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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement
MULTIPLY BY - TO GET
TO GET BY - DIVIDE

Angtrom 1.000000 x E-10 meters (m)
atmosphere (normal) 1.01325 x E +2 kilo pascal (kPa)
bar 1.000000 x E +2 kilo psacal (kPa)
barn 1.000000 x E -28 meter 2 (Wl)
British 'bermai unit (thermochemical) 1.054350 x E +3 joule (J)
calorie (thermochmiic-.) 4.184000 joule (J)
cal (thermochemical) / cm 2  4.184000 x E -2 moo joule/sI 2 (MJ/m3)
curie 3.700000 x E +1 'tipg becquerel (GBq)
degree (Lngle) 1.745329 x E -2 rdia (rad)
degree Farmniheit tK = (tp + 459.67)/1.8 degree kelvin (K)

el•ctron volt 1.60219 x E -19 joule (J)
erg 1.000000 x E-7 joule (J)
ergisecond 1.000000 x E-7' watt (W)
foot 3.048000 x E-1 meter (m)
foot-pound-force 1.355818 joule (M)
gallon (U.S. liquid) 3.785412 x E-3 maeter- (m3 )

inch 2.540000 x E-2 meter (m)
jerk 1.000000 . E +9 joule (3)
joule/kilogram (J/kg) (radiation does absorbed) 1.000000 Gray (Gy)
kilotons. 4.183 terajoules
kip (1000 lbf) 0.448222 x E +3 newton (N)
kip/inch2 (isi) 6.894757 x E +3 kilo pa"s,. (kPa)
ktap 1.000000 x E-+2 newton-eecond/m 2 (N-s/tn2

)

micron 1.000000 x E-6 meter (W)

Mo 2.540000 x E-5 meter (W)
mile (international) 1.609344 x E +3 meter (1u)
ounce 2.834952 x E -2 kilogra= (kg)
pound-force (lbs avoirdupois) 4.448222 newton (N)
pound-force inch 1.129848 x E-1 newton-meter (N.m)

pound-force/inch 1.751268 x E +2 newton/meter (N/m)
pound-force/foot 2  4.788026 x E-2 kilo pascal (kPa)
pound-force/inchI (psi) 6.894757 kilo pascal (kPa)
pound-ma.. (Ibm avoirdupois) 4.535924 x E -1 kilogram (kg)
pound-mas,-footO (moment of inertia) 4.214011 x E -2 kilogram-meter4 (kg mI)
pound-mas/foot 3  1.601846 . E +I kilogram/meter 3 (kg/m 3 )
rid (radiation dose absorbod) 1.000000 x E-2 'Gray (Gy)
roentgen 2.579760 x E-4 coulomb/kilogram (C/kg)
shake 1.000000 x E-8 second (s)
slug 1.459390 x E +1 kilogram (kg)

tor" (Mm Hg, 0" C) 1.333220 x E -1 kilo pascal (kPa)
'The becquerel (bq) is the-SI unit of radioactivity; I 5q = I event/s.
"The Gray (Gy) is the SI unit of absorbed radiation.
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SECTION 1

INTRODUCTION

This section presents a brief history of the Urban Fire Simulation (UFS) development.
together with a discussion of the conclusions drawn from the work performed, recommendations
regarding future related work. and a brief summary of this report.

1.1 BACKGROUND.

During FY 81 Mission Research Corporation (MRC) undertook to develop for the Defense
Nuclear Agency (DNA) a concept for a model to predict the onset and development of mass fires in
urban areas as a result of a nuclear attack. A review of the literature showed that a considerable
amount of well organized work had been done toward the development of a model to predict
primary ignitions resulting from nuclear weapons detonations, that a gr.24 deal of highly
ftagmented work had been done in studying phenomena that could be applicable to various aspects
of fLre behavior dad fire propagation in an urban environment, and that on-going work was
addressing flame extinguishment due to blast wave passage, the relationship between blast wave
structural damage and secondary ignitions, and the relationship between building structural
characteristics and building burning characteristics.

It was concluded that a simulation could be developed to describe urban fire effects
resulting from a .-uclear detonation. It was also concluded that the highest risk components in such
a simulation would probably be those that dealt with the burning characteristics of buildings, fire
effects on the ambient winds, and the growth and propagation of uncontrolled fires in an urban
environment,

In order to show feasibility of the concept that was developed and to provide a working
software structure which would show how the concept could be implemented, a demonstration
version of the Urban Fire Simulation (UFS-I) structure was developed as part of the FY 81 effort
(Reterence 1). The demonstration simulation was designed to accept all initial igritions as input
data. The UFS-. development concentrated on the simulation structure. However development of
models for the UFS-I addressed the overall geometry, descriptions of the characteristics of burning
buildings and burning blocks of buildings in a fire suppression-free urban environment, effects of
the fire on the ambient winds, and the effects of local winds on the growth and propagation of the
fire.

The fire behavior and propagation models developed for UFS-l represented a first attempt
to put together some to the results of the fragmented fire-related research work into an organized
set of models describing the behavior of uncontrolled fires in an urban environment. These models
were developed primarily for demonstration purposes. As such, they did not represent a final
product and were expected to be the subject of careful review, revision and, where possible,
validation.

During FY 82 MRC continued the development for DNA of the Urban Fire Simulation.
Specifically the FY 82 development addressed:

, A grid system to partition the urban area into manageable pieces and methods of
incorporating subgrid resolution.

0 Data to describe the urban area for fire ignition and fire spread purposes.

- Control interfaces, data interfaces and rudimentary mode)s for simulating ignitions



related to rnuclear weapon detonation.

"" Review and revision of models simulating fire effects on the ambient winds and local
wind effects on fire bchavior and propagation.

"* Parametric executions of UFS-I to show simulation sensitivity to variations in key
variables.

The Urban Fire Simulation was expanded as part of the FY 82 effort. The expanded
version (UFS-2) incorporates, in addition to the functions included in UFS-I, a more flexible
geometry, together with the data and control interfaces required to support a detailed description
of the urban area. primary ignitions, blast extinguishment. and secondary ignitions. These
features have been incorporated irio the structure in such a way that a scenario can be run starting
with weapon detonation, proceeding through primary and secondary ignitions, to fire spread.
growth and eventual burnout.

1.2 CONCLUSIONS AND RECOMMENDATIONS.

The triangular grid used in UFS-2 is much more flexible than the rectangular grid that was
used in UFS-l. The location, orientation and size of each triangular tract can be tailored to fit the
urban area being analyzed. Use of the triangular grid is expected to alleviate the potential storage
problem encountered in UFM-1 as a result of using uniform block-sized rectangular tracts.

Data and control interfaces allow detailed descriptions of urban area ignition and burning
characteristics, given sufficiently abundant data. Alternatively, simplified descriptions can be used
if only sparse data are available.

The amount of detail that can be included in the description of ignition characteristics is
limited by a combination of storage capacity and acceptable execution time. The storage and
execution time requirements for each tract are independent (f tract size. However, the total number
of tracts is dependent upon average tract size. Thus, execution time is linearly dependent upon
average tract size and urban area size. Execution time is strongly dependent and storage
requirements are weakly dependent upon the number of occupancy classes in a tract. The
sensitivity or execution time to tract complexity can be simply avoided by subdividing complex
tracts to provide a larger number uf less complex tracts.

The most logical future directions for the urban fire simulation project that are consistent
with th:. past development and the need to provide a product that can be useful for targeting aze:

* The development of appropriately accurate and detailed mod-As and data to allow

prediction of primary ignitions.

* Testing and validation, where possible, of the models and the overall structure.

This is the most conservative definition of the potential extent of fire damage. However, it is also
probably the most reliable.

The development of additional models and data be) ond primary ignition to include the
effects of blast damage, secondary ignitions and fire spread is also consistent with past work and
the need to provide a useful product; however, the potential utility of thcse models and data is less
clear, because of their lower anticipated predictive reliability.

2



1.3 SUMMARY.

In Section 2 the Urban Fire Simulation (UFS-I) concept is reviewed and the additions and
modifications that have been included to define UFS-2 are briefly described. These additions and
modifications affect the grid system. data management system, subgrid calculations, the events
used, and the modules required to execute events.

In Section 3 the triangular grid system is discussed, additions to the data management
system are described, and alterations to the Event Transfer List are identified.

In Section 4 the nuclear detonation (NUCDET) event is described, together with the models
and data involved in NUCDET event execution.

In Section 5 the blast effects (BLSEFF) event is described, together with the models and
data involved in BLSEFF event execution.

In Section 6 example model results are presented and discussed.

3



SECTION 2

URBAN FIRE SIMULATION STRUCTURE AND CONCEPT

.n this section the UFS-1 concept is briefly reviewed. The structural and conceptual

additions and modifications to UFS-1 are discussed.

2.1 BACKGROUND.

A detailed description of the UFS-l concept and structure is given in Reference 1. We will
Dresent here a brief summary to provide a background for discussing the work leading to UFS-2.

The UFS-l structure accepted an initial set of ignitions as input data and addressed the
problem of fire behavior and growth from that point. Since the set of ignitions was a given,
ignition characteristics were not required. Only minimal combustion characteristics were included,
since all executions considered a uniform fuel distribution to prevent masking the effects of other
variables.

Each block-sized cell was ignited and allowed to bum until burnout with a variable bum
rate that depended upon the number of ignitions and the local wind velocities. Cells adjacent to
burning cells could be ignited by convection or conduction. A fire was defined to consist of a set
of contiguous burning cells. Each fire was subdivided into appropriately symmetrical subfires.
Brands were considered to be lofted from burning cells on the periphery of each fire.

The resolution used in UFS-l was considered to be too fine. It resulted in a limit on urban
area size of about 10,000 blocks as a result of requirements for storing cell data. The use of
several cell states required maintenance of a cell state map. Additionally, the definition and
maintenance of lists of fires, subfires and fire perimeters was required. The large number of cells
used, together with the considerable number of operations necessary to keep the simulation moving
forward cell-by-cell, and to maintain records of the state of each cell, flre, subfi'e, fire perimeter,
etc. involved the use of a great deal of computation resources and storage capacity.

2.2 CURRENT STATUS.

A flexible grid system has been incorporated into the UFS-2 structure. This allows the
urban area to be partitioned into triangular tracts. The orientation of the tracts is arbitrary, however
restrictions are placed on their size and shape. Average tract size is limited by the urban area and
the maximum desired number of tracts, in view of the related run time and storage requirements.
Maximum and minimum tract sizes are generally limited by the variability of tract characteristics
and the allowed size ranges for fires, since each tract ;s treated as a fire.

Nuclear detonatior and blast effect events have been incorporated into the UFS-2 structure.
These events include the modules appropriate to simulate primary and secondary ignitions.

Data files, interfaces and initiating routines have been included in the UFS-2 structure to
specify urban area characteristics related to ignition and combustion. Tracts are defined in terms of
fractional occupancy classes. Data are specified in terms of "global data", which apply to the entire
urban area and "occupancy class" data, which apply to ea'h occupancy class. Data for each tract
ame calculated from the fractional diztribution of occupancy classes in each tract and the
distributions of characteristics that describe each occupancy class. This makes possible the
description of a large number of different tract types while requiring the user to only describe the
global and occupancy class characteristics.

4



2.3 TRIANGULAR TRACTS.

A triangular grid structure was chosen to partition the urban area into tracts because of its
flexibility and because it produces a surface containing no unnecessary step discontinuities.
Geometrically, tracts of arbitrary size, orientation and aspect ratio (ratio of maximum to minimum
side length) may be used. In this case limitations are placed upon the tract size and aspect ratio.

Symmetrical fires are assumed by the fire modeling equations. Since each ignited tract is
treated as a fim, this condition is satisfied by limiting the tract aspect ratio to be no greater than
two.

The average tract size is determined by the jrban area and the desired number of tracts. A
maximum tract area is dictated by the minimum usable resolution. Storage requirements and run
time are essentially independent of tract size. The minimum tract size should be chosen to be
consistent with the largest of the tract sizes dictated by storage requirements, execution time, and
the maximum usable resolution.

The final number of tracts obtained will generally be larger than the planned number. This
results from subdividing tracts to simplify, where required, the number of occupancy classes per
tract. It is desirable to limit the number of occupancy classes per tract. because (NUCDET,
BSLEFF) execution time for a tract increases exponentially with the number of occupancy classes
per tract, while it increases linearly with the number of tracts used.

Figure 1 shows an example of a hypothztical urban area that has been partitioned into
triangular tracts. In this case the urban area had been previously partitioned into square tracts.
Although the resulting grid was used to define the rectangular coordinate system, the presence of
the square tracts impeded the definition of triangular tracts by making the occupancy class
boundaries more difficult to fi'. with triangular tracts.

Several attempts. based on different rationales. wei,; made to partition the urban area
shown in Figure 1. The rationale that served as the basis for the partitioning shown in Figure 1, and
used in the example calculations is described below.

Define the maxii,.,m number (Nmx) and the minimum number (Nmn) of tracts to be used.
Given the urban area AU, the maximum and minimum average tract areas are given by

Amx = AU/Ninn (1)
and

Amn = AU/N mx. (2)

If equilateral tracts are assumed, the maximum and minimum tract sides are given by

1.
Smx = (Anix2)2  (3)

and
.1.

Stn = (Amnr2) 2. (4)

Lay out the tracts on the urban area occupancy class map so mat tract boundaries follow as closely
as possible the bocundaries between occupancy classes, without violating (3), (4) or the maximum
aspect ratio (ARmx). An additional constraint imposed on the tracts is that each tract is required to
have exactly three vertices. Thus, it is not possible for a vertex of a tract to fall on the side of an
adjacent tract.

5
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A river flows from north to south down the west side of the urban area shown in Figure 1.
In partitioning the river into triangular tracts, the maximum aspect rato was clearly violated.
although (3) and (4) were observed. The aspect ratio could be violated, because these tracts cannot
burn and. thus. will never be represented as fires. It was necessary to observe (3) and (4), because
the sides or the tracts defining the river are also sides of the adjacent tracts, which may contain fuel
and thus be represented as fires.

