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ABSTRACT

This document comprises a reference manual for computer programs
(FIRE MODS) pertaining to wildfire behavior and its effects, maintained by
the Fire Fundamental research work unit, Northern Forest Fire Labora
tory, Missoula, Montana. The subroutines embody mathematical models
that permit the prediction of the linear rate of advance of a fire, perimeter
and area growth rate, intensit\', flame length, area fire intensity, fuel
consumption, and duff burnout, under specifiable conditions of wind, slope,
and fuel moisture. The routines are written in FORTRAN IV, extended,
and stored in l' PDATE (a CDC file-maintenance utility program) format.

The algorithms are described in terms of input, output, organization,
and the purpose and precision of calculations. Where the theor,v is not
documented elsewhere, considerable detail is given on the mathematical
bases for the calculations performvd. Examples of input and ompul aI',
inc luded.

Periodic revisions of and additions to this manual are anticipated.



INTRODUCTION

This document is a manual for users of the FIREM0DS library of computer subroutines
maintained by the Northern Forest Fire Laboratory. The subroutines are stored in semi
permanent condition, on magnetic tape and data cell, at the Lawrence Berkeley Laboratory
computer center (BKY) on the University of California campus at Berkeley.

All users are encouraged to communicate any difficulties or suggestions to the
author:

F. A. Albini
Northern Forest Fire Laboratory
Drawer G
Missoula, Montana 59801

Telephone
FTS (406)585-3485
Commercial (406) 329-3485

The subroutines represent research models that are offered for general use to the
research community without any official sanction or status. Users are urged to check the
internal consistency and accuracy of the models for their own purposes. Each routine
is subject to periodic revision to expand capabilities. Addenda to this manual will be
issued as required.

UNLABELED COMMON VARIABLES

Each major subroutine stored on the permanent file space has a large unlabeled
common block through which are passed the fuel array and site-description variables,
and some fire-behavior data. The contents of this common block are described below.
The common block is:

C~1'1l\1~1~ ND, NL, BETAl, SIG~1A, GAMMA, XIR, RlI(llBQIG, PHIS, WINDX, PHIWX, RATEX,
1I3YRAJlIX, IR (2) , MEXT (2) , DEPTH, TTl-lETA, M(IlIS (2,100) , MPS (2,100), MWG (2, 100
2),LliV(2,lOO),RH(IlP(2,lOO),ST(2,100),SE(2,100),RUN,WINDI,WINDF,DELW,
3HEADING(10),NAMES(2,100),IFINES(2),0PT,BYRAM(lOO),RATE(1OO),NN,XI0
4,WI~U~(lOO),ISIZb(2,100),LARGEl,LARGE2



DESCRIPTION OF VARIABLES

Name :rfl..E:
Nil INTEGER

Nt iNTEGER

BETAl REAL

SiGMA REAL

Gf\1\IMA REAL

'(1 R I~EAL

RH0BQIG IH:AL

pm S REAL

WiNDX REAL

f'HIWX REAL

RATEX REAL

BYRAMX REAL

IR(I) REAL

Value from

SETUP

SETUP

FIrm,10D

FIREM0D

FiREM0LJ

FIRE!v10D

FIREM0D

FIREM0D

FIREM0D

FIRH10D

FIREM0D

FIRH10D

FIRE!v10D

Description

Number of dead fuel size classes
present in the fuel list (0 < ND ~ 100).
The fuel elements are ordered on size
(see ISIZE), by FIREM0D, so ND is the
ordinal number of the largest dead fuel
size class in the list. See LARGEI.

Number of live fuel size classes
present. See ND. See LARGE2.

Packing ratio of fuel complex (fraction
of fuel array volume filled by
"homogenized" fuel).

Surface/volume ratio (ft- I ) of
"homogenized" fuel particl es.

Reaction velocity (min-I) established
by SIG!v1A and BETAl (see eq. 67,
Rothermel 1972).

Reaction intensity (Btu/min/ft 2).

fleat of igni tion per unit volume
(Btu/ft 3) ~ee eq. 77, Rothermel 1972).

Slope factor for rate-of-spread
(see eq. 80, Rothermel 1972).

Windspeed (mi/h) at which maximum
value of wind factor for rate-of-spread
achieved (see eq. 86, Rothermel 1972).

Maximum wind factor for rate-of-spread.

Maximum rate-of-spread (ft/min) for
upslope wind of WINDX (mi/h).

Byram's fireline intensity
(Btu/min/ft) for maximum rate-of-spread.

Reaction intensity (Btu/min/ft 2) for
dead (1=1) and live (1=2) fuel
category. XIR=IR(1)+IR(2).
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Name

MEXT(l)

MEXT(2)

DEPTH

TTHETA

~

REAL

REAL

REAL

REAL

Value from

SETUP

FIREM0D

SETUP

SETUP

Description

Moisture of extinction of dead fuel
(fraction dry weight).

Computed moisture of extinction of
live fuel (fraction dry weight).

Depth of fuel array (ft) normal to slope.

Slope tangent of fire site.

M0IS(I,J) REAL

~IPS (I ,J) REAL

MWG(I,J) REAL

LHV (I ,J) REAL

RH0P(I,J) REAL

SETUP

SETUP

SETUP

FUELS

FUELS

Fuel moisture (fraction dry weight) for

Jth size class of category I. Value of
J established by order of input list, not
size class. See ISIZE.

Surface/volume ratio (ft- 1 for fuel
particles of size class J, category I.
See ISIZE.

Dry weight loading (lb/ft 2 ) of size
class J, category I. See ISIZE.

Heat of combustion (Btu/lb) of size
class J, category I. See ISIZE.

Dry density (lb/ft 3) of size class J,
category I. See ISIZE.

ST(I,J) REAL FUELS

SE(I,J) REAL FUELS

RUN INTEGER FIREM0D

WINDI REAL SETUP

WINDF REAL SETUP

DELW REAL SETUP

HEADING INTEGER SETUP

Total mineral content (fraction dry
weight) of size class J, category I.
See ISIZE.

Silica-free mineral content (fraction dry
weight) of size class J, category I.
See ISIZE.

Count of number of times FIREM0D has been
called. Also used as initializing switch
in other subroutines.

Initial (or only) windspeed at midflame
height (mi/h).

Final windspeed at midflame height (mi/h).

Increment of windspeed (mi/h) to be used
in filling out table of spread rate
versus-windspeed by FIREM0D, etc.,
between WINDI and WINDF.

Free-field alphanumeric description of
run, printed as identifier by various
subroutines (maximum-IOA8 words).
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Name

NAMES (I ,J) INTEGER

IFINES(I) INTEGER

0PT INTEGER

BYRAM (K) REAL

RATE(K) REAL

Value from

SETUP

SETUP

SETUP

FIRH10D

FIRE!'-10D

Description

Eight-character alphanumeric name of fuel
in size class J, category I. See IS1ZE.

Ordinal number of finest size class fuel
of category I used in describing fuel array.
See 1SIZE.

Flag quantity controlling quantity of output
printed by FIREM0D and other subroutines.

Byram's intensity (Btu/min/ft) for
windspeed of index K. See NN.

Rate-of-spread (ft/min) for windspeed of
index K. See NN.

NN

XI0

INTEGER

REAL

F1REM0D

FIREM00

Number of entries in the list of windspeeds
and spread rates generated by FIREM0D, as
determined by the parameters WINDI, W1NDF,
and DELW.

Propagating intensity (Btu/min/ft 2 ), as
determined by XIR and factor ~ (see eq.
76, Rothermel 1972).

WIND5(K) REAL

15IZE(1,N)TNTEGER

FIREM0D

FIREM0D

Windspeed (mi/h) number K. 1 < K < NN.

Second subscript value (size class

subscript J) of the Nth __ finest fuel
category T. That is, if J=1S1ZE(l,l), then
NAMES(l,J) identifies the finest dead fuel
in the array and MWG(I,J) is the dry loading of
that fuel type. The fuel array descriptors are
input in arbitrary order, and 1S1ZE is the
array that orders this list on a size basis
(in order of descending MPS) .

LARGEl

LARGE2

INTEGER

INTEGER

SETUP

SETUP

Ordinal number of the largest size class
dead fuel component to be included in fuel
array description processed. Although there
are ND dead fuel size classes described,
only those between 1F1NES(l) and LARGEl
are included in the fuel array description
being calculated.

Ordinal number of the largest size class
live fuel component to be included in fuel
array description processed. Although there
are NL live fuel size classes described,
only those between 1F1NES(2) and LARGE2
are included in the fuel array description
being calculated.
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SUBROUTINE SETUP
Subroutine SETUP is an input-processing service module that facilitates use of

FIREM0D and other subroutines employing the variables described in the UNLABELED C0MM0N
section. Use of this subroutine to process input data gives the user considerable
freedom in specifying run conditions for repetitive exercises of the subroutines in the
FIREM0DS library.

Subroutine SETUP has the capability to facilitate the generation of fuel array
descriptions which are "standard fuel models," eliminating the necessity of describing
the fuel elements in terms of loading by size class or fuel particle properties. This
has been accomplished through the use of subroutine STDFUEL, which is called by SETUP
when the appropriate input card is encountered.

C0~~10N DATA: UNLABELED C0MM0N

CALLING SEQUENCE: CALL SETUP

PRECONDI TIONS

The integer variable RUN in UNLABELED C0MM0N serves as a signal parameter for suh
routine SETUP. When RUN=O, all input variables are initialized to zero by SETUP before
any input data are accepted. When RLJN~O, the current values of all input variahles are
maintained and new data are read immediately. If repetitive runs are desired, with
data modifications specified by input through SETUP, care should he taken that RUN is
not reset to zero, to prevent data destruction through reinitializing hy SETUP. Note:
FIREM0D uses RUN to count calls to itself, and other routines make usc of this indicator.

Be sure that subroutines FUELS and STDFUEL are compiled (or FUELS is compiled and
a dummy routine with the STDFUEL name is included), or the loader will abort the job on
unsatisfied external references.

INPUT DATA ORGANIZATION

Subroutine SETUP allows a nearly random organization of input data by using a
"package and label" technique. In this scheme, a "package" of input data is preceded
by an identifying "label." SETUP reads in a single "label" card, which identifies the
type and quantity of data that are to follow, and so branches to the appropriate set
of read statements to read in the "package" of data.

The "label" cards are all read in with the same format (AS, 13). The eight
character alphanumeric word is the identifying label and the following integer is
(where appropriate) the number of cards in the "package" of data following the label.
SETUP recognizes the following labels (all are left-justified).

LABEL NAMES:

SUPPRESS
SH0WDATA
HEADING
NEW FUEL
FUELTYPE

SITEDATA
SIZELIMS
STDFUELS
0PTI0N
ST0P

If the label is not one of the above, the job is aborted by SETUP.

5



The following restrictions apply to the organization of the input data:

1. ST0P should be the last card in the data deck because it signals the program
to end hy way of a normal CALL EXIT statement.

, 0PTT0N should be the last card in a sequence that specifies a particular run
hecause it signals suhroutine SETUP that the input cycle is complete. SETUP then
transfers control hack to the calling program .

.). The FUELTYI)E package specifies which fuels are present, by name, size class,
loading, and moisture content. The other parameters that describe any particular fuel
type (density, heat of comhustion, mineral content, silica-free ash content) are stored
in a "dictionary" maintained by subroutine FlJELS, under the appropriate name. Thus,
if a specific fuel type is to he used, this name must be in the dictionary when it is
consulted. 'fhereforc, if specific fuel descriptions are to he used by name, and if
these names arc not already in the dictionary, they must he inserted in the dictionary
hy use of a NEW FULL package hefore specifying the fuel array by means of the FlJELTYPE
package. Once the fuel description is listed in the dictionary, it will remain there
for the rest of the run, so it can he called out in subsequent FUELTYPE specifications
without reentering it in the dictionary. The fuel properties listed under any name can
he revised in the dictionary if desired, and it is not necessary that the fuel types
heing used he in the Jictionary at all, if rough estimates of the dictionary-maintained
fuel properties are adequate (more on these options helow).

4. A joh setup may include any numher of NEW FUEL packages hecause the fuels will
he added into the dictionary according to instructions implicit in the card data. In
other words, the NEW I:UEL package can he broken into any numher of smaller packages,
even in the same run. But the FUELTYPE package must be a single unit for any given run.
The last encountered FlJELTYPE package wi 11 be the fuel bed specification until another
FlJLLTYPE package is encountered.

S. When using the STlJFU1,LS package, a conflict can arise because the SITEDATA
package card specifics the moisture of extinction of the dead fuel category. This
parameter can also he specified on the STDFUELS package card, and the last value input
will he used. When the STDFUELS package card is used to specify it, the moisture of
extinction of the dead fuel can he left blank or set to zero, and subroutine STDFUEL
Ivi 11 supply a value.

6.
duced.

When using the STDFlJE:LS package, a HEADING package input is automatically pro
It can be overridden by inserting a HEADING package later in the data sequence.

7. It is not necessary to use either NEW FUEL or FUELTYPE packages when using a
STDFlJELS package, nor is it necessary to use a SIZELIMS package because the STDFUELS
package generates a complete description of the fuel array. A SIZELIMS package,
following the STDFUELS package in the input sequence, overrides the "N0NE" entry
automatically supplied by the STDFUELS option.

PRINTED OUTPUT AND ERROR TERMINATIONS

The "label" names SUPPRESS and SH0WDATA are used to control the printed output
from subroutine SETUP. Whenever a label card is encountered with SUPPRESS as the
lahel name, thereafter SETUP will produce no printed output save for a diagnostic
phrase in the event of error termination. When a SH0WDATA label name is encountered,
the effect of the SUPPRESS card is canceled. Neither card is ever required, and until
a SUPPRESS card is encountered, a SH0WDATA instruction is assumed to be in effect.
Whenever the "SH0WDATA" condition is in effect, the printed output is as follows:
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SETUP skips a page and heads it with a phrase "INPUT DATA IMAGE, SUBR0UTINE
SETUP .. RUN N0. Nil before producing a near-verbatim replication of the input cards. As
subroutine SETUP reads in each card, it prints the data out; if the data are incomplete
or inconsistent, SETUP will terminate the job with an error message. Because each card
is printed out as it is read, it is usually easy to spot an offending card and the
error in it.

The "SUPPRESS" option is intended to reduce printed output when a great amount of
data are to be entered through subroutine SETUP, when the user is confident that there
are no unprocessable cards in the data stack. Note that if the first card in the data
stack is a "SUPPRESS" label card, SETUP will produce no output except diagnostic
messages on error termination.

CARD FORMATS AND CONTENTS

A label card is of the form (TYPE,NUMBER) where NUMBER=numher of package cards to
follow.

The format for the label cards is A8,I3. In the case of NEW FUEL and FUELTYPE
labels, the number of cards in the package following must be specified in the integer
field. For all other labels, the number of cards in the package is assumed to be 1.
The formats of the cards in each package are given below:

HEADING package card.

FORMAT (lOA8).

This is a free-field card which is often reproduced en toto as a job description
heading when FIREM0D and other routines are called.

NEW FUEL package cards.

FORMAT (A8,2X,A4,2X,4(SX,F6.1),2(2X,A8))

VARIABLES: NAME,LIFE,HEAT,DENS,TMIN,EMIN,1I'0RD,RUFF

DEFINITIONS OF VARIABLES

N~IE=8-character alphanumeric identifier of fuel type, such as S NEEDLE (spruce
needle) or DF TWIGS (Douglas-fir twigs).

LIFE=4-character word identifying fuel as live (LIFE=LIVE) or dead (LIFE=DEAD)
category. Default aborts input.

HEAT=low heat of combustion in Btu/lb

DENS=dry density of fuel in lb/ft 3

TMIN=total mineral content, fraction of dry weight

EMIN=silica-free mineral content, fraction of dry weight

W0RD=8-character alphanumeric, signaling whether this fuel-identifying card
represents a revision of properties of a fuel type already in the dictionary
(W0RD=REVISI0N) or a new fuel type to be added to the dictionary (W0RD=NEW
FUEL). On default (i.e., W0RD=anything other than these two) the input
cycle may be aborted when the dictionary-keeping subroutine FUELS is called,
because an internally maintained flag quantity will have a value specified by
the last call to FUELS. If this NEW FUEL package represents the first time
the dictionary is consulted, the default value of W0RD will be considered to
be the same as the last-recognized value.
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RUFF=8-character alphanumeric that has only one significant value (RUFF=ESTIMATE).
If RUFFfESTIMATE, the input values of HEAT,DENS,TMIN, and EMIN are to be
inserted in the dictionary as properties of the fuel type (NAME,LIFE). If
RUFF=ESTIMATE, the input values are ignored and default values are used
instead. These values are:

HEAT 8,000 Btu/lb

DENS 32 Ib/ft 3

nUN O. 0555

HUN 0.0100

FUELTYPE package cards.

The lahel card is of the form (LABEL,NUMBER), where NUMBER=number of FUELTYPE
cards to follow:

FOR1'-1AT (A8, 2X ,M, IX, 3 (9X, F6. I) ,12X ,A8)

VARIABLES: NAM,LIFE,SIG,XL~AD,XMST,RUFF

DEFINITIONS OF VARIABLES

NN1=8-character alphanumeric name, to be found in the dictionary of fuel char
acteristics (e.g., corresponds to NAME on NEW FUEL package card).

LIFE=4-character word identifying fuel as live (LIFE=LIVE) or dead (LIFE=
DEAD) category. (If neither, run will be terminated.)

SIG=surface/volume ratio of fuel particles of this type, ft- 1

XL~AD=dry weight loading of fuel of this type, Ib/ft 2

XMST=moisture content of this fuel type, fraction of dry weight

RUFF=8-character alphanumeric that has only one significant value (RUFF=
ESTIMATE). This flag quantity is consulted if the fuel type (NAM,LIFE)
1S not in the dictionary, and the default value of IiEAT,DENS,TmN, and
D1Il\ will be returned only if RUFF=ESTHlATE. Otherwise, the input cycle
is aborted with an error message. The default value of RUFF;iESTHlATE.

