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SUMMARY

A theoretical model describing the steady spread of fire in
cribs of wood in still air is shown to be in reasonable agreement

with the results of laboratory experiments, the majority of which

are by Fons and his colleagues. For a wide range of conditions the

rate of fire spread R is given by R*i_ =
is the bulk density of the fuel bed.

5-9 mg cm~2 sl where

R is in cm/s and fz



FIRE SFREAD IN WOODEN CRIBS

by

P, H. Thomas, D. L. Simms and H. G. H. Wraight -

1 - INTRODUCTION

This paper examines theoretically the problem -of estimating how fast
experimental fires spread elong cribs of wood in still air. The physical
aspects of the theory follow\the lines described sarlier by Fons(l) viz:every
piece of fuel ahéad of the fire receives heat from the burning zone and it is
possible from a dynamic heat balance to relate rate of spread, geometrical and
physical properties of the bed of fuel and variation of heat transfer with
distance-ahead of the fire front. The detailed formulation of the problem is,
however, different from that given by Fons. Some general discussion of fire
spread theéory has also been publishéd by Hottel et a1(2),

2 ~ THEORY OF FIRE SPREAD
(e) Heating of fuel to ignition

The simplest expression for thé steady state rate of spread in a
continuous fuel bed can be derived on the following assumptions:-
(1) that heat losses shead of the fire both from the base of the fuel
bed to the ground and from the top of the bed to its surroundings

can be neglected,

(2) that the material is inert and that its thermal properties do not
vary prior to ignition; this has been shown to be adequate for the

correlation of experimental data on ignition(j).

It follows from the existence of a steady state rate of burning that the
ignition temperature,for any one fuel and one arrangement of crib, may Sé
assumed to be consfant. The rate of heat transfer to the fuel is then the rate
at which it is brought to the ignition temperature multiplied by its thermal

capacity of unit mass, i.e.
R ﬁ; c 8, = i creeenes (1)

where R 1is the rate of fire spread
@. is the bulk density of the fuel bed
¢ 1is the specific heat of the fuel
0, is the temperature rise above ambient to ignition
and 1, is the heat transfer rate per unit cross section of the fuel bed,

perpendicular to the direction of fire spread.



If' there is no heat transfer from the flames above the fuel bed and
no convective transfer from within the burning zone, 'io is the radiation

intensity from the burning zone.

Cooling losses from the fuel bed cannot necessarily be neglected, but
by discussing the heat transfer through the fuel bed to a particular
piece of fuel and considering its dynamic heat balance, an allowance can
be made for them and this enables compa}isons to be made betwesn

experimental results and theoretical predictions.
(b) Pormulation of heat balance equations

Consider a long wide bed of fuel in which the burning zone is
progressing in one direction at constant speed, see Fig.l, the fuel
consisting of pieces having only one characteristic dimension, e.g. laminas
of thickness 2a, square section sticks of side 2a, and cylinders or spheres
of radius a. The intensity of heating around a piece of fuel whether by
radiation or convection varies over the surface and differs for different
positions of the fuel element with respect to the burning zone. If, for
example, reflection and re-radiation are neglected, only the side nearer
the fire receives radiamtion; for simplicity in what follows, no heat is
assumed to flow pareliel to a surface and each piece of fuel is assumed to
be heated uniformly by & mean intensity chosen so that the total amount of

heat received is the same as that actually received non-uniformly.

The mean rate of heating per unit surface area of fuel element can be

c{ =Z I, %n CW 9 | (2)

where %T is an attenuation function yet to be specified

described by

X 1s the distance ahead of the ignition front, this latter term
being used to denote theposition where the fuel reaches its
ignition temperature

Cfn is an attenuation coefficient
and I, 1is a characteristic heat transfer rate, which is taken as
the mean level around the whele of a fuel element which is

Jjust about to ignite.

From this definition it follows that

jcn () = 1 easeanee (3)

By postulating that there are several components of heating, the

real function ?4' may be regarded as the sum of several relatively simple



components. Thus there might be one function for radiation from the burming

solid, one for radiation from the flames and another for convection.

