng-1<<1. (26)

A few comments are in order. There is an apparent discontinuity in

the solution (26), since'it.is clear that if P, vanishes identically,

then we must have 1-A(«x) = 0 (there is no fire), but if P, is extremely

small, we arrive at the nonvanishing result (26). We conclude that

as P, » 0, the time required to attain the solution (26) becomes infinite.
Sinee the quantity l-A» is relatively insensitive to

variations in P,, as indicated by Fig. 2, the more important

parameter is Nq. In Fig. 3, we have plotted 1-A, as a function of

Nq for various values of the parameter P,. Again the relative

unimportance of P, is apparent. However, for very small values of

P,, it is necessary to include two effects which have thus far been

neglected. Since the initial distribution of fires is in fact not

uniform (see Section II), there must be a preferential direction

for the spreading of fires. For example, if the probability dis-

tribution of fires at the center of the city is very low, the dominant

mechanism for burning the downtown area may be the spreading of

fires from the suburbs. Also, if P, is very small, it becomes

reasonable to include the effects of professional fire fighting

activity. We will first consider modification resulting from a non-

uniform spacial distribution of fires.
16
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the Taylor expansions (28), we find

ZP N2
B, =1- (1-qP )* + q(l-an%;(gi + g% (1-qP, )ZC—S%) (29)

This is the value of B , for N = 4, which replaces expression (13)
when ‘a one-dimensional spacial dependence is included, A combina-
tion of Eq. (29) with (9) and (8) yields the equation for fire
spread, A comparison of the relative magnitudes of the various
terms of Eq. (29) indicates that the terms which. involve spacial
derivatives are small compared to the quantity 1-(1-qP, )* as long

as the variation in the initial probability distribution, P_, over

0
one spacial unit (separation between locales) is small compared to
P, itself. In accordance with the considerations of Section 171,
this is generally expected to be the case; therefore, spacial de-
pendences will be included henceforth only insofar as the initial
distribution is non-uniform,

The effect of fire fighting activity may also be considered.
Another parameter, which relates to the effectiveness of fire
fighting, would then be needed. We define the quantity M as
the ratio of the number of fires which all firemen in a city can
extinguish during time t, (time fof a locale to burn) to the
total number of locales in the city. If we think in terms of a
large city, then M may be interpreted as a density.

We outline the derivation of an equation which is to replace
(8), (9), and (13). The quantity M is the fraction of fires which
could be extinguished during a given time step, if all locales
were burning, Let R, be the fraction of fires which occur during
the time interval nt,<t<(n+l)t,, assuming that there is no fire

fighting activity during that time. If fires are chosen at random
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the Taylor expansions (28), we find

B, =1 - (1-qP )% + q(lqun>§§§a + g2 (1~qP, )2 %gn:f (29)
This is the value of B,, for N = 4, which replaces expression (13)
when ‘a one-dimensional spacial dependence is included. A combina-
tion of Eq. (29) with (9) and (8) yields the equation for fire
spread. A comparison of the relative magnitudes of the various
terms of Eq. (29) indicates that the terms which involve spacial
derivatives are small compared to the quantity l—(l-an)4= as long
as the variation in the initial probability distribution, P,, over
one spacial unit (separation between locales) is small compared to
P, itself. 1In accordance with the considerations of Section II,
this is generally expected to be the case; therefore, spacial de-
pendences will be included henceforth only insofar as the initial
distribution is non-uniform.

The effect of fire fighting activity may also be considered.
Another parameter, which relates to the effectiveness of fire
fighting, would then be needed. We define the quantity M as
the ratio of the number of fires which all firemen in a city can
extinguish during time t, (time for a locale to burn) to the
total number of locales in the city. If we think in terms of a
large city, then M may be interpreted as a density.

