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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement

MULTIPLY BY TO GET
TC GET - BY - DIVIDE
angstrom 1.000000 x E -10 meters (m)
atmosphere (normal) 1.01325 x E +2 kilo pascal (kPa}
bar 1.000000 x E +2 kilo pascal (kPa)
barn 1.000000 x E -28 weter? (m?)
British thermai unit (thermochemical) 1.054350 x E +3 joule (J)
calorie (thermochemical) 4.184000 jouls (J)
cal (thermochemical) / cm? 4.184000 x E -2 mega jouls/m? (MJ/m?)
curie 3.700000 x E +1 - ‘giga becquarsl (GBq)
degree (angle) 1.748320 x E-2 radian (rad)
degree Farenbeit ty = (tp + 459.67)/1.8 | degres kelvin (K)
slectron volt 1.60219 x E -19 joule (J)
erg | 1.000000 x E -7 joule (J)
erg/second | 1.000000 x E -7 watt (W)
foot | 3.048000 x E -1 wmeter (m)
foot-pound-force 1.355818 joule (J)
gallon (U.S. liquid) 3.785412 x E-3 weter® (m?)
inch 2.540000 x E -2 meter (m)
jork 1.000000 x E +9 joule (J)
Joule/kilogram (J/kg) (radiation dose absorbed) | 1.00000C Gray (Gy)
kilotons 4.183 terajoules
kip (1000 Ibf) €.448222 x E 43 nswtoa (N)
kip/inch3 (xsi) 6.894757 x E +3 kilo pascal (kPa)
ktap 1.000000 x E +2 newton-sacond/m? (N-¢/m3)
micron 1.000000 x E -6 meter (m)
wl 2.540000 x E -5 meter (m)
wile (international) 1.609344 x E +3 meter (m)
ounce 2.834952 x E -2 kilogram (kg)
pound-force (lbs avoirdupois) 4.448222 | newton (N)
pound-force inch 1.129848 x E-1 | newton-mcter (N.m)
pound-force/inch 1.751268 x E +2 newton/meter (N/m)
pound-force/foot? 4.788026 x E -2 kilo pascal (kPa)
pound-force/inch? (psi) 6.894757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4.535924 x E -1 kilogram (kg)
pound-mass-foot® (moment of inertia) 4.214011 x E -2 kilogram-meter* (kg m?) )
pound-mass/foot? { 1.601846 x E +1 kilograw /meter? (kg/m?) |
rad (radiation dose absorbed) | 1.000000 x E -2 **Gray (Gy) i
roentgen | 2.579760 x E -4 coulomb/kilogram (C/kg) !
shake | 1.000000 x E -8 second (s) N
slug | 1.4593%0 x E +1 | kilogram (kg) !
torr (mm Hg, 0¢ C) | 1.333220 « E-1 | kilo pascal (kPa) !

“The becquerel (Bq) i1s the ST unit of radioactivity; 1 3q = | 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 coaclusions drawn from the work perfortned, recommendations
regarding future related work, and a briei 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 at deal of highly
fragmented work had been done in studying phenomena that could be applicable to various aspects
of fure behavior dnd 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 bumning 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 buming 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 implemeated, a demonstration
version of the Urban Fire Simulation (UFS-1) structure was developed as part of the FY 81 effort
(Reterence 1), The demonstration simulation was designed to accept all initial igpitions as input
data. The UFS-l development concentrated on the simulation structure. However development of
models for the UFS-1 addressed the overall geometry, descriptions of the characteristics of burning
buildings and bumning blocks of buildings in a fire suppression-free urban environment, effects of

trhe fire on the ambient winds, and the effacts of local winds on the growth and propagation of the
1e.

The fire behavior and propagation models developed for UFS-| 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,
vaiidation.

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.

» 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 ruclear weapon detonation.

¢ Review and revision of models simulating fire effects on the ambient winds and local
wind effects on fire behavior and propagation. ’

+ Parametric executions of UFS-1to show simulation sensitivity to variations in key
variables. v

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-1, a more flexible
geomelry, 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 in(o the structure in such a way that a scenano can be run starting
with weapon detonation, proceeding through primary and secordary ignitions, to fire spread,
growth and eventual bumout.

.2 CONCLUSIONS AND RECOMMENDATIONS.

The triangular grid used in UFS-2 is much more flexible than the rectangular grid that was
used in UFS-1. 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 (o 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 buming
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 iime requirements for each tract are independent of 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 of less complex tracts.

The most logical furure 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 are:

» The development of appropriately accurate and detailed mod.ls 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 beyond 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 these models and data is less
clear, because of their lower anticipated predictive reliability.




1.3 SUMMARY.

In Section 2 the Urban Fire Simulation (UFS-1) 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 § the blas¢ 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.




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-] are discussed. v

2.1 BACKGROUND.

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

The UFS-1 structure accepted an initial set of ignitions as input data ana addressed the
problem of fire behavior and growth from that point. Since the set of ignitions was a given,
1gnition 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 bunout 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 buming 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-]1 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, fire, subfire, 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 is 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 ez :h occupancy class. Data for each tract
are calculated from the fractional distribution 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.




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 fire, this condition is satisfied by limiting the tract aspect ratio to be no greater than
two.

The average tract size is determined by the arban 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 minimuin 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 obtuined will generally be larger than the planned number. This
results from subdividing tracts to simplify, where required, the number of occupancy classes per
tract. Itis 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 hypoth:tical 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, werc made to partition the urban area
shown in Figure 1. The rationale that served as tae basis for the partitioning shown in Figure 1, and
used in the example cziculations is described below.

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

Amx = AU/Nimn M)
and
Amn = AU/Nmx. (2)

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

1
Smx = (Amx/2)2 (3)
and
1l
Smn = (Amn/2)2. (4)

Lay out the tracts on the urban area occupancy class map so that tract boundaries follow as closely
as possible the houndaries between occupancy classes, without violating (3), (4) or the maximum
aspect ratio (ARmx). An additional constraint itnposed 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.




INDUSTRIAL

HiGH RISE RESIDENTIAL

%,
il

VACANT (NATURAL FUEL)

BARREN (NO FUEL)
RESIDEN{IAL

U

R

|I}/'\!
i\ 1A

Py}

RN
I/TI!{TN|

‘\J'
:M:

A

N4

|
S AT
VAN

DA

RN

-/

—7

39

wy
—

s1o3awo 1 - YHON

10 b,

15

East - Kilomet

10

00

ars

Figure 1. Layout and composition of tracts in hypothetical urban area.




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 ratio 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 arc 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 | 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 tracis 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, IV1, IV2, IV3, NNOC, IOCT, FOCT, TRACT CENTER, TRACT AREA

where

[TRACT is the tract identification number

IV1, 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 metersZ,

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 ventcx 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
AT is the set of identification numbers of the tracts to which the subject vertex belongs.

The tract vertex table is entered with a vertex [D number (obtained from TRCTD) to obtain the
above vertex characternstics.
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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 1 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 DATAINTERFACES.

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
daia and entered prior to execution, and (3) data which are calculated during execution. The data
sets belonging to Class 1 and the approach used in generating the data scts 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 lass map. The above data for each tract are used by a preprocesscr 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 carrently 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 characieristics 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 contained 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
gétent and need be defined only for the number of occupancy classes to be used in the urban area to

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 ailow adequate description of the ignition and
burning characteristics of the urban area.




Table 1. Event transfer table for urban fire simulation.

READIN INPUTS
WRITOT OUTPUT
SETUP(M) MODULE(M)
' UPDATE(M) MODULE (M)
FINISH(M)  MODULEM)
NUCDET TPULSE INBLST WNDMOD IGNITE
BSDEFF BSLPRP QUENCH FULMOD SECIGN

BURN(K) BCUPDT(K) BRNDG(K)
ADICNT(N) ACUPDT(N)
FUPDT(L) UPDTF(L)

WVMAP

STOWV

STOCS CSMAP

STOQ QMAP

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

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 Moc.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)

NUCDET Event to perform calculations associated with nuclear weapon detonation

TPULSE Module to calculate free-field thermal irradiance (/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 cf yield and burst height

WNDMOD Module to modify wind field to account for column formation at the burst
location as 2 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 10 calculate free field blast parameters in a specific tract and to modify
them to account for shadowing, orientation, and reflection
QUENCH Module 1o 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 buming characteristics of buming track (K)

BCUPDT(K) Module to update the data elements of buming tract (K)
BRNDG(K) Module to calculate brand generation and propagation for buming tract (K)




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 buming

tract
ACUPDT(N) Module to update the data elements of tract (N)
FUPDT(L) Event to update the charactenistics 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




For each tract
Tract ID number
Three ventex ID numbers
Number of occupancy classes in tract
ID number of each occupancy class in tract

Fraction of tract occupied by each occupancy class

For each vertex
Vertex ID 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.




Building Heights
Height of a story (m) '
Number of building neights used
Heights of buildings used (m)

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)
Transmissivity of each foliage height used

Occupancy Classes

Number of occupancy classes used

Building density of occupancy class (No. Bldgs./m?2)

Building fuel loading of occupancy class per ﬂoor (kg/m {Floor)
Building fuel loading of occupancy class (kg/m?2)

Room Fumishings

Number of room furnishing types (critical ignition energles) used
Critical ignition energy of each type of room furnishing (j/m2)

Room Sizes

Number of room sizes allowed
Room cell linear dimension (m)
Depth of each room size (m)
Width of each room size {m)

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




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 exch window covering type (j/m”)

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




Building Heights

Number of building heights in each occupancy class '
ID 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
ID number of each building separation distance in each occupancy class
Fraction of buildings in each separation distance class per occupancy class

Foliage-Building 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

Numtcr 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 classus over the arban
area.