SITEDATA package card.

FORMAT (6(8X,FS.2))

VARIABLES: WINDI,WINDF,DELW,SL~PE,DEPTH,MEXT(I)

DEFINITIONS OF VARIABLES

WINDI=minimum upslope windspeed, in mi/h, at midflame height.

WINDF=maximum upslope windspeed, in mi/h, at midflame height.

DELW=windspeed increment to be used in filling spread rate values (and Byram's
intensity values) between WINDI and WINDF, in mi/h, at midflame height.
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SL0PE=angle of slope, in degrees.

DEPTH=mean depth of fuel bed in direction normal to slope, ft.

MEXT(l)=moisture of extinction of dead fuel, fraction of dry weight.

The usage of degrees to describe slope is contrary to the common forestry practice
of specifying slope by the value of the tangent of this angle, expressed usually as
"percC'nt" rather than a fraction. The correspondence between these specifications is
as fol101vs:

Percent
slope 10 20 30 40 50 60 70 80 90 100

Angle,
degrees: :'. 71 11.31 16.70 21.80 26.57 30.9CJ 34.99 38.66 41. 99 45.00

SIZELIMS package card.

rOR~lAT (2(A4,15X,I3,10X,13,5X))

VARIABLES: NWl,IA,IB,NW2,IC,ID

DEFINITIONS OF VARIABLES

NIVl=4-character alphanumeric that must have one of the following values:
N0NE,LIVE, or DEAD.

lise of the option NWl=N0NE causes SETUP to ignore the other variables on
tile card, and to usc all the fuel elements in the list as an array description.

If NIVl=LIVE, then IA and IB are taken to be, respectively, the smallest and
largest size classes of the LIVE fuel category that are present in the fuel
complex specified by the FUELTYPE package. Furthermore, NW2 now must be DEAP
to prevent an abort.

Similarly, if NWl=DEAD, then IA and IB are taken to be, respectively, the
smallest and largest size classes in the DEAD fuel category that are to be
included. Furthermore, NW2 now must be LIVE or the program run will be aborted.

IC and ID are taken to be, respectively, the smallest and largest SIze classes
in the NW2 category.

NOTE: lA and Ie, or both, can be zero or blank or negative and the smallest
size class wi 11 be set to 1. Like\vise, IB and/or 10 can exceed the number of
fuel types in the category, and the largest size class will he set to the
number of size classes in the appropriate category. That is, IA,IB and IC,
10 are taken to be "not to exceed" bounds, and do not have to be precisely
specified if the bounds are fixed by the length of the list determined by the
FUELTYPE package. For instance, if there are 23 dead and 17 live size classes
specified in the FUELTYPI package, and the investigator wishes to include in
a particular fuel complex all dead fuels except the three smallest and the two
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largest, but wants to include all the live fuels, the SIZELIMS card could
be constructed in any of the following equivalent ways:

A) NWl=DEAD,IA=4,IB=21,NW2=LIVE,IC=1,ID=17

B) NWl=DEAD,IA=4,IB=21,NW2=LIVE,IC=BLANK,ID=100

C) NWl=LIVE,IA=O,IB=SO,NW2=DEAD,IC=4,ID=21

D) NWl=LIVE,IA=l,IB=60,NW2=DEAD,IC=4,ID=21

Etc.

STDFUELS package card.

FORMAT (A4,lX,Al,4X,S(lOX,F4.2))

VAR IABLES: NS0URCE, M0DEL, XMD, CMl , CM2, CM3, CM4

DEFINITIONS OF VARIABLES

NS0URCE=4-character alphanumeric name, identifying the source entity of the
fuel model. Currently only two source names are recognized: NS0URCE=
NFDR or NFFL. The NFDR source produces the standard fuel models of the
National Fire-Danger Rating System (Deeming and others 1972). The NFFL
source produces a set of typical wildland fuel models that arc very
similar to those of the NFDR and virtually identical to those described
by Rothermel (1972).

M0DEL=1-character alphanumeric (letter designator of fuel model). The set of
fuel models that are available are listed for the two sources in the
writeup of subroutine STDFUEL.

XMD=moisture of extinction of the dead fuel category. If this entry is blank
or zero, subroutine STDFUEL provides a value.

CMl=moisture content of finest dead fuel size class.

CM2=moisture content of medium-sized dead fuel class.

CM3=moisture content of largest dead fuel size class.

CM4=moisture content of live fuel (only one size class exists for live fuel).

(jJPTI(jJN card.

There is no package for this card. The label card is of the form (TYPE,Nl~BER).

When TYPE=0PTI0Nbb, (b=blank) , the integer NUMBER value specifies the output option and
control is immediately transferred from SETUP to the calling program. The quantity of
printed output from the FIREM0D (and other) subroutines is controlled by the value of
NUMBER, which is set equal to the blank common variable 0PT.

ST(jJP card.

If a "label" card with ST0P in the first four columns is encountered, SETUP imme
diately terminates the job.
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GENERAL NOTE

Note that all the "package" cards have blank spaces interleaved between the numer
ical fields. This was done intentionally so that data cards could be punched with
identifying phrases preceding each of the numerical entries. The "label" cards have a
69-charactcr free field on the right-hand side so the "packages" can be labeled with
identifying remarks. A typical data deck setup is shown below, illustrating the usc of
mnemonic identifiers of data fields and remarks on label cards.

SA~1PLE DATA UECK FOR SETUP

A sample data deck suitable for usc with suhroutine SETUP IS shown below. The
output produced by this sample data is given in the writeup of PR0GRA~1 SAMPLE.

1111111111?2?22222~?J1131331334444444444555555555566666~66667777777777q

1?34567B901?J45h7 R901?345h7KqOl?34567R901?J4567R9012345678901234567A901234567890

OLD DATA
OLD DATA
NEW DATA
NEW DATA
ESTIMATE
CULL LOG

MEASUREO
MEASURED
ESTIMATE

NEW FUEL
NEW FUEL
NEW FUEL

2.R DEADMEXT .25

DEAU FUEL COMPONENTS (SLASH)
~EAT=R300. DENS= ~4.5 MINL=.0500 EMIN=.0200
HEAT=7ROO. DFNS= lA.2 MINL=.0300 EMIN=.0220
HEAT=7900. DFNS= 31.0 MINL=.0400 EMIN=.0190
HEAT=7900. DENS= 11.0 MINL=.0400 EMIN=.0190

NEW FUEL
NEW fUEL
NEW fUEL
NEW FUEL
NEW FUEL

HEAT=7000. [)ENS= 14.0 MINL=.OMO EMIN=.0140 NEW FUEL
LOADINGS. SURFACE/VOLUME RATIOS, MOISTURE CONTENTS
SURF/VOL 1750. DRY LOAD .630 MOISTURE 0.07
SURF/VOL 343. DRY LOAD .280 MOISTURE 0.09
SURF/VOL 91. DRY LOAD .470 MOISTURE 0.10
SURF/VOL 27. DRY LOAD .530 MOISTURE 0.12
SURF/VOL 11. DRY LOAD 1.45 MOISTURE 0.15
SURF/VOL 4.S DRY LOAD 1.60 MOISTURE 0.30
SURF/VOL 2ROO. DRY LOAD .091 MOISTURE 0.90
SURF/VOL 1250. DRY LOAD .007 MOISTURE 1.10
SlJRF/VOL 295. DRY LOAD .024 MOISTURE 0.70

0.0 MAX wIN~ 6.0 STEPSIlE 1.0 SLOPf = 30.96 DEPTH =
1 LTVF FUEL COMPONENTS
LIVE HEAT=RI00. DENS= ?9.0 MINL=.0700 EMIN=.0015
LTVE HfAT=9300. DENS= 26.0 MINL=.OA50 EMIN=.0052
LTVE
h

r)fAD
OFAf)
f)EAD
DFAI)
DF"Af)
~fAO

9

DEAf)
I)EAJ1
OFAI)
DEAD
DEAD
DEAD
LIVE
LlVE
LlVE

HEAnING SAMPLE-OUTPUT GENERATING OATA SET
HY~OTrl~TIcaL LOGGING SLASH OVE~GROWN WITH GRASS AND ARUSH - FOR EXAMPLE OUTPUT

<;ITEDATA
.~ I N \OJ IND
NEW FUEL
GQASSES
RUSHLfAF
"lUSHTWIG
"JEW FUEL
"JEEOLE:,
SM TWIGS
SM LIMBS
LG LIMBe;
TRET TOP
PUNKYLOG
FUEL TYPE
NfEOLES
SM TWIGS
SM LIMtlS
LG LIMBS
TREE TOP
PUNKYLOG
GRASSES
BUSHLEAF
RUSHTWIG
SIlFLIMS
"I0NF
OPTT ON I
OPTION 1 RERUN JUST TO SHOW OPTIONS INFLUENCE
ST~FUELS RERUN HEAVY SLASH MODEL FOR COMPARISON
NFfL J STn MOIS EXT. FINE MOIS 0.07 MED MOIS 0.10 LGE MOlS 0.15 ALL DEAD
OPTION 1
ST0P
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SUBROUTINE FUELS

Subroutine FUELS stores a "dictionary" of fuel properties that are constants, not
environmentally influenced variables. Specifically, the dictionary is a randomly orga
nized list of fuel type names, and associated with each name is a set of four parameters:
dry density, heat of combustion, total mineral content, and silica-free mineral content.
FUELS also provides for temporary additions to and revisions of the contents of the
dictionary. Adding, revising, and extracting of data using subroutine FUELS are accom
plished by setting flag parameter IN0UT in the calling argument.

C0MM0N DATA: None

CALLING SEQUENCE: CALL FUELS(NAME,LIFE,IN0UT,HEAT,DENS,TMIN,EMIN,R0UGH,FLAG)

PRECOND ITl ONS

1. To extract data from file maintained by FUELS, IN011T=(Negative integer).
2. To add data to file maintained by FUELS, JN0UT=O.
3. To revise data in file maintained by FUELS, IN0UT=(Positive integer).

NOTE-The role of flag parameter, R0UGH, is controlled by IN~UT.

VARIABLES IN CALLING SEQUENCE

NAME=8-character alphanumeric name of fuel type.

LIFE=must be either 4HLIVE or 4HDEAD, specifying the category of the fuel type
as LIVE or DEAD.

IN0UT=integer. See PREC0NDITI0NS.

HEAT=heat of combustion of fuel type (Btu/lb). 1

DENS=dry density of fuel type (lb/ft 3 ).1

TMIN=total mineral content of fuel type (fraction dry weight).l

EMIN=Silica-free mineral content of fuel type (fraction dry weight).l

R0UGH=floating point flag quantity (1.0 is only meaningful value).

FLAG=output floating point flag quantity (0. or 1. is output).

VARIABLE R0UGH

When inserting (adding or revising) data, if R0UGH=1.0, the values of HEAT,DENS,
TMIN, and EMIN are ignored, and prestored rough estimate values are used.

1These can be either input or output, depending upon IN0UT input value.
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When extracting data, if R0UGIl=1.0, then if NAME~LIFE do not correspond to an entry
in the dictionary, the rough estimate values of HEAT,DENS,TMIN, and EMIN are returned.
In this case FLAG is set to 1.0.

The rough estimate values are:

HEAT 8,000 Btu/lb

DENS 32 1bl ft 3

n,lIN 0.0555

EMIN 0.010

VARIABLE FLAG

Plays no rolc when data are inserted.

[s set to zero vlhen data are extracted by matching NAME and LIFE to entries Ln
the dictionary. Is set to 1.0 when extracting data and NAME,LIFE do not match entries
in the dictionary and R0LJGH=1.0, so estimates are returned.

PRINTED OUTPUT AND PROGRAM TER1'-lINATION CONDITIONS

I'rinted output occurs whenever conflicting requirements are placed on the subroutine.
A diagnostic message, along with an image of the calling sequence variables, is output
and the run is terminated.

Conditions for termination arc:

1. Trying to extract data and NAME,LIFE entry not in dictionary and R0UGHf!.

2. Trying to revise data and NAME,LIFE entry not in dictionary.

3. Trying to add data and exceeded storage bounds.

4. Trying to add data and NAME,LIFE already in dictionary.

5. Category LIFE is neither LIVE nor DEAD.

SUBROUTINE FIREM00

Subroutine FIREM0D is a F0RTRAN IV embodiment (with some variations) of the equa
tions for predicting rate of fire spread in wildland fuels (Rothermel 1972). The
permanently stored version of this subroutine contains about 190 lines of statements
that define the input, output, and internal variables, and give reference to the
appropriate equations in the cited monograph. Internal variables are not described here.
Input and output are passed through UNLABELED C0~~0N, so the reader is referred to that
discussion in this manual. Those parameters that are listed under "FIREM0D" in the
column labeled "VALUE FROW' are output from FIREM0D; the other variables are input to
FIREM0D.

13



:0MM0N DATA: UNLABELED C0~10N

:ALLING SEQUENCE: CALL FIREM0D(Y)

The output variable, Y, is a flag quantity that will have the value O. or 1. If
:he fuel complex analyzed has a characteristic surface area/volume per particle of
l7S ft- 1 or less, and a wind is present, the flag parameter Y is set to 1., indicating
~hat the reliable range of correlation of spread rate-vs-windspeed has been violated,
Ind all wind-driven spread rate output may be suspect.

JRECONDITIONS

The input variables must be defined before FIREM0D is called, or execution
lre likely to result. To establish the values of input variables that describe
environment, and fuel array, the input-processing subroutine SETUP can be used.
~ise, these variables must be read in or computed. (Refer to SETUP description
thorough discussion of these variables.)

errors
the site,
Other

for a

FIREM0D tests to be certain that dead fuels are included in the fuel array, and
that the dead fuel array has an average moisture content (based on weighting by fuel
particle surface area) less than the moisture of extinction specified, before proceeding
with calculations. If these conditions are not met, an advisory message is printed
out, and control is transferred to the calling program. This avoids the problem of
error termination during computations on a fuel array that would not support fire spread
anyway. This check is made afteY' fuel size list ordering and after the fuel list has
been printed out.

DEVIATIONS FROM ROTHERMEL'S EQUATIONS

Several changes in the model as published by Rothermel (1972) have been incorpo
rated in this version of subroutine FIREM0D. The changes, and a brief discussion of the
rationale for them, are listed below:

1.
element,
dry fuel

COY'Y'ection foY' minepal content--The dry weight loading of any particular fuel
w , includes the noncombustible mineral fraction, ST' The loading of combustible
.0
is:

wo(l-ST)' not wo/(l+ST)

as in Rothermel (1972).

2. MineY'al damping coefficient.--The expression for the mineral damping coefficient,
which modifies the reaction intensity, is:

n = 0.174(S )-0.19
s e

is the silica-free ash content of the fuel.

it never exceeds unity.

When S is less than -1.SxlO- 4 ,
e

To preclude this possibility, the value of ns is

where S
e

this equation produces n >1.0.
s

"clamped" in the subroutine so that

3. Reaction velocity cOY'Y'elation.--The equation for the reaction velocity, f',
includes an exponent, A, which is calculated from Rothermel's equation 39 (1972).

This equation is singular for 0~67.63, and A is negative for values of 0 less than this.
Negative values of A give values of f' greater than f'MAX' and frequently very much
greater.

14



To prevent this anomaly, a new equation for A has been programed into the spread
model:

A = 1330-0.7913

This equation fits the data as well as the one it replaces over the range of 0 for
\vhich experimental data exist, but some change in spread rate between the two methods can
be anticipated, particularly at high packing ratios and values of 0 around 1,000 ft- 1 .

4. Weighting factors for fuel loading.--The net loading of the live and dead fuel
categories is calculated by summing the loading of each size class in the category, with
a weighting factor based on the fraction of that category's fuel surface area contributed
by that size class:

w .net,l L:. f .. w ..
Slze lJ n,lJ
class j

is sensitive to
(For example,

i ,j • " the net

In Rothermel's version (1972) of the model, the f .. were calculated simply from
lJ

f .. = (o .. w .. /p .. )/I:(o .. w .. /p .. )
1J 1J 01J 1J . lJ 01J 1J

J

where o .. w .. / p.. is the surface area of the fue 1 component i, j per un i t area of the
1J 01J 1J

ground. This method suffers from the logical flaw that the net loading
the partitioning of the fuel loading amongst nearly equal size classes.
if half of w .. is placed in the size class i,j', and the other half in

01J
loading contribution of IV .. is reduced to half its former value, even if 0 .. ' = 0 .. ".)

01J 1J 1J

To alleviate this difficulty, subroutine FIREM0D partitions the fuels, by size, into
six subclasses, and gives all the members of each subclass the same weighting factor.
The weighting factor for a subclass is the fraction of the total fuel surface area con
tributed by that subclass:

\v .net,l

g ..
1J

i:
subclass
to which
j belongs

f ..
1J

The subclasses are defined in terms of the surface/volume ratio, 0, of the fuel elements
shown below. These definitions are largely arbitrary, and do not represent any recom
mendations as to how fuel element size classes should be specified for sampling purposes.

