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SPECIAL SUMMARY

The Problem

The parameters affecting the fire vulnerability of U. S. Urban
areas from nuclear bursts need to be identified, defined, and eveluated
in terms of their relative importance, interactions, and sensitivity
characteristics. The resulting information will be useful in fire-
vulnerability assessment studies.

Findings

The parameters that govern urban vulnerability to fire from nuclear
bursts have been identified and defined (Appendices A. Target Parameters,
B. Weapon Burst Parameters, C. Almospheric Transmission Parameters,

D. Fundamental Processes of Ignition and Combustion, E. Fires From
Causes Other Than Thermal Radiation, and F. Macro-Scale Fire Phenomena.)
Sections 2 to 9 of thec body of the report present the reliability of
estimates and the ranking of paremeters for each of the stages (in quasi-
chronological order) of nuclear-burst-caused urban fire. Section 10
concludes with a comprehensive listing of parameters in decreasing order
of importance and the ranking of these paramecter groups for the following
categories of urban fire response:

Type 1 -- Fire Vulnerability is Determined Primarily by the Extent
of Fires Caused by Thermal Radiation. (Category A. Limited Thermal
Shielding, Category B. Extensive Thermal Shielding.)

Type 2 -- Fire Vulnerability is Determined Primarily by Spread or
Magnitude of Fire. (Category A. Spreading Fire of Conventional Magnitude,
Category B. Conflagration, Category C. Firestorm.)

Type 3 =-- Fire Vulnerability is Determined Primarily by Fires
Resulting From Blast or Other Causes. (Category A. Blast-Caused Fires,
Category B. Panic or False-Alarm-Caused Fires.)

Recommendation

Further researcn efforts should be made in sensitive areas where
major information gans exist such as the transmission of thermal radiation
through clouded and hazy atmospheres, the detailed description of fuels
(especially the fields of view or location of fuels), the mechanics of
fire growth in enclosures, the mechanics of firespread (particularly fire-
brand propagation), and the fire behavior of large-scale convection columns
and coalescence of fires. At the present time it is possible to assess
incendiary vulnerability only via intuitive-stochastic apprcaches based
on fire experience, and this approach is of doubtful reliability for
civil defense purposecs.



ABSTRACT

The parameters governing the fire wvulnerability of U.S. urban
areas from nuclear bursts have been identified, defined, and evaluated
in terms of their relative importance, interactions, and sensitivity
characteristics. The results will be useful in fire-vulnerability
assessment studies.

A comprehensive listing of parameters in decreasing order of
importance is presented with the ranking of these parameter groups
for the following seven categories of urban fire response:

Type 1 -- Fire Vulnerability is Determined Primarily be( the
Extent and Number of Initial Fires Caused by Thermal Rediation. ( Category
A. Limited Thermal Shielding, Category B. Extensive Thermal Shielding).

Type 2 -- Fire Vulnerability is Determined Primarily by Spread
or Ultimate Magnitude of Fire. (Category A. Spreading Fire of Conventional
Magnitude, Category B. Conflagration, Category C. Firestorm.)

Type 3 -- Fire Vulnerability is Determined Primarily by Fires
Resulting from Blast or Other Causes. (Category A. Blast-Caused Fires,
Category B. Panic-or False-Alarm-Caused Fires.)

Recommendations are made for further research into significant areas
where major information gaps exist.



SUMMARY PAGE

The Problem

The parameters affecting the fire vulnerability of U. S. urban
areas from nuclear bursts need to be identified, defined, and evaluated
in terms of their relative importance, interactions, and sensitivity
characteristics. The resulting information will be useful in fire-
vulnerability assessment studies.

Findings

The parameters that govern urban vulnerability to fire from nuclear
bursts have been identified and defined (Appendices A. Target Parameters,
B. Weapon Burst Parameters, C. Atmospheric Transmission Parameters, D.
Fundamental Processes of Ignition and Combustion, E. Fires From Causes
Other Than Thermal Radiation, and F. Macro-Scale Fire Phenomena.) Sections
2 to 9 of the body of the report present the reliability of estimates and
the ranking of parameters for each of the stages (in quasi-chronological
order) of nuclear-burst-caused urban fire. Section 10 concludes with a
comprehensive listing of parameters in decreasing order of importance
and the ranking of these parameter groups for the following categories
of urban fire response:

Type 1 -- Fire Vulnerability is Determined Primarily by the
Extent of Fires Caused by Thermal Radiation. (Category A. Limited Thermal
Shielding, Category B. Extensive Thermal Shielding.

Type 2 -~ Fire Vulnerability is Determined Primarily by Spread
or Magnitude of Fire. (Category A. Spreading Fire of Conventional Magni-
tude, Category B. Conflagration, Category C. Firestorm.)

Type 3 =-- Fire Vulnerability is Determined Primarily by Fires
Resulting From Blast or Other Causes. (Category A. Blast-Caused Fires,
Category B. Panic or False-Alarm-Caused Fires.)

Recommendation

Further research efforts should be made in sensitive areas where
mejor information gaps exist such as the transmission of thermal radiation
through clouded and hazy atmospheres, the detailed description of fuels
(especially the fields of view or location of fuels), the mechanics of
fire growth in enclosures, the mechanics of firespread (particularly fire-
brand propagation), and the fire behavior of large-scale convection columns
and coalescence of fires. At the present time it is possible to assess
incendiary vulnerability only via intuitive-stochastic approaches based
on fire experience, and this approach is of doubtful reliability for

civil defense purposes.
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SECTION 1

INTRODUCTION

1.1 STATEMENT OF THE TASK

The Office of Civil Defense sponsored this study at NRDL under
work unit 2532A to provide necessary background information for future
fire-damage assessment procedures and to provide guidance in the choice
of research areas which can afford the maximum improvement in such
procedures. The description of the study in the CCD Research Task Order
was:

"Perform a comprehensive identification of the parameters
pertinent to an assessment of the vulnerability to fire of urban areas
from nuclear weapon attacks and other causes in the trans- and post-
attack periods and an evaluation of their relative importance. The
investigation should include, but not be restricted to, parameters
assoclated with: level of ignition energy; atmospheric transmission;
weather and climate; kindling fuel character.istics and distribution;
fire development from thermal radiation-set ignition points and other
causes such as blast and accidents; building geometry and arrangement;
city plan and topography."

The term parameter is taken to mean physical and chemical variables,
conditions and convenient groups cf basic variables which can be used to
describe a physical system and which when changed, cause a measurable
change in the behavior of the system.

The study herein reported accomplished an identification and
preliminary ranking by importance of all known parameters significantly
affecting urban fire vulnerability.

1.2 OBJECTIVES OF STUDY
This study has been conducted to:

l. Identify and define the parameters that govern urban fire
vulnerability.



2. Perform a sensitivity analysis of the various parameters for the
purpose of determining:

a. The relative importance of each parameter to a full under-
standing of urban fire vulnerability.

b. The possible synergistic effects of interacting parameters.

¢c. What additional information is needed on the sensitive
parameters and their interrelations.

3. Apply the results of the study to provide guidelines for
anticipated fire wvulnerability assessment studies and for further research

requirements.

1.3 SCOPE AND APPROACH

This report is a comprehensive summary of the results of the interim
study of urban fire vulnerability parameters. The reported study attempted
to treat the problem of potential incendiary destruction of U.S. urban areas
(as vell as adjacent surroundings that might cause the urban area to become
indirectly involved in fire), for the range of nuclear-attack conditions
considered to be likely at the present time and within about a decade.

The principal emphasis has been given to incendiary damage from thermal
radiation, with blast and ionizing radiation being treated only insofar

as they relate to the fire-vulnerability problem. Considerations of various
fire-defense countermeasures have been excluded. Future studies will
consider the full implications of countermeasures.

The problem of analyzing urban fire vulnerability is one of almost
overvhelming proportions. This observation is perhaps obvious to anyone
who has considered the problem in any depth, but we feel compelled to
emphasize the point and to briefly elaborate on it. In the first place
there 1s a great deal about fire and its behavior, particularly under the
conditions of and on a scale appropriate to urban incineration, that is
poorly understood or not understood at all. This deficiency can probably
be corrected through research, of course, but there is a fundamental,
intrinsically unresolvable, practical limitation to vulnerability analyses
that is due to our inability to predict attack conditions and to describe
target features in sufficiently microscopic detail. Clearly, we cannot
hope to know, or be able to treat, on a national scale all of the informa-
tion to which a detailed analysis of urban fire vulnerability may be
sensitive. In fact, it would be an impossible task to usefully determine,
for example, the characteristics, locations, and fields of view of all
fuel items even for one major city. Conceptually, at least, adequate
data-acquisition, handling, and storage facilities could be provided to
accomplish the job; but before the data could be used (even while they
are being acquired), they would no longer be accurate in microscopic detail
because they are in a continual state of change. Such change applies as
vell to veather factors. Some forecasting is possible, but generally only
on a macroscopic scale.




We can think of vulnerability analyses as lying between two extreme
approaches which we might label "purely stochastic"# and "completely
detailed" (or "deterministic"). A "purely stochastic" approach is one
that evaluates the probable behavior of a class of similar or related
elements of the system being considered from inductive (or in some cases
intuitive) inference based on past experience. To the extent that it
considers the properties of the system, it treats only class averages.
A "completely detailed" approach is one that proceeds through a step-by-
step, cause-and-effect deduction of the behavior of the system under
consideration by evaluating deterministically (mechanistically if possible)
the behavior of its individual elements. From what has been said about
the impossibility of predicting attack conditions and of describing all
of the elements of a target in precise detail, it is clear that the
"completely detailed" approach is infeasible in general.

The "purely stochastic" avproach, on the other hand, is designed
for analyzing systems that can only be described in statisticel terms.
Unfortunately, however, the amount of detail in the output of the analysis
will be even less than in the input, and the reliability of stochastic
approaches may be poor. Depending on the scale of application, the
predictability of attack conditions, and the amount of detail that can
be practically obtained in surveying an urban target, a suitable blending
of stochastic and detailed approaches will be used in future assessment
procedures. The more stochastic the approach we are forced to use, the
less we will find out, reliably, about the time-wise sequence of events
and the destruction of specific resources by fire. (See Figs. 1 and 2.)

Strictly speaking, the fire vulnerability of an urban area depends
on & given set of parameters in a definite way, which is not determined
by the method of analysis used in attempting to assess it. Nevertheless,
what we are really concerned with here is the dependence of our estimates
of urban fire vulnerability on the parameters thet appear to affect the
results of feasible techniques of estimation, and different kinds of
analysis can have very different sets of parameters. As an example,
consider an analysis of fire spread, based on past fire experience, that
might treat such paramevers as fuel loeding, building density, and average
burning times of buildings as compared to an analysis, based on transport
processes, that would involve parameters such as flame temperatures and
emissivities, buoyant forces in hot combustion products, and thermal
diffusivities of fuels. To the extent feasible, this report has been
prepared with a diversity of possible analytical approaches in mind.

For the most part, we have found it impossible to perform a classi-
cal, purely objective sensitivity analysis of the dependence of urban
fire vulnerability on the parameters involved. With the exception of a

* Webster defines stochastic as based on guesswork. We are using it in
that sense to some extent, but mostly it here has the connotation of
probabilistic.
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few rare cases wvhere empirical relationships exist, the importance of
parameters has been derived primarily on the basis of judgment. This
study considered the parameters involved in each stage of fire develop-
ment in an essentially chronological sequence, beginning with an overall
descriptive chronology of events (1.4), and then analyzing in detail
each major behavioral phase--ignition, fire buildup, intraunit spread,
interunit spread, large-scale interaction, and mass-fire development.
Although this is a convenient (if not the only reasonable) framework on
vhich to develop fire-vulnerability assessment procedures and is,
therefore, a desirable framework within which to evaluate the basic
parameters, it is not the most logical method of categorizing the
pertinent subject matter for the purpose of discovering and enumerating
the parameters. In an effort to (1) discover the parameters and their
relationships to one another, (2) become fully apprised of the current,
relevant technology and, as a consequence of these two reasons, (3) lend
authoritativeness to the more subjective aspects of the sensitivity
evaluations, we undertook an extensive search of the literature and
consulted with a number of acknowledged experts in fields of weapon
phenomenology, fire research, and fire experience. This information,
along with some original information of our own, has been summarized in
six state-of-the-art reviews of urban-target characteristics, weapon-
burst conditions and characteristics, atmospheric transaission, ignition-
combustion processes, causes of fires other than thermal radiation, and
full-scale fire phenomena. These reviews, with citations of the sources,
appear as appendices to the report and serve as the technical background
material from which the parameters treated in the quasi-chronological,
parametric analysis of the main part of the report are drawn.

1.4 SUMMARY REVIEW OF THERMAL-RADIATION EFFECTS AND FIRE CHRONOLOGY

By way of background to the subject of urban fire vulnerability,
let us briefly review the overall picture of thermal-radiation effects
and the anticipated sequence of events from fire initiation, through
fire buildup and fire spread to maximum involvement (which may or may
not be of the magnitude often termed a mass fire), to the point of
burnout or fire termination. In addition, let us describe, define, and
put into proper perspective some of the less universally accepted terms
that are used in this report in discussing the available data and

information more fully and precisely.

A nuclear-weapon explosion is accompanied by the release of a
tremendous amount of energy in a very brief period of time. Much of
this energy is radiated from the resulting fireball to its surroundings
as & brilliant flash of light and near infrared thermal radiation. The
amount of the thermal-radiation energy and the duration of the flash
(or thermal-radiation pulse) is determined by the total energy yield of
the weapon and the burst altitude above the ground. Except for surface
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bursts (near-surface bursts to a lesser extent) and bursts at such

great altitude that for all practical purposes they are above the atmosphere,
the effective thermal radiation yield is a large, nearly constant fraction
of the total yield. For the exceptions mentioned, the fraction is always
somewhat smaller and under some conditions will range down to insignificant
values.

For low-altitude bursts, the thermal-radiation pulse lasts anywhere
from about a second or two for weapons of the nominal yield category to
tens of seconds for weapons in the lowver megaton-yield range, and may
last as long as a minute or more for the very largest of weapons.
Although both thermal and blast damsge would be extremely heavy in an
urban area immediately around ground zero, particularly for surface or
near-surface bursts, the distances to which these effects would reach
would be reduced to some extent by their interaction with the surface
and its topographical features.

As burst altitude near the ground is increased (until clouds inter-
vene*), the range of thermal effects increases rapidly because of the
generally favorable change in the optical path (less shadowing by opaque
objects such as buildings and hills, and less scattering by aerosol
particles such as those of haze, dust, smoke, etc. Also a definite
increase in the range of moderate to severe blast damage occurs, and
blast damage in the ground-zero area tends to be less extreme.

With increasing burst altitude the duration of the thermal-radiation
pulse becomes progressively shorter as long as the explosion occurs
within the atmosphere, while the blast effects on the ground eon become
light or nonexistent. The horizontal range (from ground zero) at which
a given radiant exposure (time-integrated amount of thermal radiation
incident on a unit area) is experienced decreases with burst altitude
as the inverse-square loss of increased slant range overtakes the gains
due to improved optical path. However, with respect to effects on the
ground, this loss may be partially or completely offset by the shortened
pulse duration.

From an incendiary viewpoint, the most important response of
materials to the thermal radiation incident on them is ignition (glowing
or flaming). Materials that are thermally thin¥** enough to be ignited
by thermal radiation are termed primary kindling fuels. The act of
igniting such materials in this manner is called primary ignition to
distinguish it from other processes of ignition, such as blast-caused

* A significant decrease in thermal transmission results if the fireball
is above a cloud layer.

#* Here used in the sense of having a small value for the product of
thickness, density, and heat capacity.



secondary ignition, and the ignition processes occurring during fire
propagation. Accordingly, the fires resulting directly from primary
ignition are called primary fires.

Immediately following the burst, even before the arrival of the
blast wave, primary fires will extend out to distances at which the
thermally thinnest of the kindling fuels in the target area receive
their ignition threshold level of thermal radiation. At lesser distances,
thermally thicker and thicker fuels will suffer ignition as they experience
radiant exposures equal to or greater than their threshold levels. Close
in to ground zero, even heavy construction materials may be involved in

primary fire.

The distribution of primary fires will be governed by the distribution
and kinds of kindling fuels throughout the target area, the degree to
vhich they are shielded fram direct, scattered, and reflected thermal
radiation, the characteristics of the thermal pulse to which they are
exposed, and the location of ground zero relative to the geographic
coordinates of the urban area. Generally, threshold radiant exposures
for the ignition of kindling fuels are less, the shorter and more intense

the thermal pulse.

With the arrival of the blast wave, the picture may alter signifi-
cantly. Iarge blast overpressures can reduce buildings and other target
components to a chaotic jumble of broken and splintered pieces of both
canbustible and noncombustible materials. The blast wave may, under
same circumstances, blow out primary fires; but it also has the capability
of translating burning pieces into areas of blast-created kindling and of
generally enhancing the susceptibility of the severely damaged area to
fire spread.

If severe blast damage occurs in a heavily built-up area in which
a large number of primary fires exist, a mass fire, in the form of
either a conflagration or a fire storm, may be the ultimate result.
Farther out from ground zero (or in any area suffering less severe blast
damage as a result of a suitable combination of yield, altitude and/or
peculiar topography), the blast wave plays a less dominant role in the
fire picture. Although there may be considerable damage to buildings
(which may in turn spawn secondary fires), the main contribution of the
blast wave will be to generally lessen the fire resistance of the target
by disrupting the integrity of buildings (caving in portions of roofs
and walls, breaking windows, and unhinging doors), scattering combustible
fuel elements into areas normally devoid of fuels, breaking water lines,
blocking routes of access, and rendering ineffectual the usual means

for combating fires.



