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PREFACE 

Forest managers as well as those engaged in research involving fires in for- 
ests, brush fields, and grasslands need a consistent method for predicting fire 
spread and intensity in these fuels. The availability of the mathematical 
model of fire spread presented in this paper offers for the first time a 
method for making quantitative evaluations of both rate of spread and fire 
intensity in fuels that qualify for the assumptions made on the model. Fuel 
and weather parameters measurable in the field are featured as inputs to the 
model. It is recognized that this model of the steady-state fire condition is 
only a beginning in modeling wildland fires, but the initial applications to 
the National Fire-Danger Rating System and to  fuel appraisal illustrate its 
wide applicability. 

The introduction of this model will permit the use of systems analysis 
techniques to be applied to land management problems. As a result, a new 
dimension is offered to  land managers for appraising the consequences of 
proposed programs. Questions can be answered such as: What is the resultant 
fuel hazard when thinning is done in overstocked areas? Can logging prac- 
tices be modified to reduce the potential fire hazard of the fuels they pro- 
duce? How much slash should be left on the ground to produce the desired 
site treatment for the next crop of trees? How long after cutting can a suc- 
cessful bum still be achieved? What is the hazard buildup in chaparral brush 
fields of the Los Angeles Basin in years subsequent to the last burn? 

Systems analysis can be applied not only to  these broader aspects of vege- 
tative manipulation activities, but also to  traditional activities, such as pre- 
suppression planning and prescribed burning. As we learn more about the 
growth and decay patterns of our fuels, the long-range consequences of man- 
agement policy can be examined and appraised on a quantitative basis. Deci- 
sions will be more often in line with the desired outcome when the alterna- 

' tives to  proposed practices can be compared and evaluated before a stick of 
wood is cut. 

This mathematical model has been developed for predicting rate of spread 
and intensity in a continuous stratum of fuel that is contiguous to the 
ground. The initial growth of a forest fire occurs in the surface fuels (fuels 
that are supported within 6 feet or less of the ground). Under favorable 



burning conditions, if sufficient heat is generated, the fire can grow vertically 
into the treetops causing a crown fire to develop. The nature and mechan- 
isms of heat transfer in a crown fire are considerably different than those for 
a ground fire. Therefore, the model developed in this paper is not applicable 
to  crown fires. An exception can be made for brush fields. Brush, such as 
chamise, is characterized by many stems and foliage that are reasonably con- 
tiguous to the ground, making it suitable for modeling as a ground fire. 

Contributions to the spread of the fire by firebrands have not been in- 
cluded. At first this may seem to be a serious limitation to  the model be- 
cause everyone who has been on a large fire (most investigators go to large 
fires, the fires not presently being modeled) knows the importance of spot- 
ting. However, seeing firebrands in the air and landing ahead of the fire front 
does not mean that they are effective in advancing the fire. Berlad (1970) 
has shown that not all firebrands have a significant effect in spreading a fire. 
To be significant, firebrands must release sufficient heat when they land to  
ignite the adjacent fuels, and they must do so before the fire would have 
overrun the descent point as a result of conventional heat transfer mechanisms. 

Furthermore, the model has been designed to simulate a fire that has 
stabilized into a quasi-steady spread condition. Most fires begin from a single 
source and spread outward, growing in size and assuming an elliptical shape 
with the major axis in the direction most favorable to spread. When the fire 
is large enough so that the spread of any portion is independent of influences 
caused by the opposite side, it can be assumed to  have stabilized into a line 
fire. A line fire behaves like a reaction wave with progress that is steady over 
time in uniform fuels. 

All input parameters can be determined from knowledge of the character- 
istics of fuels in the field. This does not imply that all the parameters of fuels 
and environment are readily available or can easily be measured. I t  does, 
however, delineate what parameters should be cataloged and eliminates those 
that are not needed. A convenient method of cataloging input parameters is 
through the concept of fuel models tailored to  the vegetation patterns found 
in the field. The companion fuel models are thus a set of input parameters 
that describe the inherited characteristics that have been found in certain 
fuel types in the past. The environmental parameters of wind, slope, and ex- 
pected moisture changes may be superimposed on the fuel models. This fuel 
model concept has already been incorporated into the National Fire-Danger 
Rating System (Deeming and others 1972). 

The mathematical model produces quantitative values of spread and in- 
tensity that should be regarded as appraised or mean values for the given fuel 
and environmental conditions. The National Fire-Danger Rating System, 
however, will display the values on a relative scale in the form of indexes. 
The indexes developed from this mathematical model can be designed to  pre- 
dict conditions during which severe fire phenomena develop, even though 
the model does not include mass fire effects. 

Concurrently, studies designed to  confirm portions of the model through 
field tests have been conducted and are reported by J. K. Brown (1972). 
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ABSTRACT 

The development of a mathematical model for predicting rate of fire 
spread and intensity applicable to a wide range of wildland fuels is presented 
from the conceptual stage through evaluation and demonstration of results 
to hypothetical fuel models. The model was developed for and is now being 
used as a basis for appraising fire spread and intensity in the National Fire- 
Danger Rating System. The initial work was done using fuel arrays com- 
posed of uniform size particles. Three fuel sizes were tested over a wide 
range of bulk densities. These were 0.026-inch-square cut excelsior, 114-inch 
sticks, and 112-inch sticks. The problem of mixed fuel sizes was then re- 
solved by weighting the various particle sizes that compose actual fuel arrays 
by either surface area or loading, depending upon the feature of the fire 
being predicted. 

The model is complete in the sense that no prior knowledge of a fuel's 
burning characteristics is required. All that is necessary are inputs describing 
the physical and chemical makeup of the fuel and the environmental condi- 
tions in which it is expected to  burn. Inputs include fuel loading, fuel depth, 
fuel particle surface-area-to-volume ratio, fuel particle heat content, fuel 
particle moisture and mineral content, and the moisture content at which 
extinction can be expected. Environmental inputs are mean wind velocity 
and slope of terrain. For heterogeneous mixtures, the fuel properties are 
entered for each particle size. The model as originally conceived was for dead 
fuels in a uniform stratum contiguous to the ground, such as litter or grass. 
I t  has been found to be useful, however, for fuels ranging from pine needle 
litter to heavy logging slash and for California brush fields. 

The concept of fuel models is introduced, wherein parameters of wildland 
fuels necessary for inputs to  the model are categbrized and tabulated. These 
are then used to predict fire spread and intensity; this eliminates the neces- 
sity for repeatedly measuring such parameters. The conceptual approach 
recognizes that fuels have inherent characteristics that are repeatable. 
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HOW FIRE SPREADS 

Ear ly  work i n  f i r e  spread  research  conducted by t h e  USDA Fores t  Se rv i ce  was 
p r imar i l y  aimed a t  developing r e l a t i o n s h i p s  between burn ing  condi t ions  and obvious 
va r i ab l e s  t h a t  would a i d  f o r e s t  managers t o  cope with f i r e  problems. Such v a r i a b l e s  as 
f u e l  mois ture ,  f u e l  load ing ,  wind v e l o c i t y ,  r e l a t i v e  humidi ty,  s l o p e ,  and s o l a r  aspec t  
were a l l  recognized as producing important  e f f e c t s  on f i r e .  These e f f e c t s  were s t u d i e d  
and c o r r e l a t e d  t o  some form of f i r e  behavior .  The work was p r imar i l y  done outdoors and 
some very good r e s u l t s  were ob t a ined ,  cons ider ing  t h e  complexi t ies  o f  t h e  problem and 
t h e  v a r i a b i l i t y  of  wea ther ,  p a r t i c u l a r l y  wind. Much of  t h e  p r e sen t  day f i r e- dange r  
r a t i n g ,  f u e l  c l a s s i f i c a t i o n ,  and o t h e r  uses  of  f i r e  research  a r e  based on t h i s  p ioneer-  
i n g  work. 

W .  R .  Fons (1946) was t h e  f i r s t  t o  at tempt  t o  de sc r ibe  f i r e  spread  u s ing  a  mathe- 
mat ica l  model. Fons focused h i s  a t t e n t i o n  on t h e  head of t h e  f i r e  where t h e  f i n e  f u e l s  
c a r ry  t h e  f i r e  and where t h e r e  i s  ample oxygen t o  support  combustion. He po in t ed  out  
t h a t  s u f f i c i e n t  hea t  i s  needed t o  b r i n g  t h e  ad jo in ing  f u e l  t o  i g n i t i o n  tempera ture  a t  
t h e  f i r e  f r o n t .  Therefore ,  Fons reasoned t h a t  f i r e  spread  i n  a  f u e l  bed can be v i s u a l -  
i z e d  as proceeding by a  s e r i e s  of  succes s ive  i g n i t i o n s  and t h a t  i t s  r a t e  i s  c o n t r o l l e d  
p r imar i l y  by t h e  i g n i t i o n  time and t h e  d i s t a n c e  between p a r t i c l e s .  

Fon's e a r l y  ideas  have been confirmed by r ecen t  work i n  flame spread  t heo ry .  
T a r i f a  and Torra lbo  (1967) s t a t e  t h a t :  

Heat ing of t h e  f u e l  ahead of  t h e  flame as i t  p rog re s se s  i s  t h e  f i r s t  
and most e s s e n t i a l  p rocess  of t h e  flame propagat ion mechanism. There- 
f o r e ,  it i s  very important  t o  know t h e  flame propagat ion mechanism 
from flame t o  f u e l  and t o  s tudy  t h e  t ime consumed f o r  t h e  h e a t i n g  
process  s i n c e  i t  may con t ro l  p ropaga t ion  speed i n  many ca se s .  Never- 
t h e l e s s ,  t h e r e  i s  l i t t l e  in format ion  on t he se  problems. 

McAlevy and o the r s  l t h e o r i  zed t h a t  : 

The phenomena of  flame spreading  over  an i g n i t i n g  p r o p e l l a n t  s u r f a c e  
i s  viewed h e r e i n  as one of cont inuous,  d i f f u s i v e ,  gas-phase i g n i t i o n ;  
t h u s ,  t h e  flame spreading  phenomena i s  l inked  i n e x t r i c a b l y  t o  t h e  
i g n i t i o n  phenomena. 

l ~ o b e r t  F. McAlevy, 111, Richard S.  Magee, and John A .  Wrubel. Flame spreading  
a t  e l eva t ed  p r e s su re s  over  t h e  s u r f a c e  of  i g n i t i n g  s o l i d  p r o p e l l a n t s  i n  oxygen/ inert  
environments.  (Paper p r e sen t ed  a t  s p r i n g  meeting of  Western S t a t e s  S e c t .  Combust. I n s t . ,  
1967. ) 
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Figurs 1.--&el temperature history prior t o  ign i t ion  for heading, no-wind, and backing 
f ires .  

Considering f i r e  as a s e r i e s  of ign i t ions  helps i n  breaking down t h e  problem f o r  
analys is .  Heat i s  supplied from the  f i r e  t o  t h e  po ten t i a l  f u e l ,  t h e  surface  i s  
dehydrated, and fu r the r  heat ing r a i s e s  t h e  surface  temperature u n t i l  t h e  fue l  begins t o  
pyrolyze and re lease  combustible gases. When the  gas evolution r a t e  from t h e  p o t e n t i a l  
fuel  i s  s u f f i c i e n t  t o  support combustion, the  gas i s  igni ted  by the flame and the  f i r e  
advances t o  a new pos i t ion .  Final ly ,  a constant r a t e  of spread i s  achieved; t h i s  i s  
ca l l ed  t h e  "quasi-steady s t a t e"  wherein t h e  f i r e  advances a t  a r a t e  t h a t  i s  t h e  average 
of a l l  t h e  elemental r a t e s .  

This process i s  i l l u s t r a t e d  i n  f igure  1, which i s  based on a laboratory t e s t  i n  
which we monitored t h e  surface temperature of a f i n e  fue l  element and t h e  a i r  adjacent 
t o  i t  ahead of an advancing f i r e .  In t h e  no-wind f i r e  and backing f i r e s ,  t h e  fuel  
temperature rose  slowly u n t i l  t h e  f i r e  was within 1 o r  2 inches of t h e  fue l  element 
where i t  suddenly rose  t o  i g n i t i o n .  During t h e  preheating phase, t h e  fue l  temperature 
exceeded t h e  a i r  temperature; t h i s  ind ica tes  t h a t  convective heating o r  d i r e c t  flame 
contact does not occur u n t i l  the  f i r e  f ron t  reaches t h e  p a r t i c l e .  Consequently, radia-  
t i o n  must have accounted f o r  t h e  energy imparted t o  t h e  fue l  elements on t h e  upper sur-  
face while simultaneously t h e  p a r t i c l e  was being cooled by convective i n d r a f t s .  This 
does not occur i n  t h e  heading, o r  wind-driven f i r e ,  i n  which the temperature of the  
fuel  rose s teeply  even when the  f i r e  was 2 f e e t  from the  thermocouple t h a t  had been 
inse r t ed  i n  t h e  p a r t i c l e .  During the  r i s e  t o  i g n i t i o n ,  t h e  a i r  temperature was higher 
than the  fue l  surface temperature; t h i s  shows t h a t  convective heating can be present  i n  I 

addit ion t o  r ad ia t ion .  Such temperature h i s t o r i e s  ind ica te  t h a t  bas ic  d i f ferences  e x i s t  
i n  the mechanisms t h a t  br ing fue l s  t o  ign i t ion .  These bas ic  differences provided - 
us with a method f o r  character iz ing f i r e s  and developing s i m i l a r  methods f o r  
mathematical modeling. 



CONCEPTION OW 
MATHEMATICAL MODEL 

The model was deve loped  from a  s t r o n g  t h e o r e t i c a l  b a s e  t o  make i t s  a p p l i c a t i o n  a s  
wide a s  p o s s i b l e .  T h i s  b a s e  was s u p p l i e d  by  Frandsen (1971) who a p p l i e d  t h e  c o n s e r v a-  
t i o n  o f  ene rgy  p r i n c i p l e  t o  a  u n i t  volume o f  f u e l  ahead o f  a n  advanc ing  f i r e  i n  a  
homogerieous f u e l  bed.  H i s  a n a l y s i s  l e d  t o  t h e  f o l l o w i n g :  

R = 
C 

'be Qig 

where : 

I? = q u a s i - s t e a d y  r a t e  o f  s p r e a d ,  f t . / m i n .  