After the first partitioning the central business/ industrial area was found to be contained in
a few tracts, each of which exhibited several occupancy classes. This area was repartitioned to
arrive at the configuration shown in Figure 1.

In repartitioning the central business/industrial area to reduce the number of occupancy
classes per tract, constraints (3) and (4) were related while ARmx was observed. Figure 1 still
shows tracts containing as many as four occupancy classes. These were left in order to be able to
test the effect of the number of occupancy classes on tract execution time.

Although triangular tracts are used. the computational coordinate system is still rectangular.
Thus. provisions must be made to transform back and forth between these two coordinate systems.
To accomplish this. the tracts are numbered as shown in Figure 2 and the tract vertices are
numbered as shown in Figure 3. The data associated with tracts is contained in data table TRaCT
Data (TRCTD), and the data associated with tract vertices is contained in data table VERTex Data
(VERTD). The format for data table TRCTD is:

ITRACT, IVI, IV2. IV3, NNOC. IOCT. FOCT. TRACT CENTER, TRACT AREA

where

ITRACT is the tract identification number
IVI, IV2, IV3 are the identification numbers of subject tract vertices
NNOC is the number of occupancy classes in subject tract
IOCT is the occupancy class identification number
FOCT is the fraction of subject tract occupied by this occupancy class
TRACT CENTER is the (X.Y,Z) coordinates of tract center
TRACT AREA is the area of tract in meters 2.

The tract data table is entered with the tract ID number to obtain the above tract characteristics. The
format for data table VERTD is:

IVERT. VX. VY, VZ. NAT, IAT

where

IVERT is the vertex identification number
VX, VY, VZ are the (X,Y.Z) coordinates of subject vertex
NAT is the number of tracts to which the subject vertex belongs
IAT is the set of identification numbers of the tracts to which the subject vertex belongs.

The tract vertex table is entered with a vertex ID number (obtained from TRCTD) to obtain the
above vertex characteristics.

7
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2.4 CONTROL INTERFACES.

The major modification that has been made to the control interfaces of UFS-1 is the addition
of two new Events, the NUClear DETonation (NUCDET) Event and the BLaSt EFFects
(BLSEFF) Event. A number of minor alterations made to the control interfaces will be included in
the detailed descriptions of these events.

Table I shows the UFS-2 Event Transfer Table, which defines the intermodule control
interfaces. The NUCDET and BLSEFF Events have been added to the table, together with the
modules, models, data interfaces, and intramodule control interfaces required to execute the events.

2.5 DATA INTERFACES.

Three classes of data are used by UFS-2. These are; (1) data which are user defined and
entered prior to any execution, (2) data which are calculated (i.e. preprocessed) from user defined
data and entered prior to execution, and (3) data which am calculated during execution. The data
sets belonging to Class I and the approach used in generating the data sets belonging to Class 2
will be described here. Descriptions of the data sets belonging to Class 3 will be included in the
descriptions of the modules and models in which they are used.

2.5.1 Class 1 Data Sets.

Tract and vertex data, shown in Figure 4, are user specified from an occupancy class map
of the urban area to be analyzed. Currently these data are manually specified and entered;
however, provisions can be made to allow digitizer entry of much of this data directly from the
occupancy rlass map. The above data for each tract are used by a preprocessor to calculate the area
of each tract and the coordinates of the center of each tract.

The data which describe the details of the urban area for purposes of ignition, combustion
and propagation of nuclear weapon induced fires are contained in a collection of "global" data sets.
The global data sets, which are shown in Figure 5, identify characteristics which apply over the
entire urban area. The contents of the global data sets are currently user specified and manually
entered. However, the global data are of limited extent and they need only be defined initially, and
updated when the urban area characteristics are changed.

The data which describe the details of each occupancy class in the urban area for purposes
of ignition, combustion and propagation of nuclear weapon induced fires are containea in a
collection of "occupancy class" data sets. The occupancy class data sets, which are shown in
Figure 6, define the distributions of characteristics which apply to each occupancy class. These
data sets are also global in the sense that the defined distributions apply to each occupancy class no
matter where it is found in the urban area. The contents of the occupancy class data sets are
currently user specified and manually entered. However, the occupancy class data are of limited
extent and need be defined only for the number of occupancy classes to be used in the urban area to
be analyzed.

Additional user defined data include runtime data, grid data, and environmental data, which
are shown in Figure 7, together with weapon data. and initialization data for fireball and irradiance
calculations, which are shown in Figure 8.

An effort has been made to limit the amount and detail of data that the user is required to
define, while including enough descriptive detail to allow adequate description of the ignition and
burning characteristics of the urban area.
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Table 1. Event transfer table for urban fire simulation.

READIN INPUTS
WRrTOT OUTPUT
SETUP(M) MODJLEM
UPDATE(M) MODULE (M)
FINISH(M) MODULE(M)
NUCDET TPULSE INBLST WNDMOD IGNITE
BSDEFF BSLPRP QUENCH FULMOD SECIGN
BURN(K) BCUPDT(K) BRNDG(K)
ADJCNT(N) ACUPDT(N)
FUPDT(L) UPDTF(L)
STOWV WVMAP
STOCS CSMAP
STOQ QMAP

Define the Events and Modules which appear in the Event-Module Transfer Table.

TERM DEFINIION

READIN Event to read input data
INPUTS Module to specify data to be read in and its formats
WRITOT Event to write output data
OUTPUT Mo..le to specify data to be output and its formats
SETUP(M) Event to setup module (M)
MODULE(M) ID of module (M)
UPDATE(M) Event to bring the pertinent data elements of module(M) up to date
FINISH(M) Event to terminate module(M)
NUCDEI' Event to perform calculations associated with nuclear weapon detonation
"TPULSE Module to calculate free-field thermal irradiance (j/m2 ) as a function of yield,

burst height, and visibility at a specified number of ranges from ground zero
INBLST Module to calculate free-field blast effects of peak overpressure, positive phase

duration, flow velocity and time of arrival at a specified number of ranges from
ground zero as a function of yield and burst height

WNDMOD Module to modify wind field to account for column formation at the burst
location as a function of yield, burst height and time after detonation.

IGNITE Module to calculate ignitions from this NUCDET in all affected tracts
BLSEFF Event to calculate blast effects from this NUCDET in all affected tracts
BLSPRP Module to calculate free field blast parameters in a specific tract and to modify

them to account for shadowing, orientation, and reflection
QUENCH Module to calculate ignitions extinguished by blast effects in a specific tract
FULMOD Module to calculate blast induced fuel modifications in a specific tract
SECIGN Module to calculate blast related secondary ignitions in a specific.tract
BURN(K) Event to bring up to date the burning characteristics of burning track (K)
BCUPDT(K) Module to update the data elements of burning tract (K)
BRNDG(K) Module to calculate brand generation and propagation for burning tract (K)

11



Table 1. Event transfer table for urban fire simulation (continued).

ADJCNT(N) Event to update the characteristics of tract (N), which is adjacent to a burning
tract

ACUPDT(N) Module to update the data elements of tract (N)
RJPDT(L) Event to update the characteristics of fire (L)
UPDTF(L) Module to update the data elements of fire (L)
STOWV Event to store data for a wind velocity map
WVMAP Module to specify the data formats for wind velocity maps
STOWCS Event to store data for a tract state map
CSMAP Module to specify the data formats for tract state maps
STOQ Event to store data for a heat release rate map
QMAP Module to specify the data formats for heat release rate maps

12



For each tract

Tract ID number

Three vertex ID numbers

Number of occupancy classes in tract

ID number of each occupancy class in tract

Frition of tract occupied by each occupancy class

For each vertex

Vertex D) number

X.Y.Z coordinates of vertex

Number of tracts to which each vertex belongs

ID number of each tract belonging to each vertex

Figure 4. User defined tract and vertex data.
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Building Heights

Height of a story (m)
Number of building heights used
Heights of buildings used (W)

Building Classes

Number of building classes used
ID numbers of building classes used

Building Separation Distances

Number of building separation distances used
Building separation distances used (m)

Foliage-Building Separation Distances

Number of foliage-building separation distances used
Foliage-building separation distances used (m)

Foliage Heights

Number of foliage heights used
Foliage heights used (m)
Transrnissivity of each foliage height used

Occupancy Classes

Number of occupancy classes used
Building density of occupancy class (No. Bldgsjm 2)
Building fuel loading of occupancy class per floor (kg/m 2fFloor)
Building fuel loading of occupancy class (kglm 2 )

Room Furnishings

Number of room furnishing types (critical ignition energies) used
Critical ignition energy of each type of room furnishing (jim2)

Room Sizes

Number of room sizes allowed
Room cell linear dimension (m)
Depth of each -oom size (i)
Width of each room size (W)

Figure 5. Global data - user defined characteristics of the overall urban area.
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Street Azimuth Angles

Number of street azimuth angles used
Azimuth angles of streets (rad)

Street Widths

Number of street widths used
Widths of streets (m)

Window Sizes

Window transmissivity
Number of window sizes used
Height of each window size (m)
Width of each window size (m)

Window Coverings

Number of window covering types (critical ignition energies) used
Critical ignition energy of each window covering type (jim?)

Figure 5. Global data - user defined characteristics of the overall urban area (continued).
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NBuilding Heights

SNumber of building heights in each occupancy cla ssID) number of each building height in each occupancy class

Fraction of buildings in each height class per occupancy class

Building Classes

Number of building classes in each occupancy class
ID number of each building class in each occupancy class
Fraction of buildings in each building class per occupancy class

Building Separations

Number of building separation distances in each occupancy class
MD number of each building separation distance in each occupancy class
Fraction of buildings in each separation distance class per occupancy class

Foliage-Buildiny Separation Distances

Number of foliage-building separation distances in each occupancy class
ID number of each foliage-building separation distance in each occupancy class
Fraction of foliage in each separation distance class per occupancy class

Foliage Heights

Nurnlx¢r of foliage heights in each occupancy class
ID number of each foliage height in each occupancy class
Fraction of foliage in each height ciass per occupancy class

Room Furnishings

Number of room furnishing types (critical ignition energies) in each occupancy class
ID number of each room furnishing type in each occupancy class
Fraction of room furnishings of each type per occupancy class

Room Sizes

Number of room sizes in each occupancy class
ID number of each room size in each occupancy class
Fraction of rooms in each size class per occupancy class

Street Widths

Number of street widths in each occupancy class
ID number of each street width in each occupancy class
Fraction of streets in each width class per occupancy class

Figure 6. Occupancy class data - user defined characteristics of occupancy classes over the urban
area.
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Window sizes

Number of window sizes in each occupancy class
ID number of each window size in each occupancy class
Fraction of windows in each size class per occupancy class

Window Coverings

Number of window covering, types (critical ignition energies) in each occupancy class
ID number of each window covering type in each occupancy class
Fraction of window coverings in each type class per occupancy class

Figure 6. Occupancy class data - user defimed characteristics of occupancy classes over the urban
area (continued).
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Runtime Data

Maximum simulation run time (s)
Simulation time to start diagnostic writing
Number of cells to be diagnosed
ID numbers of cells to be diagnosed

Grid Data

Square cell side length (m)
X.Y coordinates of Southwest comer of cell system
Number of East-West cells (columns)
Number of North-South cells (rows)

Environmental Data

Time of data (s)
Ambient wind speed (mis)
Ambient wind direction (rad)
Relative humidity
Temperature (deg. C)
Low cloud layer height (m) above sea level
Low cloud layer type
High cloud layer height (m) above sea level
Surface albedo
Visibility index

Figure 7. User defined rntime, grid and environmental data.
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Nuclear Weapon Characteristics

Weapon (detonation) ID number
X,Y coordinates of detonation point (m)
Height of detonation above sea level (m)
Total weapon yield (m)
Detonation time (s)
Maximum effects range (m)
Minimum effects range (m)

Radiation Circle Rows

Maximum number of rows on a side with no step
Maximum number of rows
Array of X,Y locations for the centers of radiation circle elements

Irradiance Calculation Ranges and Values

ID number of weapon
Number of ranges at which irradiance is to be calculated
Value of izradnce at each calculation range

Figure 8. User defined weapon data and initialization data for fireball radiation znd irradiance
calculations.
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2.5.2 Class 2 Data Sets.

Class 2 data are calculated from user defined data and entered in the simulation data prior to
execution. These precalculated data are not recalculated for each execution, and, in general, need
be recalculated only if the user defined data are altered.

The user defined tract and vertex data are shown in Figure 4. These data are used to
calculate the area of each tract and the location of the center of each tract. These data are loaded
together with the user defined tract and vertex data into a single data file.

The tract fractional occupancy class specifications (Figure 4), the global data characteristics
(Figure 5), and the occupancy class data characteristics (Figure 6) are used in a preprocessor to
define the distributions of the characteristics for each identified tract in the urban area.

For each tract the fractional occupancy class data are of the form:

loc(l, Noc) = the ID number of each occupancy class in the tract,

Foc(Ioc) = the fraction of each occupancy class in the tract.

The data for each global variable (see Table 2) are of the form:

lgv(l, Ngv) = the ID number of each value of the global variable that is used throughout
the urban area,

Vgv(Igv) = the magnitude of each value of the global variable.

Th1 data for each occupancy class variable (see Table 3) are of the form:

Iov(l, Nov) = the ID number of each value of the global variable that is used in the
occupancy class,

Fov(Iov) = the Fraction of each value of the global variable that is used in the occupancy
class.

Each occupancy class MI number (loc) must belong to the corresponding set of global ID numbers
(Igv). Thus, the characteristics that make up any occupancy class data set constitute a subset of,
and can be obtained from, the corresponding global data set. The occupancy class ID number
(ov) is used to obtain the value of the variable in the form Vgv(bov).