We outline the derivation of an equation which is to replace
(8), (9), and (13). The quantity M is the fraction of fires which
could be extinguished during a given time step, if all locales
were burning. Let R, be the fraction of fires which occur during
the time interval nt,<t<(n+l)t,, assuming that there is no fire

fighting activity during that time. If fires are chosen at random
18
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P, =R - M, (34)

so that Eq. (30) becomes
Ps1 = AB, - M (35)

where A, and B, are given by Egs. (9) and (13) respectively. Since
R, is the probability that a given locale is on fire during the time
interval nt,<t<(n+l)t,, assuming that firemen make no effort to ex-
tinguish the fire, it follows from Eq. (34) that P, is the same
quantity, with fire fighting activity included. By comparing
Eq. (35) with (8), it is evident that the effects of firemen can
be included by subtracting the quantity M from the right hand side
of the equation at each time step. When A B <M, then all fires have
been extinguished,

The effectiveness of fire fighting is measured by the magni-
tude of M., The more fire houses, per capita, in a city, the greater
will be M, We defined M to be the fraction of the total possible
number of fires, if all locales were simultaneously burning, which
could be extinguished by firemen during the time t . Now if the
locales we speak of are city blocks, then it is clear that some
reinterpretation is required. When an entire city block is burning
intensely, there is virtually no hope that firemen will be able to
have any effect on the fire, even under the most favorable of cir-
cumstances. Their strategy must almost certainly include the
watering down of neighboring blocks, in order to keep the fire from
spreading, without hope of saving the block in question. Now if a

block is watered down before a fire can "jump" from a neighboring

20
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interval nt,<t<(n+l)t,, assuming that firemen make no effort to ex-
tinguish the fire, it follows from Eq. (34) that P, is the same
quantity, with fire fighting activity included. By comparing

Eq. (35) with (8), it is evident that the effects of firemen can

be included by subtracfing the quantity M from the right hand side
of the equation at each time step. When A B <M, then all fires have
been extinguished.

The effectiveness of fire fighting is measured by the magni-
tude of M. The more fire houses, per capita, in a city, the greater
will be M. We defined M to be the fraction of the total possible
number of fires, if all locales were simultaneously burning, which
could be extinguished by firemen during the time t,. Now if the
locales we speak of are city blocks, then it is clear that some
reinterpretation is required. When an entire city block is burning
intensely, there is virtually no hope that firemen will be able to
have any effect on the fire, even under the most favorable of cir-
cumstances., Their strategy must almost certainly include the
watering down of neighboring blocks, in order to keep the fire from
spreading, without hope of saving the block in question. Now if a

block is watered down before a fire can "jump" from a neighboring
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few initial fires. In Section III, it was further shown that the
question of whether the center of the city will also eventually
burn depends critically on a single parameter, which we had called
Ng. The initial fraction of fires P,, has relatively little

effect on the fraction of the center of the city which is eventually
destroyed,

Because of the relative unimportance of fire fighting activity,
we may conclude that if a Eingle structure on a city block burns,
then the entire block will almost certainly burn. The question re-
mains as to the probability that a fire will jump across a street
from one block to the next. Thus we will consider the "locales,"
as discussed in Section II, as city blocks, with the appropriate
value N=4, In this section we will estimate values for q, so that
the parameter Ng becomes determined.

The value of g, corresponding to a pair of blocks, may be
affected by automobiles in the street which separates them. However,
the initial pulse will set virtually all unsheltered motor vehicles
on fire, because of access of the beam to automobile seats and
floor boards. Typically, about one-half hour is required for an
automobile to burn, so that except in the neighborhoods of wooden
structures, cars will have burned up before buildings are flaming
intensely. Therefore, automobiles in the streets are not expected
to provide an effective access to fire, and need not be considered in
the determination of q. (On rare occasions, an automobile gasoline
tank may explode, and thereby spread burning debris. However, it is
known that such a phenomenon is so highly unlikely that it need not

concern us.)
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few initial fires. In Section IIT, it was further shown that the
question of whether the center of the city will also eventually

burn depends critically on a single parameter, which we had called
Nq. The initial fraction of fires P , has relatively little

effect on the fraction of the center of the city which is eventually
destroyed,

Because of the relative unimportance of fire fighting activity,
we may conclude that if a ;ingle structure on a city block burns,
then the entire block will almost certainly burn., The question re-
mains as to the probability that a fire will jump across a street
from one block to the next. Thus we will consider the "locales,"
as discussed in Section Ii, as city blocks, with the appropriate
value N=4, In this section we will estimate values for q, so that
the parameter Ng becomes determined.