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, tvpes (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 defined characteristics of occupancy classes over the urban
area (continued).

17




Runtime Data

Maximum simulation run time (s)
Simulation time to start diagnostic writing
Number of ¢ells 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 (1/s)

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 runtime, grid and environmental data.




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 locatinns 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 irradiance at each calculation range

Figure 8. User defined weapon data and initialization data for fireball radiation cnd irradiance
calcularions.




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 Figufe 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:
Ioc(l, Noc) = the ID number of each occupancy class in the tract,
Foc(loc) = the fraction of each occupancy class in the tract.

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

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

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

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

Each occupancy class ID number (Ioc) 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
(Iov) is used to obtain the value of the variable in the form Vgv(lov).

The number of values of a global variable in each tract (Ntv) is calculated from the number
of vaiues 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
1s calculated from

Frv(lov) = Z Foc(loc) Fov(lov) (S)
Toc




where
Ftv is the fraction of the global variable value in the tract,
Foc is the fraction of the occupancy class in the 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,

Itv(L,Ntv) = thie ID number of each global variable value in the tract,

Ftv(Itv) = the fraction of each global variable 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
ID 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 ¢f building classes 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
Fracton of foliage of each height in tract

Room Fumishings
Number of room fumishing types (critical ignition energies) in tract

ID numbers of room fumishing types in tract
Fraction of room fumishings 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 charactenistics - calculated characteristics of each in the urban area.
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Street Azimuth Angles

Numter 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
ID 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 (WNDMGD), 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
:)%nitéilcér:ls due to the first detonation will be affected by the second detonation, and these effects will

calculated.

3.1 THERMAL IRRADIANCE.

Fire effects are usually of interest over the extent of an annulus centesed on ground zero.
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 1o calculate the thermal 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 themmal
irradiance at specified locations in the urban area.
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(=)

GET: FROM ENVIRONVMENTAL DATA (ENVD), VISIBLE RANGE

CALC: SCATTERING COEFTICIENT

GET: FROM WEAPON DATA (WEPD) YIELD (Y), BURST HEIGHT (HOB), AND
MAX. AND MIN. EFFECTS RANGES (RMX, RMN)

GET: FROM IRRADIANCE DATA (QUES) THE NUMBER OF RANGES AT
WHICH IRRADIANCE IS TO BE CALCULATED (NQUES), AND THE °
IRRADIANCE VALUES

SELECT: CALCULATION MOCE

CALC. MODE #1: GIVEN RMN, RMX, AND NQUES; CALCULATE (NQUES - 1)
EQUALLY SPACED HCRIZONTAL RANGES (HR(I)) BETWEEN RMN AND RMX,
AND CALCULATE THE IRRADIANCE (Q(I)) AT EACH RANGE

CALC: FRQM EACH HR(I) THE CORRESPONDING SLANT RANGE (SR(I))

Figure 10. Logic flow diagram for mcdule TPULSE.
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l CAIC. OCE #2: GIVEN RMN, RMX, NQUES. AND NQUES VALUES OF
TRRADIANCE (Q(I)); CALCULATE THE RANGES CCRRESPONDING TO
| EACH OF THE Q(I) VALUES

CALC: FIREBALL CATA; FIREBALL RADIUS (RFB), ZFFECTIVE BURST
HEIGHT (HEF)

CALC: RADIATION CIRCLE CHARACTERISTICS AS VIEWED FROM EACH CF
THE NQUES CALCULATION RANGES FROM DETONATICN; RADIUS
(RRCIR(I)), HORIZONTAL DISTANCE TO CENTER (HD(I)), VERTICAL
DISTANCE TO CEMTER (VD(I))

STCRE: IN RADIATICN DATA (RRAD); CAICULATED IRRADIANCE DATA SR(I),
AR(I), Q(I), RRCIR(I), HD(I), VD(I)

1
|

CALC: TIME OF SECOND THERMAL MAXIMUM (T2MX) |

STORE: TZ2MX IN WEAPON DATA (WEPD)

(=)

Figure 10. Logic flow diagram for module TPULSE (continued).




Two calculation modes are allowed. In Mode |, 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)/(R?) 7

where Q is the thermal irradiance at distance R (cal/cm?),
t is the thermal fraction of yield (taken to be 0.3),
W is the weapon yield (KT),
tis 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 (Y0.35) 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
1
Rrc = Rf (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 radiarion circle are given by

1
Dh =Rh (1.0 - (Rf/Rs)2)? (10)

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

where Dh is the horizontal distance to center of radiation circle (m),
Rh is the horizontal range to center of fireball (m),
Dv is the vertical distance to center of radiation circle (m),
Ryv 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.
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Thermal Irradiance Data (RRAD)
Weapon (detonation) ID Number (for each detonation in this sceiario)

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/m?2)
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 augmcnted weapon data.




The timne of secona thermal maximum is calculated from the relationships (Reference 4, pp

309-312)
T2mx = 4.5417 WO.44 if Hb less than 15 Kft (12)
T2mx = 0,038 W0.44 (5(h)/py0-36, if Hb higher than 15 Kft (13)

where T2mx is the time of second thermal maximurn (s),
W is the weapon yield (KT),
p(h)/p is the atmospheric density ratio as a functicn 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
uata. Figure 11 shows WEPD after execution of TPULSE, when it has been augmented by
inclusion of the calculated variables TZmx 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 blast 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 interaction
with structures and their contents. On-going work is expected to refine both the secondary ignition
model, and the data it uses, Additional information is required on the effects of low level blast
pgrameters on structusal integrity, and the effect of loss of structural integrity on building bumninz
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 171, together with the scaling rules presented in Reference 4 on pages
100 to 105.

Upon enitry to module INBLST, pressure, distance, and time scaling data are cbrained from
the blast atmospheric data (BLASTD), BI ASTD provides altitude scaling factors at several
altitudes berween sea level and 150,000 feet. These data were obtained from Reference 4, p. 104,
is nvariant, and has been hard coded into the module. Data are cbtained from BLAS"D for
altitudes above and below the altitude of interest. Pressure, distance and time scaling factors are
then calculated 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 parameters are calculated at the same set of ranges that were
used for calculating irradiance. As in the case of irradiance, blast parameters are modeled for
demonstration as functions only of distance from ground zero.
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CET: FROM BLAST DATA (BLASTD), DATA FOR CALCULATING PRESSURE,
CISTANCE AND TIME SCALING

CALC: PRESSURE, DISTANCE AND TIME SCALING FACTORS

GET: FROM RRAD, IRRADIATION CALCULATION RANGES ]

3 [OCP: ON IRRADIATION TALCULATION RANGES

CAIC: FOR EACH RANGE; W4
TIME OF SHOCK FRONT ARRIVAL » o
PEAK CVERPRESSULE
POS ' TIVE PHASE -DURATION OF PEAK OVERPRESSURE
HORIZONTAL COMPONENT CF DYNAMIC PRESSURE

L el

POSITIVE PHASE DURATION OF DYNAMIC PRESSURE -
\ . ‘
' END: LOOP ON IRRADIATION CALCULATION RANGES :
' l ST(RE: BLAST WAVE PARAMMETERS IN BLAST DATA FIILE (BLST) -_‘ .

! Ll
)
. b
END ’
+ to

Figure 12. Logic flow diagram for module INBLST.




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 (WNDMOD).

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 TPULSE
and the calculated tract characteristics shown in Figure 9 to calculate probabilities of room and
structure ignition, and subsequent flashover. Mcdule IGNITE is divided into two parts; a part that
calc:blzixcs global ignition (GLBIGN) varigbles, and a part that calculates tract ignition (TRTIGN)
variables.

Ignition related calculations that apply to all tracts ard 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. lgnition 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 (GLBIGN).