The number of values of a global variable in each tract (Ntv) is calculated from the number
of values exhibited by the global variable in all of the occupancy classes of the tract. The ID
numbers of the global variable values in each tract are the ID numbers of the global variable values
in all of the occupancy classes of the tract. The fraction of each global variable value in each tract
is calculated from

Ftv(Iov) = Foc(Ioc) Fov(Iov) (5)
boc
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where
Ftv is the fraction of the global variable value in the tract,
Foc is the fraction of the occupancy class in Jhe tract,
Fov is the fraction of the global variable value in the occupancy class.

The preprocessor uses the above calculations to define tract data sets corresponding to the
global and occupancy class data sets which are of the form:

it = the tract ID number,

ltv(l,Ntv) = the ID number of each global variable value in the tract,

Ftv(Itv) = the fraction of each global vaiiable value in the tract.

The data sets which are defined by the preprocessor for each tract are shown in Figure 9.

2.5.3 Class 3 Data Sets.

Class 3 data sets are calculated by the various modules and models during execution. The
format and contents of the Class 3 data sets will be described as part of the detailed discussions of
the Events, modules and models with which they are associated.

In the following paragraphs the control and data interfaces defined for the modules and
models associated with the nuclear detonation and blast effects events will be discussed. These
discussions will be followed by a presentation and discussion of example results from UFS-2.
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Building Height

Number of building heights in tract
MD numbers of building heights in tract
Fraction of buildings of each height in tract

Building Classes

Number of building (structural) classes in tract
ID) numbers cf building classs in tract
Fraction of buildings of each class in tract

Building Separation Distances

Number of building separation distances in tract
ID numbers of building separation distances in tract
Fraction of buildings separated by each separation class

Foliage-Building Separation Distances

Number of foliage-building separation distances in tract
ID numbers of foliage-building separation distances in tract
Fraction of foliage separated by each separation class

Foliage Heights

Number of foliage heights in tract
ID numbers of foliage heights in tract
Fraction of foliage of each height in tract

Room Furnishings

Number of room furnishing types (critical ignition energies) in tract
ID numbers of room furnishing types in tract
Fraction of room fur-nishings of each type in tract

Room Sizes

Number of room sizes in tract
ID numbers of room sizes in tract
Fraction of rooms of each size in tract

Figure 9. Tract characteristics - calculated characteristics of each in the urban area.
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Street Azimuth Angles

Number of street azimuths in tract
ID numbers of street azimuths in tract
Fraction of streets at each azimuth in tract

Street Widths

Number of street widths in tract
ID numbers of street widths in tract
Fraction of streets of each width in tract

Window Sizes

Number of window sizes in tract
ID numbers of window sizes in tract
Fraction of windows of each size in tract

Window Coverings

Number of window covering types (critical ignition energies) in tract
MD numbers of window covering types in tract
Fraction of window coverings of each type in tract

Figure 9. Tract characteristics - calculated characteristics of each in the urban area (continued).
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SECTION 3

THE NUCLEAR DETONATION (NUCDET) EVENT

The NUCDET Event provides the initialization for all nuclear weapon caused ignitions, and
these, in turn, provide the initialization for the BURN (fire behavior and spread) event. The
NUCDET event includes modules for calculating, throughout the urban area of interest, the thermal
irradiance (TPULSE). blast characteristics (INBLST), wind velocity (WNDMOD), and primary
ignitions (IGNITE) resulting from detonation of a nuclear weapon.

The structure of the NUCDET event, and of UFS-2 in general is designed to accommodate
single or multiple-sequential nuclear weapon detonations. In order for two detonations to be
considered sequential, their time spacing must be greater than the arrival time of the blast wave
from the first detonation at the maximum range of interest. This calculational criterion decouples
sequential detonations by not allowing the calculation of primary or secondary ignitions for the first
detonation to be affected by the second detonation. Of course, both primary and secondary
ignitions due to the first detonation will be affected by the second detonation, and these effects will
be calculated.

3.1 THERMAL IRRADIANCE.

Fire effects are usually of interest over the extent of an annulus centered on ground 7em.
The inner radius of the annulus is defined by blast effects of such severity that fire effects are
generally of little interest. The outer radius of the annulus is defined by fire effects of less severity
than specified, and essentially insignificant blast effects. Within the annulus both blast and fire
effects are considered. This is necessary, because blast induced fuel modifications affect
secondary ignitions.

A potentially large number of tracts may be included in the annulus, and it is generally not
necessary to calculate the thermhal irradiance in each tract. This is particularly true if (as in the
present case) it is assumed that thermal irradiance is a function only of distance from the burst point
(i.e. no terrain shadowing). To avoid calculating thermal irradiance for every tract in the annulus,
thermal irradiance can be calculated at a user specified number of equally spaced distances from
ground zero. Irradiance data at other distances from ground zero are obtained by interpolating on
these data. Alternatively, a set of monotonic decreasing values of irradiance can be specified by the
user. The corresponding ranges from ground zero will be calculated.

Thermal irradiance data are calculated by module TPULSE, which is shown in Figure 10.
Upon entry to TPULSE, environmental data (ENVD, Figure 7) are accessed to obtain the visible
range. Reference to Figure 7 shows that a number of additional variables are also included. Data
interfaces have been included to permit use of an irradiance model such as described in Reference
2, although a much simpler demonstration model is used. Given the visible range (Rv), the
scattering coefficient (Cs) is calculated from the definition of visible range (Reference 3) by

Cs = 0.105/Rv. (6)

The weapon data (WEPD, Figure 8) and the initialization irradiance calculation data are
accessed to obtain the weapon, detonation, and calculation parameters needed to calculate thermal
irradiance at specified locations in the urban area.
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Figure 10. Logic flow diagram for module TPULSE (continiued).
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Two calculation modes are allowed. In Mode 1, at label (A) of Figure 10, the inner and
outer annulus radii and the number of calculation ranges are user specified. The specified number
or equally spaced horizontal (Rh) and slant (Rs) ranges from the detonation point, and the
corresponding free field irradiances at these ranges are calculated. In Mode 2, at label (B) of
Figure 10, the inner and outer annulus radii, the number of calculation ranges, and the desired
irradiances at each of the calculation ranges are user specified. The horizontal and slant ranges are
calculated at which the specified irradiances will occur.

Free field thermal irradiance at each range is calculated from the radiant exposure-distance
relationship (Reference 4, pp. 316-317)

Q = 85.6 (f W t)/(R2 ) (7)

where Q is the thermal irradiance at distance R (cal/cm 2),
f is the thermal fraction of yield (taken to be 0.3),
W is the weapon yield (KT),
t is the transmittance,
R is the distance from detonation point (Kft).

At label (C) of Figure 10 the fireball radius and radiation circle characteristics are calculated
following (Reference 5, pp 88-91). The fireball radius is given by

Rf = K (yO. 35 ) Exp(0.465Hb) (8)

where Rf is the fireball radius (mi),
K is the 0.53 for surface burst,
K is the 0.47 for Hb below 40 miles,
K is the 0.41 for Hb above 40 miles,
Y is the weapon yield (MT).

The radius of the radiation circle is given by
I.

Rrc =R (1.0- (Rf/Rs)2 )2 (9)

where Rrc is the radius of radiation circle (m),
Rf is the fireball radius (m),
Rs is the distance to detonation point (m).

The horizontal and vertical distances to the center of the radiation circle are given by
I

Dh = Rh (1.0 - (Rf/Rs) 2 )2  (10)

and Dv = Rv (1.0 - (Rf/Rs) 2 )2 (11)

where Dh is the horizontal distance to xenter of radiation circle (m),
Rh is the horizontal range to center of fireball (m),
Dv is the vertical distance to center of radiation circle (W),
Rv is the vertical range to center of fireball (m),
Rf is the fireball radius (m)
Rs is the range to fireball center (m).

These data are stored in the radiation data array RRAD, which is shown in Figure 11.

27

-L = h.



Thermal Irradiance Data (RRAD)

Weapon (detonation) ID Number (for each detonation in this scenario)

Number of ranges at which irradiance is to be calculated
Slant range to detonation (m)
Horizontal range to detonation (m)
Irradiance at this range (j/rm2)
Radius of radiation circle at this range (m)
Horizontal distance to radiation circle center at this range (m)
Vertical distance to radiation circle center at this range (m)

Augmented Weapon Data (WEPD)

Weapon (detonation) ID number (for each detonation in this scenario)

X,Y coordinates of detonation point (m)
Height of burst above sea level (m)
Total weapon yield (MT)
Detonation time (s)
Maximum effects range (m)
Minimum effects range (m)
Time of second thermal maximum (s)
ID number of tract under burst point

Figure 11. Thermal irradiance and augimented weapon data.
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The thne of second thermal maximum is calculated from the relationships (Reference 4, pp

309-312)

T2mx U.041'7 W0 .44 , if Hb less than 15 Kft (12)

T2mx 0.038 W0 .44 (p(h)/p) 0 .36 , if Hb higher than 15 Kft (13)

where T2mx is the time of second thermal maximumn (s),
W is the weapon yield (KT),
p(h)/p is the atmospheric density ratio as a functicki of height.

The time of second thermal maximum is stored in the weapon data set WEPD and module
TPULSE is exited. Figure 8 shows WEPD as it was initiated and contained only user specified
data. Figure 11 shows WEPD after execution of TPULSE, when it has been augmented by
inclusion of the calculated variables T2mx and the ID number of the tract containing ground zero.

3.2 INITIAL BLAST PARAMETERS.

Blast wave parameters are of interest for estimating the quenching effect of blast wave
passage on primary ignitions, the interaction of the blast wave with structures, structure contents,
and primary ignitions in producing secondary ignitions, and the loss of structural integrity due to
blast damage.

Research into quenching of primary ignitions by bla.'q wave passage (Reference 6) is just
beginning to produce results that can be used to develop a predictive model. A predictive model
has been developed (Reference 7) for secondary ignitions resulting from blast wave irnteraction
with structures and their contents. On-going work is expected to refine both the secondary ignition
model, aid the data it uses. Additional information is required on the effects of low level blast
parameters on structural integrity, and the effect of loss of structural integrity on building burning
characteristics.

Calculation of blast wave parameters are performed by module INitial BLaST, which is
shown in Figure 12. Blast wave parameter calculations are based on the data presented in
Reference 4 on pages 109 to 121, together with the scaling rules presented in Reference 4 on pages
100 to 105.

Uput, entry to module INBLST, pressure, distance, and time scaling data are obtained fromthe blast atmosphtric data (BLASTD). BI ASTD provides altitude scaling factors at several
altitudes between sea level and 150,000 feet. These data were obtained from Reference 4, p. 104,
is rivariant, and has been hard coded into the module. Data are obtained from BLASTD for
altitudes above and below the altitude of interest. Pressure, distance and time scaling factors are
then •.alculated at the altitude of interest by interpolating on these data.

Data file RRAD (Figure 11) is accessed to obtain the irradiance calculation ranges that were
used in module TPULSE. Blast wave parameter.; are calculated at the same set of rawges that were
used for calculatiag irradiance. As in the case of ;irradiance. blast parameters are mode!ed for
demonstration as functions only of distance from ground zero.
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CZ"T: FROM BLAST DATA (BLASTD), DATA FOR CALCULATING PRESSURE,
DISTANCE AND TI.ME SCAL11NG

SC/C: P SURE , DISTANC AND T!. SCALING FACTOS... __
ILCW: ON IRADIATION CALULATION RANGES

CAiC: wOR EACH RANGE;
TIM OF SHOCK FRONT ARRIVAL
PEAK CERPRPESUKE
POS TIVE PHASE -iURATICN OF PEAK O
HORLZONrAL CM ONENT (T DYNAMIC PRESSURE
POSTTIVE PHAE 9.XATION OF DMNAMIC PRESSURE

EN1D: LOOP ON IRRADIAT'ION CALCULATION RiNGES

sraE: B~LASM MVE PAYAMETERS IN BLAST DATA FLLE (BIsT)

Figure 12. Logic flow diagram for module INBLST.
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The blast wave parameters are calculated at each irradiance calculation range and stored in

the blast data file BLST, which is shown in Figure 13.

3.3 WIND MODULE (¢¢NDMOD).

The description of this module is included in the description of the combustion and
propagation models.

3.4 PRIMARY IGNITIONS MODULE (IGNITE).

The primary ignitions module IGNITE uses the irradiance calculated by -nodule TPULSEand the calculated tract characteristics shown in Figure 9 to calculate probabilities of room and
structure ignition, and subsequent flashover. Module IGNITE is divided into two parts; a part that
calculates global ignition (GLBIGN) variables, and a part that calculates tract ignition (TRTIGN)
variables.

Ignition related calculations that apply to all tracts and occupancy classes are performed by
submodule GLBIGN in order to set up global probability distribution of the irradiance of window
coverings and of room furnishings as a function of selected variables. Ignition related calculations
that apply to each tract and to the occupancy classes it contains are performed by submodule
TRTIGN in order to establish probability distributi ,nc of room ignitions, structure ignitions, and
structure flashovers.

3.4.1 Global Ignition Calculations (GI.BIGN).

The thermal irradiance of window coverings and room furnishings is calculated at each of
the irradiance (and blast) calculation ranges relative to ground zero. These results will be used in
TRTIGN to determine the irradiance of window coverings and room furnishings in each tract,
tadng into account tract geometry, shadowing, etc. By using the global calculations, the window
covering and room furnishing irradiance calculations aie only performed for five to ten ranges from
ground zero, instead of for each of potentially several hundred tracts.