I . = h o r i z o r l t a l  h e a t  f l u x  absorbed  b y  a  u n i t  volume o f  f u e l  a t  t h e  t i m e  o f  i g n i t i o n ,  
x1g 

~ . t . u . / f t . ~ - m i l l .  

= e f f e c t i v e  bu lk  d e n s i t y  ( t h e  amount o f  f u e l  p e r  u n i t  volume o f  t h e  f u e l  bed 
r a i s e d  t o  i g n i t i o n  ahead o f  t h e  a d v a ~ l c i n g  f i r e ) ,  l b . / f t .  3 

Q. = h e a t  o f  p r e i g n i t i o l l  ( t h e  h e a t  r e q u i r e d  t o  b r i n g  a  u n i t  weight  o f  f u e l  t o  
lg i g n i t i o n ) ,  B . t . u . / l b .  

= t h e  g r a d i e n t  o f  t h e  v e r t i c a l  i r l t e n s i t y  e v a l u a t e d  a t  a  p l a n e  a t  a  c o n s t a n t  (2') d e p t h ,  zc ,  o f  t h e  f u e l  b e d ,  B . t . u . / f t .  3-min. 
z  

C 

The h o r i z o n t a l  and v e r t i c a l  c o o r d i n a t e s  a r e  x  and z ,  r e s p e c t i v e l y .  

111 Fra r idsen ' s  a n a l y s i s ,  t h e  f u e l - r e a c t i o n  zone i n t e r f a c e  i s  f i x e d  and t h e  u n i t  
volume i s  moving a t  a  c o ~ l s t a n t  d e p t h ,  zc ,  from x  = - m  toward t h e  i n t e r f a c e  a t  x  = 0 .  
The u n i t  volume i g n i t e s  a t  t h e  i n t e r f a c e .  

111 one s e n s e ,  e q u a t i o n  (1)  shows t h a t  t h e  r a t e  o f  s p r e a d  d u r i n g  t h e  q u a s i - s t e a d y  
s t a t e  i s  a  r a t i o  between t h e  h e a t  f l u x  r e c e i v e d  from t h e  s o u r c e  i n  t h e  numera to r  and 
t h e  h e a t  r e q u i r e d  f o r  i g n i t i o i i  by  t h e  p o t e n t i a l  f u e l  i n  t h e  denominator .  Equa t ion  (1)  
corl tair ls  h e a t  f l u x  t e rms  f o r  which t h e  mechariisms o f  h e a t  t r a n s f e r  a r e  n o t  known; 
c o n s e q u e n t l y ,  i t  c o u l d  n o t  b e  s o l v e d  a n a l y t i c a l l y  a t  t h i s  t i m e .  To s o l v e  e q u a t i o n  ( I ) ,  
i t  was n e c e s s a r y  t o  examine each t e r m  and d e t e r m i n e  e x p e r i m e n t a l  and a n a l y t i c a l  
methods of e v a l u a t i o n .  T h i s  r e q u i r e d  t h e  d e f i n i t i o n  o f  new terms t h a t  u l t i m a t e l y  
p r o v i d e d  an approx ima te  s o l u t i o n  t o  e q u a t i o n  ( 1 ) .  



Heat Required for Ignition 

The hea t  r equ i r ed  f o r  i g n i t i o n  i s  dependent upon (a) i g n i t i o n  tempera ture ,  (b) 
moisture conten t  o f  t h e  f u e l ,  and (c) amount o f  f u e l  involved i n  t h e  i g n i t i o n  process .  

The energy pe r  u n i t  mass r equ i r ed  f o r  i g n i t i o n  i s  t h e  hea t  o f  p r e i g n i t i o n ,  Qig:  

where : 

M = r a t i o  of  f u e l  mois ture  t o  ovendry weight f  

T = i g n i t i o n  temperature.  
i g  

The amount o f  f u e l  involved i n  t h e  i g n i t i o n  process  i s  t h e  e f f e c t i v e  bulk d e n s i t y ,  'be. 
To a i d  i n t e r p r e t a t i o n  and a n a l y s i s ,  an e f f e c t i v e  hea t i ng  number i s  def ined  a s  t h e  r a t l o  
of  t h e  e f f e c t i v e  bulk d e n s i t y  t o  t h e  a c t u a l  bulk d e n s i t y .  

'be E E - '  

'b 

The e f f e c t i v e  hea t i ng  number i s  a  dimensionless  number t h a t  w i l l  be n e a r  u n i t y  f o r  f i n e  
f u e l s  and decrease  toward zero  a s  f u e l  s i z e  i nc r ea se s .  Therefore ,  

'be 
= f  (bulk d e n s i t y ,  f u e l  s i z e )  C41 

Propagating Flux 
The propagat ing f l u x  i s  t h e  numerator of  t h e  RHS ( r igh t- hand  s i d e )  of  equa t ion  

(1) and has t h e  u n i t s  o f  h e a t  pe r  u n i t  a r e a ,  p e r  u n i t  t ime.  The propagat ing f l u x  i s  
represen ted  by I  . 

P  ' 

The propagat ing f l u x  i s  composed of  two terms,  t h e  h o r i z o n t a l  f l u x  and t h e  g r ad i en t  
of  t h e  v e r t i c a l  f l u x  i n t e g r a t e d  from minus i n f i n i t y  t o  t h e  f i r e  f r o n t .  These f l uxes  
can be cha rac t e r i zed  a s  shown i n  f i g u r e s  2, 3 ,  and 4.  The f i g u r e s  i n d i c a t e  t h a t  t h e  
v e r t i c a l  f l u x  i s  more s i g n i f i c a n t  dur ing  wind-driven and upslope f i r e s  because t h e  
flame t i l t s  over  t h e  p o t e n t i a l  f u e l ,  thereby  i nc rea s ing  r a d i a t i o n ,  bu t  more s i g n i f i c a n t l y  
causing d i r e c t  flame con t ac t  and convec t ive  hea t  t r a n s f e r  t o  t h e  p o t e n t i a l  f u e l .  

We w i l l  assume t h e  v e r t i c a l  f l u x  i s  smal l  f o r  no-wind f i r e s  and l e t  I p  = ( Ip)o .  
I n  t h e  model, ( I p )o  i s  t h e  b a s i c  h e a t  f l u x  component t o  which a l l  a d d i t i o n a l  e f f e c t s  of  
wind and s lope  a r e  r e l a t e d .  

When we s u b s t i t u t e  equa t ions  (3) and (5) i n t o  equat ion (1) and l e t  I  = ( l p ) o  
and R = R f o r  t h e  no-wind ca se ,  then  P  

0 



Figure 2 .  --Schematic of 
no-wind f i r e .  

Wind 

Figure 3. --Schematic o f  
wind-driven f i r e .  

Solid mass transport 

Figure 4 .  --Schematic o f  
ups lope f i r e .  



E q u a t i o n  (6) p e r m i t s  ( I p ) o  t o  be  e v a l u a t e d  from exper imen t s  w i t h  s p r e a d i n g  f i r e s  i n  
t h e  no-wind c o n d i t i o n  by  measur ing Ro o v e r  a  wid? r ange  o f  f u e l  c o n d i t i o n s .  Note t h a t  
t h e  p r o p a g a t i n g  f l u x  o c c u r s  a t  t h e  f r o n t  o f  t h e  f i r e ;  t h e r e f o r e  ( I p ) o  i s  e x p e c t e d  t o  
be  c l o s e l y  r e l a t e d  t o  t h e  f i r e  i n t e n s i t y  o f  t h e  f r o n t :  

Reaction Irrtensity 

The ene rgy  r e l e a s e  r a t e  o f  t h e  f i r e  f r o n t  i s  produced by  b u r n i n g  g a s e s  r e l e a s e d  
from t h e  o r g a n i c  m a t t e r  i n  t h e  f u e l s .  T h e r e f o r e ,  t h e  ra te  of change of  t h i s  o r g a n i c  
m a t t e r  from a  s o l i d  t o  a  g a s  i s  a  good approx ima t ion  o f  t h e  s u b s e q u e n t  h e a t  r e l e a s e  r a t e  
of t h e  f i r e .  The h e a t  r e l e a s e  r a t e  p e r  u n i t  a r e a  o f  t h e  f r o n t  i s  c a l l e d  t h e  r e a c t i o n  
i n t e n s i t y  and i s  d e f i n e d  a s :  

where : 

- dW - - mass l o s s  r a t e  p e r  u n i t  a r e a  i n  t h e  f i r e  f r o n t ,  l b . / f t .  2-min.  
d t  

h  = h e a t  c o n t e n t  o f  f u e l ,  B . t . u . / l b .  

'The r e a c t i o n  i n t e n s i t y  i s  a  f u n c t i o n  o f  such f u e l  p a r a m e t e r s  a s  t h e  p a r t i c l e  s i z e ,  bu lk  
d e n s i t y ,  m o i s t u r e ,  and chemica l  compos i t ion .  

The r e a c t i o n  i n t e n s i t y  i s  t h e  s o u r c e  o f  t h e  no-wind p r o p a g a t i n g  f l u x ,  (Ip), .  An 
i m p o r t a n t  concep t  upon which t h e  model i s  based  t h a t  ( I  ) o  and I R  can  b e  e v a l u a t e d  i n -  
d e p e n d e n t l y  and c o r r e l a t e d .  Knowing t h e  c o r r e l a t i o n ,  (?p)o can b e  de te rmined  from t h e  
r e a c t i o ~ i  i n t e n s i t y ,  which i s  i n  t u r n  dependent  on f u e l  p a r a m e t e r s  o b t a i n e d  from t h e  
f u e l  bed complex. 

I f  t h i s  concep t  i s  k e p t  i n  mind, i t  w i l l  a i d  i n  u n d e r s t a n d i n g  t h e  development o f  t h e  
model.  

Effect of Wind and Slope 

Wind and s l o p e  change t h e  p r o p a g a t i n g  h e a t  f l u x  by  e x p o s i n g  t h e  p o t e n t i a l  f u e l  t o  
a d d i t i o n a l  c o n v e c t i v e  and r a d i a n t  h e a t  ( f i g s .  3 and 4 ) .  

Le t  and @s r e p r e s e n t  t h e  a d d i t i o n a l  p r o p a g a t i n g  f l u x  produced by wind and s l o p e .  
They a r e  d i m e ~ ~ s i o r l l e s s  c o e f f i c i e r l t s  t h a t  a r e  f u n c t i o n s  of  wind,  s l o p e ,  and f u e l  p a r a -  
m e t e r s .  They must b e  e v a l u a t e d  from e x p e r i m e n t a l  d a t a .  The t o t a l  p r o p a g a t i n g  f l u x  i s  
r e p r e s e n t e d  b y  t h e  e x p r e s s i o n ,  

Approximate Rate of Spread Equation 

I n s e r t i n g  t h e  approx ima te  r e l a t i o n s l l i p s ,  e q u a t i o n  (1) becomes : 



EVALUATION OF PARAMETERS, 
NO -WIND, OR SLOPE 

The conce ived  f u n c t i o n a l  r e l a t i o n s h i p s  n e c e s s a r y  f o r  e v a l u a t i n g  e q u a t i o n  (1) a r e  
d i v i d e d  and c o n s i d e r e d  f i r s t  as t h o s e  forming a  h e a t  s i n k ,  and second  a s  t h o s e  s e r v i n g  
as  a  h e a t  s o u r c e .  

Heat Sink 

Heat of Preignition 

The h e a t  o f  p r e i g n i t i o n  and t h e  e f f e c t i v e  bu lk  d e n s i t y  a r e  t h e  two t e r m s  t h a t  had 
t o  be e v a l u a t e d  b e f o r e  t h e  p r o p a g a t i n g  f l u x  c o u l d  be computed. Qig was e v a l u a t e d  
a n a l y t i c a l l y  f o r  c e l l u l o s i c  f u e l s  by cons ide r i r lg  t h e  change i n  s p e c i f i c  h e d t  from ambient  
t o  i g n i t i o n  t e m p e r a t u r e  and t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o r l  o f  t h e  m o i s t u r e .  

where : 

C = s p e c i f i c  h e a t  o f  d r y  wodd 
pd 

AT. = t e m p e r a t u r e  r a n g e  t o  ig r l i t i o r l  
1 8  

bI = f u e l  m o i s t u r e ,  l b .  w a t e r / l b .  -Try wco 
f  

C = s p e c i f i c  h e a t  o f  w a t e r  
P  w 

ATB = t e m p e r a t u r e  rarlge t o  b o i l i n g  

V = l a t e n t  h e a t  o f  v a p o r i z a t i o r l .  

D e t a i l s  o f  t h e  c a l c u l a t i o ~ l  a r e  by F r a r ~ d s e r l . ~  The t e m p e r a t u r e  t o  i g n i t i o n  i s  
assumed t o  r a n g e  from 20" t o  320' C .  and b o i l i n g  t e m p e r a t u r e  t o  be a t  100' C . ,  t h e n  
e q u a t i o n  (11) becomes : 

2 ~ .  H .  F randsen .  The e f f e c t i v e  h e a t i n g  o f  f u e l  p a r t i c l e s  ahead o f  a  s p r e a d i n g  
f i r e .  USDA F o r e s t  S e r v .  , I n t e r m o u n t a i n  F o r e s t  and Range Exp. S t a .  , Ogden, Utah ( i n  
p r e p a r a t i o n ) .  



Figure 5. --Instrwnentation for 
determining the  e f f e c t i v e  
bulk densi ty .  

Moisture i s  t h e  primary independent v a r i a b l e  i n  t h e  eva lua t i on  of Qig;  however, i t  
i s  recognized t h a t  o t h e r  parameters  should even tua l l y  be inc luded  i n  t h i s  eva lua t i on :  
her i t i~lg r a t e ,  i no rgan i c  i m p u r i t i e s ,  and nonpyro ly t ic  v o l a t i l e s .  