In this area of the target, as well as in areas of primary fire
with little or no blast damage, the subsequent history of the fire will
follow a generally similar pattern. The kindling fuels involved in
primary fires will range in size and fuel value from thin leaves and
light wood-pulp products, such as newspaper, up to heavier items of
furniture, kraft board cartons, drapes, awnings, and possibly even wall
paneling and shingles. The sustained burning of the heavier items will
typically constitute a significant fire (defined in Section 5.1), but
the lesser items, depending on the proximity, orientation, and ignitability
of adjacent fuels, can either burn out without generating a significant
fire or ignite other fuel elements within a fuel complex of sufficient
size to generate a significant fire. This phase between primary ignition
and the development of e significant fire is termed fire start.

Once a significant fire has developed, the process accelerates
through one of several sequences of events, depending on the nature of
the envirc)mment (fuel distribution, subdivision, whether enclosed or
not, e‘tct L

In the open, fire can propagate to other nearby fuel complexes. At
this stage, the fire in the open spreeds primarily through direct contact
of flames or burning fuel elements with unignited fuels. It may spread
in more than one direction. Its rate and direction of spread will depend
on the concentration and distribution of nearby fuel elements and will
be influenced by both wind and its own convective pattern. Iacking
proximate fuel complexes to spread to, it consumes the available fuel
and simply burns itself out. On the other hand, if conditions are
favorable (low relative humidity and high fuel loading), the fire may
"blow up" and spread at a rate many times greater than its rate of spread
up to that point. At this stage, radiation-heat transfer and fire-induced
winds become important factors in fire propagation.

Fires within structural enclosures generally follow a scmewhat
different path. Because of the nature of enclosures, high air temperatures
and concentrations of unburned vapors often develop in the upper portion
of the enclosure (as under the ceiling and above window and door openings).
At some stage in this process, suddenly (almost explosively) the trapped
gases '"flash over," which creates an entirely new situation within the
enclosure from which fire can spreed rapidly either to connected enclosures
within a set (intraunit spread) or to remote fuel complexes by ignition
induced by radiation-heat transfer (interunit spread). This phase in
the sequence of events is termed fire buildup.

Once the fire has built-up to a size as that described in the two
preceding paragraphs, it can spread by one or more of several mechanisms
involving conduction, radiation, and convection-heat transfer over
relatively short distances and/or translation of burning solid fuels
(called firebrands) over larger distances. Fires in external fuels do



not ordinarily constitute an extreme hazard to buildings except in
situations where external fuel loading is high close to the buildings
(as, for example, in certain suburban commnities or storage aress) and,
more especially, where there are routes of low fire resistance through
vwhich the fire may gain access, such as highly combustible exteriors
(shingle or shake roofs, large wooden overhangs, open doorways or large
vindows without glass, deteriorated wood sidings, etc.).

Interior fires are likely to be of far greater concern. Once a
room has became fully involved in fire, the chances of the building
escapire nearly total fire damage without professional firc fighting are
typically quite small. Exceptions to this are expected for fire-resistive
structures having a low level of interior fuel loading. The fully developed
room fire can penetrate through the floor, ceiling, walls, and/or existing
openings (doors, windows, etc.).

Fire spread from building to building depends on a number of factors
including separation distance, building construction, topography, and
local or ambient meteorology. In heavily built up areas, fire will have
a higher probability of spreading during early stages than it will in
less heavily built up areas. High wind speeds will generally increase
the rate of spread.

The overall fire situation at any time will be determined by the
initial number and distribution of fires and their spreading rates
based on the burning times for single buildings. If the fire spreads
slowly, the burned out aree will be a large part of the ..tal fire-
affected area. This situation typically leads to a moving-front fire
no more than a few buildings deep, the usual situation in large, peacetime
urban fires. On the other hand, if the fire spreads rapidly (and parti-
cularly if the number of initially spreading fires in a given area is
large), mass-fire phenomena are likely to occur in which the intensity
of the fire and the spread rate are enhanced by the large, concerted
convective activity and resulting fire-induced winds.

Fires of such magnitude are referred to as conflagru.tions and fire
storms. A conflagration is a mass fire that spreads usually in the
direction of the natural wind along a front and builds up momentum
generating its own wind. A particularly good example of this was che
devastating fire in Tokyo on March 9-10, 1945. A fire storm is a mass
fire that does not spread to any great extent beyond the initial mass-
fire area. It generates a massive vertical convection column and high-
speed winds around its periphery, which are generally directed into the
fire area. The best known example of a fire storm was the fire in

Hamburg in July, 1943.
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SECTION 2

PARAMETERS FOR DESCRIBING THERMAL~RADT "ION DISTRIBUTION
OVER THE URBAN AREA

2.1 GENERAL

The first step in assessing the fire vulnerability of an urban area
is to determine the parameters that describe the potential free-field
spatial and angular distribution of thermal radiant energy over the area
and its temporal and spectral features. Appendices B and C describe the
characteristics of thermal radiation for a broad range of nuclear-burst
and atmospheric copditions. Parameters that govern the radiant-exposure
levels (cal per cm®) on the ground for the free-field case (ideal clear
atmosphere and no opaque obstructions) are the energy yleld of the weapon
and the distance (slant range) from the fireball to the ground location
of interest. Burst altitude has an effect on radiant-exposure levels
for given radial distances from ground zero (horizontal range) primerily
in the way it determines the slant range, but there is also an effect of
change in fireball geametry for surface and near-surface bursts and, for
very high altitude bursts, a decreased fraction of thermal energy emitted
in times short enough to ignite fuel materials.

2.2 SPATIAL AND ANGUIAR DISTRIBUTION OF RADIANT ENERGY

2.2.1 Spatial Distribution

Appendix C presents the state-of-the-art of estimating the trans-
mission of thermal radiation through a variety of atmospheres, including
clouded and hazy atmospheres, to ground surfaces having different albedos
(reflection properties). For clear or hazy, cloudless atmospheres and
when the fireball is near the surface, the radiant-exposure level at the
ground depends heavily on the attenuation (absorption and scattering)
properties of the atmosphere near the ground and is estimated with adequate

recision from the along-the-ground visibility. For large slant ranges
?relat:lve to the visibility range), the transmittance falls off so rapidly
with distance that the horizontal ranges for given radiant-exposure levels
do not increase substantially with increased weapon yield (see Fig. 3).
Maximum exposure orientation has to be in line of sight of the fireball.
Calculations of atmospheric transmission that require only information
about along-the-ground visibilities are probably of adequate reliability
for distances out to one visibility range but their utility is limited

11
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to surface or near-surface bursts of weapons having ylelds less than

about 1 MI'. The fireball for larger yleld weapons is so large that even
for surface bursts, a significant part of the thermal radiation received
by & distant surface is propagated (at least partially) through air

above the fairly uniform scattering layer on the surface through which
visibilities are estimated. Thus, for most of the cases of interest to
urban fire vulnerability problems (bursts larger than a megaton and for
all ylelds when the burst point is more than about a quarter mile above
the ground), visibility is not a completely adequate parameter in assessing
free- 7ield thermal distributions.

For the majority of cases of interest, it is necessary to resort to
estimates of atmospheric transmission based on solar data. The governing
factors in these cases are the transmission values of cloud and haze
layers between the burst point and ground locations, the reflectances
of cloud or haze layers above the burst point, and the albedo of the
"ground" (or whatever surface exists between surface zero and surface
points for which radiant-exposure levels are required). Tquations for
estimating atmospheric-transmission values for a variety of atmospheric
conditions and for high and low surface albedos are presented in Appendix
C. Figures U4 through 7 display radiant-exposure contours for assumed
conditions and show the strong dependence of the free-field, thermal
raediation distribution on cloud and/or heze transmission levels.

If the transmission equations are taken as reliable, then, for
uniform cloud and/or haze coverage, the free-field distribution of thermal
radiation over the target area can be described in a satisfactory
deterministic way; but for the commoner case of broken clouds or uneven
overcast, the distribution can only be described stochastically. Knowing
enough details of cloud and/or haze structure for any given instant in
time, a deterministic distribution can in principle be obtained, but the
transient nature of the cloud and/or haze structure renders such an
undertaking quite impractical.

For most situations, then, if we can expect to have only a
probabilistic knowledge of the radiant-energy distribution over the
urban area, is there any point in attempting to describe in detail the
incendiary effects of the radiation? In our oninion, the answer is yes,
for the following reasons: The propagation of radiant energy through a
horizontally uniform atmosphere is normally a complex process, and is
mch more coamplex when broken clouds or other nonuniform scattering
Ixyers exist as they so commonly do. It is not possible at present to
evaluate analytically the amount of distortion in the radiant-energy
distribution over the surface caused by nonuniform scattering layers,
but because of "random-walk" propagation, multiple reflections, and
rmultiple scattering, it 1s reasonable to expect it will not be large in
most cases. Thus, we are of the opinion that, except for infrequent
situations of major discontinuities in the cloud deck (for example, a

13
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thunderhead front or a clear-sky rift in the overcast), the distribution
of radiant energy over the target surface can be well-approximated using
"spatially-averaged" cloud and/or haze conditions.

2.2.2 Angular Distribution

Somewhat the same situation applies to the angular distribution of
radiant energy. It is apparent that it depends strongly on altitude of
burst, scattering properties of the atmosphere, and reflecting properties
of bounding surfaces. For a clear, cloudless atmosphere, the optimally
oriented surface for exposure is one that is normal to the fireball line
of sight, and the radiant exposure of a surface will decrease, to a good
approximation, as the cosine of the angle between the normal to the
surface and the line of sight decreases. Whereas for a hazy or clouded
atmosphere, some situations of high surface albedo, and any sjituation
where the visual range along the fireball line of sight is less than or
about the slant range, optimal orientation will not necessarily be in
the direction of the fireball line of sight, and the radiant exposure of
a surface will not decrease as rapidly as the cosine of the angle between
the normal to the surface and the optimal line-of-sight.

2.2.3 Reliability of Estimates and Ranking of Parameters

Estimates of radiant-energy distributions, both spatial and angular,
are of satisfactory reliability only for weapons of tested yields
detonated at altitudes less than about 30 miles with clear unclouderi
atmospheric conditions (or more precisely, for distances that are rot
large compared to the visual range along the slant path). Therefor-e,
for a large proportion of the cases of interest, estimates of lere-than-
satisfactory reliability only are currently available for radiant-exposure
levels over the surface of potential target areas, but it should be clear
that satisfactory estimates are a prerequisite to estimating urban fire
vulnerability.

The order of importance of the parameters involved is somewhat as
follows: weapon yield, burst altitude, transmission of cloud and/or
haze layers, cloud albedos, surface albedos, and visibility. Clearly,
this order is not "sacred." Atmospheric variables can either dominate
or become relatively unimportant, depending on the particular set of
conditions.

2.3 TEMPORAL CHARACTERISTICS OF THE THERMAL PULSE

2.3.1 Dependence on Weapon-Burst Parameters

The effect of weapon yield, burst altitude, weapon environment, and
other factors on the time-intensity pulse of thermal rediation is discussed
in detail in Appendix B. The dominant effect of burst altitude is based
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on air density. The thermal pulse (radiant power changing with time)

for air bursts of all yields at altitudes to 20 or 30 miles (and possibly
higher) can be satisfactorily represented by a single normalized function.
The pulse duration can be described in terms of a characteristic time,
vhich is usually taken to be the time to the second thermal radiant-power
maximum, t (in seconds). This characteristic time is a relatively
simple mn’é’% on of yleld and the air density at the birst altitude, namely
(to a satisfactory approximation),

tnax = 0-OM+¥Wo /o, . (Eq. B.5, App. B) (1)

W is yleld in KT, p_ is air density at the burst altitude, and p_1is the
air density at sea ievel. At higher altitudes, the pulse cha.ngeg shape
as a greater proportion of the thermal energy appears before the thermal
minimum. The second maximum becomes smaller, and at altitudes of about
50 miles it disappears entirely. For burst altitudes below 50 miles,
the equation above can be used to provide a rough estimate of ; as
the second thermal maximum disappears, however, the characterist‘f@'xtime
becomes ill-defined, but eventually can be taken to be the effective
duration of the pulse, now roughly equal to t _— as given by Eq. 1.

No entirely satisfactory methods are available for interpolating
between and extrapolating beyond the sparse experimental data for bursts
above 50 miles. The pulse has two components; an intense initial spike
composing 10% to 20% of the energy yield and lasting a few milliseconds,
and a long tail composing 20% to 50% of the yield, which may last 0.1 to
100 seconds, depending on yield, burst altitude, and possibly weapon
design (including vehicle components).

2.3.2 Dependence on Sudden Changes in Atmospheric Transmission

Another factor that could affect the temporal characteristics of
the thermal pulse is rapid changes in the radiation-propagation charac-
teristics of the atmosphere. Aside from twinkle and changes caused by
the weapon effects, changes are not expected to occur rapidly enough to
significantly alter the thermal pulse. Because of the extended size of
the fireball, twinkle is probably not of an real concern. Weapon-burst-
induced changes in transmission properties of the atmosphere (such as
cloud dissipation, and dust and smoke generation) may in some circumstances
play a role. These factors are discussed in more detail in Appendix C.

2.3.3 Reliability of Estimates and Ranking of Parameters

The temporal characteristics of the thermal pulse can be estimated
with adequate reliability for effects purposes for the range of yields
that have been tested (and probably to at least 100 MT) and for all but
the highest altitudes of potential concern (up to about 50 miles).

19



Weapon yield and burst altitude are the dominant parameters and are
of about equal importance. Parameters of much less (or practically no)
importance are weepon design and rapid changes in atmospheric transmission.
2.4 SPECTRAL CHARACTERISTICS OF THE THERMAL PULSE

2.4.1 Dependence on Yield and Burst Altitude

The time dependence of the spectral characteristics of the thermal
pulse on the weapon-burst parameters is considered in Appendix B. It is
shown there that the spectral distribution is fairly well approximated
by a black body whose temperature falls with time from an initially high
value, which depends to some extent on the weapon yield, to a low value,
vhich is effectively limited by the decreasing emissivity of the fireball
and the 3u wavelength atmospheric cutoff. The time average spectral
distribution is not greatly different from solar radiation on the earth's
surface. lLarge-yleld weapons radiate a substantial fraction of their
energy at lower effective black-body temperatures than small-yield wea-
pons do. Although there is considerably more ultraviolet and infrared
rediation emitted by high-altitude detonations, atmospheric absorption
at wavelengths shorter than O.3n and in the water-vapor and CO, bands
plus the prolonged duration of much of the infrared emission serve to
minimize the differences as far as effects on materials saixe concerned.

2.4.,2 Dependence on Atmospheric Scattering

Appendix C treats the subject of changes in spectral distribution
caused by atmospheric scattering. An interesting synergistic effect in-
volves (1) the angular distribution of radiation and its dependence on
the scattering properties of the atmosphere and the spectral distribution
of the radiation along with (2) the change in spectral distribution of
the scattered radiation and its dependence on angle. As mentioned
previously, a significant portion of the radiation that has undergone
miltiple scattering (for instance, at large distances relative to the
visibility range from a low-altitude fireball) will be distributed over
fields of view that do not include the fireball. This scattered-in
radiation will exhibit a small, but measurable, shift to shorter wave-
lengths, while the directly-viewed fireball will appear redder.

Appendix D contaeins a state-of-the-art review of ignition of
materials by intense thermal radiation. It can be readily inferred
from this material that the spectral distribution of incident radiation
plays & part in fire initiation only insofar as it affects the way in
vhich the radiation is converted to sensible heat as determined by the
optical properties of the irradiated material. Such conversion would
not necessarily be the case for very short wavelength radiation, but
the presence of the atmosphere in all considerations of urban fire vul-
nerability definitely limits the short-wavelength end of the spectrum.
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2.4.3 Reliability of Estimates and Ranking of Parameters

The relative constancy of the spectral distribution of thermal
radiation received at a distance (over atmospheric paths of practical
concern) from nuclear fireballs plus the experimentally demonstrated
insensitivity of ignition responses of typical kindling fuels to changes
in spectral distribution (within the atmospheric window of approximately
0.3 to 3 4 wavelength) indicates that current estimates of the spectral
characteristics of thermal radiation from nuclear bursts are of adequate
reliability for incendiary assessment purposes. The order of importance
of the parameters that determine the spectral distribution appear to be
as follows: burst altitude, atmospheric absorption and scattering
properties, and weapon yield. Though not considered here, weapon design

may also have an effect.
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SECTION 3

PARAMETERS DETERMINING DISTRIBUTION OF PRIMARY
IGNITIONS FOR FREE-FIELD AND ACTUAL CONDITIONS

3.1 IGNITION RADII FOR FREE-FIELD CONDITIONS

In this section, we consider the idealized case of ignition of
optimally oriented fuels exposed to the free-field distribution of
thermal radiant energy, as developed in Section 2. The problem then
is simply one of relating the ignition-threshold radiant exposures of
fuels to (1) their physical properties, (2) their environment, and (3)
the temporal and spectral characteristics of the thermal pulse to which

they are exposed.
3.1.1 Dependence on Fuel Properties

The ignition behavior of cellulosic kindling fuels and its dependence
on the physical properties of the fuels is considered in greater detail
in Appendix D. The basic parameters are volumetric heat capacity
(determined from thickness and density, or thickness and weight per unit
area; specific heat capacity of cellulosic :uels is nearly constant),
thermal diffusivity (estimated from density, or thickness and velight per
unit area and from a knowledge of whether the fuel is natural or manu-
factured), optical absorptivity (this of course depends on the spectral
distribution of the incident radiation), moisture content (which in turn
depends on humidity and, for exterior fuels, on recent precipitation),
geometry (that is, crumpled, folded, subdivided, layered, randomly mixed,
etc.), and on extraneous contents. For noncellulosic fuels we mist add
chemical composition to the list of parameters that (although only a
little experimental work has been done on such fuels) is not otherwise
expected to differ substantially from the list for cellulosic fuels.