A simplified calculation of window covering and room furnishing irradiance is used for
demonstration. The radiation source is assumed to lie on, and 1-t perpendicular to, the line
connecting the window center and the radiation circle center, as shown in Figure 15. Later, in
TRTIGN, a correction is made to thes,.. results to account for orientation of the building with
respect to the radiation source. A more detailed calculation in GLBIGN would include a loop over
several azimuth an',es. These data could then be interpolated in TRTIGN to obtain irradiance as a
function of buildhi.g orientation.Module GLBIGN is shown in Figure 14. Upon entry to GLBIGN
the following data are accessed:

The radiation data calculated by module TPULSE and stored in
data file RRAD (Figure 11),

The blast data calculated by module INBLST and stored in data
file BLST (Figure 13),

The user defined weapon data stored in data file WEPD
(Figure 11).
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Weapon (detonation) ID number

Weapon detonation time (s)

Number of ranges for blast calculations

Time of shock front arrival (s)
Peak ove'pressure (kg/m 2 )
Positive phase duration of overpressure (s)
Horizontal component of dynamic pressure (kg/rn2 )
Positive phase duration of dynamic pressure (s)

Figure 13. Blast wave parameter data (BLST).
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GET: FROM DATA FILE READ, THERMAL IRRADIANCE DATA|
FROM DATA FILE BLST, BLAST W.VE PARk-I*W=
FROM DA7. FILE WEPD, WEAPON (DE.4NATICN) DATA

U L(T: OVE ROOM SIZES

1i 7
CA;C: NUOMBER CF ROCM ELEMENTS IN EACH ROOM SIZEMDENTIFY: DEEPEST AND WIDE•ST ROOMS

MD: LCOP ON ROOM SIZES

LOC: OERIR1ADANC CLCm~ATION RANZE

SET: HYPTHETICL TR CEIR, LOCTED AT IP.ADIANC
CALCUTION RANGE AS dCA LAT ION POINT

C ATE: NUME OF ROWS IN RADIATION CIRCL AE
NUMB1ER OF S E ROW

LOWP: OVER NlER~ OF ROWS IN RADIATION CIRCLE

--

I

CALCULATE: IRADANCE PMR rPL CF RADIATION CIM
CALCULATE: IRRADIANCE ON VERTICAL WINDOW COVERINGS

FOR EACH ROW OF RADIATION CIRCLE AND AT
EACH CALCLATION RANGE.

STORE: IN DATA FILE QWC, IRRADANCE ON V1'rICAL WIaDOW
COVERINGS

Figure 14. Logic flow diagram for submodule GLBIGN.
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lP

LOOP: OVER THE NUM OF ROWS IN THE DEEPEST ROOM SIZE
IN THE UP" AEEA O

MOOP: OVER THE NUMBER OF CO•LUMNS IN THE WIDE.ST RCOM SIZE

IN THE URBAN AREA O

IDOP: ~ ~ ASE TH NCTICR OF WNO I EACN HE URBAN SIZEA

-rCAM: FOR EAC = ST IN EACH ROW OF THE RADIATION
-- CIRCLE, THE IRPADIANCE AT THE C•CE OF EACH

RO(M M-1, AS A FUNrTI•CN OF EACH WINDOW SIZE

STORE: IN L•ATA Sh-T QM•, iIRPADIA OF FACli ROOIM

END: LOOP ON RADIONI CIRCLE CTLLS PER ROW

EN~D: ILOOP ON WINDOW SIZES

END: LCOP ON ROOM COLUMNtS

END: LOOP ON ROM ROW

Q

Figure 14, Logic flow diagram for submodule GL.BIGN (continued).
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END: L,00P ON RADIATION CMIf.E ROM

Figure 14. Logic flow diagram for submodulc GL.BIGN (continued).
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Figure 15. Irradiance geometry for room cells of two nested rooms.
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Each room size used in the urban area description is partitioned into elements, and the
number of rows and columns of elements are identified in the deepest and widest mooms,
respectively. For calculation of room cell irradiance, all rooms are assumed to be nested about the
center of a window which faces the center of the radiation circle. The window is oriented
perpendicular to the line connecting the center of the window with the center of the radi',ion circle,
as shown in Figure 15. The irradiance of each room cell is calculated foc one hypothetical r',)oM
whose width and depth are equal to those of the widest and deepest rooms used in the urbun area.

A loop is formed over the irradiance calculation ranges that were used in TPULSE to
calculate the free field irradiance data stored in RRAD (Figure 11).

The radiation circle is partitioned into rows and columns by specifying the number of
elements to appear in the first row. The number of rows and number of elements per row are then
calculated from the number of elements in the f& row and the radiation circle : is, as shown in
Figure 16. Partitioning the radiation circle allows inclusion of the effects of partial radiation circle
visibility on the probability of room ignition. The necessity for this can be shown by considering
the fireballs from I MT and 10 M'- bombs detonated at heights that maximize their 2 psi
overpressure radii. At the 2 psi overpressure radius, the radiation circle will subtend about 18
degrees for the I MT weapon, and about 54 degrees for the 10 MT weapon. These are not extreme
conditions, but represent a range of cases that might require from slight to significant levels of
radiation circle partitioning.

A loop is formed over the number oF rows in the radiation circle. Assuming uniform
radiation circle irradiance, the irradiance of each row is calculated from the total number of
elements per row. The irradianice of vertical window coverings is calculated at each irradiance
calculation range, and accumulated for each number of radiation circle rows (from top to bottom of
the radiation circle). These calculations assume no shadowing, normal incidence in the horizontal
plane, and vertical incidence as defined by range from ground zero and detonation height.

The resulting window covering irradiance data are stored in the two dimensional array,

QWC(RGZ, NROWS)

where
RGZ is the range from ground zero, and
NROWS is the number of radiation circle rows used.

Loops are formed over the number of rows in the deepest, and the number of columrs in
the widest rooms used in the urban area.

Loops are formed ovcr the number of window sizes used in the urban area and the number
of radiation circle cells in the row under evaluation.

For each irradiance calculation range and each row of the radiation ci;cle, the irradiance of
vertical room furnishings is calculated in each room cell as a function of each window size. In the
case of room furnishings, the irradiance from each radiation circle cell must be examined because
of different degrees of horizontal shadowing by the different window sizes. Vertical window
shadowing is accounted for by radiation circle rows. IThe possibility of shadowing is determined
by testing whether or not the center of each radiation circle cell is visible from the center of each
room cell.
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Figure 16. Radiation circle partitioning.
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The room cell irradiance is stored in the five dimensional array,

QRME(RGZ, NROWS, ROWRM, COLRM, WNDSIZ)

where
ROWRM, COLRM are the coordinates of the room ceiL and
WNDSIZ is the window size.

The successive loops over radiation circle cells pl.r row, window sizes, room columns,
room rows, radiation circle rows, and ranges to ground zero are closed. Upon completion of all
the loops, module GLBIGN is exited.

3.4.2 Tract Ignition Calculatiors (TRTIGN).

The tract ignition calculJ.ion module makes use of global, occupancy class, and tract
charac•eristics, together with calculated irraidiance data to estimate the number of buildings that will
be ignited in each uact.

Ulrun entry to submodule TRTIGN, shown in Figure 17, the following data are initialized
in th' forn of data statements:

A data set which specifies the probability of a room fire occurring given ignition of window
coverings (RFWCI),

A data set which spccifies the probability of room furnishings being in each room cell
(FRFRC),

A data set which specifies the probability of a room fire occurring given ignition of window
coverings (RFRFI),

A data set specifying the probability of building flash over given flash over of at least one
room in the building (FBFO).

These data sets will be described in the following discussions of the parts of the module
where they are used. Weapon and detonation data are obtained from data file WEPD (Figure 11),
and thermal irradiance data at specified ranges from ground zero are obtained from data file RRAD
(Figure I1).

A loop is established over all of the tracts in the urban area, and a file is generated
containing all of the tracts whose centers lie within the effects calculation annulus. The effects
calculation annulus is defined by the user specified minimum and maximum effects ranges (see
WEPD, Figure 11).

A loop is formed over all of the tracts in the effects calculation annulus. A? l'abl (P) the
tract center coordinates and tract occupancy classes are obtained from the tract and vertf.x data
(Figure 4). The tract characteristics (Figure 9) are accessed to obtain distributions of the tract
ignition descriptors.

The vertical, horizontal and slant ranges are calculated from the tract center to the detonation
point. The horizontal range from tract center to ground zero is used to interpolate the irradiance
data of RRAD (Figure II) and the blast parameters of BLST (Figure 13) to the center of the subject
tract.
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INITIALIZE: DATA SET SPCIFYING PROBABILITY OF A ROOM
FIRE GrVEN IGNITION OF WINDOW COVERINGS

: DATA SET SPECIFYING PROABILITY OF ROOM
FUMtISHINS BEING IN EACH R4OCM ELL

: DAM SET SPEIFYIN PROBABILITY OF A ROCM
FIRE GIVEN IGNITION OF ROC4 FURNISHINGS

: D"J% SET SPECIFYING PROBABILITY OF BUILDING
FLASHOVER GIVEN FLASH OVER OF AT LEAST ONE
Rc4 IN BUILfING

GET: F" DATA FILE WEPD, WEIRPN (DETNAION) DAT

:FROM DATA FILE RRAD, CACLAE THRA llRAD IANCE
AT SPECIFIED RANGES FROM GROUND ZERO

CREATE: A FILE OF THE ID NUBRS OF ALL TRACTS
IN MM ANNULUS BOUNDED BY RMNEFF AND
RMYEFF (SEE WEPD, FIGURE 8)

I
END: LWP OVER TACrS IN TRE URBAN AREA

u AD PERFRMI THE FOILLWING OPERATIONS FCR EACH TRACT

Figure 17. Logic flow diagram for submodule TRTIGN.
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P

GET FRM TAM-M= DATA, COCRDUDATS OF TRACT Er

GET: FROM TRACT CHARACITISTICS, DISTRIBUTrIONS OF TPA=T

CAIC: HOEXZOWrAL AND VERTICAL RANGES FR~t4 TRCT~ CEr

IN"MCLATE: RRAD AND ELST DATA TOD DEFIE IRPADIANCE AND
BLAST WAVE PARAMETERS AT TRACT CENrE

CAW: RADILZ OF RADIATICN CIRCLE, HORI ZONTAL, VERTICAL AND
SLANT DISTANCES FRCM MRACT CETER TOD CE OF
RADIATION CIFCE

CALC: AZIMU~T)H AND ELEVATON ANGLE FROM TRAC. E rE TO'I
CEN OF RADIATICtN ClP=, AND VEWTICAL AN=E
SUB~rED BY RADIATION CICL RADIUS

LOOP: OVER TH LZE OF BUILINf'G HEIGHTS IN TVX TRACT AND lM2,TM
THEE AS TARGT BUIlDING (THOSE FOP WMHI~ THE PRCABI.LlrY OF
IG2=NIT IS TOv BE CALCULATED)

GET*: FROM GJMAL DATA AND MA~CT CHARAC`IEISIICS, BUILDING
HEIGrr, AND FRACTICNI CF BUIMDINCS IN TRAZ~' OF

CMLI: NUMBER CF FLOOS IN TAPGET BUILDING

LOOP: 0TER NL4E OF FLO(PS IN A'M= BUILLDINGI

Figure 17. Logic flow diagramn for submodule TRTIGN (continued).
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CALC: FvCTON OF TOTAL NUMBER OF FLOORS ATL THIS
FLOOR HEIGHT

CAIZ: MIrFLOCIR HEIGHiT AT THIS FMOOR I

Q1

LXOP: OVER NUMBER CF BUIIDING HEIGHTS IN THE TRACT AND IDMEWY=
TMME AS BUIDINGS AWCET TO TARGE BUILDINGS ADJAET
BUflDID S)

GET: FROM G.CBAL DATA AND TRACT CHARACTESTICS, BUILDING
HEIGHT AND F ISAMN OA BUILDINGS IN TRACT OF
SUBJECT HEIGHT

CAMJ: ELEVATION ANGLE FRCM MIEFLCOR OF TARGET BUILDINT
TO CENE OF RA DIAM F TION

J

GET: FROM GLOBAL DATA AND TRC CIARACTiERISTCS, BUILDING
:-,-SEPARATION DISTNC AND FRACTION O•F BUILDINGS IN
___ TRACT SEPARATED BY THIS DISTANCE

CAM•: ELEMAION ANGLE FRO3M MIDFLCOR CF TARGE'T BUILMINM TO
BOPTTS4 OF RADIATION CIRCLE

CAWC: ELEVATION ANGLE FROM MIUDFLOR OF TAPRET BUILDING TO
"TOP OF ADJACENT BUILDING

CAW: NUMBER C ROWS OF RADIATION CIRCLE THAT'ARE VISIBLE
ABOVE THE HORIZON

R

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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L =: VRNVIMER OF FOLIAGE-BUILDING THAE TATINDIr
GET: FRW GLCBAL DATA AND TRACT CHARACTERISTICS, FOLIAGE-

HEIGHT AND FRIbCTIN CV TRACT VOLT OF
SUB=,C HEIGHT

I 'LD'P :OVR WMR OF FOLIAGE-BUILDING SEPARATION DISTANCES
hI VE TRACT

ý7: FROM GLOBAL DATA AND TRACT CHARAL-MU•STICS, FOLIAGE-

BUULDING SEPARATICU DISTANCE, FOLIAGE TiN IVITYS ,
AND FRACTION OF FOLIAGE SEPARAT FROM BUILDIN'GS
BY THIS DISM=

CAIC: F=EVATION ANGLE M04 MDFLOR CF TARGET BUILDIM TO
TOP OF ZVLIAGE

aCl: NUMBER OF RO• OF RADIATION CIRCIE SHADOWED
BY FDLIPG

OULr: EETECTIVE NUMBER OF RADIATION CLlE RUGS VISIBLE
FROM MIDFLOD OF SUBJECT BUiLDING, CNSIDERNG
SHAD(PING BY ADJAC=T BUIIZIENS AND SHADCW=
WUE TO FOLIAGE RANSMISSIVITY

U"lc: OVER N[ZMBER OF STREET AZIMUTH ANC-7 IN THE TRACT

GET: FRM• GLCBAL DA'A AND TRACT CHARAClERISTICS, S•ýT
AZIMUTH ANGLE, AND FRAC•Tai OF STRLS WITH TH1S
AZIMUm AN= OPIERMTION

