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' A THEORETICAL MODEL OF THE RATE OF SPREAD OF FIRE
IN A CONTINUOUS BED OF FUEL

by - . v P -
S B H Thomas | ¢ e Tei el

Introduction:“

-t P, o

This' paper dlscusses a theoretical model of flame spread in a horizontal bed
of fuel under the ‘action of wlnd ' ThlS .theory . 13 phy31cally somewhat 31m11ar to",
that descrabed by Fons 1) ‘and the relatlon between them is discussed in this
paper.. Fons 5 theory neglects conduction in the unburnt fuel and 1t neglectp
the effect of the size of the burning zone on the’ heat” transfer ahoad of the
burning zone, Most important, it uses too simplified an analysis for the pre-
heating of this unburnt fuel. His expression for the rate of spread 'R' in a
horigontal bed of fuel elements standing vertically, separated by a diatance L
from each other 1s . } .

SR ¥

R = Lb (t_{-"tn
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where C . is an empirical proportionality constant (of order unity) relating
" . a.patural fuel bed to a standardlsed laboratory ver81on of that -

bed

£ o+ £ is the overall heat transfer coefficient to unburnt fuel, the
suffixes ‘¢’ and ‘r’ referring respectively to convection and

radlatlon.

dr is surface/volume ratio for fuel,

¥ is density of moist fuel.

-E: is specific heat of moist fuel,

te  is temperaturé of flame,

t; is ignition temperature of fuel,” =~ -~ o

to is initial temperature of fuel,

tf - t1

tf - to‘

Ct ig a factor of order unity =

where t7 is temperature of nearest fuel element ahead of flame

and L is the distance betwéen fiel elements in direction of spread.’

Since C is of order unity it is not possible to vary C greatly téraécommodate
differences between calculated and experimental data so that its presence is not

an objectional feature in comparlng theoretical and experimental values of R,

Now for the values of tp, t3 and to used by Fons, Ct¢ varies only between t

and 0.67. But the reciprocal of the logarithm of Ct (tg - to) i,e, tg - 1 -
(tg - t1) tf -ty

varies from 2.5 to 00 for this range of Cy. Thus small variation in. the empirical
constant Ct can accommodate large variations in R and this considerably reduces the
value of the theory. We shall later in the paper discuss the relation between our
theory and. Fons's,



There are not yet sufficient data to compare theory and experiment.
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Theory

Conéider a long bed of fuel in which a burning zone is progressing 1n
one direction at constant speed (a_linear flame front) Fig. 1)&

The forward and rear fronts A and B are in general inclined to the. . e
vertical but if D>> 2f’cot0 where D, P and 6 are as shown in Fig. (1) we
may consider the burning zone to be effectlvely rectilinear,.  The fuel near:
the froht:B is only partiglly burnt and that near the rear nearly wholly
burnt,:but for the sake -of simplicity we assume that’ so far as the. pattern
of fleme:and.heat transfer ahead of the fire is concerned we can take the
burnlng zone as oonsmstlng of fuel hurnlng uniformly over the length D.

o

The- heat transfer ahead of the burnlng Zone

Unburnt fuel receives heat.from flames and' the burning zone and 1f L
s ~c\D we shall at first assume that the heat transfer rate to any portion
of unburnt fuel is the same at all helghts in the fuel bed and is described
by .

=jf(ﬁz) ) | veveerereneennn (1)

where I is a characteristic heat transfer rate conveniently taken as the
maximum heat transfer-rate and F (A 2) which is <€ 1 is a distribution _
function in terms of the distance Z ahead of the front B and a characteristic
dlstance445(see Fig. 2) We show below that we can assume as a first
approximation ' '

;lxlf(‘(B-Z) =.lI e_'z" N C ')

Again for simplicity we assume that in évery element of fuel heat is con-
ducted into it normally to its surface, i.e. we neglect lateral heat loss
within the fuel element.