3.1.2 Dependece on Ambient Conditions

Environmental conditions that might be expected to influence ignition
behavior are air temperature, local air currents, and local relative
humidity (also recent precipitation for exterior fuels). In fact, however,
air temperature within the normal range does not exert any significant
influence. Local air currents can either enhance ignition (to the
extent of causing some smoldering or glowing fuels to flame) or retard
it by increasing heat losses (for long, low-irradiance exposures
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where losses govern), but these effects are generally small. Iuels wet
from recent precipitation will typically resist ignition altogether,
although thin fuels can be dried out and ignited by suitably prolonged
exposure to radiant heating. The moisture content of cellulosic kindling
fuels bears a definite relationship to the local relative humidity. If
the relative humidity has remained unchanged for a period nf time suffi-
cient to allow the moisture content of fuels to come to equilibrium,

the moisture content of a fuel cun be estimated. (See Fig. D.1l, App. D.)

3.1.3 Dependence on Thermal Pulse Characteristics

The dependence of ignition behavior of cellulosic kindling fuels
on temporal characteristics of the thermal pulse is described in detail
in Appendix D. It has already been mentioned (Sec. 2) that the response
of materials is dependent on the spectral distribution of the incident
radiation in & way that is determined by the absorptance of the material,
and since this is rot usually s strong function of wavelength in the
0.3 - to - 3 p range, ignition behavior is only weakly influenced by
changes in spectral distritution.

3.1.4 RFffect of Repetitive Exposures by Multiple Bursts

A factor that has not received any amount of attention thus far is
the effect of multiple bursts (repetitive exposures) on the response
of materials. Clearly, if a fuel is exposed to & series of repetitive
exposures, all of which are (1) of insufficient intensity to cause an
irreversible change in the properties of the fuel, and (2) far enough
apart in time to allow reversible changes to return to the initial state
(for all practical purposes), nothing will happen by way of damage to
the fuel. But if any one of the exposures fails to satisfy condition
(1) or if two or more exposures in combination violate condition (2),
then there is a distinct probability that the fuel will be ignited by
the series of exposures. It would appear at first sight that, if any
one of the series of exposures is capable of igniting the fuel, the
probability becomes unity. This is obviously so if the igniting exposure
is the first of the series. But if preceding exposures have failed to
ignite the fuel while depleting its volatile pyrolysis-product reserve,
it might fall to ignite when exposed to a pulse that would surely have
ignited it in its original state. However, this prospect seems quite
unlikely and certainly not worthy of serious consideration in the usual
situation of mixed fuels.

The cases of increased susceptibility due to reversible or irre-
versible changes in properties by a previous exposure does seem to
demand serious consideration and is somewhat amenable to evaluation.
The important reversible changes that occur in fuels as the result of
exposure to subignition radiant levels are the generation of a temperature
profile and the removal of moisture. The first of these is extremely
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traasient in nature, and it can be said categoricelly that if the
repetitive exposures are more than a few seconds apart, they will not be
able to build up the fuel temperature to a level that will cause ignition.
Diffusion of moisture occurs more slowly than diffusion of heat, but the
most that can happen to the fuel by the second reversible change is to
get it “bone dry," in which state it is somewhat more easily igaited

than vhen moist. But elevated temperatures are still a requirement, and
unless the pulses are in rapid order, ignition cannot result.

However, when the exposures are in rapid ordar or vhen they are of
flux levels such that individually they generate temperatures in the
fuel surface that are several hundred degrees centigrade, then irrevers-
ible changes occur, such ac pyrolysis of the organic constituents of
the fuel. The resulting increase in the optical absorptance of the fuel
(unless it was already black) plus the evolution of volatile fuel sub-
stances make the fuel susceptitle to ignition by a subsequent pulse
vhich by itself would otherwise have been incapable of igniting the fuel.
Ignition by multiple bursts need only be considered, therefore, for
rapid-order bursts where the radiant exposure frowm none exceeds the
ignition threshold by itself and whers togeiher the time averaged
irradiance will be at least 1 cal cm™“ sec ™ or more. If they are very
close together in time, the sum of their individual contributions can be
used to provide a single cumulative pulse for estimating ignition radii.
If they are not nearly simultaneous, then it might be better to use a
square-wave approximation.

3.1.5 Reliability of Estimates and Ranking of Parameters

High-reliability estimates of ignition-threshold rudiant esxposure
of cellulosic fuels of thickness L, density p, specific heat capacity C_,
optical absorptance &, and thermal diffusivity & can be obtained for P
the conventional nuclear-weapon thermal pulse of characteristic time tme.x
through the use of the following normalizing relationship:

1a) ot
5k o (2)
PP L

far the range of Ctt'.m.x/l.2 as shown in Fig. 8; the functional relationship is:

0.2
aQ at qt
o max max

for larger values of O% ZLE.
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Q. is the threshold radiant exposure for moisture-free fuel; Q' is the

for transient (unsustained) cases. This value can be coflverted
to the value for any desired relative humidity by multiplying by the
appropriate factor determined from Fig. D.l, App. D.

The quantity q in Eq. (3) i an empirically determined quantity
that depends primarily on the geometry of the fuel. It has values from
about 0.8 for geometrically complex fuels to about 1.8 for plane-sheet
configuration fuels (and could be somewhat higher in cases of considerable
local air motion).

For relatively short exposures, uncertainties in the optical-
absorptance values are the dominant contributors to uncertainty in
estimating threshold exposures. At longer exposures, unreliability can
result more from uncertainties in q values. Estimates of radiant
exposure for ignition of a fuel whose properties are readily ascertained
are probably good to better than 20% except for non-cellulosic fuels
(or for cellulosic fuels which normally contain significant non-cellulosic
constituents or have been treated, e.g., for fire retardancy) and for
very long pulse durations for which errors of a factor of 2 or more are
possible.,

In approximate order of importance, the parameters that influence
free-field ignition of materials are fuel thickness (more accurately the
weight per unit area), optical absorptance, weapon yield, burst altitude,
relative humidity (and, for exterior fuels, recent precipitation), local
air currents, chemical camposition, extraneous contents (such as water
and carbon dioxide), fuel geometry (for long pulses only), source of
fuel (vhether natural or manufactured), spectral distribution of incident
radiation, and for certain limited situations of multiple bursts the
time between bursts. In some circumstances, ignition of exterior fuels
would be dominated by ambient conditions-notably precipitation.

3.2 IGNITION RADII FOR ACTUAL CONDITIONS
3.2.1 Genersl

Up to this point, it has not been necessary to consider the detalls
of a particular urban target; but from here on, it will be necessary to
do 80 to an extent dictated by the amount of detail required in the
output from any attempted assessment of urban fire vulnerability, and
hence, by the scale (that is, national, regional, or local) of the
application. Obviously, i1f we require a completely cetailed picture of
the fire history in a particular U. S. city as it might occur following
a specified nuclear-attack situation, we will have to be able to describe
that city in great detail, perhaps on a house-to-house, room-by-room
basis; but to attempt anything so detailed on a national basis is quite
inmpractical. Recognizing the potential need for both detailed and
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stochasti® approaches, we will attempt to pcint out the differences in
terms of information requirements, and scrutinize each set of parameters
to discover the relative sensitivities of them to the different analyses.

In subsection 3.1, we considered ign‘tion radii for free-field
conditions -~ the most idealized, nondetailed basis available for assessing
the extent of primary ignitions. In this. subsection, we consider ignition
radil for actual conditions over an urban target -- by the detailed
approach.

3.2.2 Dependence on Detailed Distribution of Kindling Fuels

Appendix A describes in some detail the features of an urban area
that determine its fire vulnerability and some techniques that can be
used to describe these features. The distribution of kindling fuels can
best be determined by survey (preferably door-to-door, on foot). Such a
survey is a large underteking (even for a few dozen city blocks with a
large team of qualified observers), and much of the information is of
transient value (variable in validity, utility, etc.).

For many (or most) applications, it is infeasible to account for
each and every item ¢+ kindling fuel in an urban area, its type, its
location (relative to other fuels, whether exterior or interior, etec.),
its ambient environment, and its field of view. It is highly desirable
to seek generalizations to obviate the necessity of surveying every
building, vacant lot, and neighboring suburban area in a city and for
every urban area in the entire nation. Appendix A suggests example
methods for breaking an urban area down into subareas (for example, by
land-use classes). Typical or average features, including kindling-fuel
parameters (abundance and location), can be determined and used for such
subareas as the application warrants.

Regardless of the extent to which detailed surveys are attempted or
average features are settled for, it is also highly desirable to establish
certain constraints on requirements for urban input parameters. Con-
straints can best be established by specifying likely attack conditions.
For example, if it is considered probable (in an assumed attack scenario)
that a particular city will suffer one hit (or near miss) at a specific
location relative to the urban complex, with a weapon of specified yield
and burst altitude, then the input requirements are eased considerably.
A certain area will likely suffer heavy demage from blast, and within
this area (and perhaps within a significantly larger area that is more
or less concentric with it) widespread fires are a certainty. Similarly,
outside of a still larger concentric area, whose radius is readily
calculated knowing the distribution of free-field radiant energy and the
threshold radiant exposures for the ignition of the most susceptible
fuels to be found around urban areas, primary fires will not occur.
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Thus, we are presented with an annulus wherein the primary-fire outcome
is not obvious and for which information about kindling fuels is required.

Within this annulus it 1s necessary to know, or to contrive an
estimate of, the locations and abundances of kindling fuels, how they
vary with time (time of day, day of week, seasons, etc.), and how they
and their fields of view may be altered by the effects of a previous
burst in the same area. More detalls are given in Appendix A.

3.2.3 Dependence on Fields of View of Kindling Fuels

The major difference between free-field and actual ignition ranges
is attributable to the variable and typically limited fields of view of
kindling fuels in actual urban targets. It is the exceptional kindling-
fuel item that sees enough sky to receive directly all of the thermal
radiation incident on the optimally oriented, free-field-exposed surface,
other conditions being equal. Some kindling fuels may receive more by
reflection enhancement, but such occurrences will probably be rare.
Generally speaking, only those kindling fuels that view the sky, or the
part of the sky in which the fireball appears, will be ignited at distances
approaching the free-field limit. Furthermore, these are probably the
only fuels that will be ignited at any distance* except. where there is
& relatively large component of the radiant energy scattered or reflected
back at angles significantly displaced from the fireball line of sight.
Examples of the exceptions would be found at relatively short distances
from surface zero when the atmosphere is highly scattering and/or when
a large portion of a kindling fuel's field of view is mainly filled with
a highly reflecting surface. The first of these exceptions depends on
(1) the subject of angular distribution of radiant energy, as discussed
in 2.2.2, and (2) the ficlds of view of kindling fuels that see a large
amount of sky but not the fireball. The second requires a knowledge of
(a) the fields of view of kindling fuels that neither see the fireball
nor a large amount of sky, and (b) the reflecting properties and exposure
levels (free-field may not do) of the surfaces that occupy most of the
field of view.

Detailed knowledge of kindling-fuel fields of view is at least as
hard to acquire as detailed knowledge of their locations and abundances.
The same practical limitations apply to surveys attempting to gather such
information, and the same kinds of constraints should be applied whenever
possible. Actually, however, the field of view can be utilized in aany

* Tt must be remembered that kindling fuels are defined in terms of
ignitability by thermal radiation, and therefore at high radiant exposure
levels, heavier materials (for exsmple, shingles) are kindling fuels.
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instances to establish survey limitations. 1If, on brief inspection, it
can be determined that the fields of view of a kindling-fuel complex
(furniture in a room, packaging materials in a warehouse, etc.) prohibit
ignition of any of the items in the complex for appropriate sets of
attack conditions, then quite clearly there is no need to survey the
contents of the complex ?at least as far as primary ignition assessment
is concerned). For example, in a suburban tract of homes located south
of the main industrial center of a city (the assumed target), all rooms
of southern exposure might be excluded from a proposed survey of kindling
fuels. It should be remembered, too, that fields of view of interior
kindling fuels change with time. Another complication is introduced if
more than one burst is considered likely. If the burst point varies,
the fields of view vary accordingly. All of these factors are discussed
in more detail in Appendix A.

3.2.4 Reliability of Estimates and Ranking of Parameters

Obviously, the reliability of any detailed estimate of the actual
distribution of primary ignitions in a particular urban target depends
heavily on the level of information about the kindling fuels in the
urban area. Complete knowledge of the type, location, orientation and
field of view of every kindling-fuel item in a particular urban area
would permit calculation of the primary-ignition distribution over that
area to a level of reliability limited only by the reliability of estimates
of the spatial and angular distribution of radiant energy for the free-
field case suitably modified by local reflecting surfaces. Typically,
hovwever, it is not feasible to know all about every item of kindling
fuel at any instant and accordingly more stochastic descriptions of fuel
distributions and fields of view will have to serve. The extent to
which the stochastic descriptions will limit the reliability of the
resulting estimates will depend largely on the ingenuity employed in
choosing the technique for obtaining the stochastic description. The
more homogeneous the urban subareas are to which average values of fuel
distributions and fields of view are assigned and the more the fuels are
subdivided into classes of type, location, orientation, field of view,
and environment, the more reliable will be the resulting estimate of
distribution of primary ignitions.

addition to the parameters that govern ignition radii for free-
ﬁeldnc:onditions , as described in 3.1, the parameters that will determine
the actual ignition distribution for a particular urban target, are, in
the approximate order of sensitivity, (1) the slant range from kind:;ing
fuels by type relative to the burst point, (2) the fields of view o
kindling fuels relative to the fireball line of sight, (3) whether the
fuel is interior or exterior, (h) the angle of the fireball line of
sight from points in the annulus of uncertain primary fire outcome
relative to the horizontal (or vertical), (5) the heights of buildings
relative to distances between them, (6) the locations of trees and other
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shielding bodies relative to buildings and other concentrations of fuels,
(7) the optical properties of obstructions which f£ill substantial parts
of the fields of view of kindling fuels (primarily, their opacities and
the reflectance characteristics of their surfaces), (8) the fuel orienta-
tion, and (9) the "homogeneity" of tLe sensitive parameters within urban
subareas (if, as will commonly be necessary, the target is stochastically
described).
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SECTION L4

PARAMETERS DETERMINING THE RELATIVE IMPORTANCE OF PRIMARY
FIRES AND FIRES FROM CAUSES OTHER THAN THERMAL RADIATION

4,1 GENERAL

In addition to primary fires ignited by thermal radiation, fires
can be expected to result from other weapon effects (secondary fires),
and even from human error and panic during and after the attack (tertiary
fires). The most important cause of secondary fires is undoubtedly air-
blast, which represents a much larger fraction of weapon energy than
other secondary weapon phenomena (about half the yield of a low-altitude

burst ).

The relative importance of primary and secondary fires was a matter
of some disagreement between the American and British surveys of the
effects of nuclear explosions on Hiroshima and Nagasaki. Later studies
have partially resolved these discrepant interpretations of the observations;
the conclusions of these studies will be presented following a discussion
of secondary-fire mechanisms. References to these studies and to the
British and American surveys of Japan are cited at the end of Appendix E.

4.2 BIAST-CAUSED FIRES

For a fire to occur, three factors must be present: fuel, oxygen,
and a source of heat or ignition energy. The thermal pulse from &
nuclear explosion supplies the necessary ignition energy for primary fires,
but the blast wave cannot ignite materials directly; instead, it must
displace already existing energy sources and ignitable fuels so that they
come into contact. The probability of such contacts occurring from random
displacement is obviously low unless the available quantities of fuel
and energy are large. The probability may also be increased if some of
the fuels can subsequently flow or diffuse over a large area, that is,
if they are in a liquid or gaseous state. Because of their convenience
end economy, such fuels (natural gas, fuel oil, etc.) are widely used in
the United States for heating, cooking, and other purposes, and thus may
constitute important potential secondary-fire hazards. In the Japanese
atomic bombings, the three most important sources were heating, cook'ng,
and electrical systems, which together initiated nearly 90% of the
secondary fires whose causes could be identified.
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In most structures, gas and electrical lines and attachments for
appliances are built into the walls; thus, damage to these utilities and
the probability of resulting fire would be expected to be correlated with
the degree of damage sustained by the structures themselves. A conserva-
tive estimate of the extent of blast-caused fires may then be taken as
the range of moderate damage to exterior end interior walls of the
structures of interest. For typical wood-frame construction homes, this
range would correspond approximately to the 2-psi-peak overpressure
contour.

k.3 FIRES FROM OTHER CAUSES

Other weapon phenomena besides thermal radiation and blast include
élg ground shock, ?2) initial radiation (high-energy gamma and neutrons),

3) residual radiation (fission-products fallout and induced radioactivity),
and (4) the electromagnetic pulse from the explosion. None of these
effects is likely to be a significant cause of fire. Ground shock from
a surface burst attenuates rapidly and is less important then air blast
beyond 2 or 3 crater radii from the explosion, while ground shock induced
by the blast wave from an air burst will be less damaging to above-ground
structures than the air blast itself. Electromagnetic-pulse-induced
surges in transmission lines may open circuit breakers, but are unlikely
to cause much sparking or wiring overloed.

Tertiary (human-caused) fires will in all likelihood be much less
numerous than primary or secondary fires except at extreme ranges where
the direct weapon effects are much attenuated. In any case, tertiary
fires will almost certainly not contribute significantly to any mass-fire
phenomena.

4.4~ RELIATIVE IMPORTANCE OF CAUSES

In a study of the Japanese nuclear explosions, conventional explosions,
and earthquakes (see App. E) it was found that secondary fires occurred
with a probability of about 0.0l per 1000 sq ft affected; for residential
units of ~1000 sq ft area, this means that about one fire broke out in
every 100 buildings destroyed. We have assumed previously that this
probability will be fairly constant out to about the 2-psi-peak over-
pressure contour.

Other studies have indicated that, in this region, the probability
approaches 1 that at least one primary fire would occur in every building
exposed to the thermal pulse of a large weapon (at & range of 17 miles,
vhich is the 2-psi overpressure radius for a 10-MI' explosign at optimum
burst altitude, the radiant exposure could be 20-30 cal/cm® on a clear
day). Thus, if atmospheric transmission characteristics are favorable,
primary fires from a megaton-range weapon should be at least two orders
of magnitude more important than secondary fires out to a range of several
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miles, and even more important at greater distances. On the other hand,
if thick clouds, fog, or smoke intervene, the range and number of primary
fires could be considerably reduced.