The thermal irradiance of window coverings and room furnishings is calculated at each of
the irradiance (and blast) calculation ranges relative to ground zero. Tnese results will be used in
TRTIGN te determine the irradiance of window coverings and room furnishings in each tract,
tating into account tract geometry, shadowing, etc. By using the global calculations, the window/
covering and room fumishing irradiance calcu'ations are 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 fumnishing irradiance is used for
demonsiration. The radiation sourcs is assured to lie on, and be 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 thesc 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 ane.es. These data could then be interpolated in TRTIGN 1o obtain irradiance as a
function of buildii.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 overpressure (kg/m2)

Positive phase duration of overpressure (s)
Horizontal component of dynamic pressure (kg/ra2)
Positive phase duration of dynamic pressure (s)

Figure 13. Blast wave parameter data (BLST).
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GET: FROM DATA FILE RRAD, THERMAL IRRADIANCE DATA l

FPOM DATA FILE BLST, BLAST WAVE PARAMETERS
FROM DATA FILE WEPD, WEAPON (DEMONATICN) DATA

LOCP: OVER ROOM SIZES

CALC: NUMBER OF ROQM ELEMENTS IN EACH ROOM SIZE
IDENTIFY : DEEPEST AND WIDEST ROCMS

END: LOOP ON ROOM SIZES

LOCP: OVER IRRADIANCE CALCULATION RANGES

SET: HYPOTHETICAL TRACT CENTER LOCATED AT IRRADIANCE
CALCULATION RANGE AS CALCULATION POINT
CALCULATE: NUMBER OF ROWS IN RADIATION CIRCLE AND
NUMBER CF CELLS PER ROW

LOCP: OVER NUMBER OF ROWS IN RADIATION CIRCLE

) I
CALCULATE: IRRADIANCE PER CELL CF RADIATION CIRCLE
CALCULATE: IRRADIANCE ON VERTICAL WINDOW COVERINGS
FOR EACH ROW CF RADIATION CIRCLE AND AT
EACH CAILCULATION RANGE.
STCRE: IN DATA FILE QWC, IRRADIANCE ON VERTICAL WINDOW
COVERINGS

®

Figure 14. Logic flow diagram for submodule GLBIGN.
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LOCP: OVER THE NUMBER CF ROWS IN THE DEEPEST ROOM SIZE

IN THE URBAN AREA

LOCP: OVER THE NUMBER CF CCLUMNS IN THE WIDEST ROOM SIZE

IN THE URBAN AREA

LOCP: OVER THE NUMBER CF WINDOW SIZES IN THE URBAN AREA

LOOP: OVER RADIATION CIRCLE CELLS PER ROW

CAIC: FOR EACH CELL IN EACH ROW OF THE RADIATION
CIRCLE, THE IRRADIANCE AT THE CENTER OF EACH
ROCM CELL AS A FUNCTION CF EACH WINDOW SIZE

STCRE: IN DATA SET QRME, IRRADIANCE OF EACH ROQM
CELL

END:

LOOP ON RADIATION CIRCLE CELLS PER ROW

END:

LOCP ON WINDOW SIZES

: LOCP ON ROOM COLUMNS

: LOOP ON ROCM ROWS

Figure 14, Logic flow diagram for submodule GLBIGN (continued).
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END: LOOP ON RADIATION CIRCLE ROWS

END: LOOP ON RANGES TC GROUND ZERO

=)

Figure 14. Logic flow diagram for submodulc GLBIGN (continued).
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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 rooms,
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 for one hypothetical rom
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 spccifying 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 fi. * row and the radiation circle = 1s, as shown in
Figure 16. Partitioning the radiatioa circle allows inclusion of the effects of partial radiation circle
vigibility on the probability of room ignition. The necessity for this can be shown by considering
the fireballs from 1 MT and 10 M™. bombs detonated at heights that maximize their 2 psi
overpressure radii. At thc 2 psi overpressure radius, the radiation circle will subtend about 18
degrees for the | MT w.:apon, 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 thc 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 irradiaiice 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 resuiting window covering irradiance data are stored in the two dimensional array,
QWC(RGZ, NROWS)

where
RGZ is the range from ground zero, and
NRQOWS 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 over 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 ciicle, the irradiance of
vertical room fumishings 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 ve examined becauss
of different degrees of horizontal shadowing by tlie different window sizes. Vertical window
shadowing is accounted for by radiation circle rows. The possibility of shadowing is determined
by testing whether or not the center of each radiation circle cell is visible from the cen’er of each
room cell.
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Figure 16. Radiation circle partitioning.




The room cell irradiance is stored in the five dimensional array,
QRME(RGZ, NROWS, ROWRM, COLRM, WNDSIZ)

where
ROWRM, COLR} are the coordinates of the rcom cell, and
WNDSIZ is the window size.

The successive loops over radiation circle cells pzr 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 Igaition Calculatiors (TRTIGN),

Thae tract ignition calculziion module makes use of global, occupancy class, and tract
characteristics, together with calculated irradiance data to estimate the number of buildings that will
be ignited in each tiact.

Uzon entry to submodule TRTIGN, shown in Figure 17, the following data are initialized
in th2 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 specifies the probability of room fumnishings being in each room cell
(FRFRC),

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

A data set specifying the probability of building flash over given flash over of at east 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 11).

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. Ar label (P) the
tract center coordinates and tract occupancy classes are obtained from the tract and vertex 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 11) and the blast parameters of BLST (Figure 13) to the center of the subject
tract.




INTTIALIZE: DATA SET SPECIFYING PROBABILITY OF A ROOM
FIRE GIVEN IGNITION OF WINDOW COVERINGS

: DATA SET SPECIFYING PRCBABILITY OF ROOM
FURNISHINGS BEING IN EACH ROM CELL

: DATA SET SPECIFYING PROBABILITY OF A ROCM
FIRE GIVEN IGNITION OF ROOM FURNISHINGS

: DATA SET SPECIFYING PROBABILITY OF BUILDING
FLASHOVER GIVEN FLASH OVER CF AT LEAST ONE
ROM IN BUILDING

.

GET: FROM DATA FILE WEPD, WEAPON (DETONATION) DATA

¢ FROM DATA FILE RRAD, CALCULATED THERMAL IRRADIANCE
AT SPECIFIED RANGES FROM GRCUUND ZERQO

LIDOP:OV‘E{ALLOFTHE'I‘RPC’ISINTHE‘.RBANARB\

CREATE: A FILE OF THE ID NUMBERS OF ALL TRACTS
IN THE ANNULUS BOUNDED BEY RMNEFF AND
RMXEFF (SEE WEFD, FIGURE 8)

END: LOOP OVER TRACTS IN THE URBAN AREA

LOOP: OVER ALL TRACTS IN THE ANNULLUS BOUNDED BY RMNEFF AND RMXEFF
AND PERFORM THE FOLLOWING CPERATIONS FOR EACH TRACT

Q.

Figure 17. Logic flow diagram for submodule TRTIGN.
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GET: FROM TRACT-VERTEX DATA, CORDIMNATES OF TRACT CENTER
AND OCCUPANCY CLASSES IN TRACT

GET: FROM TRACT CHARACTERISTICS, DISTRIBUTIONS OF TRACT
DESCRIPTCRS

CALC: HORIZONTAL AND VERTICAL RANGES FROM TRACT CENTER
TO CETONATION POINT

INTERPQLATE: RRAD AND BLST DATA TO DEFINE IRRADIANCE AND
BLAST WAVE PARAMETERS AT TRACT CENTER

CAIC: RADIUS CF RADIATION CIRCLE, HORIZONTAL, VERTICAL AND
SLANT DISTANCES FROM TRACT CENTER TO CENIER CF
RADIATION CIRCIE

CALC: AZIMUTH AND ELEVATION ANGLES FRQM TRACT CENTER TO
CENTER CF RADIATION CIRCLE, AND VERTICAL ANGLE
SUBTENDED BY RADIATION CIRCLE RADIUS

LOOP: OVER THE NUMBER CF BUIIDING HEIGHTS IN THE TRACT AND IDENTIFY
THESE AS TARGET BUILDINGS (THOSE FOP WHICH THE PROBABILITY OF
IGNITION IS TO BE CALCULATED)

GET: FROM GLOBAL DATA AND TRACT CHARACTERISTICS, BUILDING
HEIGHT, AND FRACTION CF BUILDINGS IN TRACT QF
SUBJECT HEIGHT

QAIC: NUMBER CF FLOORS IN TARGET BUILDING

LOOP: ‘OVER NUMBER OF FLOORS IN TARGET BUILDING

©

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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CALC: FRACTION OF TOTAL NUMBER OF FLOORS AT THIS
FLOOR HEIGHT

CAIC: MIDFLOCR HEIGHT AT THIS FLOOR

LOOP: OVER NUMBER COF BUILDING HEIGHTS IN THE 'I‘RACI‘ AND IDENTIFY
THESE AS BUILDINGS ADJACENT TO TARGET BUILDINGS |ADJACENT
BUTLDINGS)

' GET: FROM GLOBAL DA'I'A AND TRACT CHARACTERISTICS, BUILDING
HEIGHT AND FRACTION O BUILDINGS IN TRACT CF
SURJECT HEIGHT

CAIC: ELEVATION ANGLE FRQM MIDFLOOR OF TARGET BUILDING
TO CENTER AND TO TOP OF RADIATION CIRCLE

IOCP: OVER NUMBER CF BUILDING SEPARATION DISTANCES IN THE TRACT

GET: FROM GLCBAL DATA AND TRACT CHARACTERISTICS, BUILDING
SEPARATION DISTANCE AND FRACTION CF BULLDINGS IN
TRACT SEPARATED BY THIS DISTANCE

CAIC: ELEVATION ANGLE FROM MIDFLOCR CF TARGET BUILDING TO
BOTICM CF RADIATION CIRCLE

CALC: ELEVATION ANGLE FROM MIDFLOOR CF TARGET BUILDING TO
TOP OF ADJACENT BUILDING

CALC: NUMBER OF ROWS OF RADIATION CIRCLE THAT ARE VISIELE
ABOVE THE HORIZON

Figure 17. Logic flow diagram for submodule TRTIGN (continued).