. ( - 1SL2e 0), ft

o ~ 1,200
1,200 > 0 > 192
192 > 0 > 96
96 > 0 > 48
48 > 0 > 16
16 > 0

Equivalent diameter,
D, inches

0.04 > D
0.25 ~ D > 0.04
0.5 > D > 0.25
1 > D > 0.5
3.0 > D > 1
D > 3.0

Subclass

1
2
3
4
5
6

NOTE: Subclass 6 is ignored in the calculations (the weighting factor is set to zero),
since fuels of >3-inch diameter do not contribute to the spread process.
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5. Moisture of extinction of live fuels.--The moisture of extinction of the live
fuel category is calculated from the ratio of the loadings of dead and live "fine"
fuels and the moisture content of "fine" dead fuel. In order to reduce the sensitivity
of the model output to arbitrary definitions of "fine," a method of calculating the
relevant loading ratio and the "fine" dead fuel moisture content using aU size classes
was generated. Because the Chamise "dynamic fuel model" (Rothermel and Philpot 1973)
is being used in southern California and represents a most important application of
the model with mixed live and dead fuels, this model was used as a benchmark in order
to derive an explicit definition of "fine fuels" for general use. William H. Frandsen,
of the Northern Forest Fire Laboratory, discovered in 1973 that by using a weighting
factor of the form exp(-K./a .. ) for the loading in each category, the results of the
computation would be the ~am~J (using all size classes) as when using the "Chamise model"
arbitrary definition of "fine" for chaparral-type fuels.

Using the values of K = 138 for dead fuel and 500 for live fuel, the "Chamise
model" output is almost exactly reproduced. The current model uses the following equa
tions to calculate the dead/live loading ratio and "fine" dead fuel moisture.

Dead/Live Loading Ratio W

n l

L W1.exp(-138/0
1

.)
o J J

j=l _
n 2

L w 2.exp(-500/o2.)
o J J

j=l

"Fine" Dead Fuel Moisture Mf,Dead

n
l

L Mfljwoljexp(-138/o1j)
j=l
n l

L w l,exp(-138/o1 .)
o J J

j=l

w~ere n l and n 2 are, respectively, !he number of dead and live fuel size classes,
(w ) .. is the ovendry loading, and 0., is the surface/volume ratio of category

o 1J 1J
(i=l, dead; i=2, live) and size class j, (Mf ) 1 . is the moisture content of the dead
fuel of size class j. J

The live fuel moisture of extinction, (M )L' ,employed in Rothermel (1972) isx 1vegiven by his equation 88:

(M )L' = 2.9W(1-Mf 0 d/ 0 . 3) - 0.226x 1ve , ea (min value 0.3)

Implicit in this formula is the assumption that the dead fuel moisture of extinction
is equal to 0.3.

Because many fuel models employ other moisturcs of extinction than 0.3, this equa
tion is not always consistent with the fuel model being exercised. In some cases it is
possible to have the live fuel burning while the dead fuel will not burn, using this
formula. To correct this inconsistency, this equation was replaced by:

2.9W(1-Mf 0 d/(M)D d) - 0.226, (min value (M)D d), ea x ea x ea
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The effect of this change on the performance of the four Northern Forest Fire Laboratory
Standard Fuel Models with live components (Models B,C,F, and G) is shown in the four
accompanying figures (fig. I through 4) as the ratios of spread rates and/or intensities
computed by the two methods. In general, the new method produces slower-spreading,
less-intense fires when (M)D d<0.3.x ea

6. Weighting factor on intensity by category.--Frandsen (1973) pointed out the
possihle difficulty in using the category weighting factor, f., originally used by
Rothermel's (1972) equation 57, to calculate the total reacti~n intensity. He proposed
to substitute the "effective heating number" E. = exp(-13S/a.) for the factor f ..

1 1 1

After reviewing the rationale behind the use of a category weighting factor on
intensity, and noting that in virtually all wildland fuel complexes a >500, a concensus
was reached that there was no necessity for having any weighting facto; on reaction
intensity by category. This becomes more apparent if one considers the limiting case
of a lahoratory fuel bed of one category of constant size class: Using the effective
heating number as a weighting factor would cancel this term from the denominator, where
its presence is required.

The current model uses no category weighting factor on intensity. Rothermel's
(1972) equation (58J for computing reaction intensity becomes:

i=m _
1"1: (i\r ).h.(n ).(n J.
i=l nIl s 1 m 1

SEQUENCE OF COMPUTATIONS BY FIRE~10D

The sequence of the major computations performed by FIREM0D is listed below:

1. Zero working arrays and initialize output variables to zero.
2. Sort fuel components by size (see ISIZE array under UNLABELED C0MM0NJ.
3. Delete large size fuel elements (>3-inch diameter) from consideration.
4. Calculate size class weighting factors.
5. Check to he certain that at least dead fuel category moisture content does

not exceed moisture of extinction.
6. Calculate moisture of extinction of live fuels.
7. Calculate reaction intensity of live and dead categories.
s. (Optional) output fuel descriptors, site descriptors, and run heading.
9. (Optional) output results of live and dead category array calculations.

10. Calculate intensity and spread rate versus wind for fuel array as a whole.
11. (Optional) output gross parameters--"homogenized" fuel descriptors.
12. Calculate array of spread rates versus windspeeds.
13. (Optional) output windspeed, spread rate, Byram's intensity arrays.

PRINTED OUTPUT

All printed output from subroutine FIREM0D is controlled by the input parameter
0pT, an integer. (See the 0PTI0N package writeup under subroutine SETUP.) If 0PT=I,
all output prerogatives are exercised. If 0PT <lor 0PT >3, no printed output is
generated by FIREM0D. 0PT=2 produces intermediate and final output, but no fuel descrip
tion, while 0PT=3 produces spread rate versus windspeed table only.

0PT >3 suppresses all printed output from FIREM0D and some other routines.

0PT=3 causes FIREM0D to print requested range of windspeeds (as specified by the
SITEDATA package card) along with associated spread rate wind factors,
spread rates, and Byram's fireline intensity.
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Figu~e 1.--Variation of reaction intensity and spread rate with dead fuel moisture-
comparison of current and previous-method results, for standard fuel model NFFL-F.

Figure 2.--Variation of reaction intensity and spread rate with dead fuel moisture-
comparison of current- and previous-method results, for standard fuel model NFFL-G.

Figure 3.--Variation of reaction intensity and spread rate with dead fuel moisture-
comparison of cur~ent- and previous-method results, for standard fuel model NFFL-C.

Figure 4.--Variation of reaction intensity and spread rate with dead fuel moisture-
comparison of current- and previous-method results, for standard fuel model NFFL-B.
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~PT=2 causes FIREM~D to print all of the above, plus gross fire spread parameters
(packing ratio, optimum packing ratio, slope factor, characteristic surface/
volume ratio, reaction velocity, reaction intensity, and heat sink).

~PT=1 causes FIREM~D'to print all of the above, plus page heading, including date
and run number, fuel depth, and slope tangent.

A list of all the fuel types used (along with all fuel properties, includ
ing moisture of extinction), ordered in terms of increasing particle size.

Category descriptors, including percentage contribution to reaction inten
sity, characteristic surface/volume ratio, mineral damping coefficient,
moisture damping coefficient, and effective loading.

~PT <1 suppresses all printed output from FIREM~D.

SUBROUTINE STDFUEL

Subroutine STDFUEL is a utility subroutine intended to facilitate the specifica
tion of fuel arrays that are "standard models." Two sets of standard models are avail
able: Those used in the National Fire-Danger Rating System (Deeming and others 1972)
and a similar set of typical wildland fuel models used internally at the Northern Forest
Fire Laboratory (Rothermel 1972). A complete description of the fuel array is generated
by a single call to STDFUEL, which establishes the data in unlabeled common data suitable
for use by FIRE~10D and other subroutines in the library package. Environmental variables
(wind and slope) must be supplied externally. Data for subroutine STDFUEL can be
supplied by using subroutine SETUP, but it is not necessary to do so.

C0MM0N DATA: UNLABELED C0MM0N

CALLING SEQUENCE: CALL STDFUEL (IS0URCE,IWHICH,MSTURE,XMD,CMl,CM2,CM3,CM4)

PRECONDITIONS

1. STDFUEL uses subroutine FUELS, so FUELS must also be compiled.

2. STDFUEL generates a dead-fuel moisture of extinction, a heading array, and
size limits specification, so the order of data input through subroutine SETUP is
important. See writeup of subroutine SETUP.

3. If flag quantity MSTURE=O, dead fuel moisture of extinction is set to input
variables XMD. If MSTURE # 0, a standard value (dependent upon fuel model selected)
is supplied by STDFUEL.

VARIABLES IN CALLING SEQUENCE

All variables are input quantities.

IS0URCE = 4-character alphanumeric variable specifying the source entity for the
fuel model selected. IS0URCE must be either 4HNFDR (to select National
Fire-Danger Rating System fuel models) or 4HNFFL (to select Northern
Forest Fire Laboratory fuel models). Program will be terminated if
IS0URCE is not recognized as one of these names.
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IWHICH

tvlSTURE

XMD

CMl

Ctv12

CM4

I)RINTElJ OUTPUT

I-character alphanumeric designator of fuel model. (See table of model
types below.)

Integer flag quantity, specifying source of the value of dead fuel
moisture of extinction (see PRECONDITIONS above).

Dead fuel moisture of extinction (specified by input value only if
1vlSTURE=O) .

Moisture content of the finest size class of dead fuel.

Moisture content of the intermediate size class of dead fuel.

Moisture content of the largest size class of dead fuel.

Moisture content of (only size class of) live fuel.

Printed output occurs only \"hen incompatible specifications are supplied to
STOFUEL, such as IS0lJRCE not recognized or I\'IHICH specifies a model which does not
exist for given IS0URCE. The output message images the input variables.

PHOGRA1vl TERtvlINATION CONDITIONS

1.

3.
A and L.

IS0URCE is not ei ther NFDR or NFFL.
When IS0URCE=NFDR, and IWHICH is not a letter between A and I.
When IS0URCE=NFFL, and IWIIICH is the letter D or is not a letter between

FUEL MODELS AVAILABLE

Table I describes the fuel models available through STDFUEL.
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Table l.--Standard fuel models available through subroutine STDFUEL

Model Name
Surface/volume (ft- I ) and Loading (lb/ft 2 )

Dead Live
Depth
(ft)

Moisture of
extinction,

dead fuel

NFDR FUEL KlDELS

0.75

1500/.0918 6.00

A

B

C

D

E

F

G

H

Short grass

Chaparral

Timber (grass
& understory)

Sage & low
pocosins

Hardwood
Ii tter

Brush (not
chaparral)

Timber (Ii t ter
&understory

Closed timber
li tter

Medium logging
slash

3000/ .0574

2000/.23,109/.184,30/.0918

2700/.0689,109/.0459

1750/.0689,109/.115,30/.0918

2500/.0689,109/.0459

1500/.0459,109/.023

1500/.138,109/.0918,30/.23

2000/.0459,109/.0459,30/.0459

1500/.184,109/.23,30/.459

1500/ .091-.;

1.00

2.50

.30

2.00

1. 25

.40

3.50

0.25

.25

.25

.25

.25

.25

.25

.25

.25

NFFL FUEL KlDELS

A

B

C

Short grass

Chaparral

Timber (grass
& understory)

3500/.034

2000/.23,109/.184,30/.092

3000/.092,109/.046,30/.023

1500/.23

1500/.023

1.0

6.0

1.0

.12

.20

.15

D None

E

F

G

H

J

K

L

Hardwood
li tter

Brush (not
chaparral)

Timber (litter
& understory)

Closed timber
litter

Medium logging
slash

Heavy logging
slash

Light logging
slash

Tall grass

2500/.134,109/.019,30/.007

2000/.046,109/.023

2000/.138,109/.092,30/.23

2000/.069,109/.046,30/.115

1500/.184,109/.644,30/.759

1500/.322,109/1.058,30/1.288

1500/.069,109/.207,30/.253

1500/.138

1500/ .092

1500/.092

.2

2.0

1.0

.2

2.3

3.0

1.0

2.5

.25

.20

.25

.30

.20

.25

.15

.25

For all fuel particles, the following properties are used: Ovendry density 32 1b/ft 3,
heat of combustion 8,000 Btu/1b, total mineral content 0.0555, silica-free mineral
content 0.0100.
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SUBROUTINE FLAME
Suhroutine FLN-IE uses the output of subroutine FIREM0D to estimate characteristics

of the flame produced by the reaction zone of a spreading fire. The bases for these
calculations are puhlished research papers that include experimental verifications of
the correlation equations over at least part of the range over which the parameters can
be expected to vary in wildland fire situations. Nevertheless, the accuracy of the
predictions of subroutine FLN-IE over the entire range possible is not known. The sub
routine is made available for information and for research purposes; the user is
cautioned tllat the Northern Forest Fire Laboratory has not verified the accuracy of each
output from the models.

C0~lrv10N DATA: UNLABELED C0~1~10N

CALL [NG SEQUENCf:: CALL FLN-1E

PRECOND ITI ONS

1. Output from FIRf:M0D is anticipated by subroutine FLAME, so if the variable RUN
is zero when FLAME is called, then FLAME will call FIREM0D. So if the data are supplied
hy some other source than FIREM0D, the programer should be certain to set the value of
the variable RUN to something other than zero before a call to FLAME.

2. If FIREM0D is not to be used with this subroutine, the programer should include
a dwnmy subroutine with the name FIREM0D to avoid having the loader abort the job for
want of an external routine by that name.

PRINTLD OUTPUT

Subroutine FLAME prodllces a pageskip, reproduces the HEADING message, and titles
the page, along with a message th& the wind is upslope, with the slope tangent given.
Then eight column headings are printed, and as many rows of data are printed as there
are entries in the list of spread rates-vs-windspeed as output from FIREM0D. The output
data are, in order:

1. Windspeed at midflame height, mi/h
, Byram's intensity, Btu/min/ft
3. Flame length, ft, from Byram's formula (see below)
4. Crown scorch height, ft, from Van Wagner's formula (see below)
5.-8. Flame length, height, horizontal reach (ft), and tilt angle from vertical,

from Thomas' formulas (see below).

A cautionary message is output as a footnote to the table when windspeeds exceed
the value for which spread rate increases. Following this warning, the maximum "re
liable" values for the entries in the first four columns are printed.

When tIle slave exceeJs 50 percent, a cautionary messabe is output, warning the
user tJlat the crown scorch lleight can be badly underestimated due to a change in the
!JatteDl of flow of tne hot, ouoyant column of air from the fire front. The equation
used to estllllate tile 11IaxilllUIl1 neigllt of lethal crown scorch is based on level-ground
experimental data, and evidence exists that it may fail dramatically in high-slope
terraill.

PROGR~~ TEruMINATION CONDITIONS

No provisions are made for normal program termination by subroutine FLAME. Error
termination can occur if the input variables are not specified fully.
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CALCULATIONS PERFORMED

The windspeed, rate of spread, reaction intensity, and Byram's intensity are input
to the subroutine. Byram's equation for flame length (Brown and Davis 1973)

9- = 0.45 10.46

(9- in ft, I in Btu/s/ft) is used to calculate the flame length printed in the third
column.

The lethal scorch height for coniferous crowns is calculated from Van Wagner's
equation (Van Wagner 1973):

h 3.94 17 / 6 /((0.1071 + U3)1/2(60_T))
s

(h in m, I in kcal/m/s, U is windspeed in mis, T is ambient temperature, C). This
eq~ation uses Byram's intensity, I, and is based on scorch temperature of 60° C (140°
F). The ambient temperature, T, is assumed to be 77° F for the calculation in sub
routine FLAME, but the scorch height for any other ambient temperature can quickly
be established from the scaling relationship:

h (T) = (63/(140-T))h (77°F).s s

The correlation equations developed by P. H. Thomas (1962, 1967) are used to
generate the last four columns of output. His equations contain the parameters D (depth
of flaming zone) and mf ' (the rate of mass production per unit area of ground surface)

and predict flame length and flame height. (Thomas also developed equations in which
he used the symbol D as a characteristic dimension of a nonspreading fire. We use this
formulation in order to be able to predict flame height and horizontal reach. Thomas

also derived a line-fire equation much like Byram's with 9- = 0.201 2/ 3. It doesn't seem
to work as well over the wide range as does Byram's correlation, and is not used here.)
The depth, D, is calculated from the rate of spread, R, and the characteristic-particle
surface/volume ratio, a, as (Anderson 1969):

D = 384 R/o.

The mass production rate per unit area, mf ', is estimated from the reaction In
tensity, IR, and a rough estimate of the heat of combustion of 8,000 Btu/lb:

m' ,
f (lb/ft 2/min)

flame length

Thomas' relationships are:

1

42D(mf,/p(gD)lh)0.61, no wind

2. 0.43 2°. 11
700CCmf')2/p gO) (gD/U) windspeed U

\

9- , no wind
h = flame height = 560 (mf '/PU)(U 2/gD)0.13, windspeed = U

where P is the density of ambient air, g is the acceleration of gravity, and the units
are any consistent set so that the expressions in parentheses are dimensionless.

23



Note that these equations are singular for extremely low wind velocities, but the
no-wind values are given. Subroutine FLAME restricts the low windspeed value of the
flame length to the no-wind value, and constrains the height not to exeed the length.
The low windspeed condition exists when the wind coefficient that changes spread rate
falls below a minimum value. The wind coefficient for spread rate, ¢w' is of the for~

(Rothermel 1972):

¢ = AU B.
w

Because spread rate determines D, and spread rate is related to wind and slope through
coefficients ¢ and ¢

w s'

R = (1 + ¢ + ¢ )R .
s w 0

The dependence of flame length on windspeed can be written as

£ = K(l + ¢ + AU B)O.68U-O.22.
S

Taking the logarthmic derivative of this expression gives the critical value for the
wind coefficient

1 + ¢
s

34B/11 - 1 .

When ¢ falls below the value, flame length increases with decreasing windspeed. So
w

when this condition prevails, the flame length from Thomas' formula is restricted not
to exceed the no-wind value.

SUBROUTINE C{ZjNTAIN

Subroutine C0NTAIN provides two methods whereby the rates of area and perimeter
growth can be calculated for a fire on a uniform site, under the influence of both wind
and slope. Under the assumptions implicit in the formulations used, the fire is
initially extremely small (mathematically, a point) and grows in time with a constant
rate of increase of linear dimensions, maintaining its shape as dictated by the slope,
windspeed, and (in one model) wind direction. The accuracy of the predictions of the
models used in this subroutine is unknown, but the values computed should be considered
only to be rough estimates, useful for comparative evaluations and order-of-magnitude
determination, but not for detailed planning or data analysis.

