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ON THE RATE OF SPREAD OF FIRE IN CITIES AND PORESTS o
by H
P. H. Thomas

No satisfactory theory of fire spreadjin high winds has yet becoﬁe established
and compérisons between fheory and 1abofat6ry or field data are only posaible in
broad terms, such is the variafion of field data, In this note, a flew such
comparisons are made and discussed,. -

Some general results . | o

A recent survey of U,S. forest and cify conflagrations by Phung and .
W’illoughby1 has,showﬂ that the rate of spread 'R', though increasing with the wind
speed V does not increase so rapidly that dzR/du2 is obviously positive. . Indeed,
a linear regression is ‘& satisfactory correlation of the trend.. Do

On the other hand, a @ean curve for pre-war conflagrations in Japanese citieqz
shows. a posj__tive‘d.zR/dU2 and was drawn ciose to ‘

R e« U"T etrerene (1)
but here too.a linear regression might be all that is justified; the data-afe__ .
unevenly distributed over the range of wind speed and the curvature depends heavily
on a few fast spreading fires. However; this collection of data excludes ignition
by flying brands over long‘diségnces,.ao thesé very fast fires cannot so easily be.
regarded as belonging to a different class of fire,

This 1.5 power law is-similar to that reported by Curry and F_ons3 and by

Anderson and Rothermelh

for the spread of fire over pine needles in a wind. . They
give power laws with indices in the range 1.5 to 1.7.
On the other hand, experiments by Thomas and Pickard5 and by'Byram, Clements,

George and Elliot6 with cribs of soméwhat thicker fuel show a zero of negative

a’r/av’.




It is possible to interpret these crib experiments by regarding the spread

as driven by a radiation flux through the fuel be 7,8

» the wind causing the fire
front to deflect and to spread perpendicularly,to this deflected front at a rate

almost independent of wind speed, i.e.
| ‘ RSN -2 .l

R‘ﬂ Con p = 538 ol o § ‘.‘.i........‘..(z)
where @ is the deflection from the vertical anddéi_is‘the bulk density of the
fuel bed. Byram et al report @ as the aeflectio; of the flame;- This is
probably somewhat larger than the.deflection of~t£e fire front within the fuel
bed itself. :

The numerical value of the constant in equation (2). tends to increase with
increasing fuel thickness., The relétion between @ and U is discussed below
but both the alternative forms make dzR/dUz ne‘gafive. ' The effect of the wind
on burning rate per unit surface of wood and hence on'the radiation intensity
is small, for cribs of 1 cm thick wood but coula well be significant for thinner
fuels; ' this would raise R above that given by eéuétion'(2). Clearly at low
wind speeds any power law is improper and equation (2) applies with @ equal-to
zero,

The data for fire spread over pine needles in still air agrees well enough

’af low moigture contentsh with predi%tions from equation (2) and the equation
is also satisfactory when applied to some data for full scale fires, The -
average fuel loading of pre-war Japanese houses, allowing for the fraction of
land occupied, is about 3 g/cm2 9.' ‘If their mean height is taken as 500 cm

| ﬂ is 6 x 10 °g/cn”, which gives R as 0.83 to 1.3 cn/s or 30 to 50 m/h and
fhis is in good agreement with reported'valuesz~ahd s0 is the value estimated

for a forest crown fire repofted by Van Wagnerio. Is it possible, however,

to interpret the 1.5 power law, however crudely?




Some thecoretical aspects of wind driven fires

Any heat balance of the fuel ahead of the fire front must allow for several
heat transfer mechanisms. These derive from the fuel bed and the flame, radiation
and convecéion, and, sometimes, flying brands, though these are not considered here,
Fuel thickness

Bef'ore considering a series of hypotheses as to which heat transfer mechanism
controls the spread, we must distinguish between two extreme possibilities regarding
fuel thickness. Firstly, each element of fuel cen be thought of as thin enocugh to
be heated uniformly. The heat transfer must then be proportional to the total
mass of fuel burnt per unit area of ground. Secondly, only the outer surface of
a thick fuel element needs to be heated, The depth of penetration by thermal
condﬁctién.ié of order (kt)% where k i3 the thermal diffusivity and t is the time
which, here, can be represented by

t < 8/R PPN &,
where 8 is an effective distance ahead of the fire front over which heat transfer
tekes place.

Fuel bed heating

If.fhe main source of heating for the unburnt fuel is the radiation trans-
mitted through the fuel bed, S is the "mean frgg.path” for that radiation, and for

randomly arranged fuel elements ;

S= L'.PS/A" 5 ooo-.cc---.(h‘)
where Jl is the density of the solid fuel

and f?‘r = w/‘g\ | cieeecessa(5)

where w 1is the mass of fuel per unit area of ground
h is the height of the fuel bed

and CE iz the specific surface of.the so0lid fuel.

..3_



The fellowing equation has been given11 for the deflection of bent over
)

SRR

‘(.'61 ;5 = 0'7 cenverseas(6)

flames

L

where g is the acceleration due to graviéy
and /e= the density of air, was used to obtain a convénient éiﬁensionless wind
speed. Physically, a thermally based dimensionless wind speed is preferable but
here only proportionalities will be discussgd so the distinction is irrelevant.