[_Loom OVER NUMBER CF FOLIAGE HEIGHTS IN THE TRACT

GET: FROM GLCBAL DATA AND TRACT CHARACTERISTICS, FQLIAGE
. HEIGHT AND FRACTION OF TRACT TOLIAGE OF
SUBJECT HEIGHT

LO0P : OVER NUMBER OF FOLIAGE-BUILDING SEPARATION DISTANCES
IN TWE TRACT

-

’ 3T: FROM GLOBAL DATA AND TRACT CHARACTERISTICS, FOLIAGE- |
J BUILDING SEPAPATIQN DISTANCE, FOLIAGE TRANSMISSIVITY,
’ AND FRACTION OF FOLIAGE SEPARATFD FROM BUILDINSS
BY THIS CISTANCE

CALC: FLEVATION ANGLE FRQM MIDFLOCR CF TARGET BUILDING TO
TOP OF FOLIAGE

CAIC: NUMBER OF ROWS OF RADIATION CIRCLE SHADOWED
8Y FOLIAGE

CALZ: EFFECTIVE NUMBER (F RADIATION CIRCLE ROWS VISIELE
FROM MIDFLOUR OF SUBJECT BULLDING, CONSIDERING
SHADOWING BY ADJACENT BUILDING AND SHADCWING
DUE TO FOLIAGE TRANSMISSIVITY

l_UXP:GﬂERMJMBEROFS‘I‘REEIAZD’IUFHAN&ES IN THE TRACT

GET: FROM GLCGBAL DA™A AND TRACT CHARACTERISTICS, STHEET
AZIMUTH ANGLE, AND FRACTION OF STREEIS WITH THIS
AZIMUTH ANGLE ORIENTATION

B /ls\

N/

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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LINE FRQM TRACT CENTER TC RADIATION CIRCLIE CENTER

CALC: PZIMUTH AND GECMETRY CORRECTION FACTORS FOR IRFAD~
IANCE OF WINDCOW COJ ERINGS AND IRRADIANCE OF ROM
FURNISHINGS

'g' CAIC: TRRADIANCE OF WINDOW COVERINGS IN THE TRACT GIVEN
£ THE AZIMUTE AND GECMETRY CCRRECTION FACTOR, THE
EFFECTIVE WUMBER CF RADIATION CIRCLE ROWS VISIELE,
AND WINDOW TRANSMISSIVITY

| LOGP: OVER NIMBER CF TYPES OF WINDOW COVERINGS IN THE TRACT —]

GET: FRCM GLCBAL DATA AND TRACT CHARACTERISTICS, CRITICAL
. IGNITION ENERGY CF WINDON COVERING, AND FRACTION CF
R WINDOWS USING THIS WINDOW COVERING

CAIC: FRACTION COF WINDOW COVERINGS THAT WILL IGNITE
[ GIVEN WINDOW COVERING IRRADIANCE

: END: LOOP OVER WINDOW COVERING TYPES j

GET: FROM GLOBAL DATA AN., TRACT CHARACTERISTICS, NUMEER
CF ROWE AND COLUMNS OF ROGM ELEMENTS IN ROQM SIZE,
AND FRACTION OF ROOMS THIS SIZE IN TRACT

QAIC: FRACTION CF ROOMS THIS SIZE THAT WILL HAVE A ROCM
FIRE GIVEN IGNITION OF ROOM WINDOW COVERINGS

Figure 17. Logic flow diagram for submodule TRTIGN (continued).




LOOP: OVER NUMBER OF WINDOW SIZES IN THE TRACT j

GET: FROM GLCBAL DATA AND TRACT CHARACTERISTICS, WINDCW
EEIGHT, WINDOW WIDTH, AND FRACTICN CF WINDOWS OF
THIS HEIGHT IN TRACT

LOCP: OVER ROOM ELEMENTS IN THIS ROOM SIZE

‘{E

QJC: F2OM EILEMENT IRRADIANCE CONSIDERING THE EFFECTIVE
9’ NUMBER CF RADIATION CIRCLE ROWS VISIELE, AZIMUTH
AND GEOMETRY CORRECTION FACTOR, WINDOW SIZE AND
WINDOW TRANSMISSIVITY

—

iy LOOP: OVER NUMBER Of TYPES OF RCM FURNISHINGE IN TRACT __]

CALC: FRACTICN CF ROOM FURNISHINGS IN THIS ROCM ELEMENT
THAT WILL IGNITE GIVEN ROCM ELEMENT TRRADIANCE

END: IOOP OVER NUMBER OF ROOM FURNISHING TYPES !

CALC: EXPECTED FRACTION OF ROOM FURNISHINGS TO BE FOUND

IN ROOM ELEMENT : .

CAIC: ACCUMILATE FRACTION OF ROOM FURNISHINGS THAT WILL
IGNITE GIVEN ROOM ELEMENT IRRADIANCE AND ROOM
FURNISHINGS PRESENT

Figure 17. Logic flow diagram for submodule TRTIGN (continued).
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END: LOOP CVER ROOM ELEMENTS IN THIS ROOM SIZE

END: LOCP OVER WINDOW SIZES IN TRACT

. CAIC: FRACTION CF ROOMS THIS SIZE THAT WILL HAVE A ROOM
FIRE GIVEN IGNITION QOF ROOM FURNISHINGS

LOCP: OVER NUMBER CF BUILDING CLASSES IN TRACT

GET: FROM GLCBAL DATA AND TRACT CHARACTERILTICS,
BUIIDING CLASS AND FRACTION O~ BUILDINGS
GF THIS CTASS IN TRACT

CAIC: ACCUMULATE FRACTION CF ROOMS THAT WILL FLASH OVER
GIVEN A ROQM FIRE DUE TO IGNITION CF WINDGOW
COVERINGS OR IGNITION CF ROOM FURNISHINGS

SUBJECT FLCOR TO TOP OF BUILDING

CALC: DISTRIBUTION CF WINDOWS PER FLOOR

©

Figure 17. Logic flow diagram for submodule TRTIGN (continued).




CAIC: ACCUNMULATE PROBABILITY THAT NO ROOM WILL FLASH
OVER ON SUBJECT FLOOR

, END: LOOP OVER WINDOWS PER FLOR

CAIC: ACCUMULATE PROBABILITY THAT NO ROOM WILL FLASH
OVER IN SUBJECT BUILDING

| END: LOOP OVER FLOCRS TO TOP OF BUILDING

CAIC: PROBABILITY THAT AT LEAST ONE ROOM IN SUBJECT BUILDING
WILL FLASH OVER

GET: FROM TRACT DATA, DISTRIBUTIONS OF TRACT CHARACTERISTICS

CALC: ACCUMULATE EXPECTED FRACTION (F BUILDINGS IN TRACT IN
WHICH AT LEAST ONE ROOM WILL FLASH OVER

END: LOOP OVER ROOM SIZES IN TRACT

END: LOOP OVER STREET AZIMUTH ANGLES IN TRACT

END: LOOP OVER FOLIAGE SEPARATION DISTANCES IN TRACT

Figure 17. Logic flow diagram for submodule TRTIGN (continued). ‘
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| END: LOOP OV~ {ARGET) BUILDING HEIGHTS IN TRACT

L END: LOOP OVER FOLIAGE HEIGHTS IN TRACT

| END: LOOP OVER BUILDING SEPARATION DISTANCES IN TRACT

END: LOOP OVER (ADJACENT) BUILDING HEIGHTS IN TRACT

[ END: [OOP OVER NUMBER CF FLOORS IN TARGET BUILDING

CAIC: NU.BER CF NEW IGNITIONS I TRACT

CAIC: TOTAL NUMBER CF IGNITIONS IN TRACT

- STORE: IGNITION DATA IN IGNITION DATA FILE (IGND)

i ENL. LOOP OVER TRACTS IN ANNULUS BOUNDED BY RMNEFF AND RMXEFF

=D

Figure 17. Logic flow diagram for submodulc TRTIGN (continued).
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The radius of the radiation circle, as viewed from the tract center, together with the vertical
ﬁd horizontal distances between the tract and radiation circle centers are calculated from (9)
rough (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 to be 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 %uilding heights. The tract building height data includes the ID
numbers of the global tract building heights that are 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 ID 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 ) data sets.

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

A loop is formed over the floors of the subject target building (height). At label (Q) the
midfloor hei,iht 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. uie target
building is located at the tract center. All of the building-related calculations assume that the part of
the structure for which caiculations 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

assumptior, distance varations 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.




“12)U99 JOB1) UI01J 3} uoneIpes Jo Aowosn g1 amndi4

I93Ud0 10eI)

|
o~
¥

o
Y]
50

sMOI 9[01T0
uotjelpel

80110
uorjetpel 510110 uoTIRIpRI JO Wwo3jeq o}

o M31A abpo 193U9D 30PI] JB ADEJINS NI a1bue uoIIEAB13 = mm
afoaro woljerper jo do3 03 JI93jusa0 10BRI] JE IOPIINS up13 a1bue vo1lenl|d = Nm
133U9D 3[OATO uol jeipex o} uwu:m.o Joe1) 3B SORIANS upi1j a1bue uorieaa[d = ﬂm

193usD 21O11O uorjeIpel 03 193us0 30P13 WOIJ WVURISTP JUB[S = mo
193U30 2[D110 UOTIPIPEI O3 193UaD 10’1l UDJ1J IUEISTP jPUOZTINY n_::
IDJUDD m,:uiuo uor3eTpEI 03 I2JUDD IORI] up1j 2OUESIPp [BD13I0A = >c
snyipel 3[2110 uotleIpel = >y




10)u33 10821 18 SUIP)Ing Jo JCOPPIL 1G] J{311D YOKEIPT JO Awmoan) gl 2ndig

(sico[3 £) 293ueo Ioerd e burpling

H €

\\\\\\\\\\\.\\\\ .Nm

51

Je bray I0O[JpTW up1j d1bue uoTIEAS[D

210110 uorjEIpEl JO UDIIOQ O IIJUID Pen £
Jybray I001IpTW uD1J 3{bue UOTIEADITd = .Nm
I

s{oa15 uorjerpel jo doj 03 13U O Je
quso 30e13 3 JubTay 1001IpTW UD1J 3bue UOTIEASTS
Ju

1973U00 3Joe1] 3' burpring ut juybtay J0O01IPMW = 7 1

]

193U90 9211 uorjeTpea o3 13



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 midfloor 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 1s 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

Atlabel (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 S) data sets.