The fundamental constraint governing the relative importance of
primary and secondary fires is the transmissivity oI the atmosphere.
This constraint and other relevant constraints (as determined by informa-
tion cited in the appendices), in a rough order of importance, are
included in the following list:

(1) Atmospheric transmissivity.

(2) Burst altitude (for high bursts, the effect of blast on
the ground may be insignificant; whereas for bursts near the surface,
target elements may be shielded from the thermal pulse by buildings,
vegetation, terrain features, or dirt thrown up near ground zero).

(3) Weapon yield (for good visibility conditions, the ratio
of radiant exposure to a given blast overpressure tends to increase with
yield, at least up to a few megatons). Weapon yield is synergistically
related with (1) Atmospheric Transmissivity.

(4) Target characteristics: relative concentrations of primary-
fire hazards étrash, exposed curtains and upholstery, etc.) and secondary-
fire hazards (gas lines, flammable liquids, etc.).

(5) Fuel-use patterns (affected by time of day, season,
prevailing weather, etc.).

In an attack on a typical U.S. urban area with a weapon of a few
megatons' yield, primary fires should be much more numerous than secondary
fires, even with less-than-perfect atmospheric-transmission characteristics.
Only under extreme atmospheric conditions, for example, a heavy overcast
below the burst, could the extent and number of primary fires be reduced
to such a degree that it might become necessary to consider the contri-
bution of secondary fires.
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SECTION 5

DISTRIBUTION OF SIGNIFICANT FIRES

5.1 DEFINITION OF SIGNIFICANT FIRE

.Knowledge of the number and distribution of "points of primary
ignition" is not enough information on which to base a description of
the primary incendiary hazard of nuclear attack. Clearly, there are
many kindling fuels (generally, the most susceptible ones) in a typical
urban target that, after being ignited by the thermal pulse, cannot
generate a destructive fire because they have insufficient fuel value
to ignite proximate fuels or are sufficiently separated from them. As
examples, consider dry grass between opposing lanes of traffic of a
divided highway, papers on a metal desk or table, wind-blown litter
against a building of masonry exterior, or even an upholstered chair in
a fire-resistive office. If ignited, such kindling fuels are not apt
to do anything more than burn themselves out. In contrast, a single
ignited newspaper lying on an overstuffed couch in a typical American
living room has at least a fair chance of initiating a fire that, if
‘left alone, will destroy the building and possibly spread to adjacent
buildings. Apparently, it is not enough to consider the size of the
kindling fuel alone. Rather, we must include in our consideration the
local environment of the ignited fuel if we are to get & realistic
definition of significant fire -- the primary fire hazard.

One conceptual approach to a definition of significant fire involves
comparing the heat release, in space and time, of the ignited fuel element
or camplex with the heat release of an incendiary bomb. This approach is
convenient, since we have some knowledge of the e¥ficiency of that kind
of weapon gained from experience. Thus, for example, the burning news-
paper alone does not represent & significant fire, but together with the
couch, (assuming that the newspaper is capable of igniting the couch),
sufficient fuel is arranged in such a way that an amount of energy is
released in a spatially and temporally concentrated way so as to be
equivalent to a conventional World War II incendiary bomb. Thus we could,
as suggested originally by M. G. Gibbons (at the DASA/OCD Fire Phenamenology
Workshop, 1-3 Feb. 1965), define a significant fire in terms of an
"{incendiary-equivalent" amount and arrangement of fuel which in turn
might be defined, somewhat arbitrarily, as capable (on being ignited) of
releasing 20,000 Btu from an area no greater than 1 sq yd in 10 min or less.
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The fire assessment procedure, then, would amount to counting "incendiary
equivalents" in each exposed locale and to comparing the number to the
estimated number of incendiary bombs required to generate a destructive,
self-propagating fire in that locale.

Although it is desirable to have an unambiguous definition of
significant fire so that such fires might be differentiated from all
other more transitory forms of incipient fires, the exact nature of the
definition will vary somewhat from application to application. The
definition given in the previous paragreph is a useful one, perhaps, for
a semidetailed analysis of primary fires based on an extensive survey of
fuel contents of buildings, but it requires too much target information
to be usable in purely stochastic analyses and it is too restrictive for
mechanistic analyses. In this report, we attempt to give consideration
to the complete spectrum of analytical approaches. For this reason, we
choose not to define a significant fire in any such arbitrary and
restrictive terms as contained in the foregoing "incendiary equivalent"
concept. We might simply describe a significant fire as a fire of such
intensity and magnitude that it provides a source from which fire will
propagate with high likelihood, bearing in mind,that, from & practical
view, the propagation referred to is on a scale corresponding to room
or building dimensions. Such a description is clearly unsatisfactory as
& precise definition of the significant fire. It provides nothing more
than a gross 'feeling" for the difference between the fire which has the
potential of becoming a serious problem and the one which is obviously
of transient character. Neither does it restrict our flexibility of
approech. The definition then should be made to fit the particular
application, and at appropriate places in this report, where specific
applications are discussed (see for example 5.2.1, 5.2.2 and T.1l.k),
additional characterization of the significant-fire concept will appear.

5.2 RADIAL PROBABILITIES OF SIGNIFICANT FIRES BY NONDETAILED, STOCHASTIC
ESTIMATE

5.2.1 Estimates Based on Free-Field Ignition Radii

Radial probabilitics of significant primary fires can dbe stochastically
estimated by using free-field ignition radii for abundant fuels in urban
subareas and by assuming certain relationships beiween primary ignitions
of those fuels and initiation of significant fires based on fire experi-
ence and limited experimental results. By way of illustration, let us
consider a typical example of the kind of stochastic approach that currently

can be used to give answers.*

* Based on private cammnication from R.M. Rodden, Stanford Research
Institute.
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The abundance of the more common, readily ignited kindling fuels in
various use-class subareas of urban targets of a few selected cities
have been surveyed and estimated (see App. A). Although the estimates
need updating and improving, they provide some indication of which fuels
might be expected to play major roles in early fire development in each
subarea., For residential areas, the more frequently observed fuels of
kindling weight* ranged in ignition susceptibility from dry newspaper
to heavy fabrics (drapes, furniture coverings, etc.), with newspaper by
far the most common. Fire experience and limited experimental evidence
suggest that ignited newspapers in residential rooms ordinarily present
a minor fire hazard, whereas ignited drapes, bedspreads, and upholstered
furnishings constitute a high level of hazard. (See discussion of re-
quirements for flashover in App. F.) On this basis, it seems quite
reasonable to assign a low probability P., say 1% or 10%, to significant
fires (in residential buildings) at dint&hees corresponding to free-
field radiant exposures that can ignite newspaper, and a high probability
P,, 50% or 90 (or even 99)%, of significant fires at distances corres-
ponding to firee-field radiant exposure levels for the ignition of heavy
fabrics. It is implicitly assumed that fuels will be exposed to the
free-field level in the range of distances considered (this assumption
is strengthene? by the choice of highly abundant fuels, particularly
those at or near windows-for example, drapes), and also that blast
effects, such as collapse of buildings, will not significantly alter
the situation at the initial primary-fire perimeter. To keep these
assumptions in mind, we might refer to the quantities we are assuming
as the "probability of or.e or more significant fires in and around an
exposed, uncrushed, residential building."

An S-shaped curve, the exact shape of which will depend on the
actual distribution of fuels of various weights, can be fitted to the
points P. and P to give the probability of fires at other ranges and
calorie ievels, as shown in the box in Fis. 9. Typical curves genersted
by this procedure are shown in Figs. 9 to 12, in which a cumulative
Geussian distribution has been fitted to various assumed probabilities.
A somewhat surprising result is the apparent lack of sensitivity ol the
probability function, at least in :he lower altitude cases (Figs. 9-11),
to the initial choice of probebilities. Although the probability fuaction
for other distributions has not been calculated, it is apparent that for
any reasonable distribution, for instance, Poisson or even linear,

* The surveys did not include shingles and other moderately heavy
building materials that probably should not be ignored for some
situations.
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would not be drastically different.* The distance corresponding to the
50% probability level might be considered to be a measure of the initial
primary fire perimeter as long as there is a high concentration of exposed
kindling fuels and no more than a modest level of blast damage at that
distance. Accordingly, the primary-fire perimeter is a strong function
of weapon yield, burst altitude, and the properties of the atmosphere
(presence of cloud or haze layers between the burst point and the target).

There is an interesting synergistic interaction between burst
altitude and tie presence (and altitude) of haze or cloud layers in the
atmosphere. If the fireball is below a haze or cloud layer and the
atmosphere below the layer is clear, the primary-fire perimeter, as
predicted above, is somewhat farther from ground zero than if there is
no layer (not shown in figures). Raising the altitude of the fireball
increases the primary-fire perimeter at a pronounced rate until the
fireball attains the same altitude as the cloud or haze layer. Above
that altitude, & sharp decrease in the perimeter occurs.

For the 10-MI' example shown in Figs. 10 and 12, the perimeter for
& 15-mile burst altitude (chosen to maximize the range of ignition of
heavy febrics) is significantly greater than that for a 2.7-mile burst
altitude (optimum for blast damage). However, when there is a light

~ o—

* A word of caution concerning interpretation of the material: First,
the probabilities presented are for fuels that are exposed ¢ the full
free-field radiant-exposure levels at corresponding distances and should
therefore be modified by a function that takes account of differences
between these levels and actual (or realistically expected) levels.

Some of these factors are considered in 5.2.2. Second, although the
ranges of high fire probability in exposed fuels are not strongly
dependent on chosen probabilities or distribution functions for the
examples shown in Figs, 9 through 11, the ranges of low probability
are sensitive to such assumptions., In situations where thousands of
primary ignitions of light kindling fuels may occur per square mile, a
1% probability of a significant fire may have an important civil-defense
impact, particularly if conditions are favorable to the spread of fire.
Fnally, for low air bursts, the nonsensitivity of ranges of high fire
probability to probability-value-and-distribution choice is due in
large measure to the rapid change in radiant-exposure level with distance.
For higher burst altitudes (comparable to or greater than the horizontal
ranges considered), the radiant-exposure level on the ground decreases
much less rapidly with increasing horizontal range, and accordingly the
estimated ranges of high fire probability become mich more sensitive to

" the initial assumptions.
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cloud cover under the burst point (for both cases), the calculation
predicts a much greater contraction of the perimeter for the l1l5-mile
burst altitude than for the 2.7-mile burst altitude. Furthermore, the
uncertainty in range introduced into the latter case by the initial
choice of probabilities is virtually unaffected by cloud intervention,
whereas for the former case the uncertainty becomes so large that the
primary-fire outcome is quite uncertain (that is, meinly low probabilities
except in an area of the target vhere interior fuels would typically be
shielded by roofs.)

5.2.2 Estimates Taking Into Account the Fuel Field of View and Blast
Effects

Although curves such as those shown in Figs. 9 through 12 are
useful for analyzing the sensitivity of early fire behavior to parameters
that affect it, considerable caution should be exercised in attempting
to interpret them for vulnerability-assessment purposes. It has already
been pointed out that the probabilities displayed are intended to repre-
sent the radial distribution of probabilities of significant fires in
and around residential buildings suffering modest blast damage where
there is a variety and concentration of kindling fuels representative
of residential areas for which fuel surveys have been conducted, and
where these fuels are not significantly shielded from a direct view of
the fireball or a substantial part of the free-field radiant exposure
level at that distance.

If we possessed a complete set of such radial probabilities for
all the relatively homogeneous subareas such as we might conceive of an
urban target being divided into, we would still have only a part of the
information needed for primary fire-vulnerability assessment.. In some
suber as, such as wildlands and some suburban areas, where exterior fuel
concentrations are high and shielding can be disregarded, these radial
probabilities may provide adequate descriptions by themselves. In more
urbanized subareas, it is necessary to modify these probabilities with
additional information about the frequency distribution of exposed fuels
and, in some circumstances, to consider the effects of blast before a
realistic picture of the initial fire situation can be obtained.

Consider the hypothetical situation (see Fig. 13) of a homogeneous
urban subarea exposed to the thermal radiation of a nuclear weapon
detonated above the surface at the point marked 6Z (Ground Zero). In
circular Area A, concentric with the point GZ, having a radius certainly
less than the burst altitude,* the only directly exposed fuels of kindling

¥ This corresponds to large angles between the firebell line-of-sight
and the horizontal where shielding such as by eaves etc., prevents
exposure of interior fuels.
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Area A : Exterior fuels and roofing materials exposed.
Area B : Collapse of buildings occurs within this areo.

Area € : Annular area, interior fuels exposed through openings facing general
direction of burst.

Area D : Interior fuels generally exposed through upper story windows facing
general direction of burst.

Note: HOB > A/2

Fig. 13 Schematic of Hypothetical Homogeneous Urban Subarea
Exposed to Thermal Radiation

L3



welght are exterior fuels and roofing materials. If this area is built-
up moderately, exterior fuels are not very abundant (nor do they constitute
much of a hazard), and unless there is a very large camponent of scattered-
in radiation, the fire situation in the absence of blast effects would be
determined largely by the ignitability of the roofs. Suppose, further,
that the blast response of the buildings in this homogeneous area is
such that collapse occurs out to & certain distance, B, (which could be
larger or smaller than the radius of Area A, depending on yield, burst
altitude, and the nature of the buildings) as indicated by the dotted
line in the figure. The probable fire behavior in severely blast-damaged
areas is discussed in 5.3, but it is clear without knowing the details
that the situation within this area will be significantly different from
that in more remote areas. In the lined Annular Area C, the angle
between the fireball line of sight and the horizontal is such that a
significant direct exposure of interior surfaces will occur through
windows located anywhere on outside walls facing in the general direction
of the burst. In shaded Area D, only upper-story windows are assured

of direct exposure, though some lower-story windows may see the fireball
(or at least part of it). Beyond D, direct exposure of windows will
occur infrequently, and again exterior fuels and some roofing materials
will determine what fires may occur (if any). The indistinct lines
separating the areas are intended to illustrate the inexact nature of
such division even for so-called homogeneous subareas.

Fields of view of interior fuels are determined by a great number
of variables, including furniture placement, use of drapes, blinds and
awnings, extent of roof overhangs, proximity of adjacent buildings and
trees, and housekeeping practices. One very important property of urban
targets is that they are inherently anisotropic. Even in the case of
such a seemingly homogeneous area as a new (unlandscaped and unmodified),
low-cost housing tract built by the same contractor, the exposure of
fuels is a strong function of direction. Fronts and backs ge.erally have
a much higher proportion of window area than sides do. Also these windows
usually face either a street or laxrge yard, and because of the much larger
distances to adjacent houses, they see a much greater fraction of the
sky than side windows do. It is not unusual for interior fuels with
vindow openings in the front of a house of a low-cost, suburban tract
to have a view of the sky that includes angles less than 10° above the
horizon. Backyard windows generally ''see" less sky near the horizon
becavse of trees, garages, fences, etc. Side windows are frequently
limited to sky views over 30° above t'.e horizon.

One interesting result of the free-field calculation of radial
probabilities of significant fires caused by low airvursts, the results
for which are shown in Figs. 9 to 11, is that, at the predicted primary-
fire perimeter, the firaball subtends an angle of approximately 11°,
vhich appears to be virtually independent of yield for the three low-air-
burst caseas considered (1, 10, and 100 MT'). Thus, at the supposed free-

Ll




field fire perimeter in a residential area, the fireball typically would
be obscured as viewed from window height when the weapon i1s detonated
close to the ground, whereas at burst altitudes chosen to optimize blast
damage (roughly equal to the fireball diameter) only about half of the
fireball could be seen from the windows described above as having the
fullest sky view.* Therefore, under these circumstances, the actual fire
perimeter would probably be determined more by the field of view than by
free-field ignition radii. For greater burst altitudes, the fire peri-
meter would expand rapidly with burst altitude, because of the general
improvement in field of view, atmosphere transmission, and ignition
efficiency of the shortened thermal pulse, until the increased slant path
and/or intervention of clouds or haze reverses the trend. The preceding
discussion has been confined to & narrowly liuited case of residential
areas, but many, if not most of the princip.es can be applied generally.

5.2.3 Reliebility of Estimates and Ranking of Parameters

Stochastic estimates of the distribution of significant primary fires
over an urban target can probably be made reliable if a great deal of
attention is given to dividing the target area into homogeneous subareas
and if proper account is taken of the variation in fuel field of view with
distance from ground zero. Basically, the same parameters apply here as
in the previous discussion in 2.2 of the actual distribution of ignitionms,
since the nondetailed, stochastic estimate of significant fires is merely
an extension of that subject. Additionally, we are concerned here with
(1) "parameters" that describe the choice of probability of sustained fire
corresponding to ignition of certain abundant fuels, (2) the choice of a
probability function relating probability of sustained fire and radiant
exposure level, and (3) the interaction of blast effects with the genera-
tion of significant fires. No fundamental parameters related to the
foregoing ill-defined "parameters" have as yet evolved.

5.3 DISTRIBUTION OF SIGNIFICANT FIRES OVER URBAN TARGET BY DETAILED
ANALYSIS

5.3.1 D_e_gendence on Detailed Knovleﬂe of Fuel Distribution Relative
to Primary Ignitions

It is reasonably well established (see App. F) that the ignition of
a major item of furniture (a couch or a bed) in a moderately sized
residential room will lead to full fire involvement of the room in a short
time if firefighting action is absent. It seems safe to assume that, if
a definite amount of heat (suitably concentrated in space and time as
determined by room dimensions and structural features) is released in a
room, the room will become involved in fire. This assumption is the
basis of some definitions of a significant fire in terms of an "incendiary
equivalent" (see 5.1). Attempts to evalvate the properties of the heat

* See footnote on p. k2.
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source have been made using data derived from incendiary bombing
experiences.