C0MM0N DATA:

1. UNLABELED C0MM0N

2. C0MM0N/WIND/WINDMAX,B,U,UC,W

3. C0~10N/SL0PE/SL0PEMX,C0SPHI2,HAFPI

CALLING SEQUENCE: CALL C0NTAIN (METH0D)
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PRECONDITIONS

1. Subroutine C0NTAIN employs the output from subroutine FIREM0D, so these values
in unlabeled C0MM0N must be established before calling C0NTAIN. The value of the
variable RUN is checked when C0NTAIN is called, and if RUN=O, C0NTAIN calls FIREM0D.
If FIREM0D is not used to generate the values needed by C0NTAIN, set the value of RUN
to something other than 0 before calling C0NTAIN.

2. If FIREM0D is not compiled along with C0NTAIN, the programer should include a
dummy subroutine named FIREM0D in the deck containing the driver program to avoid an
abort by the loader for want of an external routine by that name.

VARIABLES IN CALLING SEQUENCE

METH0D=Integer quantity determining the methodes) by which the calculations are
to be performed. If METH0D=l, only the first method (described below) will
be used. If METH0D=2, only the second method (described below) will be used.
If METH0D=ANY VALUE BUT I OR 2, both methods will be used.

PRINTED OUTPUT

Method l--produces a pageskip, reproduces the HEADING message including run numher,
prints the slope tangent, and titles the page. Then seven tables are printed out, each
appropriately identified, with the rows in each table each corresponding to a value of
windspeed as specified in the unlabeled common data. The columns of each table are,
from left to right, for wind directions of 0, 45, 90, 135, and 180 degrees from upslope.
The table entries are, respectively:

Table No.

1.

2.

3.

4.

5.

6.

7.

Meaning of entries

Fire area in square feet ~ (burning time in
minutes) 2

Fire perimeter in feet ~ (burning time In
minutes)

Maximum rate of fire spread, ftlmin

Direction (degrees from upslope) in which
spread rate is maximum

Fire area in acres ~ (burning time in hours)2

Fire perimeter in chains ~ (burning time in
hours)

Maximum rate of fire spread, chainslh

A footnote explains the conversion of tables 1, 2, 5, and 6 to units of area or length.

Method 2--produces a pageskip, reproduces the HEADING message including run number,
prints the slope tangent, and titles the page. Then a seven-column table is printed,
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with each row corresponding to a windspeed. The windspeeds are those represented in
the unlabeled C0MM0N variables. The entries in the columns, from left to right, are:

Column No.

l.
2.

3.

4.
5.
6.
7.

Meaning of entries

Windspeed at midflame height (uphill) in mi/h
Fire perimeter in feet (burning time in

minutes)
Fire perimeter in chains • (burning time

in hours)
Fire area in ft 2 (burning time in hours)2
Fire area in acres. (burning time in hours)2
Maximum rate of spread in ft/min
Maximum rate of spread in chains/h

A footnote explains the conversion of the area and perimeter outputs to area and
lineal units.

In both cases, a cautionary message is printed whenever the rate-of-spread value
is limited to the maximum value reliably predicted by the wind-coefficient correlation
parameter reported by Rothermel (1972).

PROGRAM TERmNATION CONDITIONS

No provisions are made in subroutine C0NTAIN for normal program termination.
Error termination can be produced if input variables are not defined in the expected
manner.

CALCULATIONS PERFORMED

Method l--calculates area and perimeter growth rates based on the assumptions that:

1. The rate of spread in any particular direction is determined by the slope
tangent in that direction, with the rate-of-spread coefficients calculated according
to the formulas given by Rothermel (1972) using the "component" values of slope tangent
and windspeed indicated.

2. Negative slope or backing wind do not influence spread rate, i.e., the down
hill and/or against-the-wind spread rate is the same as the no-slope and/or no-wind
value.

Method 2--calculates area and perimeter growth rates based on the assumptions that:

1. The wind is blowing uphill.

2. The fire perimeter is described by two semiellipses with a common minor axis.
The values of the major axes of the ellipses, relative to the common minor axis, are
computed using a formula based on data by Fons 2 for wind-driven fire shapes. The
formulas were developed by Hal Anderson 3 and use maximum rate-of-spread and windspeed
as independent variables.

2 Fons , Wallace L. 1940. Unpublished data on file at the Northern Forest Fire
Laboratory, Missoula, Montana 59801.

3Anderson, Hal E. Memorandum (Fire Shape and Size) to R. C. Rothermel and W. C.
Fischer, Northern Forest Fire Laboratory, Missoula, Montana 59801, August 10, 1973.
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Method 1 equations.--The rate of spread in the direction G (an angle measured from
uphill) is calculated from the equation

R(G) '" (1 + cP (G) + ¢ (G,w))R
s w 0

where

slope coefficient based on the slope sensed in the direction G from
uphill,

where () IS the slope angle.
s

ror Ilell >TT/2. q, = O.
s

q,w(G,w) '" wind coefficient, hased on the wind component in the direction, G, when
the wind is blowing in the direction w from uphill.

B
¢ *cos (w-G), where

Iv
in the direction of
crmel (1972) in the

¢ * = CUB
w

¢ * is the wind coefficient when the spread rate is
Iv

the wind, and the parameter B is that given by Roth
equation relating windspeed, U, to wind coefficient:

Wilen the spread direction is at a right angle (or greater), the wind direction,
cP

IV
= o.

The eyuations for perimeter and area growth rate are:

Perimeter

Area

time

The integrals are evaluated numerically, using the Romberg quadrature procedure, to an
accuracy of about 0.1 percent. The functions necessary to evaluate the numerical
integrals are included as function subroutines in the same package with C0NTAIN in
the suhroutine library.

Method 2 equations.--The area and perimeter growth equations based on the two
ellipse model use only two parameters. These are the maximum rate of spread, R
(assuming the wind is blowing uphill) and the windspeed, U. The semiminor axis (common
to both halves of the perimeter shape function) is b, where

h

p

and U is in ft/min.

!.
(alP) 2

(1 + 0.46 exp(-O.00199U))/(1 + 1.16 exp(-0.000983U))

0.56 exp(-0.00164U)
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The long semimajor axis in the direction of the wind is a 2 , where

a2 = a1 exp(O.000983U)

and the semimajor axis in the direction against the wind is a 1.

All these parameters are proportional to the maximum rate-of-spread, R, which is
used to scale these shape parameters with time. The spread rates are input values to
subroutine C0NTAIN. The area-vs-time, normalized by the square of the maximum spread
rate, is given by

area. (maximum spread rate)2 = (rr/2)(a1 + a2)b

implemented as a function subroutine included in the C0NTAIN entry in the library.

The perimeter of an elliptical contour is, of course, given by an elliptic
integral. The approximate formula used in this implementation is

perimeter (maximum rate of spread) ~ (~/2)((2(a12 + b2))~

+ (2(a2 2 + b2))l:2)

Both the area and perimeter calculations are embodied in function subroutines
included in the C0NTAIN entry in the library. These functions are written to use U in
ft/min, and are independent of the maximum rate of spread, (R).

OTHER ROUTINES STORED WITH SUBROUTINE C0NTAIN

As mentioned above, several auxiliary calculations used by subroutine C0NTAIN are
implemented as functions or subroutines, and are stored under the same name. For
completeness, these additional routines are listed below.

FUNCTI0N AREL(U)

is the fire area ~ (maximum rate of spread)2 as a function of windspeed
(U), in ft/min, by method 2 outlined above.

FUNCTI0N PEREL(U)

is the fire perimeter ~ (maximum rate-of-spread) as a function of
windspeed (U), in ft/min, by method 2 outlined above.

FUNCTI0N WIND(X)
C0MJl.10N/WIND/IVINDMAX, B, U, lJC, IV

is the wind coefficient for fire spread rate in direction X, in
radians, with respect to uphill, according to the formulation of
method I outlined above. WINDJI.~X is the maximum value of the wind
coefficient, B the exponent on windspeed used in computing the wind
coefficient, U the windspeed in ft/min, UC the value of windspeed
(in ft/min) at which the wind coefficient achieves its maximum
value, and IV is the wind direction, measured from uphill, in radians.
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FUNCTI0N SL0PE(X)
C0MM0N/SL0PE/SL0PEMX, C0SPHI 2,HAFPI

is the slope coefficient for fire spread rate in direction X, radians
with respect to uphill, according to the formulation of method 1
outlined above. SL0PEMX is the slope coefficient for spread uphill,
C0SPHI2 is the square of the cosine of the slope angle, and HAFPI
is TT/2.

FUNCTI0N DWIND(X)
C0~~0N/WIND/WINDMAX,B,U,UC,W

is the derivative of function WIND(X) with respect to X.

FUNCTION DSL0PE(X)
C0MM0N/SL0PE/SL0PEMX,C0SPHI2,HAFPI

is the derivative of function SL0PE(X),with respect to X.

FUNCTION DSDX(X)
C0~~0N/SL0PE/SL0PEMX,C0SPHI2,HAFPI

C0~~0N/WIND/WINDMAX,B,U,UC,W

is the
formed
tives.
length

derivative of perimeter length with respect to polar angle X,
by combining the wind and slope coefficients and their deriva

Implicit in the calculations is normalization of the perimeter
by the no-wind, no-slope rate of spread.

ENTRY DADX(X)

is the derivative of fire area with respect to polar angle X,
by combining the wind and slope coefficients for direction X.
in the formulation is normalization of the area by the square
no-wind, no-slope rate of spread.

SUBROUTINE R{lJMBERG

C0MM0N DATA: NONE

CALLING SEQUENCE: CALL R0MBERG(F,A,B,ACC,QUAD,FLAG)

formed
Implici t

of the

This subroutine is a purely mathematical service routine, which computes the
integral of function F from A to B by Romberg's quadrature procedure. ACC is input as
the desired absolute accuracy, QUAD is the desired integral, and FLAG is an output
quantity equal to 0, if the accuracy (convergence) specification has been achieved. If
the accuracy specification has not been met, FLAG=l., and ACC is returned as an estimate
of the accuracy achieved (Ralston and Wilf 1967).
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SUBROUTINE BURN(ZJUT

Subroutine BURN0UT estimates fire behavior in dead fuels after the passage of an
igniting flame front. The output of subroutine FlREM0D is used by BURN0UT. This
computation aims to predict the degree of fuel consumption and the time history of the
intensity of fire in heavy fuel arrays such as logging slash, windthrown timber, piled
fuels, etc. The theory behind the model is still largely untested, and users are
cautioned to view output as tentative estimates.

C0f\1f\10N DATA: UNLABELED C0f\lM0N

CALLING SEQUENCf: CALL BURN0lJT(NP0INS, TPRINS,WDUFF ,DM0IS,FLAG. TB\tlW, THEAT ,iU,S)

DESCRIPTION OF VARIABLES

Variable

NP0lNS

TPRINS

WDUH

DM0TS

FLAG

Mode

INTEGER

FL0ATING

FL0ATlNG

FL0ATING

FL0ATING

1-100

> 0.1

NO LIM

NO LIM

O. to l.
or -1.

30

Description

Input which defines how many time
snapshots of the burnout process are
to be generated. Internally limited
to the inclusive range 1 to 100.

Input which is the time, in minutes,
between successive time snapshots of
burnout process generated by the sub
routine. Internally limited to equal
or exceed 0.1 min.

Input total litter/duff loading on
site, Ib/ft 2 , normally. If user
wishes to input amount of litter/duff
burned out on site, it is input as
WDUFF, Ib/ft 2 , with a signal to the
subroutine that this is the case, by
setting DM0IS ~ o.

Input mass-average value of litter/
duff moisture content, as fraction of
dry weight, ordinarily. When DM0IS
< 0, then \~UFF is interpreted as being
actual amount of litter/duff consumed,
lb/ft 2

Output variable is ordinarily the
fraction of the total loading-
excluding litter/duff--on the site
(dry weight) which is consumed by fire.
If there are no dead fuels present, or
if there are more than 100 size classes
of dead fuel, so the estimate cannot
be made, then FLAG=-l. is returned and
BURN0UT prints a diagnostic message.



Variable

TB0W

THEAT

RI

S

PRECONDITIONS

Mode

FL0ATING

FL0ATING

FL0ATING

FL0ATING

NO LIM

NO LIM

NO LIM

O. to
NP0INS*
TPRINS

Description

Output variable is the dry weight
loading--excluding litter/duff-
consumed by fire, lb/ft2 .

Output variable is the total heat
loading generated by the burning of
fuels--excluding litter/duff--on the
si te, Btu/ ft 2.

Output variable is the peak reaction
intensity found amongst the NPOINS
time snapshots generated, in
Btu/ft2-min.

Output variable is the time, in
minutes, from arrival of igniting
flame front to the time of maximum
intensity (RI) discovered amongst the
NPOINS time snapshots generated.

1. Output from FIREM0D is assumed to be in unlabeled common, so a call to FIREM0D
should be made prior to calling BURN0UT.

2. Printed output from BURN0UT is controlled by the common variable 0PT, just as
it controls output from FIREM0D. So the variable 0PT should be set to the desired value
)efore a call to BURN0UT.

)RINTED OUTPUT

Quantity of printed output is controlled by the integer variable 0PT in unlabeled
:ommon. For ¢PT 1~ everything listed below is printed:

Pageskip, run number (integer variable RUN in unlabeled common), heading (alpha
lumeric word string HEADING(l-lO) in unlabeled common), and a table of 10 variables
rersus time. The table entries, by column, are:

Column No.

1.

Meaning of entries

Time since arrival of igniting flame front,
minutes. Values include zero and the
characteristic particle residence time,
384/0 (see writeup of subroutine FIREM0D).
The variables listed below are output for
these first two time entries, but are not
generated by the algorithm outlined below,
and are listed for reference only. A
statement to this effect is printed across
the page, where the third row entries would
be. After that advisory message there are
up to 100 more rows. These rows include
the time since arrival of igniting flame
front, minutes. Values are in steps of
(input variable) TPRINS, and there are
(input variable) NP0INS of them.
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2.

3.

4.

s.

6.

7.

8.

9.

10.

11.

Gross (wet weight) loading remaInIng, as a
fraction of the initial gross loading.

Dry loading remaining, as a fraction of the
initial dry loading.

Gross (wet weight) loading remaining, Ib/ft 2 .

Dry loading remaining, Ib/ft 2 ,

Gross loading-loss rate as a fraction of
initial gross loading, min-I.

Dry loading-loss rate as a fraction of
initial dry loading, min-I,

Gross loading-loss rate, Ih/min/ft 2 .

Dry loading-loss rate, Ih/min/ft 2 ,

Fire intensity, as sensihle heat release
per unit area per unit time, Btu/min/ft 2 ,

Cumulative sensihle heat released per unit
area, Btu/ft 2 .

for (1;])']'=::, the above outputs are omitted, but everything beloh' is printed:

Pageskip, nm numher (integer variahle RUN in unlabeled common), heading (alpha
numeric word string IlEAL)[N(~(I-IO) in unlabeled common), and a list of five variables.
The first row is again an output not generated hy the algorithm outlined below, but is
a restatement of FIREM0n outputs for reference only.

If a litter/duff loading is specified, and some (or all) of it is burned, then a
second row of variables is printed which must be interpreted slightly differently. A
verbal message to that effect is printed across the list just below the first one or
two rows.

'rhe rows are listed in order of increasing size (see variable ISIZE in FIREM0D
writeup) and columns are from left to right:

Co lurrrn No.

1.

Meaning of entpies

Name of fue I element (NMIES (l ,J) in un
labeled common). Each dead fuel element
with ordinal size ranking equal to or
larger than IFINES(I) and equal to or
sma 11 er t han LARGE 1 (s ee UNLABELED C0Mf\10N
writeup) is included in the fuel description
and is listed here. The first row is
named "IGNITION" and the numerical variables
in the first row are derived from FIREM0D
output. If the litter/duff output row is
present, it is named "LIT/DUFF".
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3.

l.

s.

Burnout time of the fuel element named,
minutes. For the first row, this time is
384/0 the "characteristic particle" flame
residence time (see FIREM0D writeup and
Anderson 1969). If an entry for litter/
duff is made, this time is indeterminate,
and "I" is printed.

Fraction of the intial dry loading of the
named element consumed. For fuel elements
completely consumed, this quantity is
(I - ST)' where ST is the total mineral

content of the named fuel element. For the
first row entry, this quantity is the
product of the reaction intensity (XIR)
and the characteristic particle residence
time (384/0) divided by the product of the
total inital (dry) fuel loading and 8,000.
The latter number is a rough estimate of
the heat of combustion (Btu/lb dry weight)
of the fuels. For the second row entry,
the litter/duff load consumed, as a
fraction of the total load, is output.
If the option of specifying the amount of
litter/duff burned out is exercised, this
quantity will be unity.

Dry loading of the named element which is
consumed, lb/ft 2 . For the first row entry
this variable is calculated as the product
of the reaction intensity (XIR) and the
characteristic particle residence time
(384/0) divided by 8,000 (Btu/lb dry
weight), the approximate heat of combustion
value. 4 If there is an entry for the
litter/duff load burned, the value will
he printed out here for the dry weight
loading burned out. This may be either
an estimate using Van Wagner's formula
(see below) or the value of WDUFF input
to the subroutine.

Cumulative sensible heat released by the
burning of all elements listed so far,
Btu/ft 2 . For the "IGNITI0N" element,
this entry is simply the product of the
reaction intensity (XIR) and the character
istic particle residence time (384/0).
For the "LIT/DUFF" element it is the
product of the dry loading consumed (see
the previous item) and 8,000. These two
contributions are not included in the
cumulative values printed below the
advisory message.