Effect ive  Bulk Density 

To eva lua t e  t h e  e f f e c t i v e  bulk d e n s i t y  (pbe), we needed t o  determine t h e  e f f i c i e n c y  
of hea t i ng  a s  a  funct ioi l  o f  p a r t i c l e  s i z e .  This  was eva lua ted  by p l ac ing  thermocouples 
wi th in  s e c t i o n s  o f  two s t i c k s  t h a t  were l oca t ed  on t h e  upper su r f ace  3 f e e t  from one 
end of s tandard  wood c r i b s .  The instrumented s e c t i o n s  were o r i en t ed  i n  both t h e  lon-  
g i t u d i n a l  and l a t e r a l  d i r e c t i o n s  ( f i g .  5 ) .  The temperature d i s t r i b u t i o n  w i th in  t h e  
s t i c k s  was analyzed t o  determine t h e  amount o f  hea t  absorbed by t h e  s t i c k s  up t o  t h e  
time of i g n i t i o n .  

Resul t s  of t h e  a n a l y s i s  a r e  show11 i n  f i g u r e  6 .  An exponential  f i t  t o  t h e  d a t a  i s :  

where : 

a = p a r t i c l e  surface-area- to-volume r a t i o ,  f t . - ]  

I f  we t ake  u n i t y  as  being 100-percent hea t i ng  f o r  a  hypo the t i ca l  ze ro- th ickness  
f u e l ,  f i g u r e  6 shows t h a t  22 percent  of  t h e  1/2- inch s t i c k  and 50 percent  of t h e  
1/4- inch s t i c k  must be heated t o  i g n i t i o n ;  i t  a l s o  p r e d i c t s  t h a t  92.8 percent  of 
t h e  e x c e l s i o r  i s  hea ted .  This  agreed wi th  our o r i g i n a l  assumption of  100 percent  f o r  
f i n e  f u e l s .  

3 ~ r a n d s e n ,  i b i d .  



Figure 6 .  - - Ef f ec t i ve  heating 
number versus Z/a. a i s  
the s  urface-area- to-volume 
r a t i o  o f  the par t i c l e ;  E 

i s  a  measure of  the  fraction 
o f  the potent ia l  fuel tha t  
must be raised t o  i g n i t i o n .  

Measured values 

- 

Heat Source 

Reaction In tens i t y  

The most complex f u n c t i o n  e v a l u a t e d  was r e a c t i o r i  i n t e n s i t y  u s i n g  a  new concept  
t h a t  evo lved  by d e r i v i n g  f i r e  i n t e n s i t y  from t h e  weight  l o s s  d a t a . 4  The e v a l u a t i o n  
was made from a  s e r i e s  o f  experimerlts  u t i l i z i n g  an i~ i s t rumer l t  sys tem t h a t  r ecorded  t h e  
weight  o f  a  p o r t i o n  o f  t h e  f u e l  bed d u r i n g  f i r e  s p r e a d .  

Equat ion (7) can b e  r e a r r a n g e d  t o  e x p r e s s  r e a c t i o n  i r l t e ~ i s i t y  i n  t h e  f o l l o w i n g  malnier: 

where : 

dx = R ,  t h e  q u a s i - s t e a d y  r a t e  o f  s p r e a d .  - 
d t  

T h e r e f o r e ,  
I dx  = -Rh dw. 

R 
(16) 

To s o l v e  e q u a t i o n  (16) i n t e g r a t e  x  o v e r  t h e  r e a c t i o r i  zone d e p t h ,  D ,  and w over  t h e  l i m i t s  
of  t h e  load ing  i n  t h e  r e a c t i o n  zone.  

4 \ ~ .  H .  Frarldsen arid R .  C .  Rothermel.  bleasurirlg t h e  ene rgy  r e l e a s e  r a t e  of a  
s p r e a d i n g  f i r e .  USDA F o r e s t  Serv. ,  I l l termountairl  F o r e s t  and Range Exp. S t a t i o n ,  Ogden, 
Utah ( i n  p r e p a r a t i o n )  . 



This  g ives  

I D = Rh(w -W ) .  
R n  r 

where : 

D = r e a c t i o n  zone depth ( f r o n t  t o  r e a r ) ,  f t .  

w = n e t  i n i t i a l  f u e l  load ing ,  ~ b . / f t . ~  n  

w = r e s idue  loading immediately a f t e r  passage of t h e  r r e a c t i o n  zone, l b .  /ft .  

The n e t  i n i t i a l  f u e l  loading was co r r ec t ed  f o r  t h e  presence  of  noncombustibles,  water ,  
and minera l s .  

The time taken f o r  t h e  f i r e  f r o n t  t o  t r a v e l  a  d i s t a n c e  equiva len t  t o  t h e  depth of 
one r e a c t i o n  zone i s  t h e  r e a c t i o n  time T 

R '  

S u b s t i t u t i n g  t h e  r e a c t i o n  time i n t o  equat ion (18) gives 

We now d e f i n e  a  maximum r e a c t i o n  i n t e n s i t y  where t h e r e  i s  no loading r e s idue  l e f t  
a f t e r  t h e  r e a c t i o n  zone i s  passed and where t h e  r e a c t i o n  time remains unchanged. This  
maximum r e a c t i o n  i n t e n s i t y  i s  r ep re sen t ed  by 

The r e a c t i o n  zone e f f i c i e n c y  i s  then  def ined  a s  

I R (wn-wr) Q6=I - 
Rmax 

W 
I1 

Replacing (w -wr) i n  equa t ion  (201, we 11:~vc 1 i n  terms of  measurable f u e l  and f i r e  
I1 parameters .  It 

The n e t  f u e l  loading necessary  f o r  equat ion (23) can be ob ta ined  from equat ion (24) .  

where : 

w = ovendry f u e l  load ing ,  ~ b . / f t . ~  
0 

lb  . rnilierals S = f u e l  mineral  con t en t ,  T  l b .  dry f u e l  ' 



Reaction Velocity 

The r e a c t i o n  v e l o c i t y  i s  a  dynamic v a r i a b l e  t h a t  i n d i c a t e s  t h e  completeness and 
r a t e  of  f u e l  consumption, Therefore ,  i t  r ep re sen t s  t h e  dynamic c h a r a c t e r  of t h e  f i r e  
and i s  t h e  key t o  succes s fu l  development of  t h e  model. 

The r e a c t i o n  v e l o c i t y  i s  def ined  a s  t h e  r a t i o  of  t h e  r e a c t i o n  zone e f f i c i e n c y  t o  
t h e  r e a c t i o n  t ime,  

" 
I' = r e a c t i o n  v e l o c i t y ,  min . - l .  

T R 

Four f u e l  parameters  a r e  considered t o  have a  major e f f e c t  on t h e  r e a c t i o n  v e l o c i t y - -  
moisture con t en t ,  mineral  con t en t ,  p a r t i c l e  s i z e ,  and f u e l  bed bulk d e n s i t y .  

Fuel moisture and mineral  conten t  a r e  in t roduced  through two damping c o e f f i c i e r ~ t s  
t h a t  ope ra t e  on t h e  p o t e n t i a l  r e a c t i o n  v e l o c i t y ;  t h e  l a t t e r  i s  t h e  r e a c t i o n  v e l o c i t y  
t h a t  would e x i s t  i f  t h e  f u e l  were f r e e  o f  moisture and contained minerals  a t  t h e  same 
concent ra t ion  as  a lpha  c e l l u l o s e .  The presence  of moisture o r  minera l s  reduces t h e  
r e a c t i o n  v e l o c i t y  below i t s  po t e r l t i a l  va lue .  

Le t :  

r '  = p o t e n t i a l  r e a c t i o n  v e l o c i t y ,  min.- l  

rlM = moisture damping coe f f i c i e r i t  having va lues  ral igir~g from 1  t o  0 ,  dimensionless .  

ns = minera l  damping c o e f f i c i e n t  having va lues  ranging from 1  t o  0 ,  dimensionless .  

Then : i- = r '  
74"s . (26) 

Subs t i t u t i r l g  equa t ions  (25) and (26) i n t o  equat ion (23) produces t h e  f i n a l  express ion  
f o r  r e a c t i o n  i n t e r l s i t y .  

The r e a c t i o n  v e l o c i t y  and t h e  moisture and mineral damping c o e f f i c i e n t s  must be evalu-  
a t e d  by experimentat ion.  

Yoisture Damping Coefficient 

The moisture damping c o e f f i c i e n t  i s  de f ined  as  

Anderson (1969) t e s t e d  i d e n t i c a l  f u e l  beds of ponderosa p ine  needles  over a  wide 
moisture range.  The r a t i o  I / I  Rmax o r  nM, a s  p l o t t e d  i n  f i g u r e  7, was ob ta ined  from 
h i s  d a t a .  

The a b s c i s s a  i n  f i g u r e  7  i s  t h e  r a t i o  of  M f ,  t h e  f u e l  mois ture ,  t o  >Ix, t h e  moisture 
of  e x t i n c t i o n .  Mx i s  t h e  moisture conten t  of  t h e  f u e l  a t  which t h e  f i r e  w i l l  no t  

I 

spread .  For l i t t e r  f u e l s  o f  poliderosa p ine  need l e s ,  Mx z 0.30; f o r  o the r  dead f u e l s ,  



Figure 7 .  --Determination of 
moisture damping c o e f f i -  
c i e n t  from ponderosa 
pine needle fuel  beds. 
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Fuel moisture ratio- Mf/Mx 

i t  may vary  between 0.10 and 0 . 4 0 . ~  Kecent f i e l d  experiments i n  logging s l a s h  (Brown 
1972) i n d i c a t e  t h a t  Mx may be between 0.10 and 0.15 f o r  logging s l a s h ,  which is  more 
porous than l i t t e r .  

The equat ion f o r  t h e  curve i n  f i g u r e  7 i s  

The moisture damping c o e f f i c i e n t  accounts f o r  t h e  decrease i n  i n t e n s i t y  caused by the  
combustiorl of f u e l s  t h a t  i n i t i a l l y  contained moisture.  The exac t  e f f e c t  of  t h e  mois- 
t u r e  has not  been adequately explained i n  terms of r e a c t i o n  k i n e t i c s .  

Q i g  i s  included i m p l i c i t l y  i n  t h e  development of  nM. I f  f u r t h e r  s t u d i e s  of Q i g  
r evea l  ~t t o  be non l inea r ,  then t h e  curve form of nM w i l l  change. 

Mineral Damping Coe f f i c i en t  

The mineral  damping c o e f f i c i e n t  was eva lua ted  from thermogravimetric a n a l y s i s  (TGA) 
d a t a  of n a t u r a l  f u e l s  by Phi lpot  (1968). In  t h i s  s tudy ,  i t  was assumed t h a t  t h e  r a t i o  
of t h e  normalized decomposition r a t e  would be t he  same a s  t h e  normalized r e a c t i o n  
i n t e n s i t y .  The maximum decomposition r a t e  used f o r  normal iza t ion  was a t  a  mineral  
content  of 0.0001, a  value t h a t  was assumed t o  be t he  lowest f r a c t i o n a l  mineral content  
f o r  n a t u r a l  f u e l s .  Phi lpot  found t h a t  s i l i c a  d id  not  a f f e c t  t he  decomposition r a t e .  
Therefore,  t he  s i l i c a - f r e e  ash content  was taken as  t h e  independent parameter.  The 
da t a  a r e  shown i n  f i g u r e  8. The equat ion f o r  t h e  curve , i n  f i gu re  8 is 

where: Se = e f f e c t i v e  mineral content  ( s i l i c a  f r e e ) .  

5 ~ o  avoid confusion i n  equat ion development, t h e  moisture and mineral values a r e  
expressed as  a  r a t i o  r a t h e r  than a  percent .  



Figure 8. --Mineral. damping 
c o e f f i c i e n t  o f  natural  
f ue l s ,  der ived  from t h e  
work o f  Phi lpot  ( 1 9 6 8 ) .  

Effective mineral content - Se 

Physical  Fuel Parameters 

Two v a r i a b l e s  remain t h a t  had t o  be cons idered  i n  eva lua t i ng  t h e  r e a c t i o n  
i n t e n s i t y - - f u e l  bed compactness and f u e l  p a r t i c l e  s i z e .  Both a r e  known t o  have s i g n i f i -  
c an t  e f f e c t s  upon combus t i b i l i t y ,  but  t o  d a t e ,  i n t e g r a t e d  research  has no t  been conduct- 
ed t o  s e p a r a t e  and quan t i fy  t h e  e f f e c t s  of t h e s e  v a r i a b l e s  on t h e  dynamic c h a r a c t e r  o f  
f i r e .  

I t  is  hypothesized t h a t  low va lues  of  f i r e  i n t e n s i t y  and r a t e  of spread  occur  a t  
t h e  two extremes of compactness ( loose  and dense) .  I n  dense beds ,  t h i s  can be a t t r i b u t e d  
t o  low a i r - t o - f u e l  r a t i o  and t o  poor p e n e t r a t i o n  of  t h e  h e a t  beyond t h e  upper s u r f a c e  
of t h e  f u e l  a r r a y .  I n  loose  beds ( a t  t h e  o t h e r  extreme],  low i n t e n s i t y  and poor spread  
a r e  a t t r i b u t e d  t o  hea t  t r a n s f e r  l o s s e s  between p a r t i c l e s  and t o  lack of f u e l .  Between 
t h e s e  two extremes,  t h e r e f o r e ,  t h e r e  must be an optimum arrangement of  f u e l  t h a t  w i l l  
produce t h e  b e s t  ba lance  of  a i r ,  f u e l ,  and hea t  t r a n s f e r  f o r  both maximum f i r e  i n t e n s i t y  
and r e a c t i o n  v e l o c i t y .  I t  i s  no t  expected t h a t  t h e  optimum arrangement w i l l  b e  t h e  same 
f o r  d i f f e r e n t  s i z e  f u e l  p a r t i c l e s .  