The value of q, corresponding to a pair of blocks, may be
affected by automobiles in the street which separates them. However,
the initial pulse will set virtually all unsheltered motor vehicles
on fire, because of access of the beam to automobile seats and
floor boards. Typically, about one-half hour is required for an
automobile to burn, so that except in the neighborhoods of wooden
structures, cars will have burned up before buildings are flaming
intensely, Therefore, automobiles in the streets are not expected
to provide an effective access to fire, and need not be considered in
the determination of q. (On rare occasions, an automobile gasoline
tank may explode, and thereby spread burning debris. However, it is
known that such a phenomenon is sc¢ highly unlikely that it need not

concern us.) 22
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roughly 4.8 cal/cm -sec. The flux required to ignite combustible
material i1s determined predominantly by the kindling temperature
of the material. If the radiant flux is I, and the temperatures
of two opposite faces of a piece of wood, for example, are T, and
T, respectively, then after a steady state is achieved,

I=oT,% + oT,%, (36)

where g is the Stephan-Boltzmann constant. The two temperatures

are related by \
k(T, -T
O,T24 = __._(__JI.J__.a_Z, (37)

where L is the thickness of the wood, and k is its heat conductivity.
It can be shown that for L greater than few centimeters, we have
T, >>T,, and

I ~oly*. (38)
For a typical kindling temperature for wood, of 500 C, we obtain
very nearly

I ~ 0.5 cal/cm®-sec. (39)
This result agrees well with the result quoted in the literature
of 0.3<I<0,.8 cal/cm®-sec. Thus we estimate that if the flux across
the street is reduced by more than a factor of ten compared to the
flux at the open window >f a burning room, then the fire will not
"Jump, "

Three dominant factors contribute to the reduction in flux.
These include the fraction of the walls of the burning building
which is window, a transmission factor for the radiation through
intervening media, and a geometrical reduction factor. Typically,

we expect that 40% of the walls of downtown buildings are composed

24
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the street is reduced by more than a factor of ten compared to the
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we expect that 40% of the walls of downtown buildings are composed
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Equating expression (41) to - the reciprocal of 1.9, we obtain the
minimum ratio of height of building to building separation, such

that the fire will spread to another block, The result is

e S
CB)M‘N lo24— (42)

We conclude that the best value of q, for a given city, is the
fraction of the total nquer of buildings whose height exceeds the
separation from the building across the street by mare than a

factor of 1,24, In most American cities this fraction is less

than 0.25, For exdmple, observations in Washington, D. C, indi-
cate that about 7% of the buildings are sufficiently high to satisfy
the requirement (42), In Fig. 6, we have plotted the cunulative
probability density of the height to separation ratio for Washington,
We conclude that, for Washington, Nq ~ 0.3, and by inspection of
Fig. 3, the center of the city will probably not burn. In fact Ng
would not be equal to unity for Washington, (and, therefore, by

Fig. 3, a significant fraction of the downtown area would not burn)
unless'(%iLlN were as low as 0,85,

We expect that the value given by Eq. (42) is probably low for
the quantity (}ELIN. For example, we used the value 4.8 cal/cm®-sec
for the radiation flux at an open window of a burning room. A value
as low as 4,0 cal/cm®-sec has been quoted in the literature. Further-
more, it has been assumed that all rooms on one side of a burning
building, as well as all buildings on that side of the block, are on

fire simultaneously, and that the block is extremely long. All of

26
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Equating expression (41) to-the reciprocal of 1.9, we obtain the
minimum ratio of height of building to building separation, such

that the fire will spread to another block, The result is
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D_/M|N .1.24 (42)

We conclude that the best value of q, for a given city, is the
fraction of the total nquer of buildings whose height exceeds the
separation from the building across the street by mare than a

factor of 1,24. In most American cities this fraction is less

than 0.25. For example, observations in Washington, D. C, indi-
cate that about 7% of the buildings are sufficiently high to satisfy
the requirement (42), In Fig. 6, we have plotted the cumulative
probability density of the height to separation ratio for Washington.
We conclude that, for Washington, Nq ~ 0.3, and by inspection of
Fig. 3, the center of the city will probably not burn. In fact Ngq
would not be equal to unity for Washington, (and, therefore, by