4See FIREM0D writeup for more discussion of these variables.
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For 0PT=3 only the following single line is printed, after a lineskip:

A final entry in the above-described table is named "T0TAL", and the four variables
printed are:

1. The longest element burnout time, min.

2. The fraction of the total loading in dry weight lb/ft 2 which is burned, not
including any litter/duff contribution or the "IGNITI0N" entry described above.

3. The total dry loading, lb/ft 2 , which is burned, not including any litter/duff
contribution or the "IGNITI0N" entry described above.

4. The cumulative sensible heat release, Btu/ft2 , due to burning of all the listed
elements (except the "LIT/DUFF" and "IGNITI0N" entries).

For 0PT<1 and 0PT>3, all printed output from BURN0UT is suppressed.

Diagnostic error messages are output when the subroutine is unable to generate out
put for one of three catastrophic reasons:

1. There is no dead fuel specified in the inputs, or

2. There are more than 100 dead fuel elements specified. In either of these two
cases, a one-line output is generated, the flag parameter FLAG is set to -1., and
control is returned to the calling program.

3. There is no fuel element with moisture content below its maximum burning mois
ture calculated for that element size (see below). In this case, a one-line output is
generated, the flag parameter FLAG is set to 0., and control is returned to the calling
program.

PROGRAM TERMINATION CONDITIONS

No provisions are made in subroutine BURN0UT for normal program termination. As
presently configured, if the basic data will run through FIREM0D successfully, then
there should not be cause for execution faults in subroutine BURN0UT.

ALGORIT~1 STRUCTURE

The subroutine proceeds linearly through the sequence of computations outlined
below. Only one major branch in the chain of computations is indicated. Most of the
branch points in the coding deal with limiting values of computations, checks to see
if results are computable, and output option exercises. The sequence of operations
is as follows:

.1. Establish basic constants, initialize output variables to zero, and check
input variable ranges.

2. Assign each fuel element size class to appropriate subcategory and calculate
amount of overlap of each size class by members of the same subcategory to which it
belongs.

3. Determine amount of overlap by all size classes, of all others (as fractional
planform area) .

4. Determine amount, if any, of litter/duff burned out.

BRANCH: If no litter/duff burnout is indicated, jump ahead to step 7.
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5. Calculate fraction of dry load of each size class that is burned out through
interaction with others of equal or smaller size.

6. Recalculate fraction of dry load of each size class that is burned out through
interaction with others of its own subcategory size group, adding in the contribution
to its burnout through the burning of the litter/duff layer.

7. Calculate fraction of dry load of each size class that is burned out through
interaction with all other size classes. (This is a "bootstrap" recalculation for cases
with litter/duff burnout.) As each size class is examined, in order of increasing size,
the density of the fuel particles is tested to determine if the fuel should be considered
rotten. If rotten, and if its moisture content is below the critical value for its size,
the fraction burned out is set to unity.

8. Initialize output variables to zero and calculate time-snapshot times.

9. In one pass, calculate the time of burnout of each size class while accumulating
total dry weight and gross weight loadings. While examining some particular size class,
determine what amount of its total burnout is to be attributed to each other size class,
burnout time appropriate for that pairing, the dry weight loading loss of the size class
considered to be attributed to the other size classes, and the ratio of this loss to
the burnout time for that pair. Finally, determine the total dry weight loading loss
of each size class as it is considered.

10. Proceed to generate output required to calculate the amount of load loss and
the load-loss rate due to interaction of any two size classes; use is made of a universal
"burnout function" FBT(X), and its first derivative, DFBT(X) (fig. 5). This function
is discussed in the appendix. Suffice it to say here that this function was chosen arbi
trarily, because it appears to have the proper shape with time. The theory behind the
calculations, model calibration exercises, and supporting analytical details are found
in appendix I.

Time since ignition/total burnout time

DFBT(x}, THE DIMENSIONLESS

DERIVATIVE OF FUNCTION FBT{x)

FBT(x) ~ THE FRACTION
OF FUEL CONSUMED BY

DIMENSIONLESS TIME X
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Figure 5.--The burnout function
and its first derivative.
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PROGRAM SAMPLE (WITH EXAMPLE OUTPUT)

The library of subroutines includes a short "driver" program that can be used to
sample output from each subroutine. It also can be used to build special-purpose
programs, by adding and deleting lines with the file-manipulation program (UPDATE)
available at BKY and other CDC installations. The program, named SAMPLE, merely calls,
in turn, subroutines SETUP, FIREM0D, FLAME,C0NTAIN, and BlJRN0UT. A copy of the program
is reproduced below, illustrating how one can assemble the various subroutines into a
program.

C0MM0N DATA: UNLABELED C0~~0N.

INPUT PROCEDURE: See Subroutine SETUP.

PROGRAM TERMINATION CONDITIONS: Via Subroutine SETUP.

PROGRAM OUTPUT: Sample produces no output of its own. The individual
subroutines produce all the output.

EXAMPLE EXERCISE:

The sample input data presented at the end of the description of subroutine SETUP
were used to generate example output for each of the subroutines. An image of the actual
output is presented in the following pages, for reference.

PROGRAM ~AMPLf(INPUT.OUTPUT) SAMPLE.2
COMMON ND,NL,BfTAl,SIGMA.G~MMA.XIR.R~O~QIG.PHI~,WINDX,PHIWX.R ATEX,SAMPLE.3

18YRA~X,IP(2),MEXT(?).DEPTH.TTHETA,MOIS(2.100),MPS(2,1 00),MWG(2,lOOSAMPLE.4

2),LHV(2,100l.RHOP(Z,100).STI2,100),SEI?,100),RUN,wINDI,WINDf,DELW,SAMPLE.S
3HEAOING(lOl,NAMES(2,lOO).IFINES(Z).OPT,RYRAM(100).RATE(lOO),NN.XIOSAMPLE.6
4,WINDSIIOO).ISIlE(2,lOO),LARGEI,LARGE2 SAMPLE.7
I~TEGER HEADING.RUN,OPT SAMPLE.8
REAL MPS,~WG.LHV,MOIS.MEXT.IR SAMPLE.9
RU~=O SAMPLE.IO

10 CALL SETUP SAMPLE.ll
CALL fIREMOOI}() SAMPLE.12
CALL fLAME SAMPLE.I3
CALL CONTAIN!3l SAMPLE.14
CALL BURNOUT(30,.4 •• A,.4,FG,TB,TH,RI.SS) SAMPLE.lS
GO TO 10 SAMPLE.16
END SAMPLE .17
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INPUT DATA I~AGE, su~~aUTINE SET~P •• RUN NO.

HEADI"IG -ry
HYPOTHETICAL LOGGI"lG 5LA~rl OVERGKOW"l wiTH GRASS AND RRUSH - FOR EXAMPLE OUTPUT

SITEDAU -0
LEAST WINO 0, MOST WINO 0.0, INCREMENT 1.00, SLOPE (DEG) 31.0, DEPTH 2.80. MOIST. EXT••2500

NEW FIJEL 3
3 NEw FUEL OESCRIPTIONS (YEATVAL, DENSITY, MINERAL CONTENT, EFFECTIVE MINERAL CONTENT)

GRASSES LIVE 8100.0 29.0 .0700 .001S NEW FUEL MEASURED
BUSHLEAF LIVE 9300.0 26.0 .06S0 .OOS? NEW FUEL MEASURED
AUSHTwIG LiVE -0 -0 -0 -0 NEW FUEL ESTIMATE
NEioI FUEL (,

6 NEW FUEL DESCRIPTIO"lS (HEATVAL, OENSITY, MINERAL CONTENT, EFFECTIVE MINERAL CONTENT)
NEEDLES DEAD 8300.0 34.5 .0500 .0200 NEW FUEL OLD DATA
SM TWIGS DEAD 7800.0 3(,.2 .0300 .0220 NEW FUEL OLD DATA
SM llMgS DEAD 7900.0 31.0 .0400 .0190 NEioI FUEL NEW DATA
lG LIM~S DEAD 7900.0 31.0 .0400 .0190 NEW FUEL NEW DATA
TREE TOP DEAD -0 -0 -0 -0 NEW FUEL ESTIMATE
PUNKYLOG DEAD 7000.0 14.0 .0600 .0140 NEW FUEL CULL LOG
FUEL TYPE 9

9 FUEL CATEGORIES TO BE USED
SURF/VOL, LOAOI"IG, MOISTUKE CONTENT
NEEDLES DEAD 1750.00000 .63000 .07000
SM TWIGS DEAD 141.00000 .2AOOO .09000
SM LIMRS DEAD 91.00000 .47000 .10000
LG LIMRS OEAD 27.00000 .51000 .12000
TREE TOP DEAD 11.00000 1.45000 .15000
PlJNKYLOG DEAD '+.50000 1.bOOOO .30000
GRASSES LIVF 2800.00000 .09100 .90000
BUSHLEAF LIVF 1250.00000 .00700 1.10000
~USHTioIIG llVF 29S.00000 .02400 .70000
SIlELIMS -0
NONE -() -0 -0-0
OPT I O~'



DATE 14 ~AR 75 RUN NO.

HYPOTHETICAL LOGGING SLASH OVERGROWN WITH GRASS AND BRUSH - FOR EXAMPLE OUTPUT

FUEL DEPTH, FT = 2.RO SLOPE TANGENT = .600

FUEL DESCRIPTION I J SURF/VOL DRY LOW HEAT MOISTURE PARTICLE TOTAL EFFECTIVE MOISTURE
RATIO LOADING VALUE CONTENT DENSITY MINERAL MINERAL EXTINCTION

(I/FT ) (L8/S0FT ) (RTU/UH (FRAC DRY) (LB/CUFT) (FRAC DRYl (FRAC DRYl (FRAC DRY)
DEAD "lEEOLE') 1 1 1750.0 .6300 8300.0 .0700 34.50 .0500 .0200 .2500
DEAD St-A TWIGS 1 2 343.0 .2800 7800.0 .0900 36.20 .0300 .0220 .2500
DEAD SM LIMBS 1 3 91.0 .4700 7900.0 .1000 31.00 .0400 .0190 .2500
DEAD lG LIMBS 1 4 27.0 .'5300 7900.0 .1200 31.00 .0400 .0190 .2500

•• THE fOLLOWING FUELS ARE EXCLUDED AS TOO LARGE TO CONTRIBUTE TO FIRE SPREAD ••
DEAD TREE TOP 1 :> 11 .0 1.4500 8000.0 .1500 32.00 .0555 .0100 .2500
DEAD PIJNKYLOG 1 6 4.5 1.6000 7000.0 .3000 14.00 .0600 .0140 .2500
LIVE GRASSES 2 1 2300.0 .0910 8100.0 .9000 29.00 .0700 .0015 20.2809
LIVE AIJSHLEAF 2 2 1250.0 .0070 9300.0 1.1000 26.00 .0650 .0052 20.2809
LIVE RUSHTWIG 2 3 c9S.0 .0240 8000.0 .7000 32.00 .0555 .0100 20.2809

(,0>

00

INTER"'EnIATE CALCULATION') •••
FUEL REACTION NTD. AVG
TYPE CONTRIBUTION SURF/VOL

PERCENTAGE l/FT
DEAD 72.93 IS63.0
LIVE 27.07 2684.9

MINL. DAMPING
COEFFICIENT

.3656

.5761

1'4015. DA"'PING
COEFFICIENT

.5913

.8946

WTD. AVG.
LOADING
LA/SQFT

.5680

.0896

GROSS FIRESPREAO PARAMETERS. NO wIND CONDITION

PACKING OPTIMUM SLOPE SURF/VOL REACT. VEL. REACT. INTENSITY HEAT SINK PROPAGATING FLUX
RATIO PCKG. RATIO FACTOR ( I/FT) ( I/MIN) (BTU/MIN/SQFT> (BTU/CUFT) (BTU/MIN/SQFT)

.02229 .00726 <;.942 1791.9 10.833 15034.5 340.75 856.2

WIND AT MIOFLA~E HEIGHT WIND FACTOR RATE OF SPREAD BYRAMS INTENSITY
(MPH) (FT /"'IN) -HEADING- (FT /MIN) (BTU/MIN/FIRELINE FT)

0 0 0 17.44 56205.5
1.0 A8.00 .8705 19.63 63253.2
?O 176.00 2.3666 23.39 75365.3
3.0 264.00 4.2481 28.12 90598.0
4.0 352.00 h.4331J 33.61 108292.8
5.0 440.00 8.8775 39.75 128077.3
A.O 5?H.00 11.5489 46.46 149704.2



VI
lD

HYPOTHETICAL LOGGING SLASH OVERGRO~N ~ITH GRASS AND BRUSH - fOR EXAMPLE OUTPUT RUN

CHAHACTE~ISTICS OF FLAME FROM SPREADING COMBUSTION REGION

WIND IS UP SLOPE UF .600 TANGENT (GPADE)

"'1"10 C:;PEED RYRAMC:; HYf./ Ar~S VAN wAGNERS P. THOMAS FQUATIONS FOR FLAME
('1PH) AT INTEN'>ITY FLAI~E CROwN SCORCH LENGTH HEIGHT HORIZ. TILT ANGLE
~TnFLAMf 8TU/MIN/FT LENGTH HEIGHT (FEET) (FEET) (FEET) REACH FROM VERTICAL

HEIGHT (FEET ) ON 77 F DAY (FEET> (DEGREES)

0 .562f·0<; 10.':> 95.3 21.4 21.4 0 0
1.0 .633[.(1<; 11 .1 103.0 21.4 21.4 0 0
;>.0 .7<;4E·05 12.0 115.5 2S.7 2S.7 0 0
3.0 .906E·0c; 13.0 129.8 2"." 23.7 12.1 27.0
4.0 .10O<F.Oh 14.2 144.9 28.? <'2.4 17.2 37.4
S.O .12I:\E·n6 15.3 160.1 30.1 22.0 20.6 43.1
h.O .1<;Of.llh 16.4 175.5 32.2 22.0 23.5 46.9

•



RUN NO.HYPOTHETICAL LOGGING ~LASH OVERGROWN WITH GRASS AND BRUSH - FOR EXAMPLE OUTPUT
SLOPE TANGENT (GRADE) .~OO

AREA AND PERI4ETER GROWTH RATE

RATE OF SPREaD I;~ ANY DIRECTION ~aSFD ON SLOPE AND wIND COEFFICIENTS USING SLOPE SENSED AND wIND COMPONENT IN THAT DIRECTION

-JI'JD SPEfD
'~PH AT

~IDFLA~E

o
1.00
2.00
3.00
4.00
5.00
6.00

WINO VECTOR FROM
UPSLOPE, DEGREES 00

.192E+03

.744E+03

.348E+03

.';06E+03

.727E+03

.102E+04

.141f+04

AREA IN SQFT/(MIN SQUARED)

45 QO 135

.192E+03 .192£+03 .192E+03

.232E+03 .213E+03 .206E+03

.315E+03 .263E+03 .244E+03

.446E+03 .353E+03 .319E+03

.637E+03 .495£+03 .445E+03

.898E+03 .703£+03 .633E+03

.124E+04 .989E+03 .898E+03

PERIMETER IN FT/MIN

180

.192E+03

.205E+03

.243E+03

.317E+03

.442E·03

.629E+03

.892E+03

ol:>
o

o
1.00
2.00
3.00
4.00
s.no
6.00

.520E+02

.SB2E+02

.691E+02

.fl28E+02

.988E+02

.117E+03

.136E+03

.520E+02

.562E+02

.648E+02

.766E+02

.911E+02

.108E+03

.127E+03

.520E+02

.542E+02

.599E+02

.1i90E+02

.813E+02

.966E+02

.114E+03

.520E+02

.555E+02

.1i33E+02

.747E+02

.890E+02

.106E+03

.125E+03

.520E+02

.568E+02

.669E+02

.804E+02

.963E+02

.114E+03

.134E+03

o
1.00
2.00
3.00
4.00
5.00
6.00

o
1.00
2.00
1.00
4.00
5.00
6.00

MAXIMUM RATF OF SPREAD, FT/MIN

.174E+02 .174E+02 .174E+02 .174E+02 .174E+02

.19IiE+02 .188E+02 .174£+02 .114E+02 .174E+02

.234E+02 .214E+02 .175f+02 .114E+02 .174E+02

.?81f+02 .249E+02 .171E+02 .174E+02 .114E+02

.336E+02 .293E+0? .187F+02 .181E+02 .187E+02

.198E+02 .345E+02 .248[+02 .248E+02 .248E+02

.465f+02 .406E+02 .315E+02 .315E+02 .315E+02

DIRECTION OF MAXIMUM SPREAD RATf, DEGREES FROM UPSLOPE

0 0 0 0 0
0 3.0 0 0 0
0 6.0 3.0 0 0
0 12.0 12.0 0 0
0 18.0 30.0 135.0 180.0
0 21.0 90.0 135.0 180.0
0 £'4.0 90.0 135.0 180.0



AREA IN ACRES/(HOUR SQUARED)