The number of rows of the radiation circle that are shadowed by foliage is calcuiated 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 radiaton 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
furnishings (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 assuined
normal :0 the subject street. Each exterior room of each building is assumed to have a window in
each exterior wall. Thus, the corréction factors will be symmetrical about normal incidence of
radiation on the front face of the building.
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A. Window Covering Irradiance

Building
Type
(1) (2) (3)
—— T
e c , c |
l
MAX '
c c,s)| S s 5 S ¢
MAX
c c.s)] S | S
C.
| | (A)
(C,s) LET: I * COS(A) =C
i S I‘;* SIN(A) = S
I * COS(A)
I_* SIN(R) '
B. Room Covering Irradiance !
Building
Type
(1) C(2) (3)
1
c c | || |
|
C ces | s S s s c
C c+s | s 5
C
s
cs| s

Figure 21. Geometry of room and building irradiance.
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Figure 21-A shows the efrective 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 irradiance of room furnishings ir. each room of each building type. Room furnishing
rradiance 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
uradiances given in Figure 21. Also, these irradiances are tabulated for three different angles of
radiation incidence. The total irradiarces in Table 2-A are reorganized in Table 2-B, together with
the average window covering and average room furnishing irradiances per room. These are
averaged over building types for each angle of incidence, and averaged over angles of incidence.

. From Table 2-B the comection factors for window covering and room fumishing
irradiances are given by

{ = 037 COS(A), for COS(A) GE. 10 SIN(A),
CFWC / = 0.37 SIN(A), for SIN(A) .GE. 10 COS(A), (15)
\ = 029 (COS(A) + SIN(A)), otherwise,
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 (QWCT, is calculated by interpolating on the global
window covenng irradiance

QWC(RGZ, NROWS),
and correcting the interpolated value for window transmissivity, together with geometry and
building type to obtain

QWCI = Tw CFwc QWC (am

where Tw is the window transmissivity.

A loop is formed over the number of window ccvering types in the mact, which are defined
in terms of their cnitical ignition energy levels. The fraction of window covering types that will
ignite (FWCI), given irradiance QWCT is calculated. The fraction of rooms of the subject size in
the tract that will have a room fire, given ignition of wircow coverings is calculated from




Table 2. Building and room irradian: ¢ for example building types.

Lt ADB—+»18 = A/10

A. Total Irradiance as a Functicn of Building Type and Geunetry

8ldg. |  Geam. Total for Building Type
Type : Case " Window Coverings Roam Furnisnings
1 4*C + 5 + MAX(C,S) 5%C + 2*§
C>»S5 5.2%C 5.2*C
S»C 2.4*S *s
C=S 6% (C+S)/2 T*(C+8) /2
2 C + 4*S = MAX(C,S) 2%C + 5¥§
] C»S 2.4*%C I*C
i S™»>C 5.2*S 5.,2%S
' cC=Ss e* (C+5)/2 T*(C+5)/2
3 2*C + 2*S + MAX(C,S) INC + 3*g
C>S 3.2*C 3.3%C
SHC . 3.2*S 3.,3%3
c=3s S*(C+5)/2 6=(C+S)/2

B. Average Roam Irradiance

Geam. ‘ Bldg. Window Coverings | Room Furnisninas
Case Type “ctal Ave. lrrad. Toral Ave, lrraa.
Irrad. per Roam Irrad. per Rocm
c>>s 1 5.2*C 5.2*C,
2 2.4*C 2.5*C
3 3.2*C 3.3*C
0.37*CCEA 0.3B8*CCSA
S>»C 1 2.4*S 2.5*S
2 5.2*S 5.2*S
3 3.2*S 3.3*s
0.37%SINA 0.38*SINA
s=cC | 1 3*(C+S) 7*(C+S)
2 I*(C+S) 7*(C+S)
3 2.5%{C+8) _ 6% (C+S)
0.29*(CCSA+SINA) 0.34*(CCZA+SIMNA)




FRFWCI = FWCI 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
racticc RFWCI would be an empirically based data table or model of the probability of room

gnition 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 columns 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 aud the fraction of windows having those dimensions is obtained from the tract

characteristics (Figure 9) and global (Figure 5) data sets. A single value of transmissivity is
defined for all window sizes.

A loop is formed over the room cells in tae 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 cach room by interpolating on the global room furishing irradiance

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

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

QRFl = Tw CFrf QRF. (19)

A loop is formed over the room fumishings i the tract, which ark defined in terms of their
critical ignition energy levels, The fraction of ruom furnishings that will ignite (FRFI) given
ircadiance QRFI is calculated. The fraction of room fumishings expected to be found in the subject
room cell is obtained from dats set

FRFRC(ROWRM, COLRM ),

which w.s one of the data sets initialized at the beginning of Submodule TRTIGN. In practice
FRFRC would also be a functicn of rooin size, and would represent an empiricai average of the
fraction of furniture criec would expect to find in a given cell of a room of given size in the urban
Area beinp evalusied.

The {raction of rcom furnishings that will ignite(FRMFT), given irradiance QRFI and room
furnishings present is Eiccumuluted by

FYMIT = . FRFI FRFRC (RMROW, RMCOL) (20)
RMROW RMCOL

fur all of the room cells in the subject room size.




At label (U) the loops on room columns and rows (i.e. room cells), and window sizes are

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 fumishings ignited
(FRMFT) and the probability of a room fire in a room of this size given ignition of room
fumishings. Thus,

FRFRFI = FRMFI RFRFI(RMSIZ, FRFI). @n
The data set RFRFI was initiated at the beginning of TRTIGN. In practice this 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 ract. 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 1o ignition of
window coverings or to ignition of room furnishings is calculated from

FFORF = FBCL FBFo (1 - 0.5 ((1 - FRFWCI) +
(1 - FRFRFI)))
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 over.

(22)

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 1abel (V)
from

PNRFOF = 2 DWPF(FLOORHT) (1 - FFORF)NWPF(FLOORHT)
FLOORHT (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:l I PNRFQF. (24)
NTBF




The probability that at least one room in the building will flash over is given by
PIRFOB = | - 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 1s given by

REDIDIDIPIPIPIPIP)

NRMS NSAZ NFSP NFHT NBSP NARH NTBF NTBH (26)
(FRMS FSAZ FFSEP FFOLHT FBSP F82HT FBIHT F3IFHT) v

(i- ! I TBHT ( ZWPF(FWPF (1 - PIRFOBR))).

NTBF NWPF

The loops are terminated over tract room sizes, street azimutn angles, foliage-building
separation distances, foliage heights, building separation distunces, adjacent building heights,
number of floors in target huildings, 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 accurnulating 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 ulast effects event parameters for each tract
within the annulus defined by RMXEFF and RMNEFF. The demonstration module simply
interpolates on the global BLST data, assuming free field conditions. In practice iiie 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 that contains ground
7ETO0.

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 file
created by a module in an event can be accessed by all subsequent modules in the event.




Tract I numbar

Time of first ignition in tract

Total number of ignitions in tract

Number of ignition times during the last 171 seconds

Times of ignitions during the last 171 seconds

Number of ignitions at each ignition time during the last 171 seconds

Figure 22. Tract ignition data (IGND).




=)

GET: FROM DATA FILE WEPD, WEAPON (DETONATION) DATA ]

CALC: FROM DETONATION COCRDINATES AND TRACT-VERTEX DATA, ID NUMBER
OF CELL UNDER DETONATION POINT

CET: FROM DATA FILE RRAD, GLOBAL IRRADIANCE DATA
: FROM DATA FILE BLST, GLGBAL BLAST WAVE PARAMETERS

LOCP: OVER ALL TRACTS Tl THE ANNULUS BOUNDED BY RMNEFF AND RMXEFF

GET: COCRDINATES OF TRACT CENTER

CALC: HORIZONTAL AND SLANT RANGES FROM TRACT CENTER TO
CETONATION POINT

CAIC: BLAST WAVE PARAMETERS AT TRACT CENTER BY
INTERPQLATION, ASSUMING SQUARE LAW
PROPAGATION AND FREE FIELD CONDITIONS

Iad

STORE: IN CALCULATED TRACT DATA FILE (CATD), CALCULATED
BLAST WAVE PARAMETERS

STCRE: IN EVENT LIST (EVNT), BLAST EFFECTS EVENT FOR
R SUBJECT MODULE

END: LCOP OVER ALL TRACTS IN ANNULUS
(== )

Figure 23. Logic flow diagram for module BLSPRP.
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The global thermal irradiance and blast pamameters are interpolated to the range of the
subject tract center from ground zero. Logarithmic interpolation is uscd, 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,

_ This lerminates the discussion of the NUCDET event. The blast effects 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/m2)
Peak horizontal dynamic pressure at tract center (g/m?2)
Positive phase duration, overpressure (s)
Positive phase duration, dynamic pressure (s)
Thermal irradiance at tract center (m?)