Figure 17. Logic flow Jiagram for submodule TRTIGN (continued).
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* alLC. CAICUAT AZA14M7h ANGLE BE N STUBEC STRUT AND
LXNE FRCM TRACT. CEE TO RADIATION CIRC E NE

CAI.C: PAZ TWJH AND GECMW CalMCrTION FA=S FOR IRPAD-
Im OF WnmOW (=.T AND IRRADIANCE OF ROa4FUvI.ISHIhFz

CAIL: IRRADIANCE OF WINDOW r-3IGS IN THE TRACT GIVEN
THE AZ nWTrl AND GuaMW CCRRCTION FA=, THE
EFFECTIVE NUMBER OF RADIATION CIRCX ROWS VISIBL.,
AND WINDOW TANSMISSIVITY

LOW: OVER~ N[ME CF TYPES OF WINDW~ CMMMXZN IN TH RC

C=: FRCM GLOAL tTA AND TRACIT CHARACTERISTICS, ClITCAL
IG=NIo E" ( OF WINDCW COVEING, AND FRACTION OF
WINDS usNGTHiS WINDOW COVERING

CAM: FRACTION OF WINDOW COVERING0S .T..T WILL IGNITE
GIVEN WINDOW COVEIN IR3ADIANCE

END:LCOP OVE WIDO CVERING TYPE

GET: FR•t, GLCBAL DATA AN. TRACT aiARACISTICS, NUMEER
OF ROW~' AND COD OF rdX14 El.MENS IN ROOM, SIZE,
AND FRACTION OF ROOMS THIS SIZE IN TRALT

(C.IC: FRACTION OF ROO~lS THIS SIZE THAT WILL HAVJE A ROCM
FIRE GIVW IGNITION OF ROCt4 WINDOW COVERING3

T

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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OCV: E NUMBER O WINDO SIZES IN THE TRACT

GET: FFM GLBAL DATA AND ¶TRACT CHAPACERISrICS, WINDO
IEI(HT, WINDOW WIDTH, AND FRACION CF WIn OF
THIS HEIGHT IN TRACT

(UJZ: F-,QM ELMN IRRWANCE CONSIDERNG THE EITE=IVE

NUMBER CF RADIATION .I.CIE ROWS VISIBLE, AZIMIT
AND GE34=RY 03;=C N FACtr, fINDOW SIZE AND
WINDOW W.NHlISSIVrTY

7aop: --OER NUMBER O, TYPE OF R FIMISHI IN TRAC

CUC: FRACTICN CF ROOM FUISHI IN THIS ROOM ELEk1I
THAT WILL IGNTE GIVEN ROOM E IRRADIANCE

IEND: LOP OVER N CF ROOM FURNISHING TIPE

CA.C: EMT= FRACTION OF ROOM FURNISHINSS TO BE FOUND
IN RmEL4N

C0IC: ACaW4IATE FRACTION OF ROWM EUNISHING.S THAT WIlL
IGNIT GIVEN ROOM E IRRADIANCE AND ROOM
FURNISHINaS PRESENT

U

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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END: LOW OVER R~OOM EL\U IN~ THIS RMi SIZE

mD: WmO VER MR=~1 sIz.s IN mp

alw FRC=C OFROOS TISSIZE 'a=U~ WILL HAVE A ROOM~

UXP: OVER NUBE OF WILDING CLBSSS IN TRXT

- F: EROM GLH•AL DATA AND 'C CHARACl .6-TICS,
BUI=I=2 CMASS AND FRACTIaN C BUImDINm
OF mIS CIASS IF&

C=: AMZ'1LM.E FMACI"I Ci ROOM THAT WIL FLASH OVEI
GIVEN A ROC24 FMlE DUE TO IGNITION OF WfINDOW
COVERINGS R IGNITION OF ROOM FUR1MISHIN;3I

I I
@,CP OM NUMBE OF WINDOWS PER ________

CAX. DIM =CVOF WINDIW. PER FLOOR

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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CAIC: ACCUJVLATE PRCOABILITY '-HAT NO ROOM WILL FLASH
OVM ON SUBJECT FLOOR

END: LCOP OVER WI• MW P ER FMMC '

CA.C: ACCICTLATE PRCBABILITY THAT NO ROOM WILL FLASH
OVER IN SUBJE= BUILDING

END: LMP OVER LORS TTP OF BU IDN

CALC: PRCBABLT THAT AT LEAST ONE ROUM IN SMBJEL BUILDINGWL FLASH OVER

CET: FRCM4 TRACT DATA, DISTRIBOrIONS OF TRACT CHARAISTICS

CALC: ACCLMAT EXPTED FRACTION CF BUILDINCGS IN TRACT IN
WHICH AT LEAST ONE ROM WILL FLASH

L ED:LCO OERROOM SIZES IN IfRC-I_____________________________I _________________________________

END: LOOP VE STREET AZ IMUfH ANG IN TRACT

SEND: =OP MFOIGSEAAINDSACSI Mr-

W

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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0
END: LOP ARGET) BUILDING HEIGHS IN TPP

CAL: TLo TL a Cm IHi TIONS IN TRACT

STOVE: I DITION DAY IN I4 ZTION DATA FILE (IGNTA

I

EL LCOP OVER TRACIS IN ANNULZ BOUNDED BY RMEFF AND RMXEFF

Figure 17. Logic flow diagramn for subnioduic TRTIGN (continued).
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The radius of the radiation circle, as viewed from the tract center, together with the vertical
and horizontal distances between the tract and radiation circle centers are calculated from (9)
through (11).

The azimuth and elevation angles from the tract center to the center of the radiation circle,
and the vertical angle from the center to the top of the radiation circle are calculated as shown in
Figure 18. The radiation circle is assumed tobe normal to the line connecting its center with the
tract center. However, windows, window coverings, room furnishings, etc. are not assumed to
be oriented normal to the radiation circle-tract centerline.

A loop is formed over the heights of the buildings in the tract. These buildings are
identified as the buildings for which the probability of ignition is to be calculated (i.e. target
buildings). The global building height data (Figure 5) are accessed using the tract building height
data (Figure 9) to quantify the tract building heights. The tract building height data includes the ID
numbers of the global tract building heights that ame found in the subject tract. Given the building
height ID number, the building height is obtained from the global building height data. The
presence of all tract descriptors is identified in the tract characteristics data (Figure 9) by the
appropriate global IM number. Tract descriptor quantitative data are obtained by entering the global
data with the ID number. This procedure is repeated in accessing each of the tract characteristics
(Figure 9) data sets.

The number of floors in the target building is calculated from the building height and the
specified floor height. One floor height has been specified. In practice, a floor height could be
specified for ench occupancy class.

A loop is formed over the floors of the subject target building (height). At label (Q) the
midfloor height and the fraction of buildings in the tract having this number of floors is calculated.
In practice, the fraction of buildings in the tract with this number of floors would be obtained from
an empirically based data table. The irradiance of room furnishings is calculated in a plane at the
midfloor height. The midfloor height is used here, although the reference plane can be placed at
any desired fraction of the floor height.

A loop is formed over the number of building heights in the tract. and the subject buildings
are identified as the buildings adjacent to target buildings (adjacent buildings). The adjacent
building heights and fractions of adjacent buildings in the tract of each height are obtained from the
tract characteristics and the global data.

The elevation angles are calculated from midfloor of the target building to the renter and to
the top of the radiation circle as shown in Figure 19. In Figure 19 it is assumed tha, wte target
building is located at the tract center. All of the building-related calculations assume that the part of
the structure for which calculations are being made is also located at the tract center. The tract
calculations, in general, assume that the effects of distance from the detonation point on blast and
thermal radiation parameters can be adequately accounted for by a calculation at each tract center.
That is, the variation over the dimensions of each tract is assumed to be small. Under this
assumption, distance ,ariations over structures within tracts can certainly be considered
insignificant.

It may be of interest at some time to describe the distributions of the blast and thermal
irradiance parameters over each tract. This can be easily done, given the values of the parameters
at the tract centers and the extent of each tract in terms of its vertex locations.
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A loop is formed over the number of building separation distances in the tract, The
building separation distances and the fractions of buildings in the tract separated by those distances
are obtained from the tract characteristics and global data sets. The elevation angles are calculated
from midfioor of the target building to the top of the adjacent building as shown in Figure 20, and
to the bottom of the radiation circle using the geometry of Figure 19. The number of radiation
circle rows that are visible above the horizon is calculated using the geometry of Figure 19, the
vertical extent of the radiation circle that is visible, and the number of rows defined for the radiation
circle

At label (R) a loop is formed over the number of foliage heights in the tract. The foliage
heights. transmissivities, and the fractions of foliage in the tract of those heights are obtained from
the tract characteristics (Figure 9) and global (Figure 5) data sets.

A loop is formed over the number of foliage-building separation distances in the tract. The
foliage-building separation distances and the fractions of foliage separated from buildings by those
distances are obtained from the tract characteristics (Figure 9) and global (Figure 5) data sets.

The number of rows of the radiation circle that are shadowed by foliage is calculated using
the geometry of Figure 20 where the foliage is treated as a non-opaque adjacent building. The
effective number of radiation circle rows visible (Nre) considering shadowing by adjacent
buildings and foliage is given by

Nre = Nrv - (Nsb + Tf Nsf) (14)

where Nrv is the number of radiation circle rows visible,
Nsb is the number of radiation circle rows shadowed by the adjacent building,
Tf is the foliage transmissivity,
Nsf is the number of radiation circle rows shadowed by foliage.

A loop is formed over the number of street azimuths in the tract. The street azimuth angles
and the fraction of streets in the tract at those azimuth angles is obtained from the tract
characteristics and global data sets. The angle is calculated between the subject street azimuth and a
line from tract center to the radiation circle center.

Correction factors are calculat.. for the irradiance of window coverings (CFwc) and room
ffurnishings (CFrf) to account for the effects of building orientation and geometry. Three
representative building shapes are shown in Figure 21; (1) narrow and deep, (2) wide and shallow,
and (3) square. Building orientation is defined in terms of the azimuth angle (A) between the
incident radiation (Io) and the front face of each building. The building front face is asswned
normal to the subject street. Each exterior room of each building is assumed to have a window in
each exterior wall. Thus, the co-rr'ction factors will be symmetrical about normal incidence of
radiation on the front face of the building.
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A. Window Covering IrradianCe
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Figure 21. Geometry of room and building irradiance.
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Figure 21-A shows the effective irradiance of window coverings in each room of each
building type. Only one set of window coverings per room are considered. Thus, in those cases
where two windows are irradiated the maximum irradiation is taken. Figure 21-B shows the
effective inradiance of room furrishings i. each room of each building type. Room furnishing
irradiance is taken as the linear combination of the irradiances from each window in those cases
where two windows are irradiated.

Table 2-A shows the general form of the total window covering and room furnishing
izradiances given in Figure 21. Also, these irradiances are tabulated for tnree different angles of
radiation incidence. The total irradiances in Table 2-A are reorganized i.n Table 2-B, together with
the average window covering and average room furnishing urradiances per room. These are
averaged over building types for each angle of incidence, and averaged over angles of incidence.

From Table 2-B the correction factors for window covering and room furnishing
irradiances are given by

C( = 0.37 COS(A), for COS(A) .GE. 10 SIN(A),
CFWC 1' 0.37 SIN(A), for SIN(A) .GE. 10 COS(A), (15)

0.29 (COS(A) + SEN(A)), omherwise,

and

CFrf 0.34(COS(A) + SIN(A)). (16)

At label (S) of Figure 17 the irradiance of window coverings at the tract center for the
effective number of radiation circle rows visible (QWCL is calculated by interpolating on the global
window covering irradiance

QWC(RGZ, NROWS),

and correcting the interpolated value for window transmissivity, together with geometry and
building type to obtain

QWCI =Tw CFwc QWC (17)

where Tv.' is the window u-ansmissivity.

A loop is formed over the number of window covering types in the tract, which ar-e defined
in terms of their critical ignition energy levels. The fraction of window covering types that will
ignite (FWC1), given in-adiance QWCI is calculated. The fraction of rooms of the subject size in
the tract that will have a room fire, given ignition of window coverings is calculated from

55



Table 2. B~uilding and room irradian e for example building types.

A.- Total Irradia:-ic as a -Furz-eion of Building Type and Gy-ntry

alia Ge=m. Total for Buildinc Tvce -
Type Case F Windr~ow Coverings Room P7ur.SunIqs

I4*C +S + l.A(C,S) S*C + 2*S
c ýS 5.2*C 5.2*C

S:>c2.4*S 3*s
C z:S 6*(C4+S)/2 7*(C+S)/2

2 C+4*S -MAX(C,S) 2*C + *S
C»>>S 2.4*C 3*C
S s>>C 5.2*S 5.*(CS)
c --S 6*(C+S)/2 *CS/

32*C + 2*S + MAX(C,S) 3*C 1~ 3*S
C >S3.2*C 3.3C

5 > 3.2*S 1.3'*S

c = S5*(C+S)/2

B. Average Roan Irradiance

Gean. Bldg. Window Coverinas Roan Furznasi'4i-s
Case Type I.ca Ave. Irrac. ITotal Ave :-rd

_________ .___ L per iRoan IrracL per:Rocx

3 3 .2*C ~ ~0. 37 *CCEA . * 0 3B C

S >cI24*S 2.5*S
2 5.2*S5.2*S

3.* .37*'SMlA 3* 0.3B*SMIA

S c I 3*(C+S) 7*(C+S)

3 2.5*kC+S) 6*(C4-S)

0.29*(CCOSA+SINA) 0.34*(COZA+.SINA)
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FRFWCI - FWC: RFWCI(RNSIZ, WNDCOV). (18)

The data set RFWCI defines the probability of a room fire given ignition of specified
window coverings and room size. This data set was initiated at the beginning of TRTIGN. In
Fractice RFWCI would be an empirically based data table or model of the probability of room
ignition given ignition of window coverings.