For simplicity we assume a cylindrical fuel element, neglecting heat
conduction along the element. The surface temperature at time 't' due to an
element of heat i{A )dA striking unit surface area of the ?gglnder at time A
is obtainable by the methods described hy Caslaw and Jaegar'

= —M.‘Gé Y]
é'@ 1}_? (& A
o S - (11”' (.(, /C,
where J(ﬂ(h‘lj = Aa J?d Q)

a is the radlus of the cylindrzcal element

;..............(2)

hois Wk

H is:thé.Newfonian'cooling coefficient for the-cylindrical surface
K is the thermal conductlvity of the fuel

12‘%5 its den31ty ‘ lﬂiﬁ'ﬂ B
Cy iéelts speclfic heat
I;:uils~//C, |
and d a.nd Tare Bessel func’c:.ons of the first klnd of zero & first order.
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Equation (14) can be written in terms of a fixed distance scale = and time A
(see Fig. (2)). = may be considered as the distancé to a givén element of fuel
from the front end of the burning zone when the rate of spread has reached a
steady value.

.'.L(A I-er‘a PC""R‘\) ....“.”...;..(-‘3')

We shall only be concerned with A%’ i R'is the rate of’ spread of. the fire.
We have to integrate » from 0 to"™/R-during which time O rises from. Oz the fuel
temperature at Z ahead of the flame front to 9 the’ 1gnit10n temperature above

ambient at the front B, i.e. ST R
o _-k_p( Cb -2 _' R(»-R3)

g - AT -
has 9 T ’ o-.‘in.'.-anoa‘«.'(}&)
9,, z PGo. £— W A2

. . . - i . . o V! E - ‘i ’ i ) )
Replacing A\ by t - and taking t as ®/R the time when the front B arrives
at the element of fuel being considered glves the following

MR A
-0 0(4‘ - A« * /KKA

& & - 2£ 2 . — / . ‘

e T P e T, 4 + .
Now when = & ~» 0, because the temperature of the fuel an 1nf1n1te dista.nce
ahead of the 2ront?D da the ambsent.
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Equation (4) is the general equation which is functionally of the form .

4\ - .
l+8 (Jm _:Kﬁ_ e )

T R

Seormpnn
and th:Ls general equatlon is the form of* the solution wha.tever the form of‘f( 1-8 )
in equation (1), provided £ (=4 )30 at z >~ Similar forms would be'deduced

if the element were not cylindrical, provn.ded it cOuld be described in terms of one
dimension only. -

Where we have the case of a fuel slement being heated slowly enocugh for there
to be no effective thermal gradients across it, K is effectively infinite. The
solution can' be obtained from first princlples or from considering the form of
equation (4) where K tends to infinity for which it may be shown that

6 - 2 { A
w Caea @R—i— 2t
rccr.

:?‘ fog&?a < 2(T-16y) (5)

When, we have the case of a fuel element so thick that its. centre remaints unheated
even when the surface reaches 0o, the solution cannot involve 'a', The limiting
form of equation (4) for a —»co can be shown to be

8‘““"(7? | + /E_ I
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Solutions to equation (4) are given in Fig. (3), but it is not possible
at this stage to d.iscuss them untll it is known ‘how /6 varies for dlfferent
conditions. : -

The characteristic length %g of the heat transfer region

Now/g ig éssentidlly a function of flame size and orientation and like
flame length it should be possible to express A as a function of D, 'r' the.
rate of burning per unit width® of fire and U the wind speed. . For a fire
which is effectively J.nflnltely wide and af‘ length D. the releva.nt flow para-
meters are expected to be ~7 3‘3 and WU where f., is the cold fuel gas

¥ ‘
density and g the gr&‘fltatlohal acceleration, The former term is a modifi- oy
cation of _%, which has been used for fires of cu‘cula.r or square base where

( ®) is the total rate of bur'ning(3 ) (Q being the volumetric flow of flammable
vapours emet /4 Hai-density) .