Event Data File (EVNT) Format for BLSPRP Event

Simulation time at which event is to be processed (s)
Event ID nunmber

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 QUENCH,
and the effect on structural integrity is estimated by module FULMOD. Secondary ignitions
resulting from the interaction of blast paramesers with structures and existing fires is estimated by
module SECIGN.

The objective of the blast effects module is to specify the total number of primary and
secondary ignitions resultin(grom detonation of a nuclear weapon in an urban area, The structure

gf the blast effects event is designed to accommodate sequential detonations as defined in Section
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 Figure 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 igaition times in the past 171 seconds, the
module is exited.

If ignition times arc found in IGND during the 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 (B1 and B2) between the "quench” and "no quench" regions of Figure 26
are calculated from the time since ignition by

B1=0.0486 (TASF - TLAST(I))

(28)
B2 =14.02 - 0.0777 (TASF - TLAST(I))

where TASF is the shock front arrival time, and
TLAST(]) is the I-th ignition time in the past 171 seconds.




i GET: FROM IGNITION DATA SET IGND, IGNITICN DATA
| . PROM CALCULATED TRACT DATA SET CATD, TRACT BLAST WAVE PARAMETERS

l

‘ : YES

m .
TEST: ARE THERE ANY IGNITICNS IN THE PAST
171 SECONDS

®

l I00P: OVER NUMBER OF LATE IGNITICN TIMES (NLAST)

CALC: PROBABILITY THAT IGNITIONS AT THE SUBJECT TIME
WILL BE QUENCHED BY THE BLAST WAVE

|

l CALC: THE MUMBER CF IGNITIONS QUENCHED

I

| CALC: NEW VALUES OF TOTAL IGNITIONS AND LATE IGNITIONS

END: LOCP OVER LATE IGNITION TIMES

STORE: IN IGNITICN DATA (IGND), NEW NUMBERS OF TOTAL (NTOT) AND
IATE (NLAST) INGTIONS

=

Figure 25. Logic flow diagram for module QUENCH.
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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. B1, 09)
0.78 if POP .LT. 5.4 (psi) .AND. PO? .GT. BI,
Pex = 0.94 if POP .GT. 5.4 (psi) .AND. POP .LT. BZ,
| 0.15 if POP .GT. 5.4 (psi) .AND. POP .GT. B2, o

The number of ignitions at TLAST(T) 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 (NTOT) and late
(NLAST) ignitions are modified by Nex, the new values are stored in the ignition data set IGND,
and module QUEINNCH 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 seconcary ignitions and it affects the way a structure will bumn. Blast wave damage
results in loss of structural integrity, which in tum results in increased fire ventilation which can
reduce the fraction of rooms that may flash over. This causes a slower building buming rate and
lower buming 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

studiels 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 ir: Reference 9, pp. 25-32. Within the luop over building
classes, a loop is forined 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.

43  CALCULATION OF SECONDARY IGNITIONS (SECIG!.,.

The calculation of secondary ignitions is based on the procedure described in Reference 9,
pp. 49-54. 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.

67




GET: FROM TRACT CHARACTERISTICS, BUILDING CLASSES IN THIS TRACT —‘ .

: FROM CALCULATED TRACT DATA FILE (CATD), BLAST WAVE
[ PARAMETERS AT TRACT CENTER

LOCP: OVER NUMBER CF BUIIDING CLASSES IN TRACT

| 1OCP: OVER NUMBER CF STRUCTURE DAMAGE CLASSES |

CAILLC: STRUCTURAL DAMAGE LEVEL FOR EACH BUILDING CLASS,
GIVEN PEAK OVERPRESSURE EXPERIENCED

STCORE: DAMAGE LEVEL FOR EACH BUILDING CIASS IN CALCUALTED
TRACT DATA FIIE (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 1o obtain the nuniber 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 igritions (NSEC) is calculated from

NSEC = Z AOQ EXP(AlITBCL) EXP(A2 ITBCN) NBT FTBCL (32)
ITBCL

where A0, Aland A2 is the coefficients defined by the damage level.
ITBCL is the structural building class ID number,
JTBCN is the building contents ID number,
NBT is the total number of buildings in tract,
FTBCL is the fraction of buildings 1n tract of subject structural buiiding class.

The loop over building classes is terminated, the numbers of total and late ignitions in the
ract are modified in accordance with NSEC, the new values are stored in the igniuon 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 RMNEFF and RMXEFF that were caused by detonation of the subject
nuclear device.




,

GET: FROM TRACT CHARACTERISTICS; TRACT BUILDING CLASSES '
AND BUILDING CONTENTS

GET: FROM CAICULATED TRACT DATA (CATD), DAMAGE IEVEL FOR EACH
BUILDING CLASS

GET: FROM IGNITICN DATA (IGND), NUMBER CF IGNITIONS IN TRACT

LOOP: CVER NUMBER CF BUILDING CLASSES IN TRACT

GIVEN BUILDING CONTENTS AND DAMAGE LEVEL

END: LOOP OVER BUILDING CLAES ]

L CALL: NUFBER OF SECONDARY FIRES IN BUILDING CLASS

STCRE: IN IGNITION DATA (IGND)},ADJUSTED NUMBERS OF TOTAL (NTOT)
IGNITIONS AND LATE IGNITIONS (NLAST)

(=

Figure 28. Logic flow diagram for module SECIGN.




3 SECTION §

‘ RESULTS FROM NUCLEAR DET" -NATION .
AND BLAST EFFECTS EVENTS ,

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

Figures 29, 30, and 31 present results for tract 76 from three executions of the NUCDET

and BLSEFF events for three values oi weapon yield and detonation altitude, Tract 76 is 100

rcent residential occupancy, 7.5 million sq}uare meters in area, and contains 5002 suuctures.
sigure 29 shows thermal irradiance veisus distance from ground 2exo as a function of weapon
yleld and detonation altitude. It can be scen that weapons of yield greater than 1 MT are dictated to
provide extensive areas of sufficient irradiatinn to reliably ignite window coverings and room
fumishings. Figure 30 shows peak overpressure versus distance from ground zero as a function
of weapon yield and detonation altitude.

Fi 31 shows primary, secondary, extinguished, and total ignitions in tract 76 for the
weapons shown in Figures 29 and 30. The center of tract 76 was about 5 KM from ground zero.
Thus, for the 1 MT case, an irrudiance of about 4 cal/cm2, and greater than | psi overpressure were
experienced. This accounts for the moderate number of primary ignitions and blast extinctions
shown {n Figure 30. In the 0.01 MT case, an irradiance of about (.04 cal/cm**2, and about 0.4
psi overpressure were experienced. This is consistent with the small numbers of primary ignitions
and blast extinctions shiown in Figure 30.

It is somewhat surprising that so many more secondary ignitions than primary ignitions
occur al these relauvely low levels of overpressure. However, it is important to keep in mind that
these results are provided for demonstration of thie model structure, and can probably be in error by
as much as an order of magnitude. A primary interest in the debugging process was to assure that
the results exhibited the correct trends as functions of the imporunt variables.

A 1.0 MT weapon was detonated at coordinates XB =19 km, YB = 19 km wili a burst
helght of HR = 3.7 km. Thus, the data shown in Figures 29 and 30 apply. The boundarics of the
annulus were specifled as RMNEFF = 20 km and RMXEFF = $4 kin. The burst location, and the

. collection of all iracts whose centers are located in the onnulus are shown in Figure 32. 1t can be

seen thar none of the industial/commercial tracts are located in the annulus. This was done for twn
reasonis. First, it 3 considered a realistic scenano for use of fire ac i cotlateral dumage mechanism.
The weapon would most Hike!, be targeted so that the desired level of ¢ to the comunercial/
industria} area would be caused by blast etfects. It is unlikely that fire would be depended upon to

: provide sire dwnage 10 those target:. Second, the commercial/findustrial tracts, as configured,

* required wo long 1 execute. Truct 75, when evaluated individually, required about SO minutes to

. execute with tuee dccupuncy classes. This long execution time can be avoided by reconfiguring :
tact 7% into three smadler tucty, each with one occupancy closs. Threo such tructs should exccute
in about 1.5 minutes (.o about 0.3 mmwute each),

Table 3 shows the Wat of tracty included i the annulus of Fgure 32 (see wlso Figune 2). It
can be seen that 14 ol the 4 trusts in the mnulus have some degree of residential occupancy. Of
the 19 tracis contaming roswlental sceupancy, 6 are tuedium density {1010 30 percent) to high
density (30 10 100 pescent) oceupancy, while 13 ure fow denslty (less than 10 percent) oceupaicy.
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1 Y = yield (MI)
10 “T HE = height of burst (KM)
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Figure 29. Thermal imadiance ot distances from ground zero.
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I Y = yield (MT)
' ‘ HB = height of burst (KM)
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Figure 30, Peak overpressure ot ranges from ground zero,




NTOT = total number of ignitions
NSEC = number of secondary ignitions
NPRIM = number of primary ignitions
NEX = number of extinguished ignitions
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Figure 21, Primary, secondary, and total {gnition for threo ticlds,