0 .159[+02 .159E +O? .1591':+02 .159E .. 02 .159E .. 02

1.00 .202£+02 .192E+02 .176E+02 .170[ .. 02 .170£ .. 02

2.00 .<'88[+02 .260E+0;> .217[+02 .202E+02 .201E+02

3.00 .418£+02 .369E+02 .292E+02 .264[+02 .262£+02

4.00 .AOI[+02 .526E+02 .409E+02 .361£+02 .365£+02

5.00 .846£+02 .742E+02 .58IE+02 .523£+02 .520E+02

6.00 .116[+03 .103E+03 .817[+02 .742E+02 .737E+02

P[RI~ETEP IN CHAINS/HOUR

0 .473E+02 .473E+02 .473E+02 .473E+02 .473£+02

1.00 .529[+02 .511E+O? .493E+02 .504£+02 .517£+02

2.00 .628[+02 .589E+02 .545E+02 .576£+02 .609E+02

~ 3.00 .752£+02 .696E+02 .627[+02 .679£+02 .731£+02
.... 4.00 .898E+02 .828£+0? .739E+02 .809£+02 .875£+02

'5.00 .106E+03 .980E+0<' .878E+02 .961E+02 .104E+03

6.00 .124£+03 .115E+03 .104[+03 .113E+03 .122£+03

MAXIMUM RATE OF SPR[AD. CHAINS/HOUR

0 .159E+02 .159E+02 .159E+02 .159E+02 .159£+02

1.00 .17A£+02 .171£+02 .159E+02 .159E+02 .159£+02

2.00 .213£+02 .194£+02 .159E+02 .159E+02 .159£+02

3.00 .256E+02 .226E+02 .161E+02 .159E+02 .159E+02

4.00 .306£+02 .266E+02 .170£+02 .170E+02 .170£ .. 02

S.OO .361E+02 .314E+02 .226£+02 .226E+02 .226£+02

6.00 .422[+02 .369E+02 .287E+02 .287E+02 .287£+02

TO OBTAIN fIRE AREA AT TIM£ r APTEP START. MULTIPLY AREA ENTRIES BY (T SQUARED)
TO ORTAIN FIRE PERIMETER AT TIME T AfTER START. MULTIPLY PERIMETER ENTRIES BY IT)



.j:>.
N

~YPOTHETICAL LOGGING SLASH OVERGROWN WITH GRASS AND RRUSH - FOR EXAMPLE OUTPUT RUN
SLOPE TANGENT (GRADE) .~OO

AREA AND PERIMETER GROwTH RATES 8AStD ON HAL E ANOERSON DOUBLE-ELLIPSE S~APE USING FONS WIND/SHAPE DATA

wIND SPEED PERIMETER GRowlH AREA GROWTH MAXIMUM SPREAD RATE
(l.4P" ) .n FEET/MIN CHAINS/HOUR san PER ACRES PER FEET PER CHAINS PER
MIOFLAME SQ l.4IN sa HOUR MINUTE HOUR
(lIPHILL)

0 .740f+02 .671E+02 .429f+03 .355E+02 .174E+02 .159E+02
1.0 .770E+02 .700[+02 .4'i7[+03 .378E+02 .196E+02 .178E+02
2.0 .l:l54F+02 .776E+02 .5S0F+03 .454E+02 .234E+02 .213E+02
3.0 .9f,3f+02 .875E+02 .678F+03 .560E+02 .281E+02 .256E+02
4.0 .109f+03 .98RE+02 .833F+03 .688E+02 .336E+02· .306E+02
S.O .l?2F+03 .11IE+03 .101F+04 .833E+02 .398E+02 .361E+02
f).0 .136F+03 .124[+03 .120F-04 .990E+02 .465E+02 .422E+02

TO OBTAIN FIRE AREA AT TIME T AFTER START. MULTIPLY ARFA ENTRIfS BY (T SQUARED)
TO OATAIN FIRE PERIMETER AT TIME T AFTER START. MULTIPLY PERIMETER ENTRIES BY (T)



R'JN NO.

~YP~TH~TICAL LOGGING SLASH OVERGRO~N ~ITH GRASS AND ARUSH - FOR EXAMPLE OUTPUT

INTENSITY AND FUEL LOADING -V~- TIME AFTER ARRIVAL OF FLAME FRONT

TIME
(MIN.)

TOTAL FUEL LOAn NOT YET RURI\lED OLIT
(FRACTION) (LB/"nFT)

GROSS ~Rv wT SROSS QRv WT

INSTANTANEOUS FUEL LOAD LOSS RATE
(FRACTION/MIN) (LB/MIN/SQFT)
GROSS DRY WT GROSS nRY wT

FIRE INTENSITY
(BTU/MIN/saFT)

TOTAL HEAT
RELEASED

(BTU/SQfT)

o 1.0000
.2 .9188

CONDITIONS ABOVE

o 0 0 0
.3789 .37fl9 2.212 1.879

PASSED ••• TIMF ORIGIN IS ARRIVAL TIME OF

.l>
V>

.4

.8
1.2
1.6
2.0
2.4
2.8
3.2
3.6
4.0
4.4
4.11
5.?
5.6
6.0
6.4
6.8
7.2
7.6
8.0
8.4
8.8
9.2
9.6

10.0
10.4
10.8
11.2
11.6
12.0

.934fl

.8100

.7323

.71AO

.7032

.6879

.6747

.6695

.6654

.6610

.6561'>

.6521

.6476

.6411

.6385

.633'1

.6292

.624S

.6197

.6149

.6101

.605?

.600S

.596£'

.593S

.5911

.5899

.51187

.5117S

.5863

1.0000
.918A

OBTAIN A~

.930<;

.7976

.7151

.7001

.6847

.66H8

.6550

.6496

.6454

.6409

.6364

.6319

.6273

.6226

.6179

.6132

.601'\4

.6036

.S988

.5939

.5A89

.5840

.5792

.575?

.5720

.S69fl

.5684

.5672

.C;660

.564'1

S.fl374
<;.3634
SPPEADING
C;.4569
4.7283
4.2748
4.1913
4.1049
4.0156
3.9383
3.ClOBl
3.A840
3.8584
3.8326
3.8066
3.7H03
1.7538
3.7270
3.7000
3."'727
3.1'>452
1.1'175
3.5fl95
1.5613
3.<;328
3.5053
3.4824
1.4644
1.4514
3.4433
3.4367
3.4297
1.4226

4.9600
4.5573
FRONT HAS
4.6155
3.Cl562
3.S46B
1.4727
3.3961
3.1170
1.?486
3.2222
3.2012
3.1790
3.1566
3.1340
3.1112
3.0882
3.0649
3.0415
3.017'1
2.9940
2.9699
2.9457
2.9212
2."965
2.A726
2.8528
2.fl373
2.>1261
2.8191
2.R135
2.'1076
2.AOlS

.3051

.3189

.0352

.0364

.0376

.0388

.0223

.0097

.0109

.0110

.0111

.0112

.0113

.0114

.0115

.0116

.0117

.0118

.0119

.0120

.0121

.0122

.0109

.00il1

.0066

.0045

.0028

.0029

.0030

.0031

.32S1

.3395

.0367

.0380

.0 -J92

.0405

.0231

.0100

.01 1 1

.0112

.0111

.0114

.0116

.0117

.0 lIB

.011 Cl

.0120

.0121

.0122

.0123

.0124

.0125

.0111

.001J9

.0067

.004S

.002'1

.0029

.0030

.0031

1 .781
1.R61

.205

.212

.220

.227

.130

.057

.064

.0(,4

.06S

.065

.061'>

.067

.067

.06A

.068

.069

.070

.070

.071

.071

.063

.051

.039

.026

.016

.017

.018

.01A

1.612
1.684

.182

.188

.195

.201

.115

.049

.055

.056

.056

.057

.057

.058

.058

.059

.059

.060

.060

.061

.061

.062

.055

.044

.033

.023

.014

.014

.015

.016

o
.150E+05

IGNITING FLAME
.128E+05
.133E+05
.140E+04
.144E+04
.149E+04
.154E+04
.877E+03
.377E+03
.421E+03
.425E+03
.429E+03
.433E+03
.437E+03
.441E+03
.445E+03
.449E+03
.453E+03
.456E+03
.460E+03
.464E+03
.468E+03
.472E+03
.419E+03
.336E+03
.254E+03
.172E+03
.106E+03
.110E+03
.114E+03
.118E+03

o
.322E+04

FRONT
.272E+04
.793E+04
.112£+05
.117E+05
.123£+05
.129E+05
.134£+05
.136£+05
.138E+05
.140E+05
.141E+05
.143E+05
.145E+05
.147£+05
.148E+05
.150£+05
.152E+05
.154E+05
.156E+05
.158E+05
.159E+05
.161E+05
.163E+05
.165E+05
.166E+05
.167E+05
.161E+05
.168E+05
.168E+05
.169£+05



.~' '''I 1\10.

~YP~fHEfICAL LOG(;ING SLASH OVERGROwN WITH GQASS AND BRUSH - FOR EXAMPLE OUTPUT

SlJMI~AQY OF LOAf) L():,S HY FUEL ELEMEiH. wIT .... ELfMENT fJUR"IOUT TIME

FUEL TYPE fjlNNOJ r
fP"W

O~Y LOAn RURNED OUT
F~A~TI0~ LR/sOFT

HEAT 'iELEASfO
HTU/sOFT

IGNI TION
LIT/nUFF

.21
T

.()tlle'

.4245
.,+027
•.1196

.322E+04

.257E+04

~
~

A8QVE FOR REFEP~"ICE ONLY -- NOT INCLUOEO IN fOTAL

NEEfJLEc; 1 • 1 I 1.0000 .5985 .492E+04
C,M TIllIr.S 1.02 1.1)000 .2716 .701E+04
SM LI"lRS 1 O. 7? 1.0000 .4512 .105E+0"
LG LI"'~c; 1".34 .7356 .3741 .134E+0"
TREE Tnp 'H .hl, .700J .9"91 .210E+O<;
PUNKYLOG 239.00 ."045 .9092 .270E+0<;

TOHL 219.00 .7185 3.5639 .270E+0"

I"lPIJT OATA I'MGt. SU.:lR~)'.JTINE SETUP •• RUN NO. 2

OPTY O'j 1

~INn AT MIOFLAME HEIGHT
(~PH) (FT/MI"I)

a J
1.0 SEl.OO
2.0 176.0C
3.(1 264.00
4.0 3"?0f)
"i.0 440.00
6.0 5;>8.00

\oJ IND FflCTOR
-HFADING-

o
.870"

2.366!'>
4.2481
".4338
8.877S

11 .5489

RflTE OF SPREflD
(FT /MINI

17.44
19.63
23.39
2fl.l?
33.61
39.75
46.46

BYRflMS INTENSITY
(ATU/MIN/FIRELINE FTl

56205.5
63253.2
75365.3
90598.0

108292.8
128077.3
149704.2



HYPOTHETICAL LOGGING SLASH OVERGROWN WITH GRASS AND ~RUSH - FOR EXAMPLE OUTPUT

CHA~ACTERISTICS OF FLAME FROM SPREADING COMBUSTION REGION

WIND IS UP SLOPE OF .600 TANGFNT (GRADE)

RUN 2

.j::>.
V1

'Ht\If) SP!':ED RYRA"'IS 8YrtAMS VAN WAGNERS P. THOMAS EQUATIONS FOR FLAME
('1PH) AT INTENSlTi FLAME CROwN SCORCH LENGTH HEIGHT HORIZ. TILT ANGLE
MIf)FL4ME RTIJ/MIN/FT LENGTH HFIGHT (FEET) (FEET) (FEET! REACH FROM VERTICAL

HEIGHT (FEET) O"J 77 F DAY (FEET) (DEGREES)

0 .562~+fJ,) 10.5 95.3 21.4 21.4 0 0
1.0 .6JJE+fJ5 11 .1 103.0 21.4 21.4 0 0
2.0 .754E+O') 12.0 115.') 25.7 25.7 0 0
1.0 .906E+05 13.0 129.A 26.6 23.7 12.1 27 .0
4.0 .10I:lE+06 14.2 144.9 2A.2 22.4 17.2 37.4
5.0 .128E+06 lS.3 160.3 10.1 22.0 20.6 43.1
6.0 .1,)OE+06 16.4 175.5 32.2 22.0 23.5 46.9



~YPOTHETICAL LOGGING SLASH OVERGROWN WITH GRASS AND ARUSH - FOR EXAMPLE OUTPUT
SLOPE TANGENT (GRADE> .AOO

AKEA AND PEKIMfTER GROWTH RATE

RUN NO. 2

RATE OF SPREAD IN ANY DIRECTION BASED ON SLOPE AND WIND COEFFICIENTS USING SLOPE SENSED AND WIND COMPONENT IN THAT DIRECTION

WIND SPEED AREA IN SQFT/(MIN SQUARED>
'4PH AT WIND VECTOR FROM

MIDFLAt-tE UPSLOPE. OEGREES 00 45 90 135 180

0 .192E+03 .192E+03 .192E+03 .192E+03 .192E+03

1.00 .244E+03 .232E+03 .213£+03 .206E+03 .205E+03

2.00 .348E+03 .315E+03 .263E+03 .244E+03 .243E+03

3.00 .506E+03 .446E+01 .353E+03 .319E+03 .311E+03

4.00 .727E+03 .637E+03 .495E+03 .445E+03 .442E+03

5.00 .102E+04 .898E+03 .703F+03 .633E+03 .629E+03

6.00 .141E+04 .124E+04 .989E+03 .898E+03 .892E+03

PERIMETER IN FT/MIN

+;>.
0\

o
1.00
2.00
3.00
4.00
5.00
6.00

o
1.00
2.00
3.00
4.00
5.00
6.00

o
1.00
2.00
3.00
4.00
5.00
6.00

.520[+02 .520E+02 .520E+02 .520[+02 .520E+02

.582E+02 .562E+02 .542E+02 .555[+02 .568E+02

.691[+02 .648E+02 .599E+02 .633E+02 .669E+02

.828[+02 .766E+02 .690E+02 .747E+02 .804E+02

.988E+02 .911E+02 .813E+02 .890E+02 .963E+02

.117E+03 .108E+03 .966E+02 .106E+03 .114E+03

.136E+03 .127E+03 .114E+03 .125E+03 .134E+03

MAXIMUM RATE OF SPRFAD. FT/MIN

.174E+02 .174E+02 .174E+02 .174E+02 .174E+02

.196E+02 .188E+02 .1741':+02 • 174E+02 .174E+02

.734E+02 .214E+02 .175E+02 .174E+02 .174E+02

.281[+02 .249E+02 .177E+02 .174E+02 .174E+02

.336E+02 .291E+02 .187E+02 .187E+02 .187E+02

.398E+02 .345E+02 .248E+02 .248E+02 .248E+02

.465E+02 .406E+02 .315E+02 .315E+02 .315E-02

DIRECTION OF MAXIMUM SPREAD RATE. DEGREES FROM UPSLOPE

0 0 0 0 0
0 3.0 0 0 0
0 6.0 3.0 0 0
0 12.0 12.0 0 0
0 18.0 30.0 135.0 180.0
0 21.0 90.0 135.0 180.0
0 24.0 90.0 135.0 180.0



..,.
--I

o
1, 00
?OO
3.00
4.'10
5.00
" .no

oj

1,00
z.no
J.!10
4.no
S.flO
I). U0

'I

1."0
2.00
j.OO
4."f)
l-j. tJ 0
f.. rIO

ARI':A IN ACPES/(HOUR SQUARED)

.1';91':+02 .159E+02 .159f+02 .159E+02 .159E+02

.202E+02 .192E+02 .176F+02 .170E+02 .170E+02

.;>a RE+02 .260E+02 .217F+02 .202E+02 .201E+02

.41"F+02 ."369E+02 .292E+02 .264E·02 .262E+02

.AOIF+Ot' .'326E+0? .409E+02 .367E+02 .365E+02

.R4M +02 .742t:+02 .5Blf+02 .523E+02 .520[+02

.110E+03 .10"3E+0"3 .817E+02 .742E+02 .737E+02

PFRIMETER IN CHAINS/HOUR

.47"3F+02 .471E+02 .413F+02 .473E+02 .473E+02

.')29[+02 .511f+02 .493E+02 .504E+02 .517[+02

.628[+02 .5B9E+0? .545[+02 .576E+02 .609E+02

.152E+02 .696E+()2 .627E+02 .679E+02 .731E+02

.R9RE+02 .828E+02 .739f+02 .809E+02 .875E+02

.10AE+03 .980E+0? .818E+02 .961E+02 .104E+03

.124F+03 .11'5E+03 .1041"+03 .113E+03 .122E+03

MAXIMUM RATE OF 5PREAn, CHAINS/HOUR

.1')9[+02 • 159tc.02 .1~9E+02 .159E+02 .159£+02

.118F:+02 .171E+02 .159E+02 .159E+02 .159£+02

.?l1f +02 .194E+02 .159[+02 .159E+02 .159[+02

.?56E+02 .22AE+02 .161E+02 .159E+02 .159£+02

.10F-F·o2 .2AM +O? .170F+02 .170E+02 .170£+02
• -lblE+O? .31 4 E+02 .22AE+02 .226E+02 .226E+02
.422E+G2 .1(,9E+0;;> .287F+02 .287E+02 .287E+02

TO O~TAIN FIQF A~fA AT TIME T AFTEP STA~T. MIJLTIPLY ARFA ENTRIF5 RY (T SQUARED)
T0 OgTAI~ FIQ~ PEQIYlTF~ AT TIME T AFrEP STAwr. MULrIPLY PERIM~TER ENT~IES HY IT)



HYPOTHETICAL LOGGING SLASH OVERGROWN WITH GRASS AND BRUSH - FOR EXAMPLE OUTPUT
SLOPE TANGENT (G~AOE) ."00

RUN 2

~
00

ARFA ANO PF~I~ETEp GRO~TH RATES ~ASEO ON HAL E ANDERSON DOUBLE-ELLIPSE SHAPE USING FaNS WIND/SHAPE DATA

"P~O SPEED PERIMETER GROWTH AREA GROWTH MAXIMUM SPREAD RATE
("PHI AT FffT /MIN CHAINS/HOUR SQn PEP ACRES PER FEET PER CHAINS PER
~TnFLA''1F SQ MIN SQ HOUR MINUTE HOUR
(,J;>I-H LLI

0 .740f+02 .673F+02 .4291'"+03 .355[+02 .174E·02 .159E·02
1.0 .770F+02 .700[+02 .4S7f+03 .378E+02 .196E·02 .178E·02
;>.0 .8'54F+02 .776E+02 .SSOE+03 .454E+02 .234E·02 .213E·02
1.0 .91)3F+02 .IH5!:+02 .678F+03 .560E+02 .281E+02 .256E·02
4.1) .109F+03 .91\8E+02 .1\33>+03 .688E+02 .336E+02 .306[.02
">.0 .1;>(>"+03 .111E+03 .101>+04 .833E+02 .398E+02 .361E+02
Ii.') .IlIiE+03 .124E+03 .120F+04 .990E+02 .465[+02 .422E+02