The concept can be used as a basis for a detailed analysis of
significant-fire distributions following nuclear attack. After analyzing
the detailed distribution of primary ignitions, as described in 2.2,
one would determine how many fires of "incendiary-equivalent' magnitude
would result either by direct primary ignition of large fuel items or
by propagation of fire tc them from proximate lighter fuels. Thus, it
is necessary to know what fuel items in a room represent an "incendiary
equivalent" :for that room, whether they are likely to be ignited directly
by the thermal pulse of a nuclear weapon detonated under a particular
set of circumstances, and if not, what fuels in the room will be ignited
and vhether they are suitably located relative to the other fuels in the
room such that fire spread from item to item will generate a fire of

"incendiary equivalent'" magnitude.

For the cases where ignition of large fuel items is assured, the
analysir is little, if any, more difficult than the analysis of primary-
ignition distributions. For the kinds of operational problems requiring
a high-reliability, conservative estimate of fire damage, the analysis
of urban "incendiary equivalents" can be a satisfactory endpoint for
fire-damage assessment. Results would probably not be significantly
different from those obtained from stochastic estimates of the initial
primary fire perimeter. '

For civil-defense purposes, however, more information is required.
Although the actual range of the initial primary fire perimeter may not
be greatly different from the range over which heavy fuel items ignite,
the subsequent stages of fire development and spread are of vital interest
to civil-defense planners, and analysis of the later stages will depend
heavily on a detailed knowledge of initial fire distribution.

To analyze cases of potential fire development where only light
kindling fuels (incapable by themselves of generating a significant
fire) are ignited by the thermal pulse, we require not only a much
more extensive list of data on fuel types and distributions than we
need for primary-ignition purposes,* but we need to know how fire
propagates itself from fuel item to fuel item.

¥ Data on (1) location of fuels by type relative to one another, (2)
heat release and heat-release rates of fuels by types, (3) amounts and
kinds of pyrolysis and combustion products, and (4) dimensions and
structural features of the enclosure, if any, including sources of
ventilation, etc.



5.3.2 Dependence on Factors Affecting Item-to-Item Propagation

The mechanisms of fire propagation from fuel item to fuel item are
treated in some detall in Appendices D and F. Some information is
available on spread of fire through fuels in contact, but next to nothing
is known about propagation between separated items (on this scale where
radiation or convection is not clearly the dominant heat-transfer mechanism).
Some of the factors that are probably important are (1) burning rate,

(2) heat-release rate, (3) relative location, (4) relative amounts of
radiation and convection, (5) air velocity and direction, (6) collapse of
burning fuel items, and (7) envirommental factors, such as air tempera-
ture, oxygen supply, and combustion product accumilation. This subject
receives more attention in Section 7.2

5.3.3 Reliability of Estimates and Ranking of Parameters

Detailed estimates of the distribution of significant primary
fires over an urban target are not feasible at the current state of
knowledge due primarily to gaps in information concerning fuel types
and distribution, and the mechanisms of item-to-item propagation
(build-up). The following appear to be the determining parameters in
approximate order of sensitivity for fire vulnerability: (1) distribution
of fuels by type, (2) the number of "incendiary-equivalents" exposed by
thermal pulse, (3) the factors governing item-to-item propagation: (a)
heat-release rate, (b) burning rate, (c) relative location of items,
() relative amounts of radiation and convection, (e) air velocity and
direction, (f) collapse of burning fuel items, and (i) environmental
factors such as air temperature, oxygen supply, and combustion product
accumulation, and (5) the distribution of "incendiary-equivalent"
magnitude fires.



SECTION 6

PARAMETERS DETERMINING PROPAGATION OF EXTERIOR FIRES
TO BUILDINGS AND OTHER STRUCTURES

6.1 STRUCTURES WITH PROXIMATE TRASH ACCUMULATION AND FUEL STORAGE
6.1.1 Weather Factors

Relative humidity and precipitation have a retarding effect on both
rate of spread and burning intensity of exterior fuels. These, in turn,
are expected to be determinants on whe*her exterior fuels will ignite
structures. If trash and other fuel accumulations are large, the fire
may grow to an intensity great enough to offset the retarding effects;
but such offsetting would not usually be the case where substantial
precipitation is involved. Wind markedly enhances the rate and inten-
sity of burning and can carry burning fuels against structures, through
openings, and into fire-susceptible locations, such as under eaves and
onto roofs. In a nuclear attack situation, window panes will be broken
by blast, and the blast wave, natural winds, and fire-generated winds
could transport burning fuels through the open windows into unignited
interiors.

6.1.2 Structural Factors

It is a rather common thing to find buildings in warehouse areas
with attached wooden ramps and platforms against which trash and other
combustible items have accumulated and on which combustible packaging
materials are stored. This set of circumstances is ideal for fire spread
to the building. A great variety of fire-susceptible structural features
can be found in any urban area. Some of these are discusc2d in Appendix

A.

6.1.3 Housekeeping Practices

This point needs little amplification. Obviously, good house-
keeping practices reduce the fire hazard from exterior ignitions to a
minimum.



6.1.4 PFuel Factors

The amount of exterior fuel is a major determinant of whether exterior
fires will propagate to proximate buildings. The large amount of exterior
fuels required to propagate a fire to sound wooden structures has been
demonstrated experimentally (see App. F). As a result, it is commonly
held that the exterior fuels in built-up urban areas do not constitute
mich of a hazard except for particularly susceptible structures, such as
warehouses, and for cases of high winds.

6.1.5 Approximate Order of Parameter Sensitivity

The following appear to be the determining parameters in approximate
order of sensitivity for fire vulnerability: (1) location and amount of
exterior fuels relative to fire-susceptible structural features in certain
buildings, (2) precipitation, (3) wind speed and direction relative to
location of proximate fire-susceptible structures, and (4) relative humidity.

6.2 STRUCTURES WITH COMBUSTIBLE EXTERIORS

6.2.1 Weather Factors

Ordinarily combustible exteriors of buildings do not achieve sus-
tained burning by exterior non-building fires under the best of conditions.
The continued burning of those materials that are marginally capable of
being ignited, such as shingles and asphalt-impregnated felts, would be
heavily dependent on all weather factors. High insolation levels would
enhance their fire-propagating potential, whereas high relative humidities,
precipitation (either current or recent), and wind would limit or
extinguish them.

6.2.2 Structural Factors

The exteriors of structures that achieve sustained burning from
the thermal pulse will generally involve entire structures by igniting
interior combustibles. Commonly, this involvement will result from the
penetration of structure enclosures (through newly formed openings)
and/or by the direct propagation through openings (all kinds) of hot
geses, sparks and radiation. Propagation from initial burning sites
vill be alded by their appropriate location relative to openings and to
fire-susceptible structural features (eaves, under shingles, trim, finish,
etc.). Fire-susceptible features of structures are often associated
with areas of local '"roughness" on the exterior of structures. These
areas enhsice the likelihood of fire propagation to interior fuels because
they tend to locally conserve heat (by shielding or protecting from wind
and convection currents). The upper parts of urban structures (upper
stories, building roofs, etc.) are more likely to be involved, since
the location of the exterior initial sites of sustained burning will
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depend on direct exposure to thermal radiation. Mre penetration (may-
be by collapse) from exterior structural fuels to interior fuels will
depend on the continuity of combustibles and/or spaces enroute to the
interior (insulation in n construction spaces can halt or hinder
penetration through walls) and on fuel factors and the weather. Direct
propagation through openings will depend on the location, number and
size of openings relative to the location of exterior sustained ignitions
and the ability of these ignitions to create sparks, firebrands, and hot
gases (parameters of fuel and finish) that can subsequently pass through
the openings. The susceptibility of interior fuels to ignition is dis-
cussed in Section 7. New openings contribute to the propagation. They
result from the disrupting effect of the blast waveon structures and
from the effects of the blast wave on existing opening covers (for example,
breakage of glass in windows). The larger number of openings increase
the ventilation and susceptibility of the entire structure to fire.

6.2.3 Housekeeping Practices

Good housekeeping can minimize the likelihood of fire propagation from
the burning combustible exteriors, The number of openings in dilapidated
structures can be reduced (for instance, by nailing down loose boards),
and the number of fire-susceptible locations can be reduced (for instance,
by tabs on asphalt shingles that prevent lifting in & strong wind).

6.2.4 Fuel Factors

The propagation of fire from exterior ignitions on structures is
strongly dependent on the amount, geometry (thickness and surface areas),
degree of combustibility, and the proximity interrelations with noncom-
bustibles (or items of low degree of combustibility) of combustible

exterior fuels.
6.2.5 Approximate Order of Parameter Sensitivity

The following appear to be the parameters in the approximate order
of sensitivity for fire vulnerability: (1) location of the exterior sus-
tained burning on structures, (2) combustibility of proximate fuels, (3)
wind speed and direction, (hs "heat-conserving" properties of fire-
susceptible locations (construction features), (5) size and location of
openings, (6) weather factors, and (7) housekeeping.

6.3 STRUCTURES IN HEAVILY VEGETATED AREAS

6.3.1 Weather Factors

The susceptibility of vegetative fuels to ignition by the thermal
pulse of & nuclear burst, and to subsequent fire build-up and spread,

" 1s strongly dependent on weather factors (recent and current). Relative
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humidity and wind speed appear to be the more important weather para-
meters. The transport of burning vegetative fuels to fire-susceptible
locations of structures is dependent primarily on the speed and direction
of the wind, and the characteristics of firebrands.

6.3.2 Structural Factors

Fire spread from heavily vegetated areas to structures will depend
on the continuity of vegetative fuels to the structures without appreciable
vw!2ds and on the distances firebrands must be transported to the struc-
twes with winds of proper speed and direction. The topography (slope,
aspect, and direction) appears to influence the above effective distances.
Light vegetative fuels are more readily ignited and can involve the
heavier vegetative fuels. The latter produce heavier firebrands, which
are more likely to ignite the less combustible exteriors of structures.

6.3.3 Housekeeping Practices

Good housekeeping will minimize susceptibility of structures located
in heavily vegetated areas. Examples are the plowing, preburning, pruning
of firebreaks around structures (which increases "jump" distances and
breaks the continuity of the fuel bed), the removal of fine fuels, and
the reduction of the number of susceptible locations of structures.

6.3.4 Fuel Factors

Heavy fuels (trees and bushes) and light fuels (grass, leaves,
needles) undergo changes with season, age, soil conditions, and weather
that govern the susceptibility to primary ignition and the capability
of subsequent spread to structures.

6.3.5 Approximate Order of Parameter Sensitivity

The following appear to be the determining parameters in approximate
order of sensitivity for fire vulnerability: (1) proximity of vegetative
fuels to fire susceptible locations, (2) susceptibility to the formation
of firebrands, (3) weather factors (wind speed and direction, snow cover,
relative humidity, and precipitation, recent and current), (‘) topography,
and (5) housekeeping practices.
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SECTION 7

PARAMETERS DETERMINING SPREAD OF INTERIOR FIRES IN
BUILDINGS AND OTHER STRUCTURES

7.1 ESTIMATES THAT DO NOT TREAT MECHANICS OF PROPAGATION
T.1.1 General

In this subsection, we consider assessment procedures that attempt
to estimate the number and distribution of buildings and other struc-
tures that initially will become involved in fire as a result of
propagation from interior ignitions, without analyzing in detail the
sequence of steps: (1) primary ignition; (2) fire initiation and fire
build-up in rooms of primary ignition; (3) penetration of walls, and
room-to-room propagation, and (4) total fire involvement of the structure.
A useful starting point is a knowledge (or stochastic estimate) of the
number and location (or the probable distribution)of significant fires,
a8 discussed in Section 5. We begin by summarizing the pertinent
material of Section 5 and relating it directly to the objective of this
subsection. :

7.1.2 Probability That Significant Fire will Result from Ignition;
Stochastically Described Target

In a target area described in a stochastic way, the probable
distribution of significant fires can be predicted from free-field
ignition radii of abundant fuels in each of the "homogeneous" subareas
of the target. Such estimates are likely to be unrealistic because
they ignore shielding and subsequent blast effects. Improved estimates
should result from procedures that take into account fields of view of
interior fuels and blast responses of the structures in the subarea as
functions of distance from surface zero.

7.1.3 Estimates of Significant Fires for More Deterministically
Described Targets

Analysis of targets described deterministically in some degree
requires (1) the selection of fuel items that, when ignited, will by
themselves generate a significant fire, and (2) the deduction of likeli-
hood that these fuel items will be ignited either directly or indirectly.
The degree of sophistication will depend on the detail to which the
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target is described, from typical cases (fuel types and fields of view)
for different kinds of roocms in various classes of buildings on the one
hand to determined locations and fields of view of fuel assemblies on
the other.

7.1.4 Probability that a Significant Fire in a Structure will Lead to
Total Involvement' of the Structure

Depending on the approach taken, not only the relationship of the
probability of building involvement to the probability of occurrence of
significant fires, but also the definition of a significant fire itself
will be subject to considerable latitude of choice. For example, it
would be very convenient when dealing with a target described on a
purely stochastic basis to define a significant fire as a fire that has
a high probability of leading to "total involvement" of the entire
structure associated with it. Accordingly, a significant fire for one
class of structures (those in a given "homogeneous" subarea) would differ
from those for other classes. This difference, however, introduces no
serious complications into a procedure that glosses over details by
semi-intuitively relating the ignition of abundent fuels in each subarea
to some characteristic "fire outcome" based on past fire experience.

For more deterministically described targets, at least two different
combinations of significant-fire definitions and probabilities for
"total involvement" can be readily conceived. In one approach, a signi-
ficant fire can be based on the ignition of an "incendiary equivalent”
of fuel (as described in Sec. 5.1) and the probability of either room
involvement or building involvement can be deduced from data on conven-
tional incendiary-warfare experiences and structural details of the room
and/or building having the one or more ignited "incendiary equivalents"
of fuel. Another approach defines a significant fire as a fire that will
very likely lead to flashover (or other forms of total room involvement )
of the room in which it occurs. In this case, the characteristics of
the significant fire are dependent on the dimensions and structural
features of the room (or other enclosure). Further discussion of the
relationships between size and other fire characteristics and the features
of the enclosure that will cause a flashover is in 7.2.

T.1.5 Probability that Total Building Involvement Follows Total Room
Involvement

Non-mechanistic procedures of analysis, which define significant
fires in such a way that flashover (or other forms of total room involve-
ment ) may be deduced, require additionally some provision for evaluating
the probability that a structure containing a "flashed over" room will
itself become "totally involved" in fire. Once again, the only available
source of information on which we may base the analysis, if it is to be
more than a subjective guess, is fire experience. Parameters that appear
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to be important are the structural features of the building and the
location of the room (or rooms) initially involved. Intersction of
blast should not be ignored, particularly if considerable loss of
structural integrity is anticipated.

7.1.6 Reliability of Estimates and Ranking of Parameters

In this subsection, a wide range of nomnmechanistic approaches have
been discussed. Correspondingly, the resulting estimates of initial.
fire involvement of the structures in a target area will range in reli-
ability and output detail from the minimal level for stochastically
descrived targets (possibly misleading if fields of view are not taken
into account) to variably better levels for more deterministically
described targets, depending on the amount of detail in the description.
One very important difference in output information is the amount of
information pertaining to time dependence. The more stochastic approaches
provide only an estimate of an "initial state,"” which might be interpreted
as the distribution of burning buildings during, say, the first half hour
after the nuclear burst. Mcre detailed descriptions of targets permit
treating the progression of fire from the initially flashed-over rooms
throughout the building in a timewise fashion. The best temporal fire
growth information is realized from an analysis that treats the mechanics
of fire propegation. (This subject is discussed in 7.2.)

The factors (in approximate order of importance) that affect non-
mechanistic estimates of initial tuilding fires include: (1) choice of
definition of "significant fire," (2) choice of fuels that will generate
a "significant fire" if ignited or choice of probability that a "signifi-
cant fire" will result from the ignition of abundant fuels, (3) fields of
view of windows in structures, (4) fields of view of fuels in structures,

5) dimensions of rooms, (6) details of room construction and contents,
7) location of room in structure, and (8) details of structure.

7.2 DETAILED, MECHANISTIC EVALUATION OF FIRES IN STRUCTURES

T.2.1 Dependence on Detailed Knowledge of Structural Features and Fuel
Contents

The prerequisite to a detailed, mechanistic evaluation of fires in
structures is a detailed knowledge of the structural features and the
fuel contents of each room (or other enclosure) which constitute the
structure. Inasmich as we have already discucsed procedures for estima-
ting the actual distribution of primary ignitions following a nucleear
burst, let us begin here by enumerating the data we need on ignited fuels.
Primary ignitions will ordinarily occur in interior fuels that are, or
have as camponents, relatively thin elements. If the ignited element is
in contact with a substantial fuel complex or part of it, fire can pro-
pagate from the light fuel to the heavy fuel, and a serious fire may
result. Even when they are not in contact, propagation may occur with
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suitable orientation of ignited and unignited fuels. A bedspread is a
readily ignited fuel and once ignited is quite likely to set the whole
bed on fire. Papers on a desk are quite susceptible to ignition, but
they are not likely to cause the desk to burn unless there is a large
quantity of them or they are under a wooden shelf or some other relatively
lightweight combustible appendage to the desk. It is apparent that we
need to know something about the size, heat release, burning behavior,

and location of ignited fuels. Some of the factors that affect the heat
release and burning behavior are (1) the thickness, composition, shape,
orientation, and proximity of other burning fuels, (2) windows and other
sources of ventilation, (3) walls, and other beundaries, and (&) the humidity,
combustion-product content, temperature, and other characteristics of

the ambient "air" around the fur'.. These factors are discussed in more

detail in App. D.
T.2.2 Detailed Knowledge of Unignited Fuel Contents of "Room"

Generally we need similar information on the unignited fuels in the
room or other enclosure, namely, location, size, fuel value, and burning
behavior; but also we need information that will allow us to estimate the
susceptibility of the fuel to ignition by adjacent burning fuels. Thus,
we need to know (1) the fuel's location relative to ignited fuels, other
unignited fuels, windows, doors, walls, (2) its size, shape, composition,
and orientation, and (3) the characteristics of the ambient "air."