™




North - Kilameters

39

35

30

25

20

10 [T

(] eARREN (NO FUEL) COMMERCIAL

] VACANT (NATURAL FUEL! %4 HIGH RISE RESIDENTIAL
RESIDENTIAL I ousTrIAL
/]\ WX / ' H ] H
M SN | V.6 04 5. A Y ANAN
Z S NZA&KL L4 Z 2N N
- / 4 WAL L //4 L

| \. ) - |- o
N[N - _,.""l’/

L £

5 10 15 20 25 30 - 35
Easv - Kilametors

Flgure 32, Geometry of annulus und included tragts,

78




Table 3. Example of tracts in annhulus,

TRACT'| OCCUPANCY | TRACT | OCCUPANCY
bio} CLASS 1D CLASS
5 B 60 R B = NO OCCUPANCY (BARREN)
7 B 87 R R = RESIDENTIAL OCCUPANCY
8 R 88 R
9 R 89 B Y=1MI XB=19 KM,
10 R 90 B YB = 19 KM, HB = 3,7 KM
11 B 91 R
18 B 105 B RNMEFF = 20 KM
19 R 107 B RMACFF = S4 KM
20 R 109 B
2 B 110 R
24 R 113 B
26 B 114 B
27 B 115 R
28 R 120 B
K1:) 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 R

SUMMARY: 44 TRACTS IN ANNULUS

25 IRACTS IN ANNUIDS, NO OCQUPANCY
19 TRACTS IN ANNULUS, RESTDENTIAL OCCUPANCY

6 RESIDENTIAL TRACIE IN ANNULDS, MEDIUM 10 HIGH DENSITY
13 RESIDENTIAL THICTSY IN ANNULUS, LOW DENSITY

T0




SECTION 6
TRACT BURNING AND PROPAGATION MODELS

As discussed in Sectlons 2 through 5, the model of an urban urea is described by fusl
characteristics and geographical location relative to the burst. A nuclear burst ignites this fuel with
its thermal pulse, which is followed by a blast wave. This extinguishes some of the ignitions and
may rubblize part of the fuel bed to some radius from Ground Zero. The blast wave is also
responsible for initlating secondary ignitions. This is a statement of the juitial conditions that lead
to the dynamic aspect of tract buming and the propagation of fire through the modeled urban ares.

6.1  CHEMICAL REACTION MODEL.

The model of tract burning we call a chemical reaction model, because its form is identical
to u simple, coupled reaction involving three species, or substances. It is as though substnce A
changes into substance B with some rate, and substance B then changes into substance C with
some other rate. ‘(he rates at which these reactions go can be dependent on many things, but one
thing they are certainly dependent on is the amount of the source substances. For example, if the
amount of A goes to zero, then B can no longer increase, or if B goes to zero then the channel
between A and C is broken. If the rate at which B changes to C is much faster than the rate from A
0 B, then we could stmplify by ignoring the B state and using the A 1o B rate as the effective rate
from A to C. The numerical differential equations that describe this system are integrated forward
in time, accounting for changing conditions that affect the rates.

In the tract bumning model the three quantities are, for tract index i,

i
NI the number of urilgnited bulldings
Nl

2 the nurmber of buming bulldings
N3

the number of bumt out buildings.

Their uniform areal densities ure
nl =N,/ A,
nh= Ny /A

(33)
ny = Nb /A

whens Al iy area of tract | In squore incters, Note that the conservation of bulldings givey

N'e Ny + NS+ N}

(34)




i
where N is the total number of buildings in the tract, Now the initial conditions, with primary and

| Cont L N |
secondury ignitions, are that Ny =0 g e N1 = N - Ny , where N represents the initial
number of ignited buildings.

To write down the governing equation for N 1, which involves the propagation of fire to
unbumed structures, we equate the rate at which unburned structures are ignited to the product of
their effective, average cross section; the number of unburned buildings; and the rate at which
brands that would cause ignitions will land per unit area. Symbolically, this becomes

3
dN} NiAll1+f_\£1

—_— = -0 1|l — -
dt A TA w1 Al TRA (35)
or
ok SRS F TR i
dt Al o Ax ¥ (36)
where

Ol is the cffcctive, uvernge cross section of cach building in tract i
Ali is the arca of tract i that is the source of brands that land in track i starting fires
Au is the arca of tract k that is the source of brands that land in track i starting fires

i
T is the total brand production period for tract i,

Thus At/ Aj represents the fraction of truct i area that contributes to new fires in tract i, A/ Ay

represenis the fraction of tract k area that contributes 1o new fires in tract i, 1/ (TJA') is the total

|
brand producdon rate per unit arca in tract i over all oceupancy classes, und O D1 g the probability

that u brand landing In Al will start u new fire. Only tracts that have a common boundary are
considered for contaglon, which is represented in the sum to three. Obviously tructs on the
houndary of the urban ares modeled may huve two or only one nelghboring tract, so the sum to
three s symbolic of the typleal case, and is not to be interpreted as u swin over the first three trects,

The other two goveming equations are

o

dNy  dN)[dNY
LIPS SRTES Dot 3 .
dt ) evatuated ! - To (A7)

dt dt

TH

|

le‘ (lel)
P = N g :
evaluated ot ' Fa (38)

a Vae




=
where To 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 bumout time for a
T

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

tracti 0 seconds ago is also the rate at which burning buildings are now reaching the burnt out

state. Obvlously the model could be enhanced at this point tor 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 QJO. the heat production rate.

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

"11— =10? 60

Tao (39)

This branding rate is 100 times the rate used in the previous Urban 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 size. In the model described here a distance of 100 m is much more
consistent with the concepts modeled. To extend this branding rate to the total branding rate for a
tract, set

ul! classes

Ty /Ny=10° /| Y N§ Qo) =10°/Qr
}

(40)
|
where QT i the totwl heat production rate for tract i.
The effective, average building cross section is computed as follows:
0| = — Al
wli closses
S Ny,
J (41)

where {1 is the fructional uren of traet i covered by buildings of cluss . However, In the

|
computations in UES-2 the e 9 N /A is developed by evaluating

i wl classes wll clusaes i
AN Loy gy W
A AL J NY (42)

An wshmple test ot the brunding rate constunt wn urban residentiul taet (4000 sractures tn 20 kin®) with

o s 100U w7, was indtlubly SO peicent undomby fgnfed, T 24 mdnutes 90 percent ol the stuctures
i the et were on e,




For each of the initial fire starts, primary and secondary ignitions, a burnout event is
ij
scheduled at T, Similarly, ignitions that are the result of branding at time t will have burnout
i
events scheduled at b+ To for each building. Another obvious extension to UFM would be to

1
draw To from a distribution rather than treat it as a constant, or to update the burnout fraction of
each buming building, and switch it to category 3 when this fraction exceeded .99. This last

Q‘j TU
method would allow, for example, wind to affect X0 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 areas are proportional to the rate of self-branding, Aii tract i into tract
i, and contagion, A 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 (o estimate the
branding that occurs at wact 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 eas* respectively, and that the wind in tract i is blowing to the southeast while the wind in
ract 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 lincar 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
overlipped arcas are 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
A= Ai- D Aw+ A
k=1 (43)

where cither Ay or A will be zero for euch k.

Plgure 33, Dixplucement of nir masy beeause of winds,




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 be
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

i) C .
contagion. This propagation time delay ATp” for tract j ignited from tracti is

AT, = LR
Ly (44)
where
Li= Vi isthe effecive branding range (m)
Vw is the wind velocity perpendicular to the ij boundary (mvs)
_ ( . Ni )1/3
t8i =0.11Q7/ N2} {5 the average brand flight time (s) (43)

and

Ajj = Li Sij, branding range times the ij boundary length (m2),

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

An Allowed Propagation from tract j event is scheduled at b - ATD, where [t is the current update
tlime. 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
raie 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 Propagution events stored ot 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
ipnored.

To carry out a tract update the generating differential equations must be ransformed into
their numerical cquivalents, 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 of burnouts. And the equation for the change in N1 is the product of the average
ignition rate and the update interval. Symbolically

i1 dNII dN‘l
AN = Eiel + - ! (t, - L)+ P
i m (46)
where the update time has advanced from b o W, P is a0 uniform rundom number on (0,1), and
i [
AN L, which is detined as a positlve nueb. . s constrained by ANy =N, The random number

P cuuses un appropriate rounding to whole numbers of buildings, For example, 3.2 fire sturts in




the update interval will round to 4 fire starts 20 percent of the time and to 3 fire staris 30 percent of

i i i 1
the time. Thus, at update time ta, Ny is reduced by AN 1 N> is increased by AN, and reduzed by

i
the number of bura out events in the update interval, and N3 just accumulates burn out events,
The next update time for tcact i is estimaied by lincar extrapolatior as the time by wkich 2

ioagt i
10 percent change could occur in Ny Nz o N3 witha minimum and maximum allowed time
step. The cctual formulation that appears in UFS-2 is as follows:

. i
dNy AT = 0.1 —
A . :
dt implies AT; = 600 else dN / dt
Ni=0 inoiies AT =600 g AT, = min 600, 6 Ni/ N
AT" = min {1800, max {30, ATL, ATL)) @

Note that tracts are not updated in lockstep at some specified interval, but are updated individually,
asynchronously. The next update event for cach burning tract is placed on the cvent list at the time
of the current update. This asynchronous updating is a featu: of the UFS-2 design. 1t provides a
combination of good accuracy and computational efficiency. The only exception to this 1s that all

tracts are updated prior 1o an output event requested by Lhe user.