Fig. 3, a significant fraction of the downtown area would not burn)
unless'(%ELlN wasre as low as (,85,

We expect that the value given by Eq. (42) is probably low for
the quantity <%ELIN. For example, we used the value 4.8 cal/cm®-sec
for the radiation flux at an open window of a burning room. A value
as low as 4.0 cal/cm®-sec has been quoted in the literature. Further-
more, it has been assumed that all rooms on one side of a burning
building, as well as all buildings on that side of the block, are on

fire simultaneously, and that the block is extremely long. Ali of
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q ber of people on the streets, in parks, playgrounds, motor vehicles,

etc., who are not given sufficient warning, of the order of a few
minutes. Without any warning system whatsoever, we estimate that
the fraction of fatalities in this category can be as high as 15%,
between 8:30 and 9:00 AM, when as many as 1/4 of the working force

is driving to work, and possibly 1/3 of the school children are on

the street or in buses. Qffhand estimates at other times of the
g day are: about 6% between 7:00 and 8:30 AM, 2% between 9:00 AM and
3:00 PM, 9% between 3:00 and 3:30 PM, 6% between 4:30 and 6:30 PN,
1% between 3:30 and 4:30 PM, as well as 6:30 PM and midnight, and
very few between midnight and 7:00 AM. With even a rudimentary
warning system, all of these numbers can be reduced to negligible
proportions.

The next question is: Of those who survive the initial pulse
in the suburbs and outlying areas, what fraction will succumb to
widespread fires which eventually consume the area. An attempt to
estimate this number from first principles would probably be
fruitless. However, we note that the fire conditions are not greatly
different from the conditions which resulted from incendiary air
attacks on German and Japanese cities during World War II. We feel it
reasonable to use the data obtained from these attacks as a guide.

As an example, the incendiary air attack carried out on the

German city of Hamburg by the RAF during the night of July 27/28,

1943, demonstrated the effectiveness of fire as a weapon of war.
That attack, as well as two somewhat less extensive bombings,

accounted for the destruction of 55%-60% of the city, of which 75-80%

was due to fire. Of the 1,760,000 inhabitants of the city, it is
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warning system, all of these numbers can be reduced to negligible
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in the suburbs and outlying areas, what fraction will succumb to

widespread fires which eventually consume the area. An attempt to
estimate this number from first principles would probably be

fruitless. However, we note that the fire conditions are not greatly

diffevent from the conditions which resulted from incendiary air
attacks on German and Japanese cities during World War II. We feel it
reasonable to use the data obtained from these attacks as a guide.

As an example, the incendiary air attack carried out on the
German city of Hamburg by the RAF during the night of July 27/28,
1943, demonstrated the effectiveness of fire as a weapon of war.

That attack, as well as two somewhat less extensive bombings,

accounted for the destruction of 55%-60% of the city, of which 75-80%

was due to fire. Of the 1,760,000 inhabitants of the city, it is
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will be possible in the raid we envisage, where the fire will engulf
many hundreds of square miles.

Finally, it should be noted that the greatest threat from
fire, to people in the Streets, relates to the radiant intensity
of heat to which they are exposed. The World War IT attacks were
carried out primarily on industrial areas, where the buildings are
generally taller than in residential areas. Tt is not difficult to
show that where the buildings are taller, the radiant flux is
generally greater, \

Despite these differences, the suburban fires which we en-
visage are sufficien?ly similar to those in the bombed out cities
of World War IT, that we feel justified in using the statistics from
these raids. Furthermore, any other approach appears to be
virtually hopeless. In Table IT, we have listed some cities which
were attacked by incendiary bombings during the war along with
population estimates at the time of the attacks. In the third column,
we have included the fractions of the cities destroyed, and by
assuming a uniform population distribution, we have listed the
number of people affected in the fourth column. The fifth column
includes the numbers of fatalities, and in the final column, we
have the percentage of fatalities among those who were affected by
the attacks. These last numbers range from 2.8% to 12.8%, without
any discernible relationship between the bercentage of fatalities
and the nature of the city or the attack. (A typical attack on
& German city involved roughly 1000 tons of high explosives, 500
tons of 30 1b oil incendiaries, and 600 tons of 4 1b magnesium in-

cendiaries. 1In the Japanese attacks later in the war, considerably
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will be possible in the raid we envisage, where the fire will engulf
many hundreds of square miles.