A loop is formed over the number of room sizes in the tract. The room size, the number of
ruws and colummm of room cells in the room size, and the fraction of rooms of this size in the tract
are obtained from the tract characteristics (Figure 9) and global (Figure 5) data sets.

At label (T) a loop Is formed over the number of window sizes in the tract. The window
dimensions aad the fraction of windows having those dimensions is obtained from the tract
chaiacteristics (Figure 9) and glolal (Figure 5) data sets. A single value of transmissivity is
defined for all window sizes.

A loop is formed over the room cells in the room size by looping over the number of rows
and the number of columns in the room size. The irradiance on vertical room furnishings (QRFI)
is calculated for each room by interpolating on the global room furishing irradiance

QRF(RGZ. NROWS, ROWRIM, COLRM, WNDSIZ),

using the defined values of range to ground zero, effective number of radiation circle rows visible,
room row and coluni, and window size. The interpolated value is corrected fnr window
transminssivity, together with geometry and building, type to obtain

QRFI w Tw CFrf QRF. (19)

A loop is formed over the room furnishings in the tract, whkih am. defined in terms of their
critical ignition energy levels, The fraction of rom furnmishings that will ignite (FRFI) given
ircadiance QRFI is calculated, The fraction of room furmishings expected to be found in the subject
room cell is obtained from data set

FRFRC(ROWRM, COLRM),

which v-,.s one of the data sets initialized at the beginning of Submodule TRTIGN. In practice
FRFRC would also be a function of room size, and would represent an empirical average of the
fraction of furniture Cue would expect to f-ind in a given cell of a room of given size in the urban
.*rea being evaimted.

The fraction of room fumishing' that will ignite(FRMFI), given irradiance QRFI and room
furnishings present is accumulated by

I, •I'I -a Y I FRFI FPFRC (IMROW, RMCOL) (20)
RMROW RMCOL

tur all of the room cel-, it) the subject room size.
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At label (U) the loops on room columns and rows (i.e. room cells), and window sizes are
terminated.

The fraction of rooms in the tract of the subject size that will have a room fire given ignition
of room furnishings (FRFRFI) is calculated in terms of the fraction of room furnishings ignited
(FRMFI) and the probability of a room fire in a room of this size given ignition of room
furnishings. Thus,

FRFRFI = FRMFI RFRF[(RMSIZ, FRFI). (21)

ThU data set RFRFI was initiated at the beginning of TRTIC3N. In practice ths would be
an empirical data set or model based on experimental or experiential data defining the relationship
between room furnishing ignition and occurrence of a room fire.

A loop is formed over the number of building classes in the tract. The building class and
the fraction of buildings in the tract or this class are obtained from the tract characteristics (Figure
9) and global (Figure 5) data sets.

The fraction of rooms that will flash over, given a room fire due either to ignition of
window coverings or to ignition of room furnishings is calculated from

FFORF = FBCL FBFo (1 - 0.5 ((1 - FRFWCD) +
(22)

(I- FRERFI)))

where FBCL is the fraction of buildings in the tract of this class,
FBFD is the fraction of buildings in the tract of this class

that will flash over given at least one room flashed ovei.

A loop is formed over the number of floors from the subject floor to the top of the building.
In this case the distribution of windows in the tract per floor (DWPF(FLOORHT)) is calculated
under the assumption that the number of buildings of given height decays exponentially with
increasing building height. In practice this would be an empirically derived distribution for the
given urban area.

The probability that no room on the subject floor will flash over is calculated at label (V)
from

PNRFOF DWPF(FLOORHT) (1 - FFORF)NWPF(FLOORHT)

FLOOR-'T (23)

where NWPF is the number of windows on the subject floor. The loop over floors to the top of
the building is terminated and the probability that no room in the subject building will flash over is
calculated from

PNRFOB 1 PNRFOF. (24)

NTBF
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The probability that at least one room in rhe building will flash over is given by

PIRFOB = I - PNRFOB. (25)

The fraction of buildings in the tract that will flash over is accumulated and ncrmalized by
including the distributions of the tract characteristics and summing (24) over all of the defined tract
characteristics. The complete expression is given by

FBF OT X XLYT
NR.MS NSAZ NFSP NrFHT NBSP NAPH NTBF NTBH (26)

(FRMS FSAZ FFSEP FFOLHT FBSP Fi32HT FBIHT F3IFHT)

(1, - J7JTBI-rn ( JdWPF(FWPF (1 - PIRFOB))).
NTBF NWPF

The loops are terminated over tract room sizes, street azimuth angles, foliage-building
separation distances, foliage heights, building separat'on dist.ices. adjacent building heights,
number of floors in target buildings, and target building heights.

The number of new buildings flashed over in the subject tract is calculated from

NNEW = FBFOT NBT (27)

where NBT = the number of buildings in the subject tract. The total number of buildings flashed
over in the tract (NTOT) is updated by accumulating NNEW to NTOT. The number of buildings
that have flashed over during the most recent 171 seconds (NLAST) is updated to the current time
(T2MX) by accumulating NNEW and deleting those that no longer satisfy the criterion.

The new values of NTOT, NNEW. NLAST, and TLAST are stored in the ignition data
(IGND, Figure 22), and submodule TRTIGN and module IGNITE are exited.

3.5 THE BLAST PROPAGATION MODULE (BLSPRP).

The blast propagation module specifies the Olast effects event parameters for each tract
within the annulus defined by RMXEFF and RNINEFF. The demonstration module simply
interpolates on the global BLST data, assuming free field conditions. In practice uhe module could
take into consideration the effects of terrain, structures, and forests on blast wave parameters.

Upon entry to the BLSPRP module, as shown in Figure 23, weapon data are accessed to
obtain coordinates of the detonation point. These are used to identify the tract tht contains ground
zero.

The global irradiance and blast data are accessed, and a loop is formed over the tracts in the
annulus bounded by the user specified minimum and maximum effects ranges. The file containing
these tracts was created in TRTIGN, and can be accessed by BLSPRP. In general, any data foe
created by a module in an event can be accessed by all subsequent modules in the event.

59



[Tract ID number

Time of first ignition in tract
Total number of ignitions in tract
Number of ignition times during the last 171 seconds
Times of ignitions duriLg the last 171 seconds
Number of ignitions at each ignition time during the last 171 seconds

Figure 22. Tract ignition data (IGND).
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L ZI' FROM DATA FI1Z WEPD. WEAPON C DE'1TION) DT

cLCA: FpR4 DETONATION CO( DIMTES AND T¶R1A0T-VE9= DATA, ID NUýSER

OF CELL JDIER DETONAITION POINT

CET: FROM DATA FILE: RRAD, GLCAL IR~ADIANCE DATA
FRCM DATA F=LE BLST, GLMAL BLAST WAVE PAARATERS

CUMALL ACS THE ANNULUS BOUNDED BY RWMFF AND RMXEFF

GET: COORDINATES OF TRACT CENI

C :LC: HORIZONAL AND SLANT RANGES FRCM TRACT r TO
mEmmOTIC• PonIn

aCAI: BLAST WAVE PARAM1&"E AT TRACT CNRM BY
fnT?=PJaTION, ASSUMING SQ•ARE LAW
PRGPG.ATZION AND FREE F=fn CONDITIONS

STaM: IN CALCULATE TRACT DATA FILE (CAT), CALCUIATED
ULAST WAVE PARAMETIERS

STcRE: IN EVENT LISr (EVWT), BLAST EFFECTS EVENT FOR
SUEJEcr MVDULE

-LOOP OVER ALL TRACS IN ANNULLZ

Figure 23. Logic flow diagram for module BLSPRP.
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The global thermal irradiance and blast parameters are interpolated to the range of the
subject tract center from ground zero. Logarithmic interpolation is used, assuming square law
propagation of thermal irradiance and blast wave effects, together with free field conditions. The
interpolated values;

TASF = time of shock front arrival,
POP = peak overpressure,
PPDOP = positive phase duration of peak overpressure.
PHDP = peak horizontal dynamic pressure,
PPDHP = positive phase duration of horizontal pressure,
QI - thermal irradiance,

are stored in the calculated tract data file (CATD), shown in Figure 24.

A blast effects event for the subject tract is placed on the event list, shown in Figure 24. to
be processed at the interpolated time of shock front arrival at the tract center. The loop over tracts
in the annulus is terminated, and module BLSPRP Is exited,

TMifs terninates the discussion of the NUCDET event. The blast eff'ects event BLSEFF is
discussed in the next section.
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Calculated Tract Data File (CATD)

ID number of tract
Time of shock front arrival at tract center (s)
Peak overpressure at tract center (g/m 2)
Peak horizontal dynamic pressure at tract center (g/m2 )
Positive phase duration, overpressure (s)
Positive phase duration, dynamic pressure (s)
Thermal in'adiance at tract center (j/hm2)

Event Data File (EVNT) Format for BLSPRP Event

Simulation time at which event is to be processed (s)
Event ID number
Weapon (detonation) ID number
Tract ID number

Figure 24. Calculated tract data (CATD) and event data (EVNT).
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SECTION 4

THE BLAST EFFECTS (BLSEFF) EVENT

The blast effects event addresses the quenching of existing ignitions, structural damage,
and secondary ignitions resulting from passage of the blast wave.

The effect of blast wave passage on existing ignitions is estimated in module QUENCIL
and the effect on structural integrity is estimated by module FULMOD. Secondary ignitions
resulting from the interaction of blast parm•eters with structures and existing fires is estimated by
module SECION.

The objective of the blast effects module is to specify the total number of primary and
secondary ignitions resulting from detonation of a nuclear weapon in an urban area. The structure
of the blast effects event is designed to accommodate sequential detonations as defined In Section
3.0.

4.1 CALCULATION OF BLAST-FIRE INTERACTIONS (QUENCH).

Blast-fire interactions have been the subject of considerable theoretical and empirical
investigation (References 7 and 8). These investigations are just beginning to yield results upon
which a model can be based. The procedure used in module QUENCH is based on the work of
Martin reported in Reference 8.

Module Quench is shown in Figue 25. Upon entry, the ignition data set IGND (Figure
22) is accessed to obtain tract ignition data, and the calculated tract data set CATD (Figure 24) is
accessed to obtain tract blast wave parameters.

Only ignitions that have occurred in the past 171 seconds are considered subject to being
quenched by blast wave passage. Thus. if there are no ignition times in the past 171 seconds, the
module is exited.

If ignition times are found in IGND during tne past 171 seconds, the probability is
calculated that they will be quenched by the blast wave. The calculation of the probability of
quenching an ignition is based on Figure 26.

The boundaries (BI and B2) between the "quench" and "no quench" regions of Figure 26
are calculated from the time since ignition by

BI = 0.0486 (TASF - TLAST(I))
(28)

B2 = 14.02 - 0.0777 (TASF - TLAST(I))

where TASF is the shock front arrival time. and
TLAST(1) is the I-th ignition time in the pmst 171 seconds.
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GET: FROM IGNITION DATA SET IGND, IGNITION DATA -
OFRM CAL•LATE TRACT DATA SET CATD, TRACT BLAST WAVE PARAJV S=

YES
TEST: ARE THE ANY IGNITIONS IN THE PAST

171 SECONDS0 B

BB

WOP: OVER NUMBEF OF :,A=E IGMTICZ TDMS (NLAST)I
CAM: PROCABILITY THAT IGNITIONS AT THE SUE= TIME

WILL BE QWEN BY THE BLAST WAVE

CAIM: THE NULTEE CF IGNITION QUWENC

CAIJC: NEW VA=UES OF 'TOML IGNITIONS AND LATE I-NITIONS

END: LmP OVM. LATE IGNITION T7I'S

iISTCRE: 11 IdNITION DATA (IGND), NEW NUMJERS OF TOTAL (=TOT) AND
=ATE (NIAST) LNGrIONS

Figure 25. Logic flow diagram for module QUENCH.
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Pe 0.15

BOUNDARY B2

8I P =0.94
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QUE4rH NO QUits

- P 0.78
4 ex

SBONMAR Bi

Pex =0.25

0
61 100 140 I 180

Time since ignirtion - s

Figure 26. Blast fire interaction.
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Based on the peak overpressure experienced, the probability of the ignition being
extinguished is calculated from

0.25 if POP .LT. 5.4 (psi) .AND. POP .LT. BI,
(29)

0.78 if POP .LT. 5.4 (psi) .AND. POP .GT. B I,
Pex =

0.94 if POP .GT. 5.4 (psi) .AND. POP .LT. B.(, (30)
0. 15 if POP .GT. 5.4 (psi) .AND. POP .GT. B2.

The number of ignitions at TLAST(I) that will be quenched by the blast wave is calculated from

Nex = Pex NLAST(I). (31)

The loop over late ignition times is terminated, the values of total (NITOT) and late
(NLAST) ignitions are modified by Nex, the new values are stored in the ignition data set IGND,
and module QUL4CH is exited.

4.2 BLAST EFFECTS ON FUEL PROPERTIES OF STRUCTURES (FULMOD).

The modification of structures by the passage of the blast wave is of interest because it
contributes to secondary ignitions and it affects the way a structure will bum. Blast wave damage
results in loss of structural integrity, which in turn results in increased fire ventilation which can
reduce the fraction of rooms that may flash over. This causes a slower building burning rate and
lower burning temperatures, with reduced impact on the ambient air movement.

Structural fire damage is defined as a function of peak overpressure at the tract center
following the procedure described in Reference 9, pp. 38-47. The results of structural damage
studies and tests that are available and on-going (References 6, 10, 11) can be used to improve this
model.

Upon entry to module FULMOD, shown in Figure 27, the tract building classes are
obtained from the tract characteristics (Figure 9), and the blast wave parameters at the tract center
are obtained from the calculated tract data (Figure 24)

A loop is formed over the number of structural building classes in the tract. Ten building
classes are included, these are defined in, Reference 9, pp. 25-32. Within the luop over building
classes, a loop is fonned over the number of structure damage classes used. Currently three
damage classes are used, these are defined in Reference 9, pp. 38-46. Given the peak
overpressure, the damage level for each building class is calculated following the procedure shown
in Reference 9, p. 47.