During the spread of fire any one piece of fuel is heated from the ambient
temperature up to the ignition temperature, (see p.1). Heat is lost at a rate
H 85 per unit erea where &g is the instantaneous temperature rise and H
is assumed constant for any stick size or crib design. The temperature rise
of the surface of a piece of fuel may not reach ©, until the flame front has
actually passed. The distance between the ignition front, wheére the
temperature rise is @y, and the flame front, whgpe flames envelope the fuel,
may be shown to be very small unless thére is significent convective heating

by flames.

Dimensional analysis and the linear relation between temperature rise and
heéat transfer show that the temperature of the surface at time )\ will be

deseribed by an equation of the form

v I e n2 k)]
GS = é{u ....él. Fn (ha, h k} } maetewwn ()-I-)

where h =1/ and Xk = K/ér:

The functions F,, depend on the variation of the heating rate with time.
In terms of a fixed distance co-ordinate X:° the variation of each component
of heating with time is given by equation (2) with X replaced by j¢" -~ RA
whére R 1is the rate of spread, i.e. '

e -
i

Fe]

Lﬁ); (>) = In J‘nft:n {.?3:/“ R }

N

n

rorseens (5)

¥,

Thus, for a steadily moving system, in which;}& cannot appear explicitly

- T o2y
He, = J I F (ha,;mf} cananens (6)

where F* 1is another unspecified function.

If' the fuel is very thin, it warms up at an effectively uniform temperature
throughout and the thermal conductivity may be regarded as infinite so that
equation (6) must be of such a form that K does not appear in F*, i.e. when
ha =:* 0

van - H “.
H 90 = "r In Pn { |'C4 I } LR NN R R BN (?i)

where P is a funetion as yet umspecified.



When the fuel element is thick enough for the inside to be effectively
unheated when ignition tekes place, equation (6) cannot invelve a, i.e.
when ha=a9d .

- 2
Ho, = Z I, Gy ;én—;> cavsees (7ii)

where G is a function as yet unsgpecified.

The next steps are to obtain. expressions for the funcdtion F* and
'
the particular forms P and G for any function jﬁ and later to
cvaluate these for two special forms evaluated for ]-g -
(¢) Evaluation of ignition equations
The surface temperature at time t due to an element of heat
ci_(}\)gl)\ striking unit area of surface at time t can be obteined by
the methods described by Carslaw and Jaegar(li').
8 2 \
-k &, 20t - A)
| W 2 et .
59 _ 2 ) (¥ r 8) .2
cea 2 2 .
Foo Lo (h2)? + (¥,0)% + pr(na)

V=1

1

where "= 1, ® and =1 for a laemina, cylinder and sphere respectively.

For a lamina

(¥,e) ten (Y, a) = ha ceeerees (9)

for a cylinder

(bl,ra) Jl( gﬂ’,&) = ha J, (Xﬁ»a) ceneass (10)

/ ’ _
where J‘o and Jl are Bessel functions of the first kind of zero and

first order respectively, "~ ! ¢ o

while for & sphere ( X a) Cot (Y a) =1-hs seaeaxa (11)

Equation (5) is inserted into equation (8), which is then integrated
over QO <« >\< ?C7R. During this time © rises from ;- to 90 the

temperature at the ignition front.

On puttin 3¢5 equal to t and allowing this to tend to infinity,
P 8

i.e., making the origin of the distance scale an infinite distance to the

 AOSEP N (8)
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left in Fig.(1l), equation (8) reduces to

Waﬁ 2
il
e = 2} in H '\) (K 8)25 R “‘n(“nﬁ') adgd ... (12)
° n 5;’: cak ':}“—:; (ha)2 + X a) +If(ha
“a

When haw Y7, thick fuels, the important part of the series consists of
the higher terms n 2 ha so0 that the series can be replaced by an

integral (see Appendix) and equation (12) tends for all three values of }1 to

ol
‘&o Vgl

s i 2 e
'i,_,. H § 2:2 d_z g -&zg "’ 2o

B =2, W yarw f E‘“t Re? § (% didg
W

Rind 2.2
2H2 \_..., f 2 _ k hR Y g
+ i —~ /7 Ini 3 F (f‘".ﬁ}cl-pf
K ﬁic RZ 4. j ¥y +1 iR
7 " ‘s censens (13)

When ha— O,thin fuels, only the first root of equations (9), (10) or
(11) is required, the others giving terms which tend to zero. Equation (12)

reduces to

oo
— o ; _-Ml;hg - )
‘. .l'ii a :-‘: F ] '}.
% =4 ™ hcRa ! %o g ¢ eeneen (14)
7oA
where M = 1, 2 and 3 for the lamina, cylinder and sphere respectively, all

of which are seen to be the same if M/h is repleced by the ratio of surfacs
to volume, i.e. 8/¥. It is thérefore sometimes convenient to use the
dimensionless group 2V/S instead of ha.