The compactness of  t h e  f u e l  bed i s  q u a n t i f i e d  by t h e  packing r a t i o ,  which i s  
def ined  as  t h e  f r a c t i o n  of t h e  f u e l  a r r a y  volume t h a t  i s  occupied by f u e l .  The packing 
r a t i o  can be e a s i l y  c a l c u l a t e d  by e v a l u a t i n g  t h e  r a t i o  of  t h e  f u e l  a r r ay  bulk d e n s i t y  
t o  t h e  f u e l  p a r t i c l e  d e n s i t y ,  

where : 

B = packing r a t i o ,  dimensionless  

pb  = f u e l  a r r ay  bulk d e n s i t y ,  lb . / f t .  

p = f u e l  p a r t i c l e  d e n s i t y ,  l b . / f t . 3 .  
P  



The su r face -a rea - to -vo lume  r a t i o  i s  used  t o  q u a n t i f y  t h e  f u e l  p a r t i c l e  s i z e .  

L e t  a = t h e  f u e l  p a r t i c l e  su r face -a rea - to -vo lume  r a t i o .  For f u e l s  t h a t  a r e  long  
w i t h  r e s p e c t  t o  t h e i r  t h i c k n e s s ,  

4 a = - , f t .  - 1  
d  

where : 

d  = d i a m e t e r  of  c i r c u l a r  p a r t i c l e s  o r  edge l e n g t h  o f  s q u a r e  p a r t i c l e s ,  f t .  

The p a c k i n g  r a t i o  o f  t h e  f u e l  a r r a y ,  8, and t h e  s u r f a c e - a r e a - t o - v o l u m e  r a t i o  of  
t h e  f u e l  p a r t i c l e ,  a ,  a r e  t h e  p r i m a r y  i n d e p e n d e n t  v a r i a b l e s  used  t h r o u g h o u t  t h e  
r emainder  o f  t h e  p a p e r  f o r  e v a l u a t i n g  c o r r e l a t i o n  e q u a t i o n s .  

Experimental Design 

'To e v a l u a t e  t h e  r e a c t i o n  v e l o c i t y ,  a  we igh ing  p l a t f o r m  was c o n s t r u c t e d  as p a r t  of 
t h e  f u e l  s u p p o r t  s u r f a c e  f o r  t h e  e x p e r i m e n t a l  f u e l  b e d s .  T h i s  we igh ing  p l a t f o r m ,  which 
was 18 i n c h e s  s q u a r e ,  was s u p p o r t e d  by  f o u r  load  c e l l s ,  which were p r o t e c t e d  from t h e  
h e a t  by  a  s e r i e s  o f  b a f f l e s  and ce ramic  c y l i n d e r s .  A l l  f o u r  s i g n a l s  from t h e s e  l o a d  
c e l l s  were e l e c t r o n i c a l l y  summed, a m p l i f i e d ,  and s p l i t  i n t o  two e q u i v a l e n t  s i g n a l s .  
One s i g n a l  was r e c o r d e d  d i r e c t l y ;  t h e  second w a s  e l e c t r o n i c a l l y  d i f f e r e n t i a t e d  b e f o r e  
b e i n g  r e c o r d e d .  T h i s  d u a l  a r r angement  gave c o n t i n u o u s  r e c o r d s  o f  t h e  w e i g h t  o f  t h e  f u e l  
or1 t h e  p l a t f o r m  as  w e l l  a s  t h e  t i m e  r a t e  o f  change o f  t h e  w e i g h t .  

The e x c e l s i o r  f u e l  beds  were 3 f e e t  w ide ,  8 f e e t  l o n g ,  and 4-1/2 i n c h e s  d e e p .  The 
f r o n t  o f  t h e  we igh ing  p l a t f o r m  was p l a c e d  4 f e e t  from t h e  f r o n t  o f  t h e  f u e l  bed and 
c e n t e r e d  l a t e r a l l y .  T h i s  ar rangement  p e r m i t t e d  t h e  f i r e  t o  r e a c h  a  q u a s i - s t e a d y  r a t e  
of  s p r e a d  b e f o r e  b u r n i n g  o n t o  t h e  p l a t f o r m .  I n c o n s i s t e n c i e s  i n  b u r n i n g  r a t e  n e a r  t h e  
edges  were minimized by  a l l o w i n g  9 i n c h e s  o f  f u e l  on e i t h e r  s i d e  of  t h e  p l a t f o r m .  Fuel 
c r i b s  were c o n s t r u c t e d  u s i n g  1 / 4 - i n c h  and 1 /2 - inch  s t i c k s  ; c r i b s  were a p p r o x i m a t e l y  5 
f e e t  l ong ,  3 f e e t  w i d e ,  and 5 t o  6 i n c h e s  d e e p .  The same s i z e  we igh ing  p l a t f o r m  was 
used  f o r  b o t h  t h e  s t i c k  c r i b s  and t h e  e x c e l s i o r  b e d s ,  

The concep t  o f  a  r e a c t i o n  zone and a  r e a c t i o n  t i m e  can b e  v i s u a l i z e d  by c o n s i d e r i n g  
t h e  f u e l - r e a c t i o n  zone i n t e r f a c e  a s  moving th rough  t h e  f u e l  on t h e  we igh ing  p l a t f o r m  
( f i g .  9 ) .  When t h i s  i n t e r f a c e  r e a c h e d  t h e  f u e l  b e i n g  weighed,  t h e  s t r i p  c h a r t  r e c o r d e r  
i n d i c a t e d  t h e  t i m e  o f  a r r i v a l  by t h e  s t a r t  of  we igh t  l o s s .  As  t h e  f i r e  i n t e r f a c e  p r o -  
ceeded i n t o  t h e  ~ i e i g h e d  f u e l ,  t h e  we igh t  l o s s  r a t e  c o n t i n u e d  t o  i n c r e a s e .  The l e n g t h  
of  t h e  we igh ing  p l a t f o r m  was l o n g e r  t h a n  t h e  dep th  o f  t h e  r e a c t i o n  zone ;  h e n c e ,  t h e  
r a t e  of  w e i g h t  l o s s  s t a b i l i z e d  when t h e  f i r e  advanced o n t o  t h e  p l a t f o r m  a  d i s t a n c e  
cc luivalent  t o  t h e  dep th  o f  t h e  r e a c t i o n  zone .  The l a p s e d  t i m e  from i n i t i a l  w e i g h t  l o s s  
t o  t h e  o n s e t  o f  s t a b i l i z a t i o n  i s  t h e  r e a c t i o n  t i m e ,  T R .  Reac t ion  t ime  d e t e r m i n a t i o n  i s  
g r e a t  l ; ~  enhanced by  d i f f e r e n t i a t i n g  t h e  we igh t  l o s s  s i g n a l .  The ma jo r  c o n v e r s i o n  of  
woody f u e l s  t o  combus t ib l e  gases  o c c u r s  w i t h i n  t h i s  t i m e .  

In  f i g u r e  1 0 ,  t h e  r e a c t i o n  t i m e ,  T R ,  i s  d e f i n e d  on t h e  d e r i v a t i v e  cu rve  a s  t h e  t i m e  
from i n i t i a l  mass l o s s  u n t i l  t h e  l o s s  s t a b i l i z e s  a t  a  s t e a d y  r a t e .  The o b s e r v a t i o n  o f  a  
7 .  ~ z n e a r  mass l o s s  r a t e  d u r i n g  t h e  r e a c t i o n  t i m e  was a  s u r p r i s i n g  b u t  c o n s i s t e ~ t  f e a t u r e  
o f  o u r  measurements .  The d u r a t i o n  o f  constant mass l o s s  r a t e  was dependen t  on t h e  l e n g t h  
of t h e  we igh ing  p l a t f o r m ;  i t  had no b e a r i n g  on t h e  d u r a t i o n  o f  t h e  r e a c t i o n  t i m e .  

Note a l s o  t h a t  t h e  r e a c t i o n  t i m e  cou ld  be  t a k e n  as  t h e  f i r e  bu rned  o f f  t h e  we igh ing  
p l a t f o r m .  ?'he concept  o f  r e a c t i o r l  t i m e ,  as a s s o c i a t e d  w i t h  we igh t  l o s s ,  was f i r s t  n o t e d  
i n  t h i s  manner. Iloi\.ever, d a t a  t a k e n  as  t h e  f i r e  bu rned  o f f  t h e  we igh ing  p l a t f o r m  were  
not  as c o n s i s t e n t  as t h e y  were when i t  burned o n t o  t h e  p l a t f o r m .  



Figure 9 .  --Fire-fue Z in ter face  
moving through weighed fuel .  / 'I /Fire fuel interface 

arrives at weighed fuel 

I Fire interface approaching weighed fuel 

1 [Weight loss begins and 

continues to increase s 
Fire burning into weighed fuel 

Depth of J Weight loss rate 

becomes constant 

III Steady weight loss rate achieved 

The mass l o s s  r a t e ,  h, o b t a i n e d  from t h e  we igh t  l o s s  d a t a ,  was r e l a t e d  t o  t h e  f o l -  
lowirlg p h y s i c a l  f e a t u r e s  : 

where I.V e q u a l s  t h e  w i d t h  o f  t h e  we igh ing  p l a t f o r m .  The e f f i c i e n c y  o f  t h e  e x p e r i m e n t a l  
f i r e s  can now be  e x p r e s s e d  a s  

Combining t h e  e f f i c i e n c y  w i t h  t h e  r e a c t i o n  t i m e ,  TR ( a s  i n d i c a t e d  by e q u a t i o n  (25)  and 
t a k e r  from t h e  w e i g h t  l o s s  d a t a ,  f i g u r e  lo) ,  g i v e s  t h e  e x p e r i m e n t a l l y  de te rmined  r e a c t i o n  
v e l o c i t y ,  

The p o t e n t i a l  r e a c t i o n  v e l o c i t y  i s  c a l c u l a t e d  u s i n g  e q u a t i o n  (26) t o  d i s a ~ s o c i a t e  
t h e  e x p e r i m e n t a l l y  measured r e a c t i o n  v e l o c i t y ,  r ,  from t h e  e f f e c t s  o f  t h e  m o i s t u r e  and 
m i n e r a l s  o f  t h e  f u e l s  t h a t  were  u s e d  i n  t h e  e x p e r i m e n t s .  

The p o t e n t i a l  r e a c t i o n  v e l o c i t y  may now be  c o r r e l a t e d  w i t h  t h e  p h y s i c a l  f e a t u r e s  o f  t h e  
f u e l  a r r a y .  



Figure 10 . - - I l lus t ra t ion  
of  mass loss  and i t s  
der ivat ive .  

I I I 

1 Mass loss trace 

m 

0 

0 

dm - 
d t + - E d  

Experimental Results 

Reaction Velocity 

The r e s u l t s  of t h e  experiments u t i l i z i n g  t h e  d e r i v a t i v e  o f  t h e  weighing system t o  
determine r e a c t i o n  v e l o c i t y  a r e  shown i n  f i g u r e  11. As expec ted ,  t h e r e  was an optimum 
packing r a t i o  f o r  each of  t h e  1/4-inch and 1/2-inch f u e l s .  I t  was no t  p o s s i b l e  t o  
i d e n t i f y  a  drop i n  r e a c t i o n  v e l o c i t y  a t  very low packing r a t i o s  with t h e  e x c e l s i o r  
because o f  ( a )  t h e  d i f f i c u l t y  i n  c o n s t r u c t i n g  a  fue l  bed having  only a few s t r a n d s  of  
e x c e l s i o r  p e r  square  f o o t ,  and (b)  t h e  lack of s e n s i t i v i t y  on t h e  weighing system a t  
extremely l i g h t  f u e l  load ings .  tiowever, i t  i s  ev ident  t h a t  t h e  r eac t i on  v e l o c i t y  must 
drop t o  zero  i f  t h e r e  i s  no fue l  t o  support  combustion, j u s t  a s  i t  does f o r  t h e  l a r g e r  
fue l s  . 

Figure 11. --Detemination 
of corre la t ion equation 
for potential  reaction 
v e l o c i t y .  

Legend: 

Excelsior 

Y4" Cribs 

A %" Cribs 

0 .02 .04 .06 .08 .10 .12 

Packing ratio -0  



Figure 2 2 .  --Determination o f  
corre l a t i  ons for maximum 
reaction v e l o c i t y  and 
optimum packing r a t i o .  

Fuel surface area 

to volume ratio -U, f t ~ '  

The r eac t i on  v e l o c i t y  f o r  f i n e  f c e l s  ( exce l s io r )  i s  much g r e a t e r  n e a r  t h e  optimum 
packing r a t i o  than i t  i s  f o r  t h e  l a r g e r  1/4-inch and 1/2-inch s t i c k s  ( f i g .  11) .  As 
expected,  t h e  optimum packing r a t i o  i s  no t  t h e  same f o r  a l l  f u e l s  and s h i f t s  t o  t h e  
r i g h t  as  t h e  f u e l s  i n c r e a s e  i n  t h i c k ~ ~ e s s .  Note a l s o  t h a t  t i g h t l y  packed f i n e  f u e l s  
a c tua l l y  have lower react ior l  v e l o c i t i e s  than do l a r g e r  fue l s  a t  t h e  same packing r a t i o .  
The loss  of r eac t i on  v e l o c i t y  of f i n e  f u e l  call be seer] i n  t h e  f i e l d  by observing 
t h e  d i f f e r e n c e  i n  flaming v igo r  between p ine  needles  -on a  broken t r e e t o p  suppor ted  
above t h e  ground and compacted p i n e  needle  l i t t e r ;  t h e  l a t t e r  burns with much l e s s  v igo r .  

The d a t a  po in t s  i n  f i gu re s  11 through 16 a r e  t h e  average of t h r e e  o r  more r e p l i c a -  
t i o n s  i n  t h e  e x c e l s i o r ,  and two o r  more i n  t he  s t i c k  c r i b s .  

Figure 23.  --Confirmation of react ion  
i n t e n s i t y  equation w i th  or ig ina l  
data. Direct comparison of react ion  
i n t e n s i t y  between fue ls  i s  not intended,  
nor can it be made because loading 
was not  he ld  constant .  