Finally, it should be noted that the greatest threat from
fire, to people in the streets, relates to the radiant intensity
of heat to which they are exposed. The World War IT attacks were
carried out primarily on industrial areas, where the buildings are
generally taller than in residential areas. It is not difficult to
show that where the buildings are taller, the radiant flux is
generally greater. \

Despite these differences, the suburban fires which we en-
visage are sufficiently similar to those in the bombed out cities
of World War II, that we feel justified in using the statistics from
these raids. Furthermore, any other approach appears to be
virtually hopeless. In Table II, we have listed some cities which
were attacked by incendiary bombings during the war along with
population estimates at the time of the attacks. In the third column,
we have included the fractions of the cities destroyed, and by
assuming a uniform pqpulation distribution, we have listed the
number of people affected in the fourth column. The fifth column
includes the numbers of fatalities, and in the final column, we
have the percentage of fatalities among those who were affected by
the attacks. These last numbers range from 2.8% to 12.8%, without
any discernible relationship between the percentage of fatalities
and the nature of the city or the attack. (& typical attack on
a German city involved roughly 1000 tons of high explosives, 500
tons of 30 1b oil incendiaries, and 600 tons of 4 1b magnesium in-

cendiaries. In the Japanese attacks later in the war, considerably
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an attack without warning could increase the above percentages by

as much as a factor of 3.

VI. Conclusions

We may conclude that the thermal weapon will result in almost
complete destruction throughout the suburbs and outlying areas of
cities. Furthermore, in regions of most American cities where the
initial distributions of fires are low, fire spread from block to
block is highly unlikely. ~This contention is supported by the
data obtained from World War II incendiary raids, where fire spread
was in fact found to be unlikely, and where almost every city block
had to be individually bombed,

We may further conclude that a certain degree of preparation
will immeasurably increase the chances for survival of the centers
Of cities during and after an attack by the thermal weapons. I1f
each of the downtown buildings had windows covered by metallic
venetian blinds, or non-combustible window shades, virtually all of
the buildings can be made invulnerable to the initial heat pulse
as well as the ensuing fires. This suggestion is strengthened by
the fact that such a defensive measure would not only be inexpensive,
but useful also in control of peacetime fires.

The value of a warning in general is self-evident, but the value
is even greater as a defensive measure against an attack envisaged
here. It should be iterated that exposure to the initial pulse is
almost certainly fatal, but practically any opaque covering will

serve as a shelter, It is anticipated that with as little as a few

minutes warning, a person will be able to find such shelter.
32
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initial distributions of fires are low, fire spread from block to
block is highly unlikely. ~This contention is supported by the
data obtained from World War II incendiary raids, where fire spread
was in fact found to be unlikely, and where almost every city block
had to be individually bombed.,

We may further conclude that a cértain degree of preparation
will immeasurably increase the chances for survival of the centers
©f cities during and after an attack by the thermal weapons, If
each of the downtown buildings had windows covered by metallic
venetian blinds, or non-combustible window shades, virtually all of
the buildings can be made invulnerable to the initial heat pulse
as well as the ensuing fires. This suggestion is strengthened by
the fact that such a defensive measure would not only be inexpensive;
but useful also in control of peacetime fires.

The value of a warning in general is self-evident, but the value\
is even greater as a defensive measure against an attack envisaged
here., It should be iterated that exposure to the initial pulse is
almost certainly fatal, but practically any opaque covering will
serve as a shelter., It is anticipated that with as little as a few

minutes warning, a person will be able to find such shelter.
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