The structural damage level for each building class in the tract is stored in the calculated

tract data (CATD. Figure 24), and module FULMOD is exited.

4.3 CALCULATION OF SECONDARY IGNITIONS (SECIGr,.

The calculation of secondary ignitions is based on the procedure described in Reference 9,
pp. 49-64. Reference 9 employs an alignment chart that provides an estimate of the number of
secondary ignitions that will occur in a given building structural class as a function of building
contents and blast induced damage level. The alignment chart has been represented in the
simulation by a set or exponential functions.
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GET: FROM TRACT MiAPAOT'ISTICS, BUILDING CIASSES IN THIS "MAZT
FRM CALCLATE TRACT DATA FI/L (CAM), BLAST WAVE
PARAMTEYS AT TRAC' COMER

.LDO: OVER NUMBER OF BUILDING CLASSES IN TRACT

II I

O ULSC; 5JTt DAMAG LEVE FOR EAC BUILDING =ASS,
GIVEN PEAK OVERPRESSURE EXPERIENCDI

STORE: DAMAGE LEVEL FOR EAa BUILDINGE CLASS IN CALUALTED
TRACT DATA FILE (CATD)

Figure 27. Logic flow diagram for module FULMOD.
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Upon entry to module SECIGN, shown in Figure 28, the tract characteristics data is
accessed to obtain the number of building classes and building contents in the tract, together with
their distributions. The calculated tract data (CATD) is accessed to obtain the damage level
experienced by each structural building class. The ignition data (IGND) is accessed to obtain the
number of total and late ignitions in the tract.

A loop is formed over the number of structural building classes in the tract. The total
number of secondary ignitions (NSEC) is calculated from

NSEC = I AO EXP(Al ITBCL) EXP(A2 ITBCN) NBT FTBCL (32)
ITBCL

where AO, Al and A2 is the coefficients defined by the damage level.
ITBCL is the structural building class ID number,
ITBCN is the building contents ID number,
NBT is the total number of buildings in tract,
IZrTBCL is the fraction of buildings in tract of subject structural building class.

The loop over building classes is terminated, the numbers of total and late ignitions in the
tract are modified in accordance with NSEC, the new values are stored in the ignition data, and
module SECIGN is exited.

Module SECIGN is the final module in the execution of the BLSEFF event. At this point
the number of ignitions stored in IGND represents the total number of ignitions in each tract in the
annulus bounded by RMINrEFF and RMXEFF that were caused by detonation of the subject
nuclear device.
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GET: FROM TRACT CHARACTE=ISTICS, TRACT BUILDING CLASSES
AND BUILDING CONr=PIS

GET: FROM CAIZULAT= TAC DATA (CATD), DAMAGE LZJE FOR EACH
BUILDING CLASS

GET: F•OM IGNITICN DATA (IGM), NUMBER OF IGNITIONS IN TRACT

LOOP: OVER NJ13ER OF BUILDING CLASSES IN TRACT

CAI: NUBER OF SECNDA Y FIRES IN BUILDING CLASS
GIVEN BUILDING CONTENTS PND DAMAGE LEVEL

Figure 28. Logic flow diagram for module SECION.
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SECTION 5

RESULTS FROM NUCLEAR DETr NATION
AND BLAST EFF"ECTS EVENTS

The nuclear detonation and blast effects events have been executed many tines during the
debugging process, The resultS of some of these executions are presented here to show the types
of results that these events will provide.

Figures 29, 30, and 31 present results for tract 76 from three executions of the NUCDET
and BLSEFF events fox three values oi weapon yield and detonation altitude. Tract 76 is 100
purcent residential occupancy, 7.5 million square meters in area, and contains 5002 sructures.
Figure 29 shows thermal irradiance ve.asu ds•tance from ground zero as a function of weapon
yield and detonation altitude. It can be seen thai weapons, of yield greater than I MT are dictaed to
provide extensive areas of sufficient in-adiw ion to reliably ignite window coverings and room
furnishings. Figure 30 shows peak overpressure versus distance from ground zero as a function
of weapon yield and detonation altitude.

Figure 31 shows primary, secondary, extinguished, and total ignitions in tract 76 for the
weapons shown in Figures 29 and 30. The center of t'ant 76 was about 5 KM from ground zero.
Thus, for the I10MT case, an imidliance of about 4 cal/cm2, and grater than I psi overpressure were
experienced. This a:counts for the moderate number of primary ignitions and blast extinctions
shown in Figure 30. hi the 0.01 MT case. an i-radiance of about 0.04 caI/cml*2, and about 0.4
psi overpressure were experienced. This is consistent with the small numbers of primary igniftio.'s
and blast extinctions shown in Figure 30.

It is somewhat surinising that so many more secondary ignitions thad primary ignitions
occur at these rcla.uvcly low levis- of overpressure. However, it is important to keep in mind that
these results are provided for demonstration of the model structure, and can probably be in error by
as much as an order of magnrude. A primnry interest in the debugging process was to assure that
the results exhibited the correct trends as functions of the important variables,

A 1.0 MT weapon was detonated at coordinates XB = 19 kmn. YB = 19 km witi a burst
height of 1H 11 3.7 kni. Thus. the data shown in Figures 29 and 30 apply. The boundariL.S of the
wnnulus were specified al RMNEiFF v 20 km and RMXEFF = 54 kin. The burst location, and the
collection ol all tracts whose centers are located in the wnnulus are shown in Figure 32. It can be
seen that none or the industrial/commercial tracts are located in the annulus. This was done for two
easutos. First, it is considered a realistic cenauio for use of fire a. coilati'ral damage mechanism.

The weapon would mnst likel; be targ-ted so that the desired level of damage to the conuinrcial/
Industrial area would be caused by blast elfects. It is unlIkely that fire would be depended upon to
provide surr dainge to tho tatgeu•. Second, the coninercl l/iindustnal uacts, as configured,
required too long to execute, Tratt 75, whetn evaluated Individually, required about 50 minutes to
execute with tfine ,Y:cupwimcy claswes. 1his Ilog execution time can be avoided by reconfiguring
trat 75 um thime smaller tracts, each with one occupavy claus. Three such trucs should execute
in aleut 1,5 minute:3 (i c, about 0.5 miute each).

Table 3 ihows th1 lkit, of tracts included hi the wiuulus of l-lgure 32 (see also Figure 2). It
can Lre wen dial I9 ol die 44 tiu.is In dte winulus have some degree of risidential occupancy, Of
iia I0 tiwat conltaudtg roesdentual mvcupa•wuy, 6 ••e nmedlun density (% (1 to 30 llrc-ni:) to high
denilty (3i1 to |UO prit:ct) occupamiy, while 13 we low L.nsity (l".I than I0 percent) occupancy.
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Figure 30, Peak overpressure w1 ranges tron grouid zero.
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NTOT w total number of ignitions
NSEC a number of secondary ignitions

NPRIM = number of primary ignitions
NEX = number of extinguished ignitions
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Table 3, Example of tracts in mnulus,

ITRAcT I occumAcy I mcr =cuPA~cy_ _ ci__

5 B 60 R B - NO)Z OCCUPANCY (BARRI24)
7 B 87 R R - IRESIMNTIAL OCCUPANCY
8 R 88 R
9 R 89 B Y - I MT, XB - 19 KH,

10 R 90 B YB 19 KM, HB - 3.7 KM
11 B 91 R
18 a 105 B RNMEFF - 20 KD
19 R 107 B MFF - 54 KM
20 R 109 B
21 B 110 R
24 R 113 B
26 B 114 B
27 B 115 R
28 R 120 B
38 B 121 B
39 B 128 R
40 B 131 R
42 B 132 B
43 R 133 B
57 B 134 B
58 B
59

SUM4ARY: 44 TPlJC IN ANUL[JS

25 'IA-PCM'S IN ANNIILS, No OCCUPANCY
19 MAM.IT IN ANNULUS, RES.TM1nTAL OCCUPANCY

6 RESItLENIAL TRAMV3 IN ANNULUS, MMIUM ,tO h•IM DEI1Y
13 R11 I1"MWrIAL T1UV, IN ANNULUS, LOW DlF1TrY
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SECTION 6

TRACT BURNING AND PROPAGATION MODELS

As discussed in Sections 2 through 5, the model of an urban area is described by fuelcharacterLstics and geographical location relative to the burst. A nuclear burst ignites this fuel withits thermal pulse, which is followed by a blast wave. This extinguishes some of the ignitions andmay rubblize part of the fuel bed to some radius from Ground Zero. The blast wave is alsoresponsible for initiating secondary ignitions. 'his is a statement of the initial conditions that leadto the dynamic aspect of tract burning and the propagation of fire through the modeled urban area.
6.1 CHEMICAL REACTION MODEL.

The model of tract burning we call a chemical reaction model, because its form is identicalto a simple, coupled reaction involving three species, or substances, It is as though substance Achanges into substance B with some rate, and substance B then changes into substance C withsome other rate. The rates at which these reactions go can be dependent on many things, but onething they are certainly dependent on is the amount of the source substances. For example, if theamount of A goes to zero, then B can no longer increase, or if B goes to zero then the channelbetween A and C is broken. If the rate at which B changes to C is much faster ta the rate from Ato B, then we could simplify by ignoring the B state and using the A to B rate as the effective ratefrom A to C. I'he numerical differential equations that describe this system are integrated forwardin time, accounting for changing conditions that affect the rates.

In the tract burnlng model the three quantities arc, for tract index I,

N1  the number of urignited buildings

N2 the number of burning buildings

N3 the number of burnt out buildings.

Their uniform aieal densities are

24. N2/ Al (33)

whelw Al L4 Urea ol tract I hi •quurc meters. Note that the conservatlow of buildings gtve,

N' r- N' + N ' + N' 34
1 2 3(34)
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where N' is the total number of buildings in the tract, Now the initial conditions, with primary and

secondary ignitions, are that I and that 2c N,- where 2crepresents the initial

number of ignited buildings,

To write down the governing equation for N1, which involves the propagation of fire to
unburned structures, we equate the rate at which unburned structure~s are ignited to the product of
their effective, average cross section,, the number of unburned buildin gs-, and the rate at which
brands that would cause ignitions will land per unit area. Symbolically, this becomes

dN1j N i [L I+ ~Akid 1
dt ýA A1l ¶Al (35)

or

dt L ~~ k-i lk (36)

where
CO1 is the effective. uverage cross section of each builIding in tract
Auj is the area of tract i that is the source of brands that land in track i starting fires

AUis the area of tract k that is the source of brands that land in track i starting fires

1CIis the total brand production period for tract I,

Thus A11 I At rcpresents the fraction of tract i area that contributes to new fires 1in tract i, AkM / Ak

repre~senis the traction of tract k area that contributes to new fires in tract i, I / (týAj) Is the total

brand prodiction rate per unit a=a in tract i over ail occupancy classes, and Cy 111 is the probability

that a brand landing In A1 wvill start a new fire. Only tracts that have a common boundary are
considered for contagion, which is represonted in the swni to three. Obviously tracts on the
boundary of the urban area modeled may have two or only one neighborling tract, so the sumi to
thuree is symibolic of the typical case. anL sntt ein tepee sasmoe h is he rcs

Thie other two governing equations aire

dt i i evaluated at -(37)

dNi



where is the average burnout time for buildings in tract i, which is the weighted average over
occupancy classes. In this version of the Urban Fire Simulation (UFS-2) the burnout time for a

building in occupancy class j is a constant 0. Thus the rate at which new class j fires started in

tract i 0 seconds ago is also the rate at which bt1'ning buildings are now reaching the burnt out
state. Obviously the model could be enhanced at this point for added realism, but as it stands the
UFS .2 is adequate for demonstrating the process from ignition to final burnout. One such
extension would be to account for multiple ignitions per structure, which would lead to a quicker

burnout and a more rapid increase in Qo, the heat production rate.

The branding rate per building, or its reciprocal the branding period in seconds, is taken as
a function of the average heat production rate in the burning building given in watts

'TBo (39)

This branding rate is 100 times the rate used in the previous Urbwi Fire Simulation (Ref. 1). This
is consistent, because the average branding range assumed in the previous work was about 1 kin,
because of the grid cell sine. In the model described here a distance of 1(X) m Ls much more
consistent with tie concepts modeled. To extend this branding rate. to the total branding rate for a
tract, set

Tijo/ N2 = 10 NJ 0'o QT
J (40)

where Ql' is the total heat production rate for tract i.

"The effective, averntge building cross section is computed as follows:

Ai
all cliaca

SNU N'/ I.
(41)

where I'll is the frat'tional area of truat i covered by buildings tf'clums j. I lowc%-er, in the

co0lI)utiatins ihi U[S-2 the teim (tI N / A1 is dcvvlluud by evii1utiig
I all ciaswi ofl cla•,ch
01 N IIlN1Nt

At At I I N1  (42)

Ah% a l rd c t thr dic brundh lL trite co ,t I +anl urall uha idct illul tluad 14(0H )4( I mtruct .', hI 2(i1 kin) with
() a 1000I Ill.', w4,' inillulaly SO I olI tnLL laUIllth nlly tlilliltl. III 24 1ihliulc% Qt( JIdCCill ()I the .tlutclu e,
III the tl4-l Welt. 1 till c,
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For each of the initial fire starts, primary and secondary ignitions, a burnout event isT'j
scheduled at 0. Similarly, ignitions that are the result of branding at time t will have burnout

events scheduled at 0 + T0 for each building. Another obvious extension to UFM would be to

draw 0 from a distribution rather than treat it as a constant, or to update the burnout fraction of
each burning building, and switch it to category 3 when this fraction exceeded .99. This lastiQii
method would allow, for example, wind to affect as well as 0.