T.2.3 Dependence on Structural Features of Enclosure

The growth of fire in an enclosure dzpends on the dimensions of the
enclosure, amount of ventilation (at later stages at least), and the
insulating properties and fire behavior of the wells of the enclosure.
Windows and other openings must be considered in terms of their sizes
relative to the fuel contents and dimensions of the enclosure, and in
terms of their location in the enclosure.

7.2.4 Mechanisms of Fire Initiation and Buildup

This subject is treated in considerable detail in Appendices D and
E. Some work has been done, but much research remains to be done before
the mechanics of item~-to-item propagation of fire, the mechanics of and
conditions for flashover, and the temporal sequence of events will be
understood well enough to permit descriptions of fire behavior to be

made in a general way.
7.2.5 Mechanisms of Penetration and Room-to-Room Spread

This subject, like the previous, is not well understood although
some usable information does exist. Factors bearing on it include (1)
location of room (or rooms) of initial fire involvement, (2) penetration

55



times of the structural barriers (walls, doors, etc.) separating the
various rooms and enclosures, (3) fire-propagation behavior in halls and
stairvells, and (k) building ventilation (including wind).

7.2.6 Blast Effects

Blast can either enhance or inhibit the development of fires in
structures. In regions of low peak overpressure, it will at least open
windows and doors and in many cases will cause partial collapse of walls,
ceilings and roofs. These effects will increase both the fire suscepti-
bility of structural fuels and the ventilation. These, in turn, will
enhance fire development except, perhaps, in situations where conditions
are no longer amenable to flashover, though it is not at all clear at
the present how much of a factor such conditions might be.

At higher peak overpressures, blast will cause the general collapse
of structures, which will drastically alter the fire situation. If
blast collapses buildings having a large nonfuel-to-fuel ratio, incipient
interior fires will quite probably be snuffed out. Buildings of more
generally combustible construction may continue to burn, but the burning
behavior, though it should be very different from that of an uncrushed
structure, ig not predictable, even in principle, without a detailed
knowledge of blast-induced structural changes.

There is some evidence, albeit inconclusive, suggesting that primary
fires may be extinguished by blast (from weapons in the megaton range)
1f peak overpressures exceed about 5 psi (see App. E. 2.7). Of course,
in many cases the accoampanying wind will fan the fires to more intense
levels of combustion and translate small ignited objects into areas of
unignited, blast-created kindling. To some extent, at least, the fires
that may be extinguished will be offset by fires caused by blast. Every-
thing considered, it seems that the area of severe blast damage is also
an area of high fire likelihood.

T.2.7 Reliability of Estimates and Ranking of Parameters

If estimates of fires in structures could be made with a first-
principle, mechanistic approach (and at the present state-of-the-art,
they cannot), they would be the most reliable of all possible estimates.
The vulnerability of structures to primary fires is determined by the
same parameters that determine the actual distribution of primary ignitions
over the target (with the same sensitivity); but in addition vulnerability
depends on (1) factors that describe the location and fire-propagat
potential of proximate unignited fuels, (2) the environment, (3) the (as-
yet-not-well-understood) processes of item-to-item propagation, (4) fire
buildup, room-to-room propagation, and (5) under some circumstances,
blast effects. Because of the complexity of the problem and the rudi-
mentary level of understanding of it, only the most superficial listing

of parameters is pcssible.
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SECTION 8

FIRE-SPREAD RATE, DIRECTION, AND EXTENT

8.1 GENERAL

This section pertains to the phase of fire vulnerability that begins
with the initial pattern of established fires and treats the history of
growth and change of the area involved in fire. As in previous sections,
there is more than one way to analyze the problem. Starting with a
stochastically predicted, initial fire perimeter or a deterministically
derived distribution of structural fires and major exterior fires, fire
spread can either be surmised from past fire experience or it can be
calculated mechanistically. The choice, as in Section 7, is dictated
both by the amount of detail with which the target is described and the
state of knowledge of fire-spread mechanisms.

8.2 ESTIMATES BASED ON FIRE EXPERIENCE

The propagation behavior of fires in the open in determined by four
basic groups of parameters: fuel, weather, topography, and thermomechanical
properties of the fire. To avoid a mechanistic treatment of fire spread,
the last group is treated only implicitly by categorizing observed fires
as large or small, urban or wildland, line or area, intense or feeble,
etc. A little reflection on the causes and effects of the fires charac-
terizing each of these categories reveals a strong synergism of each of
them and of fuel, weather and topography. Some of the interactions and
their implications in mass fires are discussed in Section 9.

When we attempt to predict fire spread on the basis of past experience,
we relate the characteristics of the fire at some early instant (for
example, the initial fire) to comparable fires for which spreed data are
available and account for fuel, weather, and topographic parameters to
the degree that empiric relations for observed fires permit. Appendix
F discusses a variety of fire-srread models that depend on data derived
from fire experience. In general, these models utilize two or three
"behavioral parameters" (for instance, a "spread parameter" and a "decay
parameter"), which are functions of the basic variables of fuel, weather,
and topography. The major obstacle to applying fire-spread models for
fire-spread predictions (assuming we can reliably describe the initial
fire situation) is the derivation of the functional relationships between
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"behavioral parameters" and the basic, environmental parameters on
vhich they depend.

8.2.1 Parameters Controlling Fire-Spread Behavior

Parameters that appear to exercise significant control of fire-
spread behavior are discussed in the following subsections.

8.2.2 Initial-State Parameters: Fire Fronts and/or Distribution of
"First Generation” Fires Tempo t

Fire-spread history in any given case will depend greatly on (1)
the initial state of the fire, (2) the area involved, (3) the density of
fires over the area, (i) the locations of fire fronts, (5) the rate of
"build-up and burn-out"” of buildings, (6) the fuel concentrations ini-
tially set afire, etc. Methods for assessing these initial conditions
are discussed in Section 7. The amount of output detail will vary from
a roughly circular fire perimeter, which conveys practically no temporal
and little spatial information, to & detailed pattern and history of
"first-generation" fire behavior. The detail with which fire spread can
be predicted will depend, therefore, on the method chosen for characteri-
zing the nature of the initial fire, but such detail will also be limited
by the deterministic level of description of the areas into which fire

may spread.
8.2.3 Fuel Parameters

Fundamental fuel parameters are (1) type (characterized by (a)
composition, (b) density, (c) size, (d) thickness, (e) subdivision, (f)
age, and (gs factors that determine (a') ignitability, (b') burning time,
(c') heat release, and(d') the translatability by wind and buoyant forces,
etc.), (2) concentration (per unit volume and area), and (3) moisture
content (which depends on weather parameters and local environment).

Available data on urban-fire experiences show no significant cor-
relation between fuel type or moisture content and rate or extent of
spread. But this does not necessarily mean that they are independent of
one another; rather the data are inadequate to quantitatively show any
dependence. There is reason to believe that ground spread rates in
extensively built-up urban areas are not sensitive to fuel moisture, but
under some circumstances, spotting-jump rates (rate at which fire spreads
due to firebrands) and spread limits may be. (See Weather Parameters,
8.2.4.) We anticipate a dependence of spread rate on fuel type (parti-
cularly on type of construction; e.g., wood-frame, masonry, single and
mltistory, external covering, number and sizes of windows, etc.); but
again, the lack of data, together with the inherent inseparability of
building type and building density, prohibit evaluation of this dependency.
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A definite correlation does appear to exist between rate of spread
and building density, and certainly building density is a major factor
in determining the ultimate extent of spread. The basic parameters that
describe building density are the ground area covered by buildings and
the separation distances between buildings. Intuitively, we expect fuel
load to be a determinant of urban fire-spread behavior. No general
relationship has been found to correlate the limits of spread of docu-
mented major fires with any of the foregoing parameters, though it has
been shown to be strongly dependent on building separation (see App. F).
An unexpected result of this correlation is the increase in rate of
spread with decreased building density. This inverse relation may be
due to the greater frequency of spotting jumps (which are related to type
of exterior fuels--kindling, roofing, etc.) sparks, firebrand production,
and related ground-spread events that might be expected for areas of low
building density.

Rural fire-spread da‘a are inadequate to show significant effects
of fucl type and concentraiion, though there is ample reason for believing
these effects exist. A discussion of rural fire spreed data is included
here because of its greater availability. Rural fuels are generally more
continmuous in nature than are urban fuels. (By rural fuels we mean pri-
marily vegetation as it occurs naturally in wildland areas and some
suburban areas, and as it is grown in the fields and orchards of rural
and suburban areas and in the parks of urban areas.) Experimental burns
of relatively uniform, continuous fuel arrays as well as theoretical
considerations of fire behavior in such iuel arrays, indicate some
dependence of fire spread rate on fuel type and a strong dependence on
concentration. When weather conditions (and related fuel-moisture levels)
are right for spread, e rural fire spreads until it encounters a fuel
discontinuity. The limits of spread are clearly dependent on distances
separating the relatively continuous areas of rural fuels.

Rural fuels can be described in a moderately detailed, deterministic
way without an excessive expenditure of effort, but it is generally not
feasible to describe urban fuels in any but the most stochastic fashion
unless the area of interest is small.

8.2.4 Weather Parameters

Of all the weather parameters, rate of fire spread appears to be
most strongly influenced by wind. Data gathered from actual urban (and
rural) fires indicate a roughly linear increasse in rate of spread with
wind speed except for fires spreading against the wind. (Experimental
data for fires in uniform beds show more of an exponential dependence on
wind speed.)
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Rates of urban fire spread in still air typically range from a few
hundredths to a few thousandths of a mile per hour, depending upon build-
ing density. Spreading occurs preferentially in the direction of the
vind, and the occurrence of spotting is a rather strong function of wind
speed and direction. Increases in rate of spread are not clearly
delineated for different areas of building density, but something like
a doubling of still-air spread rates may occur in the direction of a
20-mph wind, and a tripling with 40 to 50-mph winds.

Humidity, precipitation, and air temperature are joint determinants
of fuel moisture, and their influence on fire-spread behavior is essentially
limited to that indirect role. Thus, for urban fuels, which are to a
large extent protected from the elements, the extent of fire gpread is
virtually unaffected by humidity and only weakly dependent on precipitation.

The dryness of urban fuels appears to have only a small effect on
rate of spread, thcugh it may be significant for spread by spotting.
Since spotting appears to be relatively more important than ground spread
for areas of low building density, the dryness of roofing materials may
be an important parameter to rate of fire spread through the less highly
built-up urban districts (for example, residential areas).

Rates of spread in actual rural fires do not seem to be affected by
winds of less than 5 mph. Rates of spread in still or nearly still air
average only 0.02 mph (30% to 45% relative humidity) but increase about
0.02 mph in the direction of the wind with each 10 mph increase in wind
speed. The rate is a fairly strong function of wind direction and appears
to he somewhat reduced when the fire is spreading against a moderaiely
strong wind. Rates of rural fire spread on the ground seldom exceed 0.1
mph. Spotting could cause higher overall rates of spread under some
conditions. The occurrence of spotting is dependent on wind speed; and
although spotting occurs only in the direction of the wind, there is no
evidence that rate of spread by spotting is sensitive to wind speed.
There is a strong dependence of extent of rural fire spread on wind speed
(see "no-spreed criteria" and "stopping rules" in App. F).

Fire-spread behavior in rural fuels shows & strong dependence on
humidity and precipitation. Rates of spread are sensitive to relative
humidity except for cases of high wind velocity. Extent of spread 1is
extremely sensitive to precipitation and shows a moderate to strong
dependence on humidity (see "no-spread criteria" and "stopping rules" in

App. F).

The properties of the atmosphere over the urban fire area could well

influence fire-spread behavior, but no quantitative information is
available to allow evaluating this factor. Weather parameters can be

deterministically described for many applications (see App. A).



8.2.5 Topographic Parameters

The main topographic parameters are slope, elevation, and aspect.
The only fire-experience data available are those on slope as it affects
rural fires. Although this parameter is expected to have the greatest

effect of the three, data on rates of spread reveal no significant
dependence on slope. Topographic parameters can be deterministically
described, and in general, it is practical to do so.

8.2.6 Reliability of Estimates and Ranking of Parameters

Estimates based upon fire experience are among the most reliable
(if not the only ones) available at the present state of knowledge.
Rates of spread through both rural and urban areas are available as
indicated above. In approximate order of sensitivity, the parameter
groups affecting urban fire-spread behavior estimeates based on fire
experience are (A) fuel parameters: type, concentration, and moisture
content; (B) weather parameters: wind, relative humidity, precipitation,
end air temperature; and (C) topography: slope, aspect, and elevation.
Topography has no demonstrated effect on available urban spread-rate data.
In cases of severe meteorological phencmena, weather parameters can be
more important than fuel parameters.

8.3 ESTIMATES BASED ON HEAT TRANSFER AND FLUID MECHANICAL PROCESSES

8.3.1 General

If the target 1s ccscribed in considerable detail and if we have
successfully established the detailed pattern and history of the "first-
generation' fires, we may wish to treat the thermomechanical character-
istics of fires along with the fuel, weather, and topographic parameters
8o that we might obtain the greatest possible detail in our assessment
of fire spread. Even if it is infeasible to characterize the target on
& building-by-building basis, or the initial fire in a deterministic way,
there is still ample Jjustification for a mechanistic approach to fire-
spread evaluation. We can conceive, for example, of an average-city-
block or average-city-section description in terms of parameters that
affect fire spread and of an analysis of "first-generation" fires based
on probability, followed by a mechanistic evaluation of fire spread that
would proceed via a stochastic route, such as & Monte Carlo calculation
using probabilities of spread based on observed spread mechanisms. The
objective here is to consider the parameters that govern the mechanics
of fire spread. Background information is presented in App. F.

8.3.2 Radiation Heat Transfer From Burning Buildings

Following the buildup of fire in a structure hut preceding collapse,
its radiating characteristics are determined by (1) the dimensions of
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outer-wall openings of rooms and other enclosures heavily involved in
fire, (2) the geometry of flames issuing from the openings and flames
issuing from the roof if roof penetration has occurred, ?3) the areas
of burning exterior fuels, and (4) the temperatures and rediant emit-
tances of flames and glowing solid fuels.

All of the radiation processes in a burning building will not, in
general, reach a maximum or constant level of activity at the same time.
In fact, some may be well into decline before others are well started.
For some classes of structures, such as multistoried, masonry-interior
buildings, the radiation output may be governed by the openings (windows,
doors, etc.) and radiation may be passing through only a fraction of them
at any one time, particularly where primary fires are limited to upper
stories. Other classes of structures (for example, wood-frame residences)
though they would typically have a much briefer burning time, would not
ordinarily approximate a steady radiant source. The spatially averaged
radiant intensity of a one or two-story, word-frame building may have a
duration of relatively constant magnitude, beginning about the time of
gor shortly after) roof penetration and ending with general collapse;

see App. F) but it is usual for one portion of such a building to become
heavily involved in fire before some other portion has experienced much
fire. Accordingly, the emissive power with time can vary significantly
at different points around the building. Clearly, any description of
the radiation from a building based on temporally and spatially invariant
properties can be seriously in error. If radiation heat transfer plays
an important role in urban fire spread, and there is every indication
that it does, some allowance should be made for intrastructural fire
spread and structural fire behavior. Iacking anything more than a broad,
stochastic description of target subareas, radiating characteristics of
structures by structural class (taking into account the probable locations
of initial fires) would have to suffice.

According to the Stefan-Boltzmann law, the radiant emittance (total
radiant power emitted from each unit area) of a gray body is given by
the equation H, = ¢ g T", wherein ¢ is the emissivity (unity for a black
body), o is the Stefan-Boltzmann constant (1.356 x 10-12 cal cm=2 gec-l
deg™"), and T is the absolute temperature of the emitter. Flame temper-
atures are typically 1000 tn 1400°C. Glowing solid fuels usually are
not as hot as flames, but their high emissivities cause them to have
high radiant emittance. Flames are somewhat diathermanous to their own
radiation. Their emissivities therefore are a function of their thickness.
Emissivities in the order of 0.1 are to be expected for thin, well-
ventilated flames, but optically thick flames (large dimensions of the
flame perpendicular to the radiating surface and/or sooty flemes) and
flames that fill an enclosure can be expected to have nearly black-body
emissive powers. Variations in emissive power with both temperature and
emissivity are displayed in Table 1. An increase of 200°C in a flame
temperature of 1000°C can approximately double the radiant emittance.
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TABLE 1

Variations in Emissive Power With
Temperature aBd issivity
(cal cm™“sec™)

7 e= 1 .5 .2 1 | .05
1073°%(800°¢) 1.8 0.9 0.36 0.18 | 0.09
1273%(1000%) 3.6 1.8 0.72 0.36 | 0.18
1473%(1200%) 6.4 3.2 1.3 0.64 | 0.32
1673%(1400°% ) 10.6 5.3 2.1 1.1 | 0.53

8.3.3 Convection Heat Transfer From Burning Buildings

The upward flow of the flames and hot gases from a burning fuel
array, such as a building, is governed by (1) buoyancy resulting from
the difference in density of the combustion gases and the surrounding
air (which in turn is due, primarily, to the difference in temperature),
(2) drag and viscous forces resulting from the motion of the combustion
gases through the air, and (3) mixing, entraining, and cooling processes
that cause the convection column to expand and its buoyancy to be reduced
as it rises. Initially, the upward motion is one of acceleration as the
buoyant force dominates, but the drag forces, which increese with speed,
and the loss of buoyancy from cooling and mixing quickly dampen the
upward acceleration, and a relatively constant speed (in tens of feet
per second) results. Thus, a modest prevailing wind speed (say, 10 to
20 mph) can give a significant tilt to the convection column; that is, cen
cause it to move about as much horizontally as vertically. Thus, where
building separations are not substantially greater than building heights,
direct convective heat transfer in the downwind direction is a conceivable
factor in fire spread.