We thus expect

- b 'tfz
D = G(?-‘i L )
/ T o

where’ g is some function

m“ is the mean rate of burning per unit base surface =

‘VH'

The function. f(‘kﬁ)
Some experiments have been made with cribs of wood of large w:Ldth and
length D varying from 6 in to 2 ft in winds of up to 15 m.p.h

So far only radiation heat transfer rates normal to the dbase of the erib
have been measured at various lee distances from the crib, Plotting these
rates on a log-linear graph gives the results shown in Fig. (4) and it is seen
that, to a first approximation it is reasonable to regard these lines as

'hnea.r i.e, an exponential shape function e > can be defined. Experiments
have yet to be performed in which #“is varied (by increasing the surface of
fuel per unit base area of crib) and convective heating rates have yet to be
stuch.ed

The burnin’g zone lehgth D

If we define a mean mass rate of burning per unit base area of fire ” as
before then if % is the weight of material per unit base area we have from the
two expressions for the burning time of an element of fuel

P _ ' | *
F = ‘) L .'osonooaoa.nr-.D(g) '

#By width we mean the direction perpendicular to the plane of Fig. (1).



Leaving aside the question of I w' being factors dependent on wind
speed, etc., we have a theoretical equation (L&) and two experimental
relation equations (7) and (9) to determine the three quantities R, D
and,E Eliminating /3 we have two relations between R and D which are, .
in principle, sufficient. The first is equation (9) expressing R as
proportional to D and the second a combination of equations (4a) and.
(7) which may or may not be & linear relation. The experimental data
obtained so far suggest that R is proportlonal to some fractlonal

power- (less than 1) of D. : -

Consider Fig. (5); these two relatlons are shown in diagrammatlc form.'
The ordinate of curve (b) increases in proportion to 1/£ and increases with
I.

The p01ntlgfg1ves the equ111br1um value of R and D, - We now show this
equilibrium to be stable. i

Stabillty

Had curve (b) in Flg. (5) been-a stralght line there would be no equlli-
brium at any finite values of R and D, We now show that only because thls
curve is convex.upwards is the equilibrium at X, a stable one,

Suppose the velocity of spread R slowly decreases. If thlB is slow enough
for R to be approximately constant during the time D/R - for any pair of values
of D and R'then the position of equilibrium would- tend to fall to X5. At each -
instant” the velocity that can be sustained by the heating rates ahead of the
flame is. greater than the R given by curve (a) and this would tend to increase R-
and equilibrium would thén tend to be re-established. Were curve (b} concave
upwards this would not be true and the velocity R would continue to fall to gero,
i.e. the equilibrium would be unstable, Indeed, the velocity R and burning gzone
length D could not increase from an initial condition of R and D nearly zero.

Relation between this theory and Fons's .theory
3 !
If in equation (3&)(\ is replaced by E-A we obtain

6,8, = 6 e_/gz ......,,..,....(10)

i.e. the temperature ahead of the flame front B falls off exponentially, accor-
ding to the same law as the heat transfer rate. Fons assumes a heat transfer
rate depending on constant transfer coefficients and we can equate the two
expressions for fuel temperature & distance 'L' ahead of the flame front

_ AL

i 1.€. t1-t0 = (ti - tO) e

(6 = v )(1 - e“f“))

. . Log C, (tf to) Log, (1 +

- L
The right hand side is approximately given by (3;__%2)(/6 ) so that
f -
R = C (fc + xj,)(f(tf - ti)
-3 Cp (ti = tcn)f3
Now in our notation ty - t, is 65 and (f, + f,) (tp - t;) is the net heat.

transfer to an element at ti, i.e, I - HQO. dr for a cyllnder is g{and hence

-5 =



we have e

ze (T—#8)" . 0 T
o afeBFE v o e
which for € = 1, its thegretical value, is identical W1th equatlon (5) ‘Wnat
in fact is missing from .Fons's theory is .any con31derat10n of the relation .
between A and the burning zone length D and the effect of thickness of fuel in
produc1ng non-uniform heating of fuel. This latter approximation is justified

in his experiments with thin fuels, but is not necessarily so for tests with
thicker fuel elements,