Packing ratio - f l  



Figure 14.  - -De t edna t ion  of 
propagating f lux ra t io ,  5 .  

Figure 15.--Confirmation of 
propagating f lux  equation 
with original data. 
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Figure 16 .  - -Confirnation o f  
rate of spread equation 
wi th  or ig ina l  data. 

Legend: 

Excelsior 

l / q u  Cribs 

A '/a" Cribs 

Packing ratio -0 

The mathematical f i t  t o  t h e  d a t a  of  f i g u r e  11 was assumed t o  bk a  modi f ica t ion  t o  
a  Poisson d i s t r i b u t i o n .  To determine t h e  genera l  equa t i o r~  as a  func t ion  of both B and 
a ,  t h e  equa t ions  f o r  t h e  maximum va lue  of  r '  and t h e  optimum b e t a ,  , f o r  each f u e l  
s i z e  were found as a  func t ion  of a  ( f i g .  12 ) .  

'max = ~ ' . ~ / ( 4 9 5  + 0 . 0 5 9 4 a ~ - ~ )  (36) 

These were then combined with an a r b i t r a r y  v a r i a b l e ,  A ,  t o  g ive :  

where : 

The equa t ions  t h a t  r e l a t e  r e a c t i o n  v e l o c i t y ,  r e ac t i on  i n t e n s i t y ,  p ropaga t ing  f l u x ,  
and r a t e  of  spread  were developed as a  s e t  t o  f i t  no t  only t h e  dependent v a r i a b l e  but  
a l s o  t h e  d a t a  shown i n  f i g u r e s  11 through 16. Note a l s o  t h a t  equa t ions  (36) , (37) , (38) , 
and (39) w i l l  p r e d i c t  r e a c t i o n  v e l o c i t y  f o r  any combination of  f u e l  p a r t i c l e  s i z e ,  a ,  
and any packing r a t i o ,  8 .  The form of  t h e  equa t ions  has been chosen t o  p r e d i c t  reasonable  
values when inpu t  parameters a r e  ex t r apo l a t ed  beyond those  t e s t e d ;  i .  e .  , curves do n o t  
go nega t ive  o r  t o  i n f i n i t y  when they obviously should no t .  

Reaction I n t e n s i t y  

The r e a c t i o n  i n t e n s i t i e s  a r e  c a l c u l a t e d  from equat ion  (23) and t h e  d a t a  obtained 
from the  weight l o s s  experiments a r e  shown i n  f i g u r e  13. 



The c o r r e l a t i o n  equa t ions  t h a t  p r e d i c t  t h e  r eac t i on  ve loc i t y - -  ( 36 ) ,  (37) ,  (38) ,  and 
(39) - -a re  combined with equat ion (27) t o  p r e d i c t  r e a c t i o n  i n t e n s i t y  f o r  t h e  t h r e e  f u e l  
s i z e s  used i n  t h e  experiments .  The curves from t h e s e  equa t ions  a r e  a l s o  p l o t t e d  i n  
f i g u r e  13 ,  where t h e  f i t  can be compared t o  t h e  o r i g i n a l  d a t a .  

Di rec t  comparison o f  r eac t i on  i n t e n s i t y  between t h e  f u e l s  used i n  t h e  experiments 
i s  no t  in tended ,  no r  can i t  be made because f u e l  loading was no t  h e l d  cons t an t .  The 
s tudy  d a t a  were only intended t o  a i d  i n  t h e  development of equa t ions  t h a t  could be used 
t o  p r e d i c t  r e ac t i on  i n t e n s i t y  and, subsequent ly ,  r a t e  of  spread  over  a  wide range of  
f u e l  and environmental combinations . 
Propagating FLUX 

The no-wind propaga t ing  f l u x  i s  c a l c u l a t e d  from equat ion (6), 

A r a t i o ,  5 ,  i s  now computed; i t  r e l a t e s  t h e  propaga t ing  f l u x  t o  t h e  r eac t i on  i n t e n s i t y :  

The values computed f o r  5 a r e  p l o t t e d  i n  f i g u r e  14 as a  func t ion  of  6 f o r  t h e  t h r e e  f u e l  
s i z e s .  The fol lowing c o r r e l a t i o n  equa t ion  was found f o r  5 as a  funct ion of 0 and a :  

The f i t  of t h e  d a t a  t o  t h i s  equa t ion  can be seen i n  f i gu re  14. 

The f i t  of t h i s  equat ion t o  t h e  o r i g i n a l  values of  propagat ing f l u x  c a l c u l a t e d  
from equat ion (6) can be seen i n  f i g u r e  15. The d a t a  show t h a t  ( Ip) ,  i n c r e a s e s  with 
i nc r ea s ing  0, b u t  a t  a  decreas ing  r a t e .  Ext rapola t ion  of equa t ion  (41) so lved  f o r  ( I  ) 
i n d i c a t e s  t h a t  i t  would a c t u a l l y  reach a  maximum and then  decrease .  This  i s  a  P  0 

reasonable p r e d i c t i o n ,  cons ider ing  t h e  f a c t  t h a t  t h e  f u e l  a r r ay  i s  becoming s o  compact 
t h a t  t h e  i n t e n s i t y  has a l s o  decreased ( f i g .  13) .  

Rate  of Spread 

Combining t h e  hea t  source  and hea t  s i n k  terms produces t h e  f i n a l  no-wind r a t e  o f  
spread  equa t ion  : 

Pred i c t i ons  from t h i s  equat ion a r e  shown with t h e  o r i g i n a l  d a t a  i n  f i g u r e  16. 

Figure 16 i l l u s t r a t e s  t h e  d i f f e r ence  i n  spread c h a r a c t e r i s t i c s  between t h e  f i n e  
f u e l ,  e x c e l s i o r ;  and t h e  s t i c k s .  A family of  curves f o r  any p a r t i c l e  s i z e  could be 
c a l c u l a t e d ,  u s ing  t h e  equa t ions  developed i n  t h i s  s e c t i o n .  



EVALUATION OF WIND 
AND SLOPE COEFFICIENTS 

To in t roduce  wind and s l o p e  i n t o  t h e  model, we must eva lua t e  t h e  k o e f f i c i e n t s  
4, and $s .  Rearranging equat ion (9) with $s = 0 :  

I f  t h e  f u e l  parameters  i n  equa t ion  (6) a r e  assumed cons t an t ,  t h e  propaga t ing  f l u x  i s  
p ropo r t i ona l  t o  t h e  r a t e  of spread  and equat ion (44) becomes 

where : 

R = r a t e  of spread i n  t h e  presence of a  heading wind 
W 

S imi l a r l y  , 

where : 

R = r a t e  of spread  up a  s l ope .  
s 

For expedie~lcy  i t  was assumed t h a t  no i n t e r a c t i o n  e x i s t e d  between wind and s l o p e .  

Wind Coefficient 

Rate of spread  measurements i n  t h e  presence of wind o r  on s lopes  i l l  f u e l  a r rays  
amenable t o  t h e  no-wind model a r e  needed t o  eva lua t e  equa t ions  (45) and (46) .  

Wind Tunne Z Experiments 

Fuel beds were b u i l t  us ing  t h r e e  f u e l  s i z e s  a t  packing r a t i o s  porous enough t o  
cause flameout and compact enough t o  exceed n a t u r a l  cond i t i ons .  They were bunled i n  
t h e  l a rge  wind tunne l  a t  t h e  Northern Fores t  F i r e  Laboratory. The tunne l  temperatures  
were he ld  between 85" and 9oe F . ;  and t h e  r e l a t i v e  humidi t ies  between 20 and 25 pe rcen t .  
Mean tunne l  v e l o c i t y  was s e t  a t  2 ,  4 ,  6 ,  o r  8  m.p.h. The f u e l  beds were 3 f e e t  wide and 
12 f ee t  long. The e x c e l s i o r  f ue l  was 4-112 inches deep.  The s t i c k  f u e l s  were con- 
s t r u c t e d  us ing  a  new method: t h r e e  s t i c k s  were s t a p l e d  t oge the r  nea r  t h e  c e n t e r  and 
spread  s o  they s tood  or, t h r e e  legs t o  form a  double t r i p o d ,  one up and one down, joined 



Figure 17.--Double 
t r ipod  Sue Z bed used 
i n  wind tunne Z 
experiments .  

a t  t h e  c e n t e r .  These double t r i p o d s  were arranged a t  var ious spacings t o  achieve t h e  
d e s i r e d  packing r a t i o  ( f i g s .  17 and 1 8 ) .  For very low packing r a t i o s ,  t h i s  arrangement 
i s  f a r  s u p e r i o r  t o  t h e  t r a d i t i o n a l  c r i b  cons t ruc t i on  because c r i b s  with widely spaced 
s t i c k s  c o l l a p s e  when t h e  c ro s s  members bum o u t .  

Exce l s io r  f u e l  beds must be c a r e f u l l y  cons t ruc ted  t o  achieve t h e  exact  f u e l  depth 
o r  t h e  bulk dens i t y  w i l l  be a l t e r e d  with d r a s t i c  e f f e c t s  on t h e  r a t e  of  spread .  

Field Data 

McArthurls (1969) da t a  on r a t e  of spread  f o r  heading grass land  f i r e s  i n  A u s t r a l i a  
a r e  show11 i n  f i gu re  19.  However, no d a t a  a r e  a v a i l a b l e  on t h e  p a r t i c l e  s i z e ,  dep th ,  o r  
loading of t h e  var ious  a r ea s  burned; t h e r e f o r e ,  i t  was assumed t h a t  t h e s e  va lues  were 
s i m i l a r  t o  t hose  of a  t y p i c a l  a r i d  grass  a r e a  i n  t h e  Western United S t a t e s .  

a = 3,500 f t . - '  , Wo 
= 0.75 t on / ac r e ,  and depth = 1.0 f t .  

*re It'. - - R ~ r n i n g  i m b  Ze 
r"po2 f ~ e  Z bad i~ c 
2rge c i n i  tl*nneZ. 



Figure 19. --Reproduction o f  
McArthur's (1969) r a t e  o f  
spread data fo r  grass.  

Average wind velocity at 33' in the open , m.p.h 
Ana Zysis  

10.0 

Before a  c o r r e l a t i o n  could be found between wind v e l o c i t y  and t h e  m u l t i p l i c a t i o n  
f a c t o r  f o r  wind, it was necessary  t o  f i n d  an i n t e r r e l a t i o n s h i p  between 4, and t h e  
f u e l  parameter ,  a  and 6/Bo . To do t h i s ,  t h e  e x c e l s i o r  and 1/4- inch s t i c k  d a t a  from t h e  
wind tunne l  were p l o t t e d  aPong with McArthurts f i e l d  da t a .  Half- inch s t i c k  d a t a  d i d  
no t  c o r r e l a t e  and had t o  be d i scarded .  Apparently t h e  e f f e c t i v e  bulk d e n s i t y  i s  a l t e r e d  
by t h e  r a p i d  hea t i ng  caused by a  heading f i r e ;  t hus  t h e  assumption of corlstant f ue l  prop- 
e r t i e s  needed f o r  ob t a in ing  equat ion (45) i s  no t  v a l i d  f o r  f u e l s  as  l a r g e  a s  one-half  
inch .  

- * 
Source of data 

Kongorong Fire S. A. 17-1-59 

Another p l o t  o f  t h e  f u e l  parameters  and mu l t i p l i c a t i o r l  f a c t o r  vs .  wind v e l o c i t y  
produced t h e  f i n a l  c o r r e l a t i o n  given by equa t ion  (47).  Figure 20 shows t h e  c o r r e l a t i o n  
parameters  us ing  t h e  o r i g i n a l  da t a .  

8.0 - x Geelong Fires Vic. 17-1-64 

4 Longwood Fire Vic. 17-1-65 
4 
E o Tasmanian Fires 7 - 2 - 6 7  

2 6.0 
E' 
(5, 

2 
0 

g 4.0 - x 0 

3 0 b z - - 
0 2.0 - - 0 S 
a M % 

4 
4 ** 

where: c = 7.47 e x p ( - 0 . 1 3 3 ~ * ~ ~ )  
B = 0 . 0 2 5 2 6 ~ * ~ ~  
E = 0.715 exp(-3.59 x 1 0 - ~ a ) .  

Figure 20. --Come Zation 
parameters for determining 
wind c o e f f i c i e n t .  
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Figure 21. --Inf luence o f  packing 
r a t i o  and par t i c l e  s i z e  on wind 
c o e f f i c i e n t  a t  12 m.p .  h .  I n  t h e  
absence o f  wind, t h e  fuel  
condit ions for b e s t  burning 
would occur a t  B / B o p  = I .  I n  
t h e  presence of wind, f i r e s  
spread fas t e r  i n  Zess dense 
fuel ,  i .e . ,  ~ / a ~ ~  = Zess than 
I .  The wind c o e f f i c i e n t  
increases markedly as surface- 
area-to-voZwne r a t i o  increases .  

The shape of t h e  curves i s  i n  good agreement with t h e  concept suggested by 
Rothermel and Anderson (1966). A t  t h a t  t ime ,  i t  was specula ted  t h a t  t h e  f i n e r  t h e  
f u e l ,  t h e  sharper  t h e  r e s u l t i n g  inc rease  i n  spread r a t e  with wind v e l o c i t y .  A s  
expected,  fue l s  t h a t  were t o o  spa r se  t o  burn wel l  in  t h e  absence of wind w i l l  s u s t a i n  
a  rap id  f i r e  spread when wind i s  applied.  I n  e f f e c t ,  t h e  optimum packing r a t i o  s h i f t s  
toward more l i g h t l y  loaded fue l s  as wind inc reases .  This e f f e c t  i s  i l l u s t r a t e d  i n  
f i g u r e  21 and can be seen i n  t h e  f i e l d  where spa r se  fuels--such as poor s tands  of 
cheat grass--burr] poorly without wind but become a  f lashy  fue l  when wind i s  appl ied .  