The energy, power, and burn out time per building in each occupancy class is given in
Table 4. The "Vacan(" class, which represents natural fuel, has been left blank in the current
model. It could be filed in., for example, with an appropriate energy per tree, power per tree, and
burn 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 purt of the fuel in the urban area. If atract is
y J
rubbiized, the effective number of buildings in each class is halved, T is halved, and do is

reduced to one third of its normal value, Thus, QIO is one sixth of the energy per building, which
allows only one twelfth of the 1ol energy to be released when the tract is bumt out.

K2
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Table 4. Approximate constants for rectangular burn curves by occupancy class.

Jceupancy .

Class Qo (joules) Q, (watts) To (s)

Barren 0 9 0

Vacant 0 0 0

Residential 2010)10 4(10)8 5(10)° ,
Commercial 8(10)10 8(10)% 100)4

Tiigh Y5

Residential 1(1 o)l 1 (10)7 1(10)4

Industrial 6(10)!! 6(10)’ 1(10)*

6.2  FIRE INDUCED WIND MODEL.

Surface wiads resulting from a fire column are an inflow response to the entrainment and
lofting of surface air. In the UFS-2 wind model each burning tract is considered to be a subfire
wilh its own fire column. Nieghboring subfire columns coalesce at some altitude above the
grouud, and this larger. combined column spreads in a conical fashion as it rises. The center of

i
each triangular tract is regarded as the subfire center, with an effective radius It given by
)1/2

i
re=(Aj/m (48)

i
Each subfire is made up of the fire columns from cach of the burning buildings in the tract, N2 fire
colurnns, The coalescence height of fire columns is

2 = 4.6263

/'\l ‘)‘/:l
n Ny

(49)

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

Zi) = 4.62063 r:‘ - Z:: (50) R
in meters. Thess distances are constrained by

0 < z) « 4.6263 1|

(1)




and

0<z <4.6263 1! (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 % about twice %,
In addition, to make the figure more legible the horizontal scale has been exaggerated by ubout two
times.

oalesced
column

T

y £

{

Figure 34. Geometry of coalescing fire columns.

The radial indraft component of surtuce wind is defined as a vector pointing to the subfie
(ract) center, Let these location vectors be given by R' and the test point where indrudt is 10 be
evaluuted given by Rp, The radlal component is directed along the vector R R, Alter u wind

velocity is assigned to each of these vectors (one for each sublire) they are summed to obin she
combined indraft wind. Let

- i o
r= ‘R 'RPl (53)

be the distance from the center of tract i W the test point,




|
1t T > %, the test point lies outside the tract i subfire, then the normalized velocity of the
indraft wind is gwen by

Vi B,
= o dok|On) g i 0
2nr? 5 M \NG r

.3 \1/3
%115(9} [k o) - f(ohob)

(54)
where the first temm is the air required by the burning rate, the second term is the air entrained by

the lower column, and u.e third term is the air entrained by the upper column. The new symbols in
Equation 54 are as rollows:

. X
V= AQr
Q

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/ kg fuel)

Q is the heat produced by a mass of fuel (J/kg)
d is the air density (kg/m3)

o - 0.1,k =3.897(10)%, and 1 = 5.51 e constants
and
@F 123
{(n + (o;)

f(co{',co(i,) = _
(1 + 2

0
(56)

is the runcated column entrainment factor, a tabulated function, where the scaled reciprocal
distances are

wr=z7/r

(D,l; = Z(i: / T (57)

i i
Wy=2Z,/T




and

i34

: i1/
zr=0.234 Qr ATy is the column top from tract i (m) (58)

i
ATy is the length of time tract i has been burning.

The UFM-2 model enforces the following constraints on the truncated column enaainment
parameters:

0 < w, < 4.6263 (59)

O<w.Lwr <50

A plot of flwr,wo) is shown in Figure 35.
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Figure 35. Truncated column entrainment function.

i
If T < Tf, 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 -elocity is given by Equation 54

1
evaluated at I'f times the distance to the tract center;




vi(r) = vi(rp) &
It (60)

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

ail burning -
- - e i‘Rl'R )
Vp=Ve+ 2 v,(r)——E—

i

i 14 (61)

. . i o ~
which can never have a zero distance for T when the test point is on a tract boundary. The
contagion area Ajj can then be expressed as

Aji = ty; | V, x S (62)

where Sij 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 /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 fire from tract 109
brands at 6540 seconds presumably because of the 1 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 comner 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 m/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. The first tract to burn 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 bumning toward the end of the




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 plotted 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 bumed out. Figure 37 is a plot of the maximum wind speed at tract centers. 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

4
associated with each tract are coded on a logarithmic scale, base 10 with an offset of 10°, Thus, 1
means 1.e$, 2 means 1.e6, etc.

Other parametric studies with UFS-2 involved multiple detonations and patterns of yield
and altitude, wind, and fuel loading that might dis-lose modeling errors. One such pattem placed
the bursts over the northeast comer 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 1.0 mT at 3500m. Another pattern was a 2x2
matrix of low and high arbient wind and low and high fuel loading. All of these tests were
performed satisfactorily.
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Figure 36. History of tract status for 1 m/s ambient sottheast wind.
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M1SSION RESERRCH CORPORATION
URBAN FIRE MODEL VERSION 2

PLOT SIMULATION TIME =  2000.00 SECCITS

TRACT WIND YELGCITY MAPY ARRON POIMTT IN OIRZCTION GF WIND,
AMMON SIZE 1S PREPORTIONAL T2 THE NIND SPEED.

MAXIMUM WIND VELOCITY MAGNITUDE = 12,370
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Figure 38. Tract map of relative wind vectors at 2000 s.
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M1SS1ON RESERRCH CORPORRTION
URBAN FI1RE MODEL VERSION 2

PLOT SIMULATION TIME = 4000.00 SECCNCS

TRRCT WNINO YELOCITY MAP) ARRON POINTS [N OIREZCTION ©F WINO,
AMMON SIZE 1S PAOPORTIONAL YO THE NIND CrErh.

MAXIMUM NIND VELOCITY MAGNITULOE = 9.76850
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Figure 39. Tract map of relative wind vectors at 4000 s.
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MISSION RESERRCH COPPORATION
URBAN FIRE MODBEL VERSION 2

PLOT SIMULATION TIME =  8000. 00 SECONDS

TRACT WING VELOCITT MAP: GRROM POINTS (N OIRECTION OF WIND.
ARROW ST 1S PROPORTIONAL TO TME NIND treEn.

MAXIMUM WIND VELOCITY MACNITUDE = 3.27370
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Figure 40. Tract map of relative wind vectors at 6000 s.




MISS1ON PESERRCH CCRPORATION
URBAN FIRE MODEL VERSIDN 2

PLOT SIMULATION TIME =  8000.00 SECONIS

TRACT WIND YELUCITY MAP¢ ARRDOW POINTSE 1N OTRETTILI OF WIND.
RARON $:ZF !S PROPORTIONAL TO THE NIND SPEED.

MAXTMUM WIND VELOCITY MACNITUDE = 1.64295%
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Figure 41. Tract map of relative wind vectors at 8000 s.
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Figure 42. Tract map of relative wind vectors at 10000 s.
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Figure 44. Tract map of unignited. burning, and burned out tracts at 4000 s.
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Figure 46. Tract map of unignited, bumning, and burned out tracts at 12000 s.
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Figure 47. Tract map of unignited, burning, and burned out tracts at 24000 s.
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' Figure 49. Tract map of Q at 4000 .

101




MISS10N RESERRCH CCRPORATION
URBAN FIRE MODEL VERSIDON 2

PLOT SIMULATION TIME =  8000.0Q0 SECONDS

QOOT wary LETTZRS O TO 9 RRC R RANGE OF QOOT VARLULS
QOOT SCRLE 13 LOGRRITHMIC BASE 10 ( Owl.tu 9sl.E13)

39.00

=
\
/
\
AN //

27.86
et}
»
“
-
\
//

(KILGMETERSI
ZE 29
(7}
. *

6. 7t

—_—
»
o
i
»
/
A
yd
»
.\

Y AXIS
»
(7]
N
“

[1.14
—_
>
=
[ %3
ol o
~
L)
[*
(¥ )

[=]

(=

“b.o0 €.43 10.BF 16.29_  21.71 _ 27.14 32,57  28.00
. A RAXI1S (KILOMETERS)

Figure 50. Tract map of Q at 6000 s.




M1SSION RESERRCH CCRPOPATION

URBAN FIRE MODEL VERSION ¢
FLOT SIMULATION TIME =  8000.C0 SECONDS

COOT MRes LETTEZRS O TO 0 RRE A RANGE OF ODOT VRLULS
QDOT SCALE 1S LOGRRITHMIC BRZC 10 ( Owi.ZQ 9w1.L13)

3s.o00

33.43

27.88

TS
/B\/:J‘ X/ i \% |

(KILOMETERS)
22.29

16.71

AXIS

T
1.1y

l
I\

.57

.00

b, o0 5.43 10.86 27.14 22.¢€7 2E.CO

16.23_ 21.7:
X AXIS (KILGMETERS)

Figure 51. Tractmap of Q at 8000 s.
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Figure 52. Tract map of Q at 10000 s.
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