A heat balance perpendicular to the deflected fire front moving at constant

speed may be written as : | . -
L' = Rﬂ m% - H o..o.o-o--..(?)

where H is the enthalpy rise from ambient to ignition for unit mass of fuel

and. il.is.the heat flux, which for the radiztion from the burning one in the

fuel bed is independent of }Zf
For thin fuel, we therefore have from equations (6) and (7)
2
Ko O
-\ O-‘-ﬁ?
e £«
For thick fuel the heat balance becomes

= R/#/m)l/tw,;g verreerena(9)

{
so that from equations (4), (5),’(6)-and.(9)3

/{ ol - Z/:é.-); cereessea(10)

| =075
Note that /géZis proportional to Cj’ and so increases as the fuel thickness

7

cevesennsa(8)

increases, as stated above,



Flame radiation
If flame radiation is the main mechanism of heating, the heat balance may be

written as
D oty = KoM

vfor thin fuels ..o--ooooou(11)
1
and = RuwHo(lY ror thick fuels eereeeeaa(12)

where L 1is the flame length ¢

o

F is a radiation exchange factor which lies between 3 and 1 for a wide

ig the flame radiation intensity, assumed constant

flame.
Because the vertical flame height controls the heat transfer ahead of the
flame, we can put.F equal to # for a vertical radiator and, so long as the major.
part of the heatiﬁg occurs while the fuel element is ahead of and not under the

flame,
£ « ,LT(w_a_? N ¢ 5)

The flame length L is given by11_'

A = @)""J)’/g creeonnesa(14)

so from equations (11) and (14) we have

R independent of U for thin fuels vevennosea(15)
and from equations (6), (42), (13) and (14)

R U for thick fuels. tesevevevel1b)

If the major part of the heating is assumed to occur while the fuel element
. F=1
is beneath the deflector flame we should put t c(L/R and BEEEY and then R is

independent of U for thin and thick fuels, i

-5~



Convection

A possible form for con#eétion heating may be derived if the flow of gases
is considered as due to a boundary layer originating at the fire front. (Such
an approximation would fail if the burning zone were long compared with the
flame lenéth; if for no other reason). Assuming flame gas temperatures are

not stronglj dependent on L, U R etc. one can then write the heat balance as

0 &5
g <A x (Lu) e (1D)

where h is the heat transfer coefficient

and where, for thin fuel
! . 2N .
% = fw H - '.07.'-01.}..(18)
For thick fuel

c/‘?H e Cf(k"j S cereenenes(19)

and - o= LR ee20)

From equations (14), ’(17) and (18)"

R o U /( & U for ‘thin fuelv

and from equations (14), (é?), ({9).and'(20)'

| 7 L, 2

K < () 3/,{ /(«’(U 7 tor thick tuet
Discussion

The above results are collected in Table (1)

P iy

Ty



Table 1

Radiation
- Fuel Convection
Fuel bed Flame
Thin | v9+%3 (v) U°(constant) (U°) ute?
mhick | 007 (@' | ™ @) | 2

Hamada12 gives a form for the deflection which is physically more realistic

than equation (14) when the burning zone is long compared with the flame length.,

C‘D - % U o.<a¢o-.,.-(21)
D is the length of the base of the flame which, here, may be taken as

z:). _ &;:kf]g | i.(.......o(zé)

where"tﬁ is' the duration of flaming for a fuel element.

This ‘time varies with the wind speed but Anderson and_Rothermel1

This is

3

give some values
for pine needles which show that the variation may be small for their experiments.,
If the variation of tB is neglected and we put
tnf & Cok &
when ?{approaches 1t72, the results are altered to those shown in brackets in
Table (1).
Another equation based on a slightly different definition of flame height,

11
given by Thomas , is

CosFE L o ff’.k} RN ¢5):

This gives powers of U which are within the ranges shown in Table (1) for
radiation control, and in particular it gives a 1.5 law for flame control and

thick fuel - the same as Hamada's equation does.

-7 -



It is thus apparent that the index of U may increase from some value less
than unlty ‘to & value greater than unlty as’ the fuel becomes thicker and-as the
main source of the heat transfer- changes from the fuel bed to the flame and as
the importance of convectlon_lncreases. |

The apparent similarity between the data for pine needles.end Jabenese
c;ties mey_je;}‘bevfortui{oﬁe. It is not unreasonable to regard fires in pine
needles as convection controlled fires .in thin fuel and fires in cities as
radiation controlled thick fuel fires.

It is, however, difficult to reach any definite conclusion for any
particular type of fire, Considerable help in this task could he derived from

3

data on the dependence of 'R' on 'w' ,
Equations (6), (14), (21) and £25)_are~probably_the least accurate of all
those quoted; indeed equations (6) and (23) are strictly contradictory,
Nevertheless the tendencies shown in Table (1) are likely to be real enough.
It is clear that to identify the physical laws_from field data aloee requires
data over.a large range of several of the variable factors, not just the wind
.8peed.
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