Slope Coefficient 

The e f f e c t  of s lope  was determined f o r  f i n e  fue l s  by burrling e x c e l s i o r  fue l  beds 
on s lopes  of 25, 50, and 75 pe rcen t .  The experimerits were conducted i n  a  l a rge  
combustion labora tory  under t h e  same environmer~tal  condi t ions  used f o r  t h e  no-wind and 
wind tunnel  f i r e s .  Fuel was e x c e l s i o r  cons t ruc ted  a t  four  packing r a t i o s  : 0.005,  0 .01 ,  
0.02,  and 0 .04 .  A c o r r e l a t i o r ~  of t h e  da t a  1 s  shown i n  f l gu re  22. The equation f o r  t h e  
l i n e  i s  

where tan + i s  t h e  s lope  of t h e  fue l  bed. The f i n a l  form of t h e  r a t e  of spread equa- 
t i o n  i s  

Figure 22. --Come Zation parameter 
for s Zope c o e f f i  e i e n t  . 

Slope factor, tan @//3 l5  



SUMMARY OF 
FIRE SPREAD EQUATIONS 

The complete s e t  of  p a r a m e t r i c  e q u a t i o n s  developed i n  t h i s  work i s  give11 on page 
2 6 .  The r e q u i r e d  i n p u t  pa ramete rs  a r e  given on page 27. These e q u a t i o n s  a r e  e a s y  t o  
program f o r  computer computat ions .  S t u d e n t s  of f i r e  behav ior  can gain a  p e r s p e c t i v e  
unders tand ing  of  t h e  e f f e c t s  of  v a r i o u s  i n p u t  parameters  by computing and c r o s s p l o t t i n g  
curve f a m i l i e s  f o r  r e a c t i o n  v e l o c i t y ,  r e a c t i o n  i n t e n s i t y ,  and o t h e r  i n t e r n a l  v a r i a b l e s  
t h a t  g o v e n ~  f i r e  s p r e a d .  The e q u a t i o n s  might a l s o  be used f o r  a n a l y z i n g  expected 
behav ior  of  planned l a b o r a t o r y  exper iments .  A word of c a u t i o n - - t h e  f u e l  bed width must 
be s u f f i c i e n t  t o  s i m u l a t e  a  l i n e  f i r e  (Anderson 1968);  and t h e  f u e l  beds must be c a r e -  I 

f u l l y  c o n s t r u c t e d  t o  i n s u r e  a  uniform d i s t r i b u t i o n  of t h e  f u e l  e l e m e n t s .  ?'he e q u a t i o n s  
i n  t h i s  form have l i m i t e d  use  i n  t h e  f i e l d  because few f u e l  t y p e s  a r e  composed of  f u e l s  - 
t h a t  a r e  homogeneous i n  s i z e .  The remainder of  t h i s  paper  i s  devoted t o  adapt ion of t h e  
p a r a m e t r i c  eo,uations i n t o  a  mathematical  model s u i t a b l e  f o r  f i e l d  a p p l i c a t i o n .  



Swmnary o f  Basic Fire Spread Equations 

I ~ c ( 1  + $w + 

R = Rate  o f  s p r e a d ,  f t  . / m i l l .  (52) 
pbEQig 

I  R = r 'wllh rlM'ls Reac t ion  i n t e n s i t y ,  B .  t . u . /  
f t .  min. (27) 

where : 

r '  = ~ * m a x ( ~ / ~ o p ) A e ~ p [ ~ ( l -  m o p ) ]  Optimum r e a c t i o n  v e l o c i t y ,  
min. - l  (38) 

'max 
= 01.5(495 + . 0 5 9 4 0 ~ ' ~ ) - ~  Maximum r e a c t i o n  v e l o c i t y  , (36)  

min . - l  

Bop = 3 . 3 4 8 0 - - ' ~ ' ~  Optimum packing r a t i o  (37) 

A = 1 / ( 4 . 7 7 4 a . l  - 7.27)  (39) 

P.1 f  h l f  2 
'1M = 1  - 2.59 - Mf 

M x  + 5 .11  (%) - 3.52 (%) 
!>loisture da-nping c o e f f i c i e n t  (29) 

I I S  = 0.174 S e - . I 9  hl inera l  damping coef  f i c i e i l t  (30 1 

€, = (192 + 0 . 2 5 9 5 a ) - ~ e x ~ [ ( 0 . 7 9 2  + 0 . 6 8 1 0 . ~ )  (B + 0 . 1 ) ]  
P ropaga t ing  f l u x  r a t i o  (42) 

+w = cuB (*) - L  Wind c o e f f i c i e n t  (47) 

C = 7 .47  exp ( - 0 . 1 3 3 0 . ~ ~ )  (48) 

B = 0.025260.  54 (49) 

E = 0.715 exp ( -3 .59 x 1 0 - ~ 0 )  (50) 

W,, = 
w 0 

Net f u e l  l o a d i n g ,  1 b . / f t 2  (24) 
1 + 

$ S  = 5.275  tan $ j 2  S lope  f a c t o r  (51) 

pb = w0/6 Overldry bu lk  d e n s i t y ,  
l b . / f t .  3 (401 

E = exp(-138/0)  E f f e c t i v e  h e a t i n g  number (14) 

- 250 + 1,116 >If Qig - Heat o f  p r e i g n i t i o n ,  
B . t . u .  (12) 

l b  . 

B = %  Packing r a t i o  ( 3  1-1 

P 



Input Parameters for Basic Equations 

w ovendry f u e l  load ing ,  I b .  / f t .  
0' 

8, f u e l  dep th ,  f t .  

a ,  f u e l  p a r t i c l e  surface-area- to-volume r a t i o ,  l / f t .  

h ,  f u e l  p a r t i c l e  low hea t  con t en t ,  B .  t . u . / l b .  

p ovendry p a r t i c l e  d e n s i t y ,  l b . / f t . 3  
P ' 

M f ,  f u e l  p a r t i c l e  moisture con t en t ,  l b .  moisture 
l b .  ovendry wood 

ST, f u e l  p a r t i c l e  t o t a l  mineral  con t en t ,  l b .  min,erals 
l b .  bvendry wood 

Se,  f u e l  p a r t i c l e  e f f e c t i v e  mineral  con t en t ,  l b .  s i l i c a -  fi-ee minerals  
l b .  ovendry wood 

U ,  wind v e l o c i t y  a t  midflame h e i g h t ,  f t  ./min. 

t a n  4 , s l o p e ,  v e r t i c a l  r i s e / h o r i z o n t a l  d i s t a n c e  

Mx, moisture conten t  o f  e x t i n c t i o n .  This  te rm needs experimental  
de te rmina t ion .  We a r e  p r e s e n t l y  u s ing  0.30,  t h e  f i b e r  s a t u r a t i o n  
p o i n t  of  many dead f u e l s .  For a e r i a l  f u e l s  ( B  <.02) wi th  l o w  
wind v e l o c i t y  ( 4  m.p.h .) Mx - 0.15. 



THE FIRE SPREAD MODEL 

Rate o f  s p r e a d  and i n t e n s i t y  p r e d i c t e d  by t h e  model a r e  based on e q u a t i o n s  (52) 
and (27) . These equa t ions  had t o  be modified,however, t o  accep t  f u e l s  t h a t  were 
composed o f  heterogeneous mixtures  o f  f u e l  t y p e s  and p a r t i c l e  s i z e s .  Such f u e l s  a s  
p i n e  n e e d l e  l i t t e r ,  g r a s s ,  b r u s h ,  and logg ing  s l a s h  a r e  t h e  e a s i e s t  t o  model. Patchy 
fue l s - -accumula t ions  o f  broken branches ,  t r e e t o p s ,  s n a g s ,  f o l i a g e  l i t t e r ,  b r u s h ,  and 
o t h e r  l e s s e r  v e g e t a t i o n  a r e  more d i f f i c u l t  t o  model because of t h e  d i scon t inuous  
p a t t e r n s  i n  which they  a r e  found. For t h e  model, however, t h e s e  v a r i o u s  s i z e  f u e l s  
a r e  assumed t o  be uniformly d i s t r i b u t e d  w i t h i n  t h e  f u e l  a r r a y .  This  assumption i s  
e s p e c i a l l y  c r i t i c a l  f o r  t h e  f i n e  f u e l s  ( f o l i a g e  and twigs  under  114 inch  i n  d i a m e t e r ) .  

I t  i s  a l s o  assumed t h a t  t h e  f u e l  can be grouped i n t o  c a t e g o r i e s  accord ing  t o  
s i m i l a r  p r o p e r t i e s .  For example, t h e r e  would be one ca tegory  f o r  l i v i n g  f u e l  and a  
second f o r  dead f u e l .  I t  i s  a l s o  d e s i r a b l e  t o  have s e p a r a t e  c a t e g o r i e s  f o r  f o l i a g e  and 
branchwood. Grouping by s p e c i e s  i s  n o t  s u f f i c i e n t  because f o l i a g e  and branchwood can 
have s i g n i f i c a n t  d i f f e r e n c e s  i n  p a r t i c l e  p r o p e r t i e s .  A f u r t h e r  breakdown by s i z e  c l a s s  
i s  r e q u i r e d  w i t h i n  t h e s e  c a t e g o r i e s  i f  t h e  f u e l  p a r t i c l e s  v a v  g r e a t l y  i n  s i z e .  The 
s i z e  c l a s s e s  used  can be a r b i t r a r i l y  e s t a b l i s h e d  b u t  shou ld  i n c l u d e  a  c l a s s  f o r  f i n e  
f u e l s .  Experience w i l l  show t o  what e x t e n t  s i z e  c l a s s  breakdowns a r e  n e c e s s a r y .  Our 
i n i t i a l  work i n d i c a t e s  t h a t  t h e  l a r g e r  f u e l s  have a  n e g l i g i b l e  e f f e c t  on f i r e  s p r e a d ;  
t h u s ,  t h e s e  can o f t e n  b e  e l i m i n a t e d  from c o n s i d e r a t i o n .  



To a i d  i n  t h e  understanding of f u e l  d i s t r i bu t ion . ,  we introduced t h e  concept of a 
u n i t  f u e l  c e l l .  A u n i t  f u e l  c e l l  i s  t h e  sma l l e s t  volume of f u e l  within a s t r a tum of mean 
depth t h a t  has s u f f i c i e n t  f u e l  t o  be s t a t i s t i c a l l y  r ep re sen ta t i ve  of t h e  f u e l  i n  t h e  
e n t i r e  f u e l  complex. This  concept permits  t h e  mathematical r ep re sen ta t i on  of  t h e  f u e l  
d i s t r i b u t i o n  t o  be  re ferenced  t o  a u n i t  f u e l  c e l l  r a t h e r  than t o  t h e  e n t i r e  complex. 

Primari  l y  , t h i s  concept a id s  i n  mathematically weighting input  parameters . Con- 
sequent ly ,  i t  i s  not  necessary t o  spec i fy  t h e  s i z e  of t h e  u n i t  f ue l  c e l l  wi th in  an a rea  
under s tudy ;  r a t h e r  t o  provide mean va lues  p e r  u n i t  f u e l  c e l l  which then r ep re sen t  t h e  
f u e l  complex t h a t  i s  be ing  modeled. Representat ive inputs  can be p re se l ec t ed  t o  form 
f u e l  models t h a t  a r e  t a i l o r e d  f o r  ana lys i s  by t h e  f i r e  spread model. 

The model i s  based on t h e  concept t h a t  a s i n g u l a r  c h a r a c t e r i s t i c  parameter can 
be  found by proper ly  weighting the  v a r i a t i o n s  i n  t h e  parameter  i n  t h e  heterogeneous 
mixture.  To implement t h i s  concept,  we had t o  cons ider  how each f u e l  parameter i n  t h e  
model e x e r t s  i t s  e f f e c t  on t h e  t h r e e  c h a r a c t e r i s t i c  f e a t u r e s  of a spreading  f i r e  : (1) 
The energy source ;  ( 2 )  t h e  energy s ink ;  (3) t h e  flow of air o r  of hea t  w i th in  t h e  a r r a y .  

The processes  t h a t  cont ro l  combustion rate--evaporat ion of moisture from t h e  f u e l ,  
t ran .s fe r  of hea t  i n t o  t h e  f u e l ,  and evolu t ion  of combustible gases by t h e  fuel--occur 
through t h e  su r f ace  of  t h e  f u e l  p a r t i c l e .  The f u e l s  having t h e  h i g h e s t  sur face-area- to-  
volume r a t i o  ( f i n e  f u e l s )  w i l l  respond t h e  f a s t e s t ;  t h e r e f o r e ,  t h e s e  w i l l  be  involved 
i n  t h e  leading  po r t i ons  of a f i r e .  I t  i s  no reve la t ion .  t o  f i r e f i g h t e r s  o r  t o  f i r e  
s c i e n t i s t s  t h a t  f i n e  f u e l s  might be  expected t o  r eac t  t h e  f a s t e s t .  Hwever ,  i t  i s  no t  
r e a l i s t i c  t o  a r b i t r a r i l y  s t a t e  t h a t  90  percent  of p a r t i c l e s  1/8 inch in. diameter  and 
under a r e  consumed and t h a t  some f i x e d  r a t i o  of t h e  o the r  s i z e  c l a s se s  is  consumed. 
Weighting by s u r f a c e  a r e a  e l imina t e s  t h e  problem of making a r b i t r a r y  dec is ions  as t o  
which fue l  s i z e s  t o  inc lude  and which no t  t o  i nc lude .  

Mathematical Fire Spread Mode Z Inputs 

Mean values w i th in  ith category and jth s i z e  c l a s s  of f u e l  complex: 

- 
(wo)i j  = ovendry loading ,  l b . / f t . 2  

(;) j  = sur face-  area-to-volume r a t i o ,  ( f t  . 2 / f t .  3, 

(F ) . . = mineral  con ten t ,  ( lb  . minera ls / lb  . wood) 
T 11 ( l b .  minerals - l b ,  s i l i c a )  (Te) j  = e f f e c t i v e  mineral  content  
- l b .  wood 
(h ) i j  = low hea t  va lue ,  B . t . u . / l b .  