TO OgTAI~ FIRE AREA AT TTMf T AFTER START. MULTIPLY AREA ENTRIES BY (T SQUARED I
TO OATAI~ FIRE PERI~ETER AT TIMF T AFTER START. MULTIPLY PI'"PIMETER ENTRIES BY (Tl

AU~"'OUT

TI"'F
D~Y LOAD BURNED OUT
F~ACTIO'" LH/SQFT

'"lEAT RELEASED
ATU/sQFT

TOT AL 23-J.OO .7185 3.5639 .270E+0">

INPUT DATA I4AGE. SUBRJUTINE SETUP •• RUN NO. 1

sTDFlJELS
STANDARD
MOIsTI)RF
OPT 10\)

-0
FUEL MODEL NFFL J WITH DEAD FUEL MOISTURE OF I'"XTINCTION
CONTENT OF FUEL CO"lDnNENTS = .070 .100 .150

I

-0
-0



D~TE 14 MAR 75 RuN ~O. 3

NORT~ER~ FOREST FIRE LABORATORY STANDARD FIIEL ~ODEL •••• J •• HEAVY LOGGING SLASH

FUEL DEPTH. FT = 3.00 SLOPE TANGENT = .600

FUEL DESCRIPTIO~ I J 'l1jf<F/VOL DRY LOw HEAT MnISTURE PARTICLE TOTAL EFFECTIVE MOISTURE
RAT 10 LOADING VALUE CONTENT DENS ITY MINERAL MINERAL EXTINCTION

( 11FT) (LR/SnFTl (RTU/Llj) (FRAC DRY) (LB/CUFT) (FRAC DRY) (fRAC DRY) (FRAC DRY)
DEAD FINES 1 1 1500.0 .32;:>0 ROOO.O .0700 32.00 .0555 .0100 .2500
DEAD HALF INCH 1 2 109.0 1.0580 ROOO.O .1000 32.00 .0555 .0100 .2500
DEAD 1-3 INCH 1 3 30.0 1.28110 ROOO.O .1500 32.00 .0555 .0100 .2500

~
CD

INTERMEI')IATE CALClJLATID"lS •••
FUEL REACTION wTO. AVG
TYPE CONTPIqUTIO"l SU~F/VOL

PERCENTAGE I/FT
DEAD 100.00 11SQ.0
LIVE 0 a

'1INL. DAMPING
COEFFICIE~T

.4174
a

MOIS. OAMPING
COEFFICIENT

.5787

.894'"

WTO. AVG.
LOADING
LA/SQFT

.41153
o

GROSS FIRESPREAD PA~A~ETERS. ~O WIND CONDITION

PACKING OPTIM'JM 'iLOPE SURF/VOL REACT. VEL. REACT. INTENSITY HEAT SINK PROPAGATING fLUX
RII TIO PCKG. RATIO FACTOR ( 11FT) (l/MIN) (BTU/MIN/SOFT) (BTU/CUFT) (BTU/MIN/SQfT)

.O?77<:J .01017 '1.562 1159.0 9.818 9207.2 218.47 400.1

"'III/D AT MIDFLA'1E fiEIljHT .. pm FACTOR RATE OF C;PPFIIO Byf<AMS INTENSITY
(MPH) (FT Ir~ un -HEIIOING- (FT IMIN\ (ATU/MIN/FIRELINE FT)

0 C 0 12.02 36657.4
1 .0 Atl.OO 1.2317 14.1'7 43538.0
2.0 176.0'1 2.7150 16.99 51824.5
1.0 2(,4.0) 4.3110 19.91 60740.3
4.0 3'12.00 5.4848 22.98 70090.9
S.O 440.00 7.7190 21,.15 79778.7
6.0 "<'R.OO 9.':>02R 29.42 89744.1



~ORTHER~ FOREST FIRE LABORATORY STANDARD FUEL MODEL •••• J •• HEAVY LOGGING SLASH

CHARACTERISTICS OF FLAME FROM SPREADINfi COMBUSTION REGION

WIND IS UP SLOPE OF .600 TANGENT (GRADE)

RUN 3

VI
o

wIND SPEEO I3YRA,'-1S flYRAMS VAN WAGNERS P. THOMAS EQUATIONS FOR FLAME
("1PHI AT INTENS IT Y FLA"1E CROWN SCORCH LENGTH HEIGHT HORIZ. TILT ANGLE
MTDFLAME ATU/MIN/FT LENGTH HEIGHT (FEET) (FEET) (FEET) REACH FROM VERTICAL

HE I,6HT (FEET) ON 77 F DAY (FEET) (DEGREES)

0 .31)7E+05 8.6 71.6 16.6 16.6 0 0
1.0 .435E+05 9.3 80.3 16.6 16.6 0 0
2.0 .518E+05 10.1 89.8 18.2 18.2 0 0
3.0 .607E+OS 10.9 99.0 18.6 15.7 9.9 32.1
4.0 .701E+05 11.6 107.4 19.;:> 14.4 12+7 41.5
5.0 .798E+0<; 12.3 115.0 20.0 13.7 14.6 46.9
6.0 .897E+05 13.0 121.1) 20.8 13.2 16.0 50.5



~ORTYER'J FO~F~T FIRl LA~ORATORY ~TANDARD FUEL MODEL •••• J •• HEAVY LOGGING SLASH
C;LOPE TANGENT (GRADEl .~OO

AKFA A~U PERIMETER GROWTH ~ATE

RUN NO. 3

RATE OF SPREAn IN ANY nI~ECTIn~, HA~fn ON SLOPE AND WIND COEFFICIENTS USING SLOPE SENSED AND WIND COMPONENT IN THAT DIRECTION

AqFA IN SOFT/(MIN SQUARED)
I~ I 'I[) SPFFD

'.,PH AT
'4 InFLA'~E

('

1. 00
2.~0

3.00
4.00
,>.ro
6.00

.... INn VECTO~ FHOM
UPSLOPE, f)f-'GREES 00

.92~[+02

.132E+03

.191[+03

.266E+03

.3')RE+03

.468[+03

.597£+03

4<;

.926E+0;;>

.124E+03

.173E+03

.237E+01

.318£+03

.417E.+03

.534E+03

90

.926£+02

.110[+03

.142[+03

.188[+03

.251E+01

.330E+03

.427[+03

135

.926E+02

.105E+03

.129E+03

.168[+03

.223E+03

.294E+03

.383E+03

180

.926E+02

.104E+03

.128E+03

.167E+03

.221E+03

.291E+03

.380E+03

U1
I-'

I)

1. (1 0
;>.00
3.00
4.00
'>.00
6.00

o
1. C'O
2.00
3.00
4.00
'1.1'0
f).no

PERIMETER IN FT/MIN

.361f+02 .361E+02 .361f+02 .361E+02 .361£+02

.427f+()2 .410E+0::> .390[+02 .400E+02 .417E+02

.509[+02 .480E+02 .440E+02 .461E+02 .496E+02

.')97[+02 .559E+02 .504[+02 .535£+02 .583£+02

.691E+02 .645E+02 .579E+02 .619E+02 .676E+02

.787E+02 .737E+02 .602E+02 .710E+02 .773£+02

.8t17E+02 .832E+02 .751E+02 .806E+02 .873E+02

MAXIMUM RATE OF SPREAD. FT/MIN

.120E+02 .120E+02 .120E+02 .120E+02 .120E+02

.143f+02 .136E+02 .121E+02 .120E+02 .120E+02

.170F+02 .15£,E+02 .123F+02 .120E+02 .120E+02

.14'lF+02 .179E+02 .128E+02 .120E+02 .120E+02

.?30F+02 .204E+02 .138£+02 .128E·02 .128£+02

.;>6;>[+02 .231E+02 .160f+02 .11>0E·02 .160E.02

.?'l4[.02 .260£.n;> • 192F.:+02 .192E·02 .192E.02

OIh£crION OF MAXIMUM SPREAD RATE_ D£GREES FROM UPSLOPE

.\ () 0 0 0 0

1.00 0 3.0 3.0 0 0

2.00 0 t-.fl 9.0 0 0

3.00 0 12.fl 1R.O 0 0

4.')0 0 15.0 27.0 135.0 180.0

">. () 0 0 18.0 90.0 135.0 180.0

~.OO 0 21.0 90.0 135.0 180.0



ARFA IN ACR[S/(HOUR SQUARED)

0 .76'5f.+Ol .765E+Ol .765£+01 .7oSE+Ol .765E+Ol

1.00 .109£+02 .101£+02 .913£+01 .8oSE+Ol .862E+Ol

2.00 .151'\£+02 .143£+02 .117E+02 .107E-02 .106£-02

3.00 .£'19E+02 .196£+02 .156[-02 .139E-02 .138E-02

4.00 .296E+02 .263£+02 .207E-02 .184E-02 .182E-02

5.00 .187(+02 .344E+07 .273E+02 .243E-02 .241E-02

"'.00 .494E-02 .441E-02 .353E+02 .316E-02 .314£-02

PERIMETER IN CHAINS/HOUR

I) .32>\E+02 .328E+02 .328[+02 .328E-02 .328E+02

1.flO .3R~E-02 .373E+02 .355[+02 .364E+02 .379E+02

2.00 .461E+02 .436E-02 .400[+02 .419E-02 .451E-02

Ul 3.00 .543E+02 .50'3E+02 .4S8E·02 .487E+02 .530E+02
N 4.()0 .hlAE+u2 .587£ -02 .526E-02 .563£-02 .615E+02

s.oO .716E+02 .670E+02 .601F.:+02 .645E+02 .703E+02

1>.00 .R06E+02 .7<;6(+07 .683(-02 .733E-02 .793£+02

MA~IMU~ RATE OF SPREAD. CHAINS/HOUR

I) .109E+02 .109E+02 .1091'"-02 .109E+02 .109E+02

1.00 .130[+02 .124E+1)2 .110E+02 .109E+02 .109E+02

2.00 .154E+02 .142E+07 .112F+02 .109E+02 .109£+02

3.00 .181E+02 .163E-02 .116E-02 .109E+02 .109E-02

4.00 .209E-02 .186E+02 .126E-02 .116E+02 .116E+02

5.00 .23RE+02 .210E+02 .145E+02 .145E+02 .145E-02

1',.00 .?"'7E+02 .236E+02 .1751'"+02 .175E-02 .175E-02

TO ORTAIN FIRE AREA AT TT~E T AFTER START. MULTIPLY ARF:A ENTRIES BY IT SQUARED)
TO ORTAIN FI9r PERIMETER AT TIME T AFTE~ START, MULTIPLY PfRIMETER ENTRIES RY (T)



N0~TYlR~ ~O~~~T FI~l LA80~ATORY STANDA~D FtlEL ~onfL •••• J •• ~EAVY LOGGING SLASH
SLOPf TANGENT (GRADE) .F-Of)

RUN 3

V1
(".I

A~~A AN~ ~E~I4ETf~ G~OWTH RATES AASED ON HAL E ANDERSON DOlJALE-ELLIPSF SHAPE USING FONS WIND/SHAPE DATA

.-I HJD SPEFO PERI~ETER GROWTH AREA GROWTH MAKIMUM SPREAD RATE
('1P4 ) hT FFf:T /'1 I', CHAINS/HOUR SOFT PER ACRES PER FEET PER CHAINS PER
'1T~FLA'1F SO "lIN Sf) HOIIR MINUTE ~OUR

(1IPHILLl

n .5!O~+O2 .464t:+02 .204~+n3 .168E+02 .120E+02 .109E+02
1 • () .5I)o~+n2 .SOQE+02 .241F+03 .200E+02 .143E+02 .130E+02
?O .6?()""+OC .S64E+02 .2901'"+03 .240E+02 .170E+02 • 154E+1L2_
1.(\ .6i'J2F+02 ."20E+02 .340E+03 .2f\IE+02 .199E+02 .181E+02
4.0 .743F+02 .675E+02 .389F+03 .322E+02 .230E+02 .209E+02
s.o .'303~+0~ .730E+02 .43b~+01 .3(,0[+02 .262E+02 .238E+02
1).0 .'l1)4F+Oc .7A6t:+02 .480F+03 .397E+02 .294E+02 .267E+02

TO GRTAIN ~IRE AREA AT TIME T AFTER START, MULTIPLY AREA ENTRIES BY (T SQUARED)
TO OATAIN FIRE PERIMETE~ AT TIMf T AFTER START, MULTIPLY PERIMETER ENTRIES BY (T)



.~'I~ !\dJ.

I\jJ,;>T.-ith"j F,)~F';T FHf l ~i:H1K~T\JR'( ',TA"JDARt) F'IEL '~Of)EL •••• I•• HFAVY LOGGING SLASH

r:"Tll\j':;ITY 11')1) F ,tel LOAf.'l'J(, -VS- TIMF M'T[P Ah'PIVAL OF FLAME Fc<ONT

TIME
(.., IN. )

TOTAL FIJJ"l LO~I) .'JT YET 4U"'Jl'.t) 0uT
(F~~(TI001 (Lrl/5nFTI

r;~()",~ 'lPY.I1l ,;"os'::> flKY 1'iT

l'JSTANlANEOtJS FUEL IJ)A[; Lose; RATI:'
(FPACTION/MINI (LR/MpJ/e;,lFT)
GfiOSS ORYH GPOSS OPY l<l

FIRE INTENSITY
(RTU/Ml"J/SQFTI

TOTAL HEAT
RELEASED

18TU/SQFT)

o I.()(lOO
.3 .l;571

CON[)ITlnl~S A80VJ"

a () 0 0
.431~ .4114 1.2'90 1.151

PASSED ••• TIMF ORIGIN IS ARRIVAL TIME OF

V1
-l'o

.4

.8
1.2
1.6
2.0
2.4
2.8
3.2
3.6
4.0
4.4
4.8
').2
5.6
h.O
6.4
n.R
7.2
7.6
>1.1)
A.4
A.8
9.2
9.6

10.0
11).4
11).8
11 .2
11 ."
12.0

.g58?

.A4R9

.73'12

.1',348

.1i1S A

.S914

.567;>

.')41)0

.51n

.4ASl

.4')7"1

.'+3 r~ f!

.,+O?S

.3747
• 341i 7
.31R7
.2911
.269n
.2Sn l j

.2S01

.2'478

.;>45S

.2'43 r,
• ,'4,j4
.237<;
.234'1
.23,>0
• 22'~I
.221i?
.2234

t • "I) '1 (,
.1'\:> 71

Oi-lTAI'J A'1

.Q574

.'14n'l

.72S2

.<;<'R3

.'1n'l3
• S':17i:
.5609
.533'1
• Sf)h 7
.4794
.4'52,'
.4241i
.3'HO
.3091
.1414
.313-;
.;>61,:)
.2'147
.?'il1
.2,+54
.?43;>

• ;>4(·1'\
.23'34
.23')9
.?3l?
.<'JOS
.2'277
.?244
.22<'1
.,> 1"11

?'l~4'l

;>.",,23
'iP~t:AiJIljr;

?R641i
;> .S377
?ti'2~

I • .<<.<77
1."4(l1i
I.nlC!
1.I-YSI,
I.A144
I. "- 3ed
1.4Slfj
I. 'hail
1.;>1i1i2
1.?034
1.120'>
1.031i6

.'152<:\

.>1701

.Q06LJ

.7652

.747"

.7410

.7331

.721',4

.718':>

.7104

.70?0

.~'i1.,

.kH,+~

."764

.<;<,7><

? ""P'J
r..?dA7
FriO'lT '1AS
,>.S~44

:>.?')7('
l.ciJ4>i
1.A71i2
1."<'<;6
1."1:>1',1
1.4'iA~

1.4,'41
1.3Sld
1.;>7Yl
1.201i0
1 • 1 )2 7
1.0S'll

.9H52

.411 0

.1-'365

.7631

.70A?

.h701

.n546

.~4'J7

.1'425

.lijAO

.<;2'-'1

.;"";>2

.'->149
• ",) 74
."000
• e:,'~?6

• "-l;S I

.20H9

.2917

.3019

.07H7

.0SOb

.0610

.Of,7H

.06131

.06AJ

.06136

.06~9

.06'-12

.0694

.0697

.0700

.(70)

.063'+

.043':1

.1)244

.0055

.00.,8

.001i1

.UOIi4

.0067

.il069

.0071

.0071

.0071
• Il 0 71
.0071

.2129

.2970

.3072

.07'P

.OSO;"

.0;"0>1

.0;.,7"

.OA7~

.OA130

.0,Rl

.OA81',

.0A~q

.O"'QI

.OAQ4

.0/)Q7

.01'99

.OA10

.0431,

.1)242'

.Of)"4

.onS7

.onS 9

.OIJA2

.onf,e;

.006'1

.0070

.01l70

.01]10
• U() 70
.0070

.h2S
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SUMMARY OF STORAGE REQUIREMENTS

The listing below allocates core storage for items stored in the FIREM0DS library.
Although listed separately, the unlabeled C0MM0N package is part of almost every routine.
Quantities are subject to change as subroutines are revised.

Stopage Requipement

Unlabeled C0MM0N
Subroutine SETUP
Subroutine FUELS
Subroutine FIREM0D
Subroutine STDFUEL
Subroutine FL~lE

Subroutine C0NTAIN (group)
(C0NTAIN ONLY)
(R0MBERG ONLY)
(Others in group)

Subroutine BURN0UT
Program SAMPLE
Complete package
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Octal

4133
1140
2524
5473
1337

540
14226
(6431)
(5072)

(503)
66421

50
122530

Decimal

2139
608

1364
2875

735
352

6294
(3353)
(2618)

(323)
27921

40
42328
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APPENDIX I

Basis for Subroutine BURN0UT

The algorithm, viewed as a whole, is lengthy and somewhat unclear as to structure
or intent. When it is understood that much of the first 50 percent of the coding is
"bookkeeping" and most of the last 50 percent is intended to establish "the degree of
planform overlap of size class i by size class j," it becomes much clearer. For that
reason, only the rough theoretical outline of the computations is given here. The
theory behind the algorithm and model calibration and also the probability expressions
underlying the theory are discussed in this appendix.