Discussion

Measurements are being made of the heat transfer rates at varioua points
on the lee side of localised fires from which it will be possible to test the.
validity of equation (7) and the exponential variation of heat transfer with
distance, Even if this is not exponential over the whole range of experimental
conditions it may still be poassible to evaluate an effective langth %iand-obtain,
experimentally, a correlatlon of the form of equatlon (48).. . -~ _

Measurements of the spread of flre in long cr:bs are to be analysed to
evaluate 'm*' and correlate with wind speed,

It;is.hoped that this theory provides a working hypothesis for the correla-
tion of experimental data which will permit -an extension to full scale condi-
tions. .The theory provides methods of evaluating, albelt partly empirically,
basic dimensionless terms which include terms such as 'm”’ and I and @, which
can be used to obtain a method of scaling up.to the condition in the field.

References

(1) FONS, W. L. "Analysis of fire spread in 1ight forest fuels". Jour.
Agricultural Research, 72 No, 3, 1946,

(2) CASLAW, H. S. and JAEGAR, J. C. "Conduction of Heat in Solids" 0.U.P,
18t Edition, p.176.

(3) TEPM%E, P. H. "Buoyant Diffusion.Flameé“. Combustion and Flame, 1960,
. 1 . .



S,

W

114094 F.R. 439

Wind

Flame

Burnt residue / Burning zone /( Unburnt  fue!- o
o\ :

]

FIG. |. DIAGRAMMATIC SKETCH OF FLAME SPREAD MODEL

Distance R X moved in time A

6 Lf (lx=R N
X

)
cQ

[T
T,
L
Ig

o)
b @D | ' Distribution at

% , I arbitrary zero time
z " | - L@
Qo |
i—
5 rF
@ |
T
[
)
) I

L d
f—— 7 —=
x .
for all A

Arbitrery zero

Z=x gt time zero
Z=x-RA at time A

FIG. 2. DEFINITIONS OF FIXED AND - MOVING DISTANCE SCALES



114095

FR.459

100 AN
- N
501 AN
L \\
[ Asymptotic
\ B fonnyfoetha—-—N \.% '
\ ----- 16-0O
& N [0
[~ T~ ST 900
GR 3 &\\% ““““““ - 540
| IH i %\040\ ‘‘‘‘‘ . 346
i ‘\\\&‘"‘.—-._ 2.25
50 -
N \ T -48
O A\ &h‘“ +O0
o5[ \Q-7o
- \ T~ 0-440
01154
i | 1 L td 1 ! ] RN | L ] L1 i1
OO OS5 I-O 5 @)

0,0]

S Ol

ha

Asymptotic values for ha ——o0 and ha-=c0 are given by equations (5) and (& respectively

FIG. 3. CALCULATED PREHEATING RELATIONS



, /4096 FR.439

INTENSITY OF RADIATION

m -
c OS5
O
s P
Q R
x
[T
=4 L
(o]
z
Q
= U
q w1t
a i »
S
a -
S 005
. i !
t B
)
2 L
ul
-
Z N
oo , ‘ . :
O 6 : 12 18 24
DISTANCE FROM CRIB —in
Wind speed
o~ Sftfs
a—1O1t/s
x—15 {tfs
-—— Bin Burning zone
— 24in Buming zone
FIG. 4. APPROXIMATE EXPONENTIAL DECREASE IN

INTENSITY OF RADIATION AHEAD OF FIRE



1/4097 F.R. 459

(@
()]
X,
[
X3
R B
Ordinate proportional
to !{3 for given I
h,a and k
Siope is B
o A

FIG. 5. DEFINITION OF EQUILIBRIUM R AND D