(Mf)i j = moisture con ten t ,  ( l b  . moisture)  / ( lb  .wood) 

(Fp)i = ovendry p a r t i c l e  dens i ty ,  ( lb  . / f t .  3 ) .  

Mean value w i t h i n  ith category :  

(M,) = moisture content  o f  e x t i n c t i o n  ( l b  . moisture) / ( l b  . ovendry wood) . 
Mean f u e l  a r ray  p r o p e r t i e s  : 

- 
6 = depth of f u e l ,  ( f t . )  

t a n  9 = s lope ,  ( f t .  v e r t i c a l  r i s e /  f t .  h o r i z o n t a l ) .  

U = wind ve loc i ty  a t  midflame h e i g h t ,  ( f t . /min  .) 

m = t o t a l  number of ca t ego r i e s  

n = number of  s i z e  c l a s s e s  within. ith category.  



Formulation s f  Fire Spread Model 

The model i s  now formulated from t h e  b a s i c  equa t ions  o f  f i r e  sp read  and t h e  
weight ing concept .  The b a s i c  equat ions a r e  a v a i l a b l e  on page 26. The d e t a i l e d  
weight ing concept must b e  developed. 

Weighting parameters  based on t h e  su r f ace  a r e a  of  t h e  f u e l  w i th in  each s i z e  c l a s s  
and ca tegory  a r e  developed from input  parameters  a s  shown on page 29 .  

Let :  

- 
% = mean t o t a l  s u r f a c e  a r e a  o f  f u e l  p e r  u n i t  f u e l  c e l l .  

- 
Ai = mean t o t a l  s u r f a c e  a r e a  o f  f u e l  of  ith category  p e r  u n i t  f u e l  c e l l .  

*. . = mean t o t a l  su r f ace  a r e a  of  f u e l  o f  j th  c l a s s  and ith category  p e r  
I' u n i t  f u e l  c e l l .  

The mean t o t a l  s u r f a c e  a r e a  p e r  u n i t  f u e l  c e l l  o f  each s i z e  c l a s s  w i th in  each 
ca tegory  i s  determined from t h e  mean loading o f  t h a t  s i z e  c l a s s  and i t s  su r f ace -a r ea - to -  
volume r a t i o  and p a r t i c k e  dens i t y .  

- (3 Go)  
i j 

A. .  = i j  , 

The mean t o t a l  s u r f a c e  a r e a  of  t h e  ith category  p e r  u n i t  f u e l  c e l l  and t h e  mean 
t o t a l  su r f ace  a r e a  pe r  u n i t  f u e l  c e l l  a r e  then obta ined  by summation of t h e  a r ea s  w i t h i n  
each ca tegory  and wi th in  t h e  f u e l  c e l l  wi th  equa t ions  (54) and (55) .  

Two weight ing parameters  a r e  now c a l c u l a t e d  t h a t  a r e  used throughout  t h e  remainder 
of  t h e  model : - 

H 
i j  Ra t io  of  su r f ace  a r e a  o f  j  

t h 
f i j  = T  

Ai 
s i z e  c l a s s  t o  t o t a l  s u r f a c e  a r e a  
of  i t h  ca tegory  p e r  u n i t  f u e l  c e l l  

- 
A. 
1 

f .  = - Rat io  of  s u r f a c e  a r e a  o f  i 
t h  

1 9 ca tegory  t o  t o t a l  s u r f a c e  a r e a  
p e r  u n i t  f u e l  c e l l  

Using t h e  weight ing parameters ,  t h e  b a s i c  f i r e  spread  equa t ions  a r e  modified as  
fol lows : 



Reaction i n t e n s i t y  becomes : 

where t h e  c h a r a c t e r i s t i c  parameters weighted by su r f ace  a r e a  a r e  : 

Net loading of ith category 

- 
(wnIij = 

Net loading of j th  c l a s s  w i th in  
1 + i t h  ca tegory  (60) 

j  =n 
fii = C  f . . F . .  Low hea t  conten t  va lue  of i 

t h 

j  = O  11 11 ca tegory  (61) 

(Qi = 0. 174(Se)i--19 Mineral damping c o e f f i c i e n t  
o f  i t h  ca tegory  (62) 

j  =n 
( 5  ) .  = C f i j ( S e ) i j  C h a r a c t e r i s t i c  e f f e c t i v e  

e  i j  = 1 mineral  c o e f f i c i e n t  of i t h  

ca tegory  (63) 

Moisture damping c o e f f i c i e n t  
of ith ca tegory  (64) 

Moisture r a t i o  of i t h  

ca tegory  

j  =n - - 
(Mf)i = C f .  . (Mf)ij Moisture conten t  of 

j = 1  11 ith category (66) 

To complete t h e  c a l c u l a t i o n  of t he  r e a c t i o n  i n t e n s i t y ,  t h e  p o t e n t i a l  r e a c t i o n  
v e l o c i t y ,  I-', must be ca l cu l a t ed .  A s i n g l e  va lue  of r e a c t i o n  v e l o c i t y  i s  c a l c u l a t e d  
f o r  t h e  f u e l  complex. 

r '  i s  dependent on t h e  packing r a t i o  and f u e l  p a r t i c l e  s i z e .  The packing r a t i o  
r e g u l a t e s  t h e  hea t  and a i r f l ow  wi th in  t h e  f u e l  a r r ay .  This  r e g u l a t i o n  of flow i s  
dependent upon whether o r  no t  t h e  space i s  occupied o r  vacant .  Therefore t h e  r a t i o  
should be en t e r ed  a s  a  mean va lue  of a l l  p a r t i c l e  s i z e s .  However, t h e  sur face-area-  
to-volume r a t i o  i s  a  parameter  t h a t  c h a r a c t e r i z e s  t h e  p a r t i c l e  s i z e  of t h e  f u e l  complex 
t h a t  i s  r e g u l a t i n g  t h e  combustion processes  i n  t h e  f i r e  f r o n t  and a must be weighted by 
s u r f a c e  a r ea .  

Applying t h e s e  concepts ,  

r '  - 
- 'max (F/F~,) 'exp [A  ( 1 - F/B OP 1 I 



where : 

C h a r a c t e r i s t i c  sur face-area-  
to-volume r a t i o  of  t h e  f u e l  
complex (71) 

C h a r a c t e r i s t i c  sur face-area-  
to-volume r a t i o  of ith f u e l  
ca tegory  (72) 

Mean packing r a t i o  

Mean bulk d e n s i t y  

This  completes t h e  computations necessary  f o r  c a l c u l a t i n g  r e a c t i o n  i n t e n s i t y .  

The parameters  w i th in  t h e  b a s i c  r a t e  of spread  equa t ion  

a r e  t r e a t e d  s i m i l a r l y .  

The no-wind propagat ing f l u x  r a t i o ,  5, i s  a  func t i on  of  t h e  mean packing r a t i o  
and c h a r a c t e r i s t i c  surface-area- to-volume r a t i o .  

I n  t h e  hea t  s ink  terms,  t h e  bulk d e n s i t y  i s  dependent upon bulk p r o p e r t i e s  of  
t h e  a r r a y :  The e f f e c t i v e  hea t i ng  number, E ,  and t h e  hea t  of  p r e i g n i t i o n  a r e  dependent 
upon f u e l  su r f ace .  Therefore ,  t h e  bulk p r o p e r t i e s  must be s epa ra t ed  from t h e  p a r t i c l e  
p r o p e r t i e s  when summing and weighting. 

where : 

( 1 . .  = 250 + 1,116 (Ef ) i j  The hea t  of  p r e i g n i t i o n  
l g  1J f o r  j t h  s i z e  c l a s s  wi th in  

t h e  ith category  



The model i s  completed  b y  i n c l u s i o n  o f  t h e  wind and s l o p e  m u l t i p l i c a t i o n  
f a c t o r s  : 

and : 

where : 

U = mean windspeed a t  midflame h e i g h t ,  ( f t . / m i n . )  (81) 

I f  ; < 175, t h e  we igh ted  f u e l  s i z e  i s  t o o  l a r g e  f o r  t h e  wind f a c t o r .  (a d e c r e a s e s  a s  
f u e l  s i z e  i n c r e a s e s . )  We have n o t  found t h i s  l i m i t a t i o n  t o  be r e s t r i c t i v e  on any o f  
t h e  f u e l  models t e s t e d  t o  d a t e .  The r e a s o n ,  o f  c o u r s e ,  i s  t h a t  w i l d l a n d  f u e l s  a r e  
composed p r i m a r i l y  o f  f i n e  f u e l s  w i t h  consequen t  l a r g e  v a l u e s  o f  a . 

An upper  l i m i t  i s  p l a c e d  on t h e  wind m u l t i p l i c a t i o n  f a c t o r .  Rothermel and 
Anderson (1966) found t h a t  t h e  a n g l e  o f  f lame t i l t  c o u l d  be  c o r r e l a t e d  t o  a  r a t i o  o f  
t h e  e n e r g y  o f  t h e  wind and t h e  e n e r g y  o f  t h e  f i r e :  

q  u - 
I R ~  

where : 

q  = f r e e  s t r e a m  dynamic p r e s s u r e  l b . / f t .  * 
J = 778 f t .  l b . / B .  t . u .  - mechan ica l  e q u i v a l e n t  o f  h e a t  

E v a l u a t i n g  t h i s  r a t i o  a t  t h e  l i m i t i n g  v a l u e  o f  s p r e a d  r a t e  found by McArthur (1969) 
( f i g .  20) g i v e s :  

Assuming a i r  t e m p e r a t u r e  and d e n s i t y  f o r  a  nominal summer day ,  T = 80° F . ,  e l e v a -  
t i o n  = 3,000 f t . ;  t h i s  r educes  t o ,  

T h i s  l i m i t  i s  t a k e n  f o r  ($ ) 
w max 

I f  U - > 0 . 9 ,  t h e n  $w = $w a t  U =  0 . 9  1 

I  R 
R '  



AFFLICATION TO TME FIELD 

The mathematipal mpdel has a p p l i c a t i o n  t o  management problems i n  two s i t u a t i o n s  : 

1. The " h ~ o t h e t i c a l  f i r e "  s i t u a t i o n  i n  which ope ra t i ons '  research  techniques a r e  
u t i l i z e d  f o r  E i re  p l ann ing ,  f i r e  t r a i n i n g ,  and f u e l  a p p r a i s a l .  

2 .  The "poss ib le  f i r e "  s i t u a t i o n  f o r  which advance p lanning  i s  needed, such as  
f i r e -dange r  r a t i n g  and presuppress ion  p lanning .  P red i c t i ons  of p o t e n t i a l  f i r e  s e v e r i t y  
f o r  p o s s i b l e  management p r a c t i c e s  ( i  . e .  , methods of t h i n n i n g ,  s l a s h  t r ea tmen t ,  and 
p re sc r ibed  burning)  have t h e  p o t e n t i a l  f o r  being t h e  most va luable  con t r i bu t i on  t h a t  
f i r e  modeling can perform. 

A t h i r d  s j t u a t i o n - -  f o r ecas t i ng  t h e  behavior  of e x i s t i n g  w i l d f i r e s  - - w i l l  r equ i r e  
a  g r e a t e r  degree  of s o p h i s t i c a t i o n  than  t h i s  model and our  knowledge of f u e l s  w i l l  p e r -  
m i t  a t  t h e  p r e sen t  t ime .  Var ia t ions  i n  f u e l  and weather  cause depar tures  from p r e d i c t e d  
spread  and i n t e n s i t y  t h a t  pose r i s k s  unacceptable  i n  f i r e  suppression a c t i v i t i e s .  A 
method f o r  f o r e c a s t i n g  t h e  behavior  of a  s p e c i f i c  f i r e  eventua l ly  w i l l  be  developed; 
most l i k e l y ,  i t  w i l l  b e  p a t t e r n e d  on a  p r o b a b i l i t y  b a s i s  s i m i l a r  t o  t h a t  used f o r  fo r e -  
c a s t i n g  weather .  To accomplish t h i s ,  a  technique must be  developed f o r  r ap id ly  updat ing 
f u e l  i n v e n t o r i e s  on t h e  t h r ea t ened  s i t e .  

Choosing i npu t  parameters  f o r  t h e  model from t h e  i n f i n i t e  v a r i e t y  of f u e l  and 
environmental arrangements and combinations seems almost overwhelming. However, p a t t e r n s  
i n  t h e  growth of vege ta t ion  e x i s t  t h a t  can be  u t i l i z e d  t o  g r e a t l y  s imp l i fy  t h e  inventory  
p roces s .  I t  a l s o  proves h e l p f u l  t o  group t h e  i n p u t s  i n  t h e  fo l lowing  manner: 

1. Fuel P a r t i c l e  P rope r t i e s  

Heat Content 
Mineral Content 
P a r t i c l e  Density 

2 .  Fuel Array Arrangement 

Loading by S i ze  Class--Living and Dead 
Mew S i z e  Within Each Class--Surface-Area-To-Volume Ratio 
Mean Depth of Fuel 

3 .  Environmental Related Values 

Wind Veloci ty 
Fuel Moisture Content 
Slope 



The f u e l  p a r t i c l e  p r o p e r t i e s  a r e  no t  expected t o  vary g r e a t l y  w i th in  vege t a t i on  
t y p e s .  Such values can be r e a d i l y  determined i n  t h e  labora tory  and assembled i n  a  man- 
n e r  t h a t  should  have wide a p p l i c a b i l i t y .  

Fuel a r r a y  arrangement p a t t e r n s  must be determined i n  t h e  f i e l d .  These inventory  
t a s k s  w i l l  be  more d i f f i c u l t  than measuring f u e l  p a r t i c l e  p r o p e r t i e s .  However, i t  i s  
expected t h a t  p a t t e r n s  w i l l  be  found t h a t  a r e  r epea t ab l e  wi th in  t h e  l i m i t s  necessary  f o r  
c a l c u l a t i n g  p o t e n t i a l  f i r e  hazard u s i n g  t h e  model. The f u e l  t y p e ,  age of s t a n d ,  expo- 
s u r e ,  s o i l s ,  r a i n f a l l  p a t t e r n s ,  and f i r e  h i s t o r y  may be used as indexes f o r  c a t a log ing  
fue l  arrangement p a t t e r n s .  Broader c l a s s i f i c a t i o n  by ecotype o r  h a b i t a t  w i l l  a l s o  prove 
va luable  f o r  s o r t i n g  out f u e l  parameters .  