Wind in UFM is the vector sum of ambient wind, which the user defines, and winds
induced by the fire. Conceptually a tract would have an image associated with it (for a short while)
in the moving air mass above it. Refer to Figure 33, where the displacement is greatly

exaggerated. The overlapped area, are proportional to the rate of self-branding, Aii tract i into tract

i, and contagion, Aid tract k into tract i and Aij tract i into tract j.

When updating tract i, the branding rates must be computed. Because the wind velocity
differs from tract center to tract center, using the wind at the center of tract i to estimate the
branding that occurs at tract i boundaries would introduce errors. If only the wind at tract i is
considered, then the contagion branding rates will not agree with those computed when
neighboring tracts are updated. For example, assume that two tracts like i and j in Figure 33 lie
west and east respectively, and that the wind in tract i is blowing to the southeast while the wind in
tract j is southwest. In such a case an update of tract i would show brands landing in tract j and
vise versa. A better solution is to make a linear estimate of the wind at the ij boundary and use this
wind to predict the branding along that boundary. This is in fact what is done in UFS-2. The
overlapped areas ar computed as the product of the length of a boundary and the component of
wind perpendicular to the boundary for contagion. Self-branding then becomes

3

Aii= Ai- S Aki+Aik
k M 1 (43)

whCre either Aki or Aik will be, zero for each k.

wind

l'lguie 33., DINplacemnt ol air minas becausc l whids,
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Contagion is assumed to occur just along the boundary where branding exists- it is not
averaged over the tract area. This would result in a serious numerica! diffusion error in simulated
fire propagation. The spread of fire across a tract that had been previously unignited would he
effectively instantaneous. Because this would seriously violate the intent of UFS-2. an average
propagation time is kept and updated for the progress of the fire front across a tract ignited by

contagion. This propagation time delay ATp i for tract j ignited from tract i is

ATp'i -- fA

(44)

where
LI = Vw tBi Ls the effective br,-.nding range (m)

Vw is the wind velocity perpendicular to the ij boundary (m/s)

tBi 0.1 I( /N2') is the average brand flight time (s) (45)
and

Aij = Li SiJ, branding range times the ij boundary length (mn2).

When the fire front has crossed such a tract then it can contribute brands .o its neighbors.

An Allowed Propagation from tract j event is scheduled at tn - AT ,1 where tn is the current update
time. Subsequent tract updates will include more branding from tract i, and perhaps other tracts as
well, and self-branding of tract j. Because the branding rates and flight times are functions of the
rate of energy release, a fire that is increasing rapidly in intensity can cause the fire front to
accelerate. across a tract. To account for this a tract that is prevented from propagating the fire to its
neighbors will have Allowed Propagation events stored 9t each update. The first of these that is
encountered during the simulation will allow the tract to contribute to fire spread; all others will be
ignored.

To carry out a tract update the generating differential equations must be transformed into
their numerical equivalents. The equation for N3 simply becomes a tallying of burnout events.
The equation for N2 is the accumulated result of the new fire starts since the last update reduced by
the number ot burnouts. And the equation for the change in NI is the product of the average
ignition rate and the update interval. Symbolicallyd N', d)'l

AN I = a -, -- t
2 0I . ti (4 6 )

where the update time Ihs advanced from til to tl, P is a uniform random number oi (0,1), and

ANti, which is definod as a positive nui',4,,K is co)nstrained by Nll < N 1 . The raundom number

1) causes an appropriate rounding to whole iutihiers of buildings. I'or exmnple, 3,2 fire :aits in
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the update interval will round to 4 furvc start: 20 percent of the time and to 3 fin! st.,"-s 80 perLent of
the time. Thus, at update time ta, 1 is reduced by Y,2 an

the number of burn out events in the update interval, and N3 just accumulates burn out events,

The next update time for tract i is estimated by linear extrapolation as the Lime by wieh aic

10 percent change could occur in N1, N2 or 3 with a minimum and maximum allowed time
step, The actual formulation that appears in UFS-2 is as follows:

dN'_ N-
S0 AT C=O0.1 - N

dt implies AT' 600 else d /dt

N- 0 AT 600 ATe s = min(600,6N'/Ns}.. Nis = 0 implies A =60else

AT'= min (1800, max (30, AT", AT)) (47)

Note that tracts are not updated in lockstep at some specified interval, but are updated individually,
asynchronously. The next update event for each burning tract is placed on the event list at the time
of the current update. This asynchronous updating is a featu:( of the UFS-2 design. It provides a
combination of good accuracy and computational efficiency. 'Cie only exception to this is that all
tracts are updated prior to an output event requested by ihe user.

The energy, power, and burn out time per building in each occupancy class is given in
Table 4. The "Vacant" class, which represents naturul fuel, has been left blank in the current
model. It could be filled in. for example, with an appropriate energy per tree, power per tree, and
bum out time for a tree and the number of trees in a vacant tract would replace the number of
buildings on input.

Blast from the nuclear weapon can rubblize part ot the fuel in the u-ban area. if a tract is
•1_)

irubbiized, the effective number of buildings in each class is halved, o' is halved, and Qdo is

reduced to one third of its normal value. Tlhus, (Yo is one sixth of the energy per building, which
allows only one twelfth of the total energy to be released when the tract is burnt out.
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Table 4. Approximate constants for rectangular burn curves by occupancy class.

W-OcupancyI
Class Q.0 (oules) 0o (watts) To (s)

Barren 0 0 0

Vacant 0 0 0

R!!sidcnrtial 2(10)10 4(10)6 5 (10)'

Commercial (1)0810)6 1(10)4

Residential 1(10)11 1(1O)- 1q)4

Industrial_____ 6(10)11 6 (10)' 1(, 0) 4

6.2 FIRE INDUCED) WIND MODEL.

Surface wintts resulting from a fire column are an inflow response to the entrainment and
lufting of surface aii. Lo the. UFS-2 wind model each burning tract is considered to be a subfire
With it-; own filre column. Nieghboririg subfire columns coalesce at some altitude above the
ground, and this larger. crrnbined column spreads in a conical fashion as it rises. The center of

each triangular tract is regarded as the subtire center, with an effective radius fr given by

r 4 i = A 11/2rf t,(48)

Each subfire is made up of the fire columns from each of the burning buildings in the tract,
columns, The coalescence height of Fire columns Lq

4.6263

where there is mrore than one column, and the origin displacement below the surface is

z)=4.6263 r, - (,50)

Ill MCLcS. Ths~distances are constrained by

0 < 4,) < 4.6263 r, 51
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and

0 z < 4.6263 r4 (52)

Geometrically, the coalesced fire columns in a subfire are depicted in Figure 34. In the
construction of Figure 34 about ten fire columns were assumed, which makes z. about twice 4,
In addition, to make the figure more legible the horizontal scale has been exaggerated by about two
times.

I / Nu]aJ~
Zre

I /

\ - / / rt .•-

Z \/
II ' I

\ /
\/
\ /

\ I

Figure 34. Geometry of coalescing fire columns.

The radial indraft component of surface wind is decfined as a vector pointing to the suM i11

(tra=) center. Let these location vectors be given by R1 and the t"-t point where indrudt is to be

evaluated given by RV. The radial component is directed along the vector R-it After U wind
velocity is assigned to each of these vectors (one for each sublire) they are summed to obtain die
combined indraft wind. Ut

r = FRi-P (53)

be the distance from the center of tract i to the test point.
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If r > ri, the test point lies outside the tract i subfire. then the normalized velocity of the
indraft wind is given by

vr(r) =if 21 N oo -co +
2tr 2  5 ' i r

71 (54)

where the first term is the air required by the burning rate, the second term is the air entrained by
the lower column, and t,.e third term is the air entrained by the upper column. The new symbols in
Equation 54 are as follows:

A _A
Q d is the volume rate of air required (m3/s) (55)

where

A is the mass of air needed to bum a mass of fuel (kg air 1kg fuel)

Q is the heat produced by a mass of fuel (J/kg)

d is the air density (kg/m3)

0.1, k = 3.897(10)"2, and ' = 5.51 are constants
and

f( ,o) = +do."I" .) 0 (1 + (0 2r/2 c

(56)

is the truncated column entrainment factor, a tabulated function, where the scaled reciprocaldistances are

i i

D= ZT / r

o / r (57)

cJo = Zo, I r
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and

ZT 0.23 (5 TB is the column top from tract i (in) (58)

ATB' is the length of time tract i has been burning.

The UFM-2 model enforces the following constraints on the truncated column en~rainrnent
parameters:

0O!ý o!5 4.6263 (59)

o !5 c ý (OT :5 50

A plot of f(TW)is shown in Figure 35.

z .

I-

012 3 4 5 6

Scaled rec 1rocal clistceto coltinnorigin - w.

Figure 35. Truncated column entrainment function.

If r < rf, then the test point is inside the tract i subfire and the wind velocity from this
subfire is scaled linearly from the tract center. The wind v.elocity is given by Equation 54

evaluated at rf times the distance to the tract center,
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Si i r
V~rr = vr(rf)-

rf (60)

The radial indraft and the ambient wind is then summed over all velocity components to obtain the
wind at test point p

all burning

VP "V + vir(ri) -R

r (61)

which can never have a zero distance for ri whea the test point is on a tract boundary. The

contagion area Aij can then be expressed as

Ai~i = tE~~i I jp (62)

where S ii is a tract edge vector.

6.3 UFM-2 OUTPUT EXAMPLES.

As a final test of the UFM-2 software, three test problems were executed. These tests used
the urban map and tract layout shown as an example in Sections 2 through 5. The three tests
involved three different ambient wind conditions: no wind, 1 in/s wind, and 10 m/s wind from the
southeast. A 1.0 mT burst is assumed to occur over the boundary of tracts 52 and 77
(19km,19km) at an altitude of 3700 meters. All three tests completed successfully with expected
results.

Although almost all of the occupied tracts are on fire by 2000 seconds, the major
contributors to energy release rate are the residential tracts 33, 34, and 50, and the high rise
residential and industrial tracts 67, 68, 69, 100, and 101. There is little difference between the
zero ambient wind case and the 1 m/s wind case. Tract bum out occurs in the same order an with
insignificant differences in burnout times, which results from the Monte Carlo simulation design.
The last five tracts listed above are also the first to burn out; tract 68 at about 5400 seconds is the
first. The only apparent difference in these two cases is that tract 108 caught tire from tract 109
brands at 6540 seconds presumably because of the I m/s southeast wind. This wind component is
in the right direction to influence that contagion, while radial inflow alone would not. Tracts 108
and 109 are in the southwest comer of the urban map. Bear in mind, however, that the Monte
Carlo simulation design would allow this contagion event to occur earlier, later, or not at all in
other trial runs using different pseudo random number seeds. The major reason for the similarity
of results is that the largest indraft component at a tract center at 2000 seconds is 13 .n./s and is
10.5 m.s at 4000 seconds. This indraft clearly dominates in the principal fire areas.

In the 10 m/s ambient wind case the order of tract burnout is affected to some degree, and
the ambient wind sped up the burning. TI'e first tract to bum out is 138 at 5140 seconds followed
by tract 68 at 5250 seconds. Tracts that quit burning early in the simulation typically leave ten or
fewer structures unburned out of several thousand. Tracts that quit burning toward the end of the
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simulation (18000 seconds, 5 hours, in this case) typically leave a few percent to about twenty

percent of structures unburned.

Output from the 1 m/s ambient wind case, that is plots of quantities recorded at requested

simulation times and tract maps plotte~d by UFM-2 of relative wind, tract burning, and Q, are
shown in Figures 36 through 53. Figure 36 is a plot of the number of tracts unignited. burning,
and burned ouL Figure 37 is a plot of the maximum wind speed at tract ccnters. Figures 38
through 42 are tract maps of relative wind vectors. Figures 43 through 47 are tract maps of tract

burning and burned out status. Figures 48 through 53 are tract maps of Q. The values of Q
associated with each tract are codud on a logarithmic scale, base 10 with an offset of 104. Thus, 1
means l.e5, 2 means L.e6, etc.

Other parametric studies with UFS-2 involved multiple detonations and patterns of yield
and altitude, wind, and fuel loading that might disd.lose modeling errors. One such pattern placed
the bursts over the northeast corner of the urban map and used single detonations of 0.001 mT at
325m. 0.01 mT at 750m, 0.1 mT at 1500m and 1.o mT at 3500m. Another pattern was a 2x2
matrix of low and high ambient wind and low and high fuel loading. All of these tests were
performed satisfactorily.
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Figure 38. Tract map of relative wind vectors at 2000 s.
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Figure 40. Tract map of relative wind vectors at 6000 s.

92



MISSION RESEARCH CMPfIRATION
URBAN FIRE MODEL VERStDN.2

PLOT MI W.LTI ON TIMlE w a0100. 00 3ECO=

fl~acr wimo vcLuciry mapi AP~ADW P(IIM IN 01"PWI Or wIND.
AMPO S:= IC POnfiOkTOL YO nrM MIND SPEEDl.

MAXIMUM WIND VELOCITY MAGNJITUDE 1.61429S

L&J ru

C33



M3SS10N RESEARCH CORPOMATIOtJ
URBAN FIRE MODEL VERSION 2

PLOT SI ISLATI 0N TIM -5 10000. 0 SEC==

"O1fCT WIND VELOCT11 NP,~ AMON "hIMTS lIN 0UIRXTr!C OF WIND.
ANSIZE It PrOPOMTONAL TC THE Wdli10 SPEC~.

MAXIMUM WIND VELOCITY MAGNITUDE 1.30604

acc

00.00 5'43 0.8 1 L. 29 2'1.71 2'7.1 L; 32.ý7 3 2
X AXIS IKILOME-TERS)

Figure 42. Tract map of relative wind vectors at 10000) s.
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Figure 43. Tract map of unignited, burning, and burned out tracts at 2000 s.
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Figure 48. Tract map of Q at 2000 s.
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Figure 52. Tract map of Q at 10000 s.
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Figure 53. t~ract map of Q at 12000 s.
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