The coalescence of convection columns is a factor in fire activity
and spread. It appears that fully coalescent fires may burn at least
twice as fast as fully independent fires. The increased heat-release
rate added to the induced air motion on the ground in the vicinity of
the fire would be expected .o significantly increase the likelihood
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(and rate?) of fire spread. The concerted interaction of large, spatially
concentrated fires and its dependence on the structure of the atmosphere
1s logically u subject for the final section (Mass Fires, Sec. 9).

8.3.4 Fire Spread by Firebrands From Burning Buildings

The production, transport and fire-spread potential of brands can-
not be analytically described or assessed at the present time (see Apps.
D and F). The role of brands in past fires has been established, and
they must be considered to be the primary agent for fire spread over
large distances. In the absence of firefighting, no firebreak short of
a desert or a major body of water can be considered to be completely
reliable because of the possibility of spotting by brands.

Some of the parameters thought to be important are structural
features and materials of the burning building (which will influence the
number and sizes of brands produced), firebrand transport by convection
and wind, and lifetimes of brands. The importance of these and other
parameters in firebrand-propagating mechanisms will be known only after
research of the subject.

The term firebrands is usually limited to burning solid objects
that are 1ifted by the convection column and/or carried by the wind, but
ve mention here other burning fuels that are translated primarily by
gravity. In areas of considerable slope, burning fuels (both liquid and
solid) can be carried downhill from a Tire into unignited fuels. This
occurrence does not appear to be a very common one, but it must be
considered in hilly areas. Even on flat ground, burning fucls may be
translated distances comparable to building heights when burning buildings
collapse. This mechanism is probably not too important in most cases
because of its short range relative to other mechanisms, but it should

not be ignored completely.
8.3.5 Fire Spread Through Exterior Fuels

A satisfactory, mechanistic model of fire spread through exterior
fuels i1s not yet available despite the efforts that have been given to
devising one (see App. F). As things stand now, no new factors can be
added to the 1list of parameters previously derived from fire experience

(802).
8.3.6 Initiation of Fire in Other Buildings

Up to this point, we have limited our attention to that part of
the mechanics of fire spread concerned with the source, namely, the
burning building or other burning fuels. We have noted that a discrete
fire can be a source of radiated and convected heat, of convection-and
vind-transported firebrands, and of other burning fuels translated by
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gravity, and that a fire may propagate through continuous fuels adjacent
to unignited structures proximate to burning buildings, and by the
exposure of unignited fuels to radiant heat generated by burning fuels.
The case of fire initiation in structures from proximate exterior fuels
has been treated in Section 7 and is not considered further here.

Since fire experience has shown that the exterior walls of a burning
structure collapse out to & distance somewhat less than the building
height, unignited structures not in contact (before possible collapse)
with burning structures can be set afire by burning debris (and in some
limited cases, by liquid fuels) if they are within a distance equivalent
to the building height of a burning structure or at somewhat greater
distances if they are located downhill. Within roughly the same distances,
direct convective heating would occur downwind with a moderate to strong
local wind blowing. On steep slopes, buildings uphill from the source
would be more apt to be heated convectively because of their higher
elevation.

The radiant heat received by a building adjacent to one or more
burning buildings is a function of the radiant emittance of the burning
buildings and the parts of the unignited fuels' fields of view that are
filled with radiant sources. As indicated previously (Section 8.3.2) R
the radiant emittance of flames and burning surfaces (per unit area) is
about a fracticn of a cal per sec to a few cal per sec (typically 1 to
3 and probably never more than 5 or 6). Since the irradiance at a
receiver is equal to the emittance of the source times a view configura-
tion factor,* this configuration factor must exceed 1/10 to 1/2 if
irradiances are to exceed the 1§nition threshold levels of fuels, namely,
a few tenths to about 1 cal cm~“gec-l. Configuration factors depend on
the dimensions of the source(s) ard the distance between the source and
the fuel, the angle formed by the planes of the source and the fuel, and
any obscuring objects or media.

Consider the case of an unignited fuel facing a nearly continuous
row of burning buildings of roughly equal height that are radiating as
though half the area of the row facing the receiver were a black body
at 1000°C. To optimize the vadiation transfer, ignore any possible
obscuration and treat the row of buildings as an infinitely long strip
source of height h. Also consider the surfaces of the fuel to be parallel
to the strip and located h/2 above its base. For this ca.sei the irradiance
falling on the exposed fuel wouli be about 0.8 cal cm 8gec™l at a distance
equal to h and 0.46 cal cm™Zsec™t at 2 h. At the higher value, spontaneous
ignition is marginally possible; at the lower value, piloted ignition
must be present if ignitions occur. Thus, fire spread is likely when

¥ Ratio of actual irradiance to that which can be received from a
source filling the entire field of view.
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buildings are separated by distances comparable to building heights un-
less there is a wind strong enough to carry flames, sparks, or firebrands
from the fire zone to radiantly heated (unignited) fusls; in which case,
the fire may Jjump about twice as far. Piloted ignitioa probably would not
occur at a distance as large as two building heights except for conditions
of very high wind speeds, and rarely then is it likely that flames or
other suitably hot substances would be carried (or would survive) a
distance of two building heights or more to serve as a pilot.

It must be admitted that irradiance levels sufficient to cause
spontaneous ignition could occur as much as four building heights away
from a very long row of closely spaced buildings if they were radiating
as a 1200°C black body of area equal to the total area represented by
the row. A situation like this is quite unlikely and there are so many
factors that tend to reduce the amount of received radiation that it
appears much more likely that the distances of fire Jjumps by radiation
alone will be closer to one building height than they will be to several

building heights (see Table 2).

Thus far, ve have only addressed our attent.on to radiant-exposure
from burning buildings in relation to ignition thresholds of exposed
fuels without regard to the consideration of how many fuels (of which
kinds and in what locations) will be in a position both to receive a
substantial part of the free-field irradiance and, if ignited, to propa-
gate the fire to the structure with which they are associated. The
structural details (type of construction, number of windows, arrangement
of rooms of various occupancies, etc.), the orientation relative to
burning fuels, and the nature of proximate exterior fuels will be the
main determinants of the response of a structure to radiant heating.

In the absence of highly combustible exteriors, the fields of view of
interior fuels will determine whether a fire jump will occur. All of
these factors have received attention in earlier sections of this report.
To analyze fire spread by way of a radiant-heating mechanism, all of

the foregoing parameters will have to be considered in detail for each

situation.

For building separations greater than a few building heights (in
the absence of heavy, nearly continuous distribution of exterior fuels
between buildings), the only plausible mechanism for fire spread is by
way of firebrands. Intuitively, we expect that firebrands carried by
convection and wind to considerable distances from their origin will
cause fires in structures primarily by way of roofs and other near-
horizontal, combustible surfaces that are parts of the structures. The
response of a structure will therefore (if our expectation is close to
fact) be determined by the combustibility of roofs and similar surfaces
and such factors as roof penetrability, fuel continuity to structural
interiors, and the other factors of construction and weather that apply
to propagation of primary fires to structures with combustible exteriors

(see 6.2).
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TABLE 2

Range of Ignition by Radiative Transfer as a Functior
of Building Height and Width

Temp. g Hy D/n*
(°%) (cal cm'zsec'l) (cal cm'asec'l) d AW/AT W =W = h
1000 3.6 0.8 0.222 1/2 1 0.6
1200 6.4 0.8 0.125 1/2 2 1
1200 6.4 0.8 0.125 1 L 1.5

# Values of D/h interpolated from Table F.3 (as modified for dif-
ferent window openings).

Definition of Terms:

HS - Radiant Emittance of Source

H‘R - Irradiance of Receiver
& - Configuration Factor = HR/HS

Aw,lgIl - Source Window Area, Total Area

w,h - Source Width, Height
D - Separation of Receiver and Source



8.3.7 Rate of Spread and the Destruction of Specific Structures

Up to this point, we have been attemptling in our considerations ot
the mechanisms of fire spread to enumerate the parameters that influence
whether or not fire will spread to structures not initially set on fire
by combined weapon effects, panic, non-attendance, etc., without regard
to the temporal sequence of events. Obviously, our judgment of which
structures will succumb to destruction by fire can be quite wrong, in
some circumstances at least, if we ignore rates of progress; for clearly,
the fire response of fuels is governed by the sum total of intensity of
fire activity of adjacent (and in some cases remote) fuels at any given
moment. This time-intensity pattern is a complex function of the time-
sequence of fire behavior in the locale. Moreover, a fire assessment
that fails to provide a picture of tre fire situation with time is of
little value since the whole question of mass-fire development depends
on growth and termination, and most of the operational problems such as
evacuation, rescue, firefighting, and pre-attack decisions (such as the
location of shelters, etc.? require a knowledge of where the fires are
with time and the rates and directions they are moving.

Fire will spread through heavily vegetated areas or other continuous
fuel distributions at a rate determined by the mechanics of spread
through continuous fuels (see App. F). No satisfactory mechanistic
model is available. No new parameters can be enumerated.

For discrete fuel concentrations, such as structures, two cases
can be considered: (1) When structures are close enough together
(about a building height separation distance, for example) that jumps
are deterministically certain, the rate of spread is governed primarily
by the burning time of structures, or more specifically, the time
between ignition of fuels on a side ‘acing adjacent burning structures
and full involvement of a side facing an unignited building. Burning
time, in turn, is determined by a variety of structural parameters that
cannot be mechanistically evaluuted at the present time. Spread by
firebrands will also cause new fires at random times and location. (2)
When buildings are farther apart--beyond the reach of radiation and
convection heating--the rate of spread will depend on the mechanics of
firebrand transport and fire initiation by brands, neither of which is
presently known well enough to analyze.

8.3.8 Reliability of Estimates and Ranking of Parameters

In approximate order of sensitivity the parameters affecting the
rate, direction and extent of fire-spread are: (1) target/fuel parameters,
(2) weather peremeters, (3) topographic, and (k) other parameters. Each
of these 1s subcategorized as follows:
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la. Fuel Parameters (Composition, physical properties /density, size,
continuity, rtate of subdivision, thickness/, moisture content, age,
ignitability, burning time, heat release, translatability by wind,
buoyant forces, etc.) 1b. Target Parsmeters (fuel load [concentration
per unit volume and area/, density of buildings /ground covered by
buildings and separation distances/, number and size of openings, number
and size of enclosures). 2. Weather Parameters (wind speed and direction,
humidity, air temperature, precipitation, insolation). 3. hic
Parameters (slope, aspect, and elevation). U, Other Parameters i&er
of openings emitting radiation, number of significant fires, geametry
or shape of fires e or area and shape of flame_s] » location of fires
in urban area and relative to each other.




SECTION 9

MASS FIRES

9.1 GENERAL

Up to this point, ve have been concerned mainly with fire growth
and behavior on a relatively small or local scale, treating the sequence
of events in & single fuel array, enclosure, structure, group of structures,
and relatively limited locale, &8 though they were quite independent of
similar events that might be going on elsewhere. Such independence is
usually the case in typical peacetime fires of limited scale and in fact
is generally true during the early stages of fire development regardless
of the magnitude of the incipient fire. But there is considerable
evidence from the massive urban incendiary experiences of World War II,
as well as from scattered cases of large-scale peacetime fires in both
cities and forests, that new phenomena accompany fully developed fires
of large magnitude, which suggest a strong, concerted interaction of
the individual fires. Fires of this magnitude have been termed mass
fires. They appear to fall into two categories: (1) fires that spread
generally along & front, usually in the direction of the natural wind;
such fires are called conflagrations, and (2) fires that burn with great
inten:t 1ty without spreading outside of the area initially involved and
generate a strong vertical convection column that induces high winds near
the ground; such fires are called firestorms. Both types of mass fires
are characterized by strong convective interaction (called coalescence).
Because of this, we expect that they depend on a highly concentrated
pattern of heat release and perhaps in some way on the area involved.

9.2 CONFLAGRATIONS

Conflagrations are large propagating fires that have the capability
of destroying (or severely damaging) areas much larger than the area of
initial ignition. The conflagration is characterized by a fire front
moving primarily in the direction of the natural wind. Based upon
observations* of fire fronts there is some reason for believing that
with sufficient convective activity--an implied requirement of any mass
fire--a large fire front may generate its own wind that will cause it
to propagate at a rate significantly greater than would a smaller fire,
all other factors being equal. Aside from this possible convective
enhancement of rate of spread, there is really nothing basically new

* Craig C. Chandler, U.S. Forest Service, private communication.
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about the conflagration-type mass fire, and the parameters that govern
its behavior are the same as those discussed at length in the preceding
section. The convective behavior of mass fires is not at all well under-
stood and a suitable model of a conflagration has yet to be devised.

Whether or not a conflagration will occur seems to depend on a
number of factors having to do with the pattern and concentration of
initial fires, the nature and concentration of fuel into which they might
propagate, and characteristics of the atmosphere, most notably, the wind
speed near the ground. The direction and rate of spread of the confla-
gration will depend on much the same factors, but of course, its behavior
will become less dependent on the nature of the initial fire as time

progresses.

Bulilding density should be mentioned as a major determinant of
whether a conflagration (or any mass fire) will occur. Experience
indicates that, unless building density exceeds some level (perhaps 20%),
mass fires will not occur. Appendix F discusses in detail the dependence
of fire behavior on building density. One point that should be emphasized
here is that in a spreading fire, by no means all of the buildings in
an area through which the fire spreads will be destroyed. For totel
destruction the building density probably would have to be extremely
high. Building density (or some other measure of fuel concentration
and type) and wind speed and direction are probably the main determinants
of the rate and direction of progress of & conflagration.

9.3 FIRESTORMS

Historicelly, the term firestorm was first applied to fires having
all of the usual characteristics of a storm: gale winds, clouds, and
rain. At Hamburg, the best-known example and probably the first urban
firestorm in history, all of these characteristics were reported by
observers. The clouds and precipitation may be features of a massive-
fire convection column, but they are certainly of secondary importance
to the subject of urban fire vulnerability. The wind, on the other hand,
is a major factor and remains as & common element of all more recent
attempts to define a firestorm. Current definitions (or descriptions)
are basically modifications of the following: A firestorm is a mass fire
that does not spread appreciably outside of the area initially involved
(at least not during the firestorm phase), but burns with great intensity,
creating strong, vertical convective activity and inducing strong indrafts
near the ground.

The requirements for a firestorm seem to be much the same as those
for eny mass fire (high fuel density, a large area burning at one time,
etc. ), but in addition there appear to be some special atmospheric
parameters involved. The strong, vertical convective formation, which
appears to be a characteristic of firestorms, would be enhanced by an
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unstable atmospheric lapse rate and low initial wind speeds particularly
near the ground. The dimensions of the f'ire area should be large
compared to tkhe thickness of the atmosphere but this tends to retard the
development of the convection column. There is also some evidence of a
requirement for ambient wind shear (horizontal gradient in wind speed)
to provide the high surface winds through conservation of angular momentum
in the air drawn into the base of the convection column. Thus, it might
be reasonable to postulate the following requirements for the formation
of a firestorm: near simultaneous development of fires in at least half
of the structures in an area about a square mile or more in which the
building density is at least 20%, where the surface wind is only a few
miles per hour (with shear perhaps), and the atmosphere over the urban
areca has an unstable lapse rate. The last requirement may not be of
great importance (or of importance only for marginal circumstances)
because of the magnitude of buoyant forces and dimensions of the zone
of convective activity that may dominate the atmospheric structure.
Besides that, it is quite likely that in many circumstances the fireball
of a large weapon could effectively '"punch a hole" through an inversion
layer and set up & virtual "chimney" of fluid-dynamic structure over the
target that would override unfavorable ambient conditions of the atmos-

phere.
9.4 RANKING OF MASS-FIRE PARAMETERS

In approximate order of sensitivity, the parameters affecting mass-
fire development are: (1) fuel concentration, (2) size of initial fire
area, (3) initial fire density, (4) fuel type, (5) surface wind (6)
distribution (configuration of burning area) of initial fire, (7)
atmospheric structure, and (8) topography. Thue first several of these
determine whether a mass fire will occur and influence its magnitude and
severity, and the last (particularly the last four) determine whether
it will behave as a conflagration or a firestorm.

9.5 PRESENT INFORMATION DEFICIENCIES

Since the fire vulnerability of urban areas is strongly dependent
upon transmission of thermal radiation through the atmosphere and
because there are little reliable data for transmission through clouded
and hazy atmospheres, further research efforts should be made in this
area., In addition, major information gaps exist in sensitive areas such
as the detailed description of fuels (especially the fields of view or
location of fuels), the mechanics of the development of significant
fires from primary ignitions, the mechanics of fire growth in enclosures,
the mechanics of firespread (particularly firebrand propagation), and
the fire behavior of lsrge-scale convective columns and coalescence of
fires. At the present it is possible to assess incendiary wvulnerability
only via intuitive-stochastic approaches based on fire experience, and
this approach is of doubtful reliability for civil defense purposes.
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SECTION 10

CONCLUSIONS AND RECOMMENDATIONS

The most useful conclusion to this report would be a single list of
parameters in decreasing order of importance to urban fire vulnerability.
However, such a list would be quite arbitrary and at the current level of
knowledge would produce a result without real value. To clarify this
point, we will enumerate the reasons why such & list cannot be provided:

1. The choice of parameters depends upon the method of analysis.

2. Some aspects of the problem are not sufficiently well understood
to permit sensitivity enalysis.

3. Entirely different sets of parameters may dominate under very
different conditions.

The first two points have been adequately treated in earlier portions of
this report, but perhaps the last point requires additional clarification.

Under some conditions of attack, the fire vulnerability of an urban
target, as gauged by the anticipated final extent of incendiary damage,
may bear little or no resemblance to the aree initially affected by the
thermal radiation emitted by the nuclear fireball. This could be the
case vhen there are weather conditions which strongly attenuate the
thermal radiation or in a highly urbanized (or "thermally hardened") aree
vhere kindling weight fuels may be sparse. Fires caused by blast, non-
attendance, and other non-thermal radiation causes could dominate the
fire picture and the important parameters would be those related to the
production of secondary and tertiary fires. At the other extreme, when
the weather and fuel factors are right for it, fires may spread to
destroy an area many times larger than that initially ignited, in which
case the dominant parameters would be those which govern fire spread.