The environmental  r e l a t e d  parameters  can be  i n s e r t e d  t o  i n v e s t i g a t e  t h e  e f f e c t  of 
t h e  range of  wind, mo i s tu r e ,  o r  s l o p e  t h a t  might be expected t o  be imposed upon t h e  f u e l s  
be ing  modeled. 

Fuel Models and Application 

On-the-spot sampling of a l l  i npu t  parameters i s  c o s t l y ,  t ime conswhing, and t e d i o u s .  
Cataloging f u e l  p r o p e r t i e s  and r e l a t i n g  them t o  observable s i t e  c h a r a c t e r i s t i c s  does no t  
e l im ina t e  t h e  f u e l  sampling p roces s ,  b u t  i t  w i l l  permit  a  wide app l i ca t i on  of  sampling 
r e s u l t s .  These r e s u l t s  can b e  f u r t h e r  r e f i n e d  f o r  use i n  t h e  mathematical model by 
assembling them i n t o  fuel models t h a t  r ep re sen t  t y p i c a l  f i e l d  s i t u a t i o n s .  Such f u e l  
models conta in  a  complete s e t  o f  i n p u t s  f o r  t h e  mathematical f i r e  sp read  model. 

Land managers can be  t r a i n e d  t o  choose t h e  f u e l  model, t h a t  i s  most app l i cab l e  
t o  t h e  f u e l s  and c l ima te  f o r  t h e i r  a r ea s  of  i n t e r e s t .  I f  f u r t h e r  ref inement  i s  d e s i r e d ,  
i n t e r n a l  p r o p e r t i e s  ( e . g . ,  f u e l  loading i n  logging s l a s h ,  t h e  r a t i o  of  dead- to- l iv ing  
fue l  i n  b rush ,  and t h e  amount and t ype  of unders tory  i n  t imber )  of  each f u e l  model could 
be t a i l o r e d  t o  permit  t h e  model t o  more c lo se ly  match s p e c i f i c  f u e l s .  

Work has a l ready  begun on f u e l  models f o r  t h e  Nat iona l  Fire-Danger Rat ing System. 
Eleven f u e l  models ( t a b l e  1) have been assembled t h a t  r e p r e s e n t  a  l a r g e  p o r t i o n  o f  t h e  
f o r e s t s ,  brush f i e l d s ,  and grass lands  found i n  t h e  temperate  c l imates  of North America 

The v a r i a t i o n s  i n  spread and i n t e n s i t y  between fue l  types  as p r e d i c t e d  by t h e  model 
may r e a d i l y  be seen from r e s u l t s  ob ta ined  from computations with t h e  11 f u e l  models a s  
i n p u t s .  To a s s i s t  i n  understanding t h e  s e n s i t i v i t y  of t h e  i n p u t s ,  t h e  f u e l  part ic le  
p r o p e r t i e s  have been h e l d  cons tan t  and t h e  v a r i a t i o n s  among f u e l  t ypes  may be  a t t r i b u t e d  
t o  t h e  load ing  by s i z e  c l a s s  and f u e l  depth as  shown i n  t a b l e  I .  The f i n e  f u e l  of t h e  
l i v ing  fuel category i s  a l l  t h a t  i s  assumed t o  e n t e r  i n t o  t h e  r e a c t i o n .  To ob t a in  
reasonable  va lues  of  r e a c t i o n  i n t e n s i t y  f o r  f u e l  models t h a t  conta in  l i v i n g  f u e l s ,  t h e  
moisture o f  e x t i n c t i o n  va lue  f o r  t h e  l i v i n g  f u e l  must be ad ju s t ed  t o  a  h i g h e r  va lue  than  
t h a t  used f o r  t h e  dead f u e l s .  Very l i t t l e  research  has been done on t h e  burning o f  
l i v i n g  f u e l s .  P h i l p o t  and Mutch (1971) sugges t  t h a t  crowning p o t e n t i a l  i n  ponderosa 
p ine  and Douglas-f i r  f o r e s t s  o f  Montana may be dependent upon t h e  h i g h e r  conten t  of  
e t h e r  e x t r a c t i v e s  (waxes, t e rpenes  , and o i  1s )  t h a t  do no t  r e q u i r e  py ro ly s i s  f o r  produc- 
i ng  t h e  combustible c o n s t i t u e n t s .  I t  a l s o  appears  t h a t  t h e  propor t ion  o f  dead f u e l s  
wi th in  a  f u e l  complex has an i n f luence  on how much of  t h e  l i v i n g  f u e l  b u m s .  Fosberg 
and Schroeder  (1971) provide  a  formulat ion f o r  p r e d i c t i n g  t h e  mois ture  o f  e x t i n c t i o n  o f  
l i v i n g  f u e l s  based on t h e  r a t i o  o f  l iv ing- to-dead  f u e l s  and t h e  moisture conten t  o f  t h e  
f i n d  dead f u e l .  

1 - a 10 
(Mx) l i v i n g  

~ 2 . 9  [ l - ? ( M )  ] - O . 2 2 6 , w i t h a l o w e r l i m i t o f 0 . 3 0 ,  (88) 
f  dead 

where: a = r a t i o  o f  mass-of - f ine- l ive- fue l  t o  mass -o f - t o t a l - f i ne - fue l ;  f i n e  f u e l  i s  
taken as  f u e l  Q1/4-inch diameter .  (Mf) dead = moisture conten t  ( f r a c t i o n ,  no t  pe r cen t )  
of  f i n e  dead f u e l .  
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Figure 23. - -Potent ia l  r eac t ion  
ve Zocity o f  t y p i c a  2 wildland 
fue 2s. The two Zines repre- 
s e n t  t h e  extreme values o f  - 
a, one f o r  shor t  grass,  t he  
o ther  f o r  heavy logging 
s la sh .  

Closed timber - understory 

Black O a k  litter 

litter 

13 , Pocking ratio 

The e f f e c t  o f  t h e  change i n  f u e l  arrangement on p o t e n t i a l  r e a c t i o n  v e l o c i t y  i s  
shown i n  f i g u r e  23. The f l a s h y  f u e l s  ( g r a s s  and b rush)  have t h e  h i g h e s t  v a l u e s ;  t h e  
c l o s e d  t imber  l i t t e r  h a s  t h e  lowes t .  Note t h a t  t h e  g r a s s  and b rush  l i e  t o  t h e  l e f t  o f  
t h e  optimum pack ing  r a t i o  under  no-wind c o n d i t i o n s .  Inasmuch as one o f  t h e  e f f e c t s  o f  
wind is  t o  s h i f t  t h e  optimum pack ing  r a t i o  t o  t h e  l e f t ,  t h e s e  f u e l s  w i l l  burn ex t remely  
we1 1 under  windy c o n d i t i o n s .  

The p r e d i c t i o n  o f  r e a c t i o n  i n t e n s i t y  f o r  t h e  11 f u e l  models i s  shown i n  f i g u r e  24 
f o r  f u e l  mois tu re  rang ing  from 0  t o  e x t i n c t i o n .  A l l  f u e l  models e x t i n g u i s h  a t  M = 0 . 3 ,  

f  
which is  t h e  v a l u e  s e t  by Mx f o r  t h e  dead f u e l .  The h i g h e r  o r d e r  v a r i a t i o n s  f o r  some 
f u e l  models a r e  caused by t h e  l i v i n g  f u e l  component's i n a b i l i t y  t o  burn  when t h e  dead 
f u e l  m o i s t u r e  becomes h i g h .  T h i s  i s  a t t r i b u t a b l e  t o  Fosberg and S c h r o e d e r ' s  f o r m u l a t i o n  
( e q u a t i o n  88) .  

The p r e d i c t i o n  o f  r a te -  o f  s p r e a d  i s  shown i n  f i g u r e  25 a t  M = 0 . 0 4  ( 4  p e r c e n t  
m o i s t u r e  c o n t e n t )  i n  t h e  dead f u e l  o v e r  a  range o f  windspeeds from 0  t o  12 m.p.h.  
(1 ,056 f t . / m i n . )  a t  t h e  midflame h e i g h t .  Comparison between f i g u r e s  24 and 25 r e v e a l s  
t h e  s e n s i t i v i t y  o f  t h e  model t o  changes i n  f u e l  arrangement and t h e  apparen t  agreement 
o f  t h e  model t o  what can be  expec ted  q u a l i t a t i v e l y  between t h e  f u e l  models.  The 
c l o s e d  t imber  l i t t e r  and t h e  s h o r t  g r a s s  have s i m i l a r  and low r e a c t i o n  i n t e n s i t i e s .  
However, t h e  r a t e  o f  s p r e a d  d i f f e r s  d r a m a t i c a l l y  f o r  t h e  two models i n  t h e  p r e s e n c e  
o f  wind; t h e  g r a s s  has  t h e  h i g h e s t  r a t e  o f  s p r e a d ,  t h e  l i t t e r  t h e  s l o w e s t .  T h i s  i s  
a t t r i b u t e d  t o  t h e  c o n t r a s t  i n  p o r o s i t y  o f  t h e  two f u e l s  (6 = 0 .001  f o r  g r a s s ,  and 

= 0.036 f o r  t h e  l i t t e r ) .  Th i s  example i l l u s t r a t e s  t h e  common misconcept ion t h a t  
r a t e  o f  s p r e a d  and r e a c t i o n  i n t e n s i t y  a r e  d i r e c t l y  r e l a t e d .  



Figure 24. --Reaction 
i n t e n s i t y  of  t yp ica l  
w i  ldland fue 2s 
computed with 
heterogeneous 
formulations for 
the model from 
data i n  table  1. 

Legend: 

--..- Timber (litter and understory) 

..-..-- Slash (light 4 0  T./A.) 
0-0 Slosh (medium 120 T./A.) 
-.-- Slash (heavy 200 T./A.) 

0-0 Hardwood , oak liner 
.-A Brush (not chaparral) 

m-. Closed timber liner 

bead fuel moisture content (percent) 

Heavy logging s l a s h  has by f a r  t h e  h i g h e s t  r e a c t i o n  i n t e n s i t y  bu t  a  medium r a t e  
of spread;  chapa r r a l  has  both a  high r eac t i on  i n t e n s i t y  and a  high r a t e  of spread .  I t  
i s  g r a t i f y i n g  t h a t  t he  model p r e d i c t i o n s  a r e  high i n  both values because t h e  model was 
designed t o  r e p r e s e n t  t he  brush  f i e l d s  of t h e  Southwest.  These brush f i e l d s  pose a  
s eve re  f i r e  hazard  (Countryman, Fosberg, Rothermel, and Schroeder  1968). 

Figure 25. --Rate of  
spread of  t yp ica l  
w i  ldland fue 2s 
computed with 
heterogeneous 
formulations for 
the model from 
data i n  table  1 a t  
M f  = 0.04 (4  percent 
moisture content)  
and windspeed = 
12 m.p.h. Wind velocity 'U' (m. p h.) 



Figure 26. - -Ef fec t  o f  moisture 
and minerals on r a t e  o f  spread 
i n  a hypothe t ica l  fuel model. 

Fuel. 

Dm = % r "  

Depth=l 0' 
Loaded for 13 ,, 

: Effective mineral content 

0 05 10 15 20 25 30 

Fuel moisture , MI 

The p o s i t i o n s  of t h e  curves i n  both f i gu re s  24 and 25 would be  r e f i n e d  i f  f ue l  
p a r t i c l e  p r o p e r t i e s  (h, p Se,  hlx) of  t h e  a c t u a l  f u e l s  were s u b s t i t u t e d  f o r  t h e  mean 
values t h a t  were used i n  P i e  f u e l  models. 

To i l l u s t r a t e  t h e  r e l a t i v e  e f f e c t  o f  minera l s  and mois ture  on r a t e  of  sp r ead ,  a  
t y p i c a l  homogenous f u e l  w a s  chosen and r a t e  of  spread  versus  moisture was p l o t t e d  ( f i g .  
26) .  No attempt o t h e r  than  t o  d i scount  s i l i c a  w a s  made t o  d i s t i n g u i s h  between t h e  
e f f e c t s  of d i f f e r e n t  minera l s .  

Figure 27 i l l u s t r a t e s  t h e  usefu lness  o f  t h e  model t o  a p p r a i s e  f u e l s  f o r  management 
d e c i s i o n s .  This  f i g u r e  shows t h e  change i n  spread  and i n t e n s i t y  t h a t  could be expected 
i n  logging s l a s h  i f  i t  were burned under  no-wind and 10 pe rcen t  moisture condi t ions  a t  
var ious s t a g e s  i n  decomposition. The a b i l i t y  of t h e  model t o  p r e d i c t  f i r e  s e v e r i t y  as 
r e f l e c t e d  i n  f i g u r e  27 should o f f e r  new oppor tun i t i e s  f o r  resource managers t o  i n t e g r a t e  
fue l  management i n t o  resource  p lanning  a c t i v i t i e s .  

n 
i 
Y 

I 
Figure 27.--Change i n  spread and i n t e n s i t y  6 

i n  logging s l a s h  a f t e r  aging. 1. New-- m 
when i t  had dr ied  b u t  retcrined i t s  = 

needles;  2 .  In termedia te- -a f ter  su f -  7 s 
f i c i e n t  aging t o  remove 50 percent o f  h 0 4  

& .- 
v, x 

the needles and the depth of  fuel  had Q, 
& 

s e t t l e d  t o  75 percent o f  i t s  o r ig ina l  . c - 
value;  3. O ld - - su f f i c i en t  aging t o  ~2 o 
remove 100 percent o f  the needles and . - 

& 

U 

t he  depth o f  the fue l  had s e t t l e d  t o  o) o 
50 percent o f  i t s  o r ig ina l  value.  P: 

0 
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