Theory Behind Calculations
The basic tenets of the theory underlying the computations can be stated in

straightforward terms. Keeping in mind that this theory attempts to predict the burning
out of fuels after the arrival of the igniting flame front helps in understanding the
rationale for these tenets:

1. In order to burn at all, a fuel piece must be overlapped in planform projection
by at least one other piece of equal size (diameter) or smaller, which itself can burn.
If the piece is rotten (i.e., has a density of IS lb/ft 3 or less), it is assumed to burn
completely without the necessity of interaction with another piece, unless its moisture
content is too high.

2. A piece that has a moisture content greater than a maximum burning moisture
calculated for its size will not cause pieces of its own size or larger to burn, but may
be consumed by the burning of overlapping smaller sized pieces.

3. For the purpose of determining the degree of planform-view overlap amongst
fuel pieces of "the same" general size, fuel elements are classified into subcategories,
depending on surface/volume ratio. The surface/volume ratios that mark the divisions
between categories are 500, 200, 100, 50, 25, and 12 ft- I . That is, all fuel elements
with surface/volume ratio equal to or greater than 500 are considered to be in the same
suhcategory, as are all l'iith surface/volume ratio less than 12, etc. "Being in the same
subcategory" is of significance to the computation of the amount of fuel of each size
class that is consumed (see below).

4. The maximum burning moisture of a fuel element with surface/volume ratio 0

(ft- I ) is given by

M 0.75 - 0.066 In(o).
x

This wholly arbitrary function was chosen because it is simple, slowly varying (with 0)
and meets the following two general observations:

a. Pine needle beds, 0 ~ 2,000, generally will not spread fires with fuel
moisture above about 25 percent (Anderson 1969).

b. "Most fuels"--here taken to be logs with 0 ::; 10--will not burn in small
fires with moisture contents above about 60 percent (Brown and Davis 1973).

Note that 1/2-inch sticks (0 ~ 100) would have a maximum burning moisture of about 45
percent, so most of the fuel elements of concern in this theory will have maximum burn
ing moistures in the range of 45 to 65 percent. Laboratory wood cribs of 0.44-in-square
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sticks have been burned at moistures greater than 4S percent, with very high packing
ratios (Byram and others 1966), indicating that this parameter should probably be I '
included in the formula as well.

S. If there is an underlying litter/duff layer that would burn by itself, con
suming a loading of WD lb/ft 2 of the Land F layers, then fuel pieces in contact (plan-

form area with an unoccluded projection onto the litter/duff layer) with this layer will
be consumed to the extent of

WD(l - M/0.60), lb/ft 2

where M is the fuel piece moisture content. This is an arbitrary equation also, and is
only heuristically justified.

6. The burning time, T, of a fuel element is calculated from the following
formula:

where

surface/volume ratio, ft- 1

a moisture-damping coefficient, calculated from the ratio M/M x' where Mx is
the maximum burning moisture mentioned above, and

a mineral-damping coefficient, a function of the silica-free ash content, S:

0.174 S-O.19, (Philpot 1968)

an empirically determined fudge factor of 0.60, chosen to best fit some large
crib experimental data (see calibration, below).

If only the single size class, G, were present, the particles would burn out in the
time T after ignition. However,

7. No size class is allowed to have a burning time less than the value T. , which
19

is an estimate of the time it takes the igniting flame front to propagate vertically
downward through the fuel array.

where

D

I
P

depth of the fuel bed, ft

bulk heat of preignition of the fuel bed (the parameter RH0BQIG output from
FIREM0D), Btu/ft 3

the propagating flux from the fire, without the influence of wind or slope
(the parameter XI0 output from FIREM0D) , Btu/ft2 /min.

8. When two fuel elements overlap, each will lose a calculable amount of mass
through interaction. The losses will occur in the shorter of the two burning times.
Only such "binary" interactions are considered in this theory.

9. The fuel elements are strewn at random over the area of concern. For a suffi
ciently large sample area, the number of elements per unit area of any particular size
class is constant. Fuel elements of each diameter (size class) are of uniform length.
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10. Fuel elements do not have to overlap physically in planform projection to
interact and cause mutual burning. They may be only near each other and still interact.
To account for this effect, the planform area of each piece being considered is increased
by a factor (KA) of 2.23. A similar factor (KD = 2.23) also applies to the area of in
fluence of a burning litter/duff layer under an exposed fuel piece. These empirical
constants were determined from calibration trials against logging slash data.

Calibration of Model

Several arbitrary factors and functional forms are imbedded in this algorithm.
With so many degrees of freedom it should not be difficult to experiment with co
efficients and factors until the output of the model fits reasonably well whatever
data are at hand to match. To recapitulate, these are the arbitrary or adjustable
features of the model:

1. The maximum burning moisture equation

M = 0.75 - 0.066 In(a)
x

2. The moisture correction term on the litter/duff-induced burnout of exposed
planform

3. The burnout time correction factor

K
T

= 0.60

4. The planform area influence factor for the burning of one fuel element by
interaction with another

KA = 2.23

5. The planform area influence factor for the burning of a fuel element by
interaction with burning litter/duff

KD = 2.23

6. The functional form of the burnout function

2 )\2 X < 1/3

FBT(X=t/T) (2/3) (2X - 1/3) 1/3 < X < 5/6

1 -4(l-X)2 X > 5/6

where FBT is the fraction of the fuel to be consumed that is actually consumed by time
t, if all is to be consumed by time T.

The variable features of the model influence different aspects of the performance
of the model. The two things this model attempts to predict are:

a. How much fuel is consumed,

b. The time history of the intensity.

The influence of the variable features listed above on these two factors is:

VARIABLE FEATURE 1 2 3 4 5 6
AFFECTS FACTOR a YES YES NO YES YES NO
AFFECTS FACTOR b YES NO YES YES YES YES
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Because of all these interdependences, calibration of the model may not yield
unique results. The process followed was:

1. Freezing features 1 and 2 arbitrarily as presented, factors KA and K were
varied independently over a wide range of values, to obtain (statistically) tHe best
fit to the results of some carefully measured light logging slash experimental burns.

2. Keeping everything else fixed, factor KT and function FBT were varied independ
ently to obtain good reproduction of the fractional gross weight loading time histories
of three large-scale heavy crib burns.

The data for step 1 were taken from Stocks and Walker's experimental fires in light
jack pine logging slash (Stocks and Walker 1972).5 To establish the best values for KA
and KD, the measured values of the litter/duff burnout were used, rather than calculated
values based on duff moisture content (Van Wagner 1972). The results of the comparison
between measured and calculated slash load consumption, using the measured litter/duff
burnout as input, are shown in figures 6 and 7. Figure 6 shows the comparison on a
fractional load basis; figure 7 in terms of actual load loss in tons/acre. When the
litter/duff burnout is calculated from upper duff moisture (the only values available),
the comparisons are as shown in figures 8 and 9.

Data taken from a series of burns in litter and deadfall under mature stands of
Douglas-fir/western larch (Norum 1975) were tested against the model after the previous
calibration trials. In these burns, significant quantities of rotten wood were present,
and most often were completely consumed in the fires. Trials were made in which the
rotten wood was treated as though it were sound but of a different density. The results
were wholly unsatisfactory, indicating the need for the special treatment of rotten wood.
Figures 10 and 11 show the comparisons between predicted and observed values of load
loss, including both the jack pine slash data shown in the previous figures and Norum's
data. The possibility exists of a bias in the predictions towards underestimation of
load loss at high values of load loss (fig. 10 and 11), but the available data are
insufficient to establish its existence.

The selection of the functional form of FBT(X) was not extensively investigated.
The form chosen seems to fit the large crib data reasonably well, so it was frozen
fairly early in the pursuit of the final form of the model. Then the value of KT was
varied systematically over a rather wide range, with the final selection based on a
judgment of the goodness of fit of experimental data to the theory's predictions.

The results of such comparisons are shown in figures 12 through 14. The fires
shown there were large-scale crib fires (Countryman 1969) with a mix of fuels from
excelsior to 4- by 4-in milled lumber, stacked to over 5 ft high, with a dry weight
loading of about 17 lb/ft2 (370 tons/acre). The fires were of different total size.
SR-4 and SR-5 were about 1.5 tons total fuel, and l2A-2 was 17.5 tons. Fuel moistures
and ambient winds were the only other variables that differed (Countryman)6 and these
differences were not great.

5 Stocks, Brian J. 1973. Private communication to W. H. Frandsen, on file
at the Northern Forest Fire Laboratory, Missoula, Montana 59801.

5 Countryman, Clive M. 1974. Correspondence on file at Northern Forest Fire
Laboratory, Missoula, Montana 59801.
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Figure 6.--Comparison of predicted and observed fractions of slash loads consumed in
light jack pine slash, using observed duff burnout as input variable.

Figure 7.--Comparison of predicted and observed slash consumption in light jack pine
clearcut burns, using observed duff burnout as input variable.

Figure 8.--Comparison of predicted and observed fractional load losses for light jack
pine clearcut slash, using duff moisture to predict amount of duff burned out.

Figure 9.--Comparison of predicted and observed tons/acre load losses for light jack
pine logging slash, using duff moisture to predict amount of duff burned out.
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One reason for the shift in the data points to the right of the theoretical curves
is due to the choice of KT = 0.60, which was chosen to match the slope of the curves
rather than the curves themselves. This was done because of the uncertainty in the
ignition delay for the three test fires. The experimental fires were ignited by firing
electrical squibs in bags of jellied gasoline. SR-4 had one igniter, SR-5 had four,
and 12A-2 had 49. Thus, the ignitions were nearly but not completely uniform and in
stantaneous over the whole crib. The theory deals with a differential area of ground
beneath a free-spreading fire, so replication of the theoretical conditions is not
possible with finite scale instrumentation.

The inflection points in the curves of figures 9 through 11 are more pronounced
when the intensity-vs-time plots are shown. In general, they roughly correspond to the
patterns of some temperature-history data taken on the large-scale, piled natural fuel
burns of Project FLAMBEAIJ (Philpot 1965), hut the comparison can be of no more than
anecdotal support to the theory. More emphasis was given test fires SR-4 and SR-5 than
l2A-2 because some "scale effect" was felt to be apparent in the data for the last (and
hy far the largest) hurn.

Mathematical Relationships

This section presents the derivation of various expected-value expressions dealing
with the overlap in planform projection of randomly stre"rn fuel pieces. The expressions
ullderlie the logic behind various equations in the burnout algorithm. First, expres
sions are generated that appear to have no connection to the problem at hand; the need
for these terms becomes apparent later. We deal here with the planform projection of
cylindrical fuel elements and consider them to he rectangles.

1. If J rectangles are randomly strewn in a fixed planar area, and each occludes
a fraction a of the area, let FN(J;a) he the expected fraction of the total area which
is.overlapped exactly N times. The evolution of FN(J;a) with increasing J can be
wrItten as

(1)

Equation (1) is clearly not exact, but in the author's experience is a good approximation
if a is small. This equation can be summed in closed form. Suppressing the explicit
use of a as a parameter of FN(J), the result can be written as:

(2)

(3)

which might almost be written immediately if the problem is viewed as a Bernoulli Trials
process.

2. Of the total planform area represented by the J randomly strewn elements, some
fraction WN(J;a) is itself covered over by others N times. Note that this area, as a

fraction of the planar area in which the pieces are strewn, can be written as (Ja)WN(J;a).

But this area is also derivable from the expression (N+l)F N+l (J), which states that,

for every unit of plot area covered N+l times, there are N+l units of fuel element plan
form area covered N times, so

N+l
WN(J;a) = Ja FN+ l (J).
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3. Equation (3) can be used directly to calculate the fraction of the planform
area of the fuel elements not covered at all by others. The reasoning is the same:

~ (J;u) • (J x planform area of one fuel element) =
o

Fl(J) • (Planar area in which fuel elements strewn)

Or, in terms of the parameter u,

~ (J;u) = F1(J)/uJo
(4)

4. If the same area (plot area) is strewn with K fuel elements, each of which
covers uk of the plot, and also with L fuel elements, each of which covers u£ of the

plot, let ¢N(K,L) represent the fraction of the fuel element planform area of size class

k elements which is covered N times by pieces of size class £.

The total planform area of size k fuel elements covered N times by size £ planforms
can be written as (Ku k) (Plot area)(¢N(K,L)). But this area can be written also as (Plot
area) (FN(L;uk))(M) where M is the expected number of size k fuel element planform area
overlaps to be found at any point in the plot, or

M
K
L: jF.(K;uk)
j=l J

(5)

From these two expressions we obtain the unsurprising result:

(6)

5. It is assumed that the amount of weight loss of a larger piece of fuel, due
to burning in interaction with a smaller piece of fuel, is proportional to the ratio of
diameters of the two interacting pieces. This postulation allows the simple expression
of the fraction of the loading of size class k fuels which would be burned out due to
the burning of size class 9 fuels (£ smaller than k), if all the £-size fuel burned and
there were no other size classes present except k and £. Let this fraction be rep
resented by So(k,£). Again, there are K pieces of size uk and L pieces of size u£.

Let their respective surface/volume ratios be ok and o£ (where ok < 0£).

Then,

S (k, £)
o

L
(KA0k/0£)L: n¢n(K,L)

n=l
(7)

where KA is the area-factor determined by the calibration trials.

6. Since the fraction of the size-k total planform area which would be over
lapped at least once by its own size class is (l-~ (K;uk)), it follows that the fraction
of the size-k loading which would be burned out byOinteraction with its own size class,
were there no other size classes present, would be S (k,k), where

o
K-l

So(k,k) = 1 - ~o(K;KAuk) = 1 - (l-KAuk) (8)
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7. Of that portion of size class k which is actually burned out, some fraction is
due to interaction with size class £. If the fraction of the size k loading which burns
out is Bk , and the fraction of the size k loading which burns out due to interaction
with size £. is \£.' then

B •
k

k
(6 (k,£.)/Z 6 (k,j))

o . 1 0
J=

(9)

where the sizes are arranged in ascending order, so that 01 > 02 > 03, etc.

8. Assuming that the fractional loading burned of any size class can be calculated
as though there were no larger size classes (purely for computational convenience at this
point--the effect of this assumption is largely balanced out in the selection of the
empirical constant KA), an algorithm can be specified for the computation of Bk , the

fractional loading of size class k which is burned.

By ordering the size classes so k=l is the finest (largest value of 0), k=2 the
next finest, etc., the algorithm can be written concisely as:

6 (1,1)
o

N-l
1 - (1-6 (N,N))IT (I-B.6 (N,j))

o j=l J 0

(10)

(11 )

9. The parameter ak , which appears in so many equations above, always occurs
multiplied by K, or in an expression in which a good approximation can be made in that
form. Since ak«<l, and K»l,

so the equation for B (i,j) can be written as:
o

(12 )

min(I,KA(O./o.)(Ja.))
1 J J

1 - exp(-KAJa
j

)

o

j<i

j=i

j> i

(13)

Now the product (Ja.) can be readily calculated. It is the ratio of the total fuel
J

planform area of size j to the area of the plot in which the fuel is strewn. Or, it is
the product of the average number of size j fuel elements per unit area of plot and
the planform area of an individual piece. If the elements are circular cylinders, the
planform area of a fuel element can be approximated as the surface area divided by IT.

But the surface area can he written as the surface/volume ratio, OJ multiplied by the

volume. The volume, in turn, is the weight of an element divided by its density. And
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the weight of an element, multiplied by the mean number of elements per unit plot area,
is simply the loading of that size class. Thus we have:

where

Ja. =: w.a./p.TI
J J J J

(14)

w. dry weight loading of size class j, Ib/ft L

J

a. surface/volume ratio of size class j, lb/ft
J

p. ovendry density of fuel element of size class j, lb/ft 3
J

Burning litter/Duff Layer Contribution
If a combustible mat underlies the fuel array, of which Wo Ib/ft L will be consumed

by burning, on the average, then it should cause some additional burnout of the larger
fuel pieces. For the purpose of completing this algorithm without additional research,
the assumption is made that fop evepy unit of fuel element planfopm apea which would
not be bUPned out hy othep fuel elements anyway, a local loading reduction of n'MKOWO

would occur where n.'M is a fuel element moisture-dependent factor (I-M/O.6) described
in the text. Because the local value of the loading by a fuel element of size class j
is the weight of the fuel element divided by its planform projection area, or approxi
mately TIp./a., and because the fraction of the size j fuel that would be burned out

J J
by fuel element interactions is B., we can calculate an updated value of the self

J
interaction fractional load reduction B*(j,j), from the formula:

o

where

B*(j,j) = B (j,j) + (1-B.)f.
o 0 J J

(15 )

local fractional load reduction due to litter/duff burnoutf.
J

f j min(1,n'MKDWD/(TIP/aj)) (16)

When the quantity of litter/duff burnout is known, or parameter-variation studies
are intended, Wo can be input to the algorithm directly. If a prediction of Wo is
desired, the appropriate formula should be for burnout of the litter/duff mat uninflu
enced by the overburden fuels. Additional burnout due to interaction with the over
burden fuels would be a fine-scale correction not warranted by the precision of the rest
of the mode I .

Fortunately, Van Wagner (1972) has published just such a predictive equation for L
and F layer burnout under standing timber (Eastern Canadian Pine). Van Wagner's equation
employs the fractional moisture content (average) of the Land F layers combined, to
predict the weight loading loss by burning. Recast in British units for consistency,
his equation can be written as

(17)

where

W* total litter/duff loading, Ib/ftL
D

Mn average fractional moisture content of the Land F layers combined.
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