In these examples, the extreme conditions of weather and fuel not only
affect the fire outcome in the manner of a sensitive parameter; they also
bring about a gross change in character of the fire from that of the

more usual range of values of these variables and accordingly an extensive
reordering of the sensitivity of the result to all parasmeters. We will
refer to the extreme value ranges of such variasbles as constralnts on the

system.
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If we eliminate from consideration, for the time being, all such ’
extreme cases as the examples above, we are left with the cases where
the final fire outcome is in large measure determined by the magnitude
of the primary fire. The consensus of opinion of many "fire experts" 1is
that this situation will apply to the large majority of cases.* Since
the vulnerability is strongly influenced by the magnitude of the primary
incendiary response of the urban area, the sensitivity order of parameters
will be determined largely by the factors that govern the distribution
of thermal radiation, the response and ignition of kindling fuels, and
the growth of significant fires from ignited kindling.

Thus, we are able to break the task down into parts governed by the
following lists of parameters. The parameters are cited in approximately
decreasing order of importance; the comparison of the relative importance
of any two parameters on the same list will be more valid if the para-
meters are widely separated on the list. In <ue first list (distribution
of primary fires) those parameters that ure considered to be of key
importance are separated by a line from the less important parameters.
Parameters which are significantly sensitive to time (prior to burst)
are labeled (D) if the parameter is most sensitive to the time of day,
(W) if the parameter is most sensitive to the day of the week, and (S)
if the parameter is most sensitive to the season of the year.

* In other words the number of buildings ultimately destroyed by the
fire typically will be approximately equal to the number which are
initially involved; or at most the area burned over will not be signi-
ficantly larger than that enclosed by the primary fire perimeter. 1In
practice,one of the problems in vulnerability analysis would be the
evaluation of constraints that separate typical cases from those which
might result in firestorms or conflagrations.

Th




I.

Parameters Governing the Initiel Distribution of

Significant Fires Caused by Thermal Radiation Only

IA. Limited Thermal Shielding IB. Extensive Thermal Shielding
1. Burst Location Relative to l. Burst Location Relative to
"Homogeneous" Urban Subarea. "Homogeneous" Urban Subarea.
2. Weapon Yield. 2. Height of Burst(Above Surface).
3. Height of Burst (Above Surface)| 3. Weapon Yield.
k. Transmission of Haze-Cloud L. Iocation of Kindling Fuels
Iayers Below Burst Point. (D) Relative to Windows and Walls.(S)
5. Kindling Fuel Load. (S) 5. Iccation, Area, and Number of
Windows.
6. Weight Per Unit Area* of Fuels
in Target. (S) 6. Thermal Transmission of Window
Coverings; Shielding of Interior
7. Location of "Thin" Fuels with Fuels. ?D)
Regard to "Thick" Fuels. (S)
T. Ratio of Heights of Structures
to Separation Between Structures.
8. Albedo of Cloud layer(s) 8. Traensmission of Haze-Cloud
Above Burst Point. (D) Layers Below Burst Point. (D)
9. Target Surface Albedo. (S) 9. Scattering Properties of Atmos-
phere (Anguiar Distribution).(D)
10. Burst Altitude (Above Sea
Level); Atmospheric Density. |10. Weight Per Unit Area of Fuels
in Target. (S)
11l. Absorptance of Fuels¥*¥*
1l. ILocation of "Thin" Fuels with
12. Iocal Relative Humidity¥* Respect to "Thick" Fuels. (S)
13. Composition of Kindling 12, Albedo of Cloud ILayer(s) Above
"Thin" Fuels Burst Point. (D)
* Fuel thickness itself is a parameter, but a much less important one;
for this reason the thickness of fuels will be expressed in weight per

unit aresa.
*% Depends upon the spectral distribution of thermal radiation and the

spectral ebsorptance of fuels, neither of which is typically subject to

large variation.
*¥¥¥* Not subject to large variation for interior fuels; ignition of

exterior fuels is sensitive to precipitation (D).
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IA. (Cont.)

IB. (Cont.)

1k,

15.

16.

17.

18.

19.

20.

2l.

2.

23.

Kindling Fuel Geometry
(Long Pulses Only*)

Fuel Burning Rates (Surface/
Volume Ratio, Combustibility
(s), Air Motion (D), Fuel
Configuration, Ventilation
(D), Moisture Content (D),

Proximity of Other Burning J

Fuels and of Unignited Object
and Surfaces (S)).

Relative Radiative and
Convective Heat Fluxes.

Dimensions and Structural
Features of Enclosures
(In2luding Sources of
Ventilation (S)).

Building Density (Separations,
Plan Areas, Heights).

Building Construction (Type,
Use, Exterior Covering).

Surface Wind Speed and
Direction. (D)

Thermal Shielding by
Foliage.(S)

Shielding of Interior Fuels
by Window Coverings, (D)

Spectral Absorptance of
Atmosphere, (D)

130
1k,

15.
16.

Albedo of Target Surface,(S)

Albedos of Walls and Other
Reflecting Surfaces, (S)

Thermal Shielding by Foliage.(S)
Iocation and Height of

Topography Relative to
Kindling Fuels, (S)

17.

18.

19.
20.

2l.

22.

23.

2k,

Burst Altitude (Above Sea
Level); Atmospheric Density.

Absorptance of Fuels¥*#
Local Relative Humidity»** (D)

Composition of Kindling
("Thin") Fuels.

Kindling Fuel Geometry (Long
Pulses Only).

Fuel Burning Rates (Surface/
Volume Ratio, Combustibility
(8), Air Motion (D), Fuel
Configuration, Ventilation (D),
Moisture Content (S), Proximity
of Other Burning Fuels and of
Unignited Objects and Surfaces)

Relative Radiative and
Convective Heat Fluxes.

Dimensions and Structural
Features of Enclosures éIncluding
Sources of Ventilation (D)).

Bursts of large yleld at low altitude.

See footnote on page 75.
See footnote on page 75.




IA. (Cont.)

IB. (Cont.)

24, Weapon and Vehicle Design.

25.

26.

7.

28.

29.

17

Building Density (Separations,
Plan Areas, Heights)

Building Construction (Type,
Use, Exterior Covering).

Surface Wind Speed and
Direction. (D)

Spectral Absorptance of
Atmosphere. (D)

Weapon and Vehicle Design.



II.

Parameters Governing the Initial Distribution of
Significant Fires Resulting from Blast and Other Causes

IIA. Low Altitude Bursts

(Significant Blast Damage on
the Ground)

IIB.

High Altitude Bursts¥
(Little or no Thermal or
Blast Damage on the Ground)

15.

16.

Weapon Yield.
Height of Burst (Above Sufhace)

Burst Location Relative to
"Homogeneous" Urban Subarea.

Ignitable Fuel Load. (S)

Number and Location of
Potential Ignition Sources.(9)

Construction Type of
Structure.

Susceptibility of Pipes,

Conduits, Containers, etc.,
to Blast Damage.

Proximity of Combustible
Fuels Relative to Potential
Ignition Sources. (D)

Proximity of Ignitable Fuels
Relative to Other Fuels. (S)

Total Fuel Load. (S)

Energy Use in Urban SubareadD)!
Ambient Condition of Fuels.(S)

Distribution of Fuels. (S)

gograp (As the slope
ither attenuates or

streng'thens the blast wave.)

Safety Mechanisms on Ut:L].:L‘l::l.esL
and Industrial Equipment. (

Altitude of the Urban Area
(As it influences blast
overpressure levels.)

e ey v

* or far distant, or false alarm.
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1.
2.

3.

Warning Time prior to Burst.(S)

Number of Persons not Alerted
to Attack.

Preparation and Training of
Population.

Distribution and Activities
of Population. (W)

Number of Potential Tertiary
Fire Hazards. (W)

Proximity of Potential
Tertiary Fire Hazards to Other
Fuels. (W)

Yield of Burst.

Slant Range to Observer.
Atmospheric Transmission. (D)

Height of Burst (Above
Surface).




I1I.

Parameters Governing Spread of Fire (Conventional

Magnitude) and the Resulting Destruction of Resources

IIIA.

Structure to Structure
Spread

IIIB.

Spread Through Exterior
Fuels to Structures

1.

2.

Construction Features of
Structures (Number, Size, and
Ircation of Outer-Wall Open-
ings; Combustibility of
External Coverings (S); Roof
Type, Building Dimensions,
and Shielding of Interior
Fuels by Window Coverings.(S)

Builtupness of Urban Subares
(As Determined by Building
Density, Height of Structures,
and Separation Distances
between Structures).

Fuel Type (Composition,
Density, Size, Thickness,
Subdivision, Age, and Other
Parameters which Govern
Ignitability, Burning Time
and Heat Concentration).

Building Fuel Load. (S)

Configuration and Intensity of]
Initial Fire-Involved
Structures.

Moisture Content of Fuels.(D)
(As Determined by Relative
Humidity, Precipitation and
Air Temperature.)

Wind Speed and Direction
Relative to Direction of
Spread. (D)

Number, Geometry, Weight and
"Life-times" of Firebrands.

1.
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Proximity of Exterior Fuels
Relative to Structures. (S)

Exterior Fuel Loed and Type
(Trash Accumilation, Fuel
Storage, or Vegetation). (S)

Width and Configurations of
Firebreaks.

Builtupness of Urban Subarea.

Structural Features (As They
Govern the Susceptibility of
Structures to Ignition):
Structural Condition After
Primary Blast and Thermal
Effects; Number, Size, and
Location of Openings. (D)
Construction Type, Exterior
Coverings, Fire Susceptible
Structural Features, Geometry
(Thickness and Surface Area),
and Fuel Load.

Firebrand Characteristics of
Burning Exterior Fuels (Spark-
ing, Firebrand Producticn,
Hot Gas Formation).

Relative Humidity and Precipi-
tation. (D) (As They Govern
the Rate of Spread and Burning
Intensity of Exterior Fuels.)

Proximity of Sustainec Exterior
Structural Ignitions Relative
to Openings.

Wind Speed and Direction
Relative to Fire-Susceptible
Structures. (D)



IITA. (Cont.)

IIIB. (Cont.)

13.
1k.
15.
16.

Emissivities and Shape of
Flames Issuing from Openings
[end from Roof if penetrated/
and Glowing Solid Fuels.

Susceptibility of Structural
Features to Firebrands. (S)

Width and Configuration of
Firebreaks.

Density Gradients, Drag and
Viscous Forces of Gases Abrve
Burning Structures. (As Taey
Govern Buoyant Convection and
Degree of Coalescence of Fires)
Snow Cover. (S)

Fuel Distribution. (S)

Ambient Condition of Fuels.(S)

Topography (Slope).

10.

1z,

13.
k.

15.

Ambient Condition of Fuels. (S)

Housekeeping (S) (As it In-
fluences the Ignition
Susceptibility of Structures,
the Distribution of Fuels,
and the Total Fuel Load).

Location of Exterior Sustained
Burning on Structures.

Snow Cover. (S)

Shielding of Structural
Features and Interior Fuels

by Foliage. (S)

Topography (Slope, Aspect, and
Elevation).




IV. Parameters Governing the Destruction of Resources by Mass Fires

IVA. Conflagration

IVB. Firestorm

1.

2.

3.

10.

11.

Construction Features of
Structures (Number, Size and
Location of Outer-Wall Room
Openings; Combustibility
of Exterior Coverings; Roof
Type; Window Coverings (D)).

Number, Geometry, Weight and
"Life-times" of Firebrands. (S)

Susceptibility of Struvetural
Features to Firebrands. (S)

Wind Speed and Direction
Relative to the Direction
of Spread. (D)

Width and Configuration of
Firebreaks.

Configuration and Intensity
of Initial Fire-Involved Area.

Building Fuel Ioad. (S)
Fuel Distribution. (S)

Proximity of Exterior Fuels
Relative to Structures. (S)

Moisture Content of Fuels
(As Determined by Relative
Humidity, Precipitation, and
Air Temperature (S)).

Builtupness of Urban Subarea
(Building Density, Height of
Structures, and Separation
Between Buildings).

Emissivities and Shape of
Flames Issuing from Openings
(and from Roof if Penetrated)
and Glowing Solid Fuels.
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10.

Builtupness of Urban Subarea
(Building Density, Height of
Structures, and Separation
Distances Between Structures).

Configuration and Intensity of
Initial Fire-Involved Area.

Fuel Type (Composition, Density,
Size, Thickness, Subdivision,
Age and Other Parameters which
Govern Ignitability, Burning
Time, and Heat Concentration).

Building Fuel ILoad. (S)

Construction Features of Struc-
tures (Number, Size, and Location
of Outer-Wall Room Openings (D);
Combustibility of External
Coverings (S); Roof Type;

Window Covering (D)).

Atmospheric Structure (Lapse
Rate, Horizontel Wind Shear,
and Surface Wind Speed). (D)

Width and Configuration of
Firebreaks.

Density Gradients, Drag and
Viscous Forces of Gases Above
Burning Structures (As They
Govern Buoyant Convection and
Degree of Coalescence).

Emissivities and Shape of Flames
Issuing From Openings (and from
Roof if Penetrated) and Glowing
Solid Fuels.

Distribution of Fuels. (S)



IVA. (Cont.)

IVB. (Cont.)

13.

14,

15.

16.

17.

Fuel Type (Composition,
Density, Size, Thickness,
Subdivision, Age and Other
Parameters which Govern
Ignitability, burning time,
and Heat Concentration).

Anbient Conditions of Fuels. (S)

Density Gradients, Drag and
Viscous Forces of Gases Abovr:
Burning Structures (As They
Govern Buoyant Convection and
Degree of Coalescence).

Snow Cover. (S)

Topography (Slope, Aspect, and
Elevation).
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11.

12.

Topography (As it Governs
Initial Fire-Involved Area).

Moisture Content of Fuels (As
Governed by Relative Humidity,
Precipitation, and Air
Temperature (S)).




Using the foregoing lists of parameters we can enumerate (in approxi-
mate order of sensitivity) the parameters which govern the following 7
categories of urban fire response that include most (if not all) of the
cases of interest:

Response Type 1 - Extent of Fire Vulnerability is Determined Primarily
by the Extent and Number of Initial Fires Caused by Thermal Radiation.

Constraints: Conditions for spread less extreme and constraints
for Response Types 2 and 3 are not satisfied.

Category A - Limited Thermal Shielding

Additional Constraints: Ratio of bullding separation to height
much greater than 1, and no significant shielding
by foliage or topography; :~ny interior fuels
near exposed windows (or many exterior fuels).

Ranking of Parameter Groupsin Order of Importance: IA, IIIA, II, IIIB.

Category B - Extensive Thermal Shielding

Additional Constraints: Retio of bullding separation to height
< 1 (or significant shielding by walls, foliage,
window coverings, and topography), or "thermally
hardened."

Ranking of Parameter Groupsin Order of Dmportance: IB, IIIA, II, IXIIB.

Response Type 2 - Extent of Fire Vulnerability is Determined Primarily
by Spread or Ultimate Magnitude of Fire (Little Relationship Between
Number of Structures Initially on Fire and the Number Ultimately Destroyed. )

Category A - Spreading Fire of Conventional Magnitude

Constraints: Conditions for spread very favorable and conditions
for mass fires (Response Type 2, Category B.
Con:’lagration and Category C. Firestorm) are not
satisfied. High concentration and contiguity
of fuels combined with structures having com-
bustible exteriors and a hazardous fire weather
condition.

Ranking of Parameter Groups in Order of Importence: IIIB, IA, IIIA,
IIA.
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Category B - Conflagration

Constraints: High fuel loading, brisk surface wind, large
number of structures in fire area similtane-
ously on fire, large fire area.

Reasonable o

Estimates:  Fuel loading > 8 pounds combustibles/ft.“ of
fire area, surface wind > 8 miles/hr., initiel
fire density > 50% (% of structures in fire

aree simuéta.neously on fire), initial fire area
> 0.5 mi.

Renking of Parameter Groups in Order of Importance: IVA, III(A or B),
IIA.

Category C - Firestorm

Constraints: High fuel loading, low initial surface wind,
large number of structures in fire area
simultaneously on fire, large fire area (roughly
circular in shape).

Reasonable o

Estimates:* Fuel loading > 8 pounds combustibles/ft.“ of
fire area, initial fire density > 50% (% of
structures in fire area simultaneously on fire),
suré‘a.ce vind < 8 miles/hr., fire area > 0.5

Ranking of Parameter Groups in Order of Importance: I(A or B), IVB,
IIIA, IIA, IIIB.

Response Type 3 - Extent of Fire Vulnerability is Determined Primarily
by Fires Resulting from Blast or Other Causes

Category A - Blast-Caused Fires

Constraints: Atmospheric transmission, distance from ground
zero, yield, and height of burst combinations
such that thermal radiation levels are less
than those necessary to ignite the most
susceptible kindling fuels at distances where
overpressure levels are sufficient to cause
significant structural damage.

¥ Rodden, Robert M., John, Floyd I., Laurino, Richard, "Exploratory
Analysis of Firestorms," SRI, Menlo Park, OCD Subtask 2536D, May, 1965.
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Ranking of Parameter Groups in Order of Importance: IIB, I(A or B),
IIA, III(A or B),

IVA.

Category B - Panic - or False Alarm-Caused Fires

Constraints: Atmospheric transmission, distance from ground
zero, yleld, and height of burst combinations
such that nowhere on the target are thermal
radiation levels intense enough to ignite the
most susceptible kindling fuels and addition-
ally the overpressure levels are insufficient
to cause significant structural damage.

Ranking of Parameter Groups in Order of Importance: IIB, I(A or B),
IIA, III(A or
B), IVA.
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