(d) The attenuation functions

Fons(s) hes pointed out that in still sir the front of the burning zone
remaing vertical as 1t moves forward and he argues that this implies that
radiation from the flames is negligible, since otherwise it would preferentially
heat the upper part of the f'uel bed, both ahead of the flame and in the crib
itself. In conditions of no wind, cool eir moves towards the burning zone so
there is no sustained convection heating outside the flames. If some
combustion products were deflected forward a little way, this too would tend

to heat preferentially the upper part of the fuel bed.

If ©, is defined as the temperature rise of the fuel just as it becomes
enveloped in flames, convection transfer from the flames would have been

excluded by definition though this would be at the expense of leaving the

-5 -



value of O uncertain. Alternatively, if @, is defined as the ignition
temperature rise and convection is assumed constant within the flame, the

component of convective heating would introduce

N e em e 1
ﬁ(ﬁ‘{c}C)'. =" 1 when 0 & 3C & =

and j£; @3dc)c ) = 0 whenéé%-4§:;%: ) cinewee (15)

the suffix ¢ denoting convection. %ﬁ%& would be fhe'distance between the
plane at which the fuel ignites, (the ignition front) and the flame front
itself, see Fig.(1). This distance is provisionally essumed negligible
compared with the characteristic length for radiation transfer, and the
present application of the theory to the experimental data is based on the
assumption that convection is negligible and that the fuel surface temperature
at the flame front is the ignition temperature. In extenslons of this theory
to other conditions, e.g. te include the effects of wind,allowance will hdve

to be made for convection terms.

A discussion of the radiation transfer from the burning zone to the
fuel ehead of the fire requires an assumption about the form of the crib and
as a first appfoximation the fuel bed is idealiséd as an infinite lattice,
the pieces of which are proportional to 'a! in size, separated from each
other by distances which, for simplicity, are assumed equal. A single
dimension 'a' and a'spaoing ratio then describes the fuel bed. Two cases

will be considered:-

(1) The radiation is propagated as a "single ray" in the direction
of spread. .

(2) 411 parts of one half of the lattice, which is assumed tolbe
the burning zone, produte radiation which is propagated into
the other half at all engies. This will be referred to as
"multiple ray".

(e) Single ray attenuation

Let N denote the number of pieces of fuel per wnit volume and A
their eross-sectional area effective in attenuating radiation (extinction
cross—section). The value of A will depend on the assumed orientation

of the fuel elements and is discussed below.

If i is the local intensity of radietion across a unit area in a
vertical plane perpendicular to the direction of spread and io the
intensity emitted by the fuel zone the attenuation of the radiation is

-6 -
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given approximately by

&1 =-na 1 ceeeee. (16)
o -N A;}g
l.€,. 1 = 0-.-

It follows that

r N AKX
= (dAX) =R ceeee. (161)
so that we take
A = NA ceves (16ii)

This elementary formulation is strictly valid only if N A&x can be small
while Sic.s JE, i.e. N%A must be small. Also N¥J¢ , the number.of dNen
"mean free paths" considered, must be large. These requirements-are not met
in the experimental cribs but it will be seen below from measurements of
attenvation that this treatment of attenuation will serve for the purpose of
this paper. Indeed for fine forest fuels the errors will be less than with
small cribs of timber fuel. Inserting equations (16i) and (16ii) into

equation (12) gives

a0 ‘ - -
' 2 u;(‘s’a)2 . (2R az}% -
k. 3
H 90 = ZI(ha) /F '(%a) e-:i 2 k = tsaveaa (17)
L w2 . (¥ 4 b ()
If %g-—f?o and G%%V remains finite it follows* from equation (14) that
j# el ry I ‘
£ = - 1 ceeeeee (18)
HS "o,

the suffix s denoting the "single ray" model.
For E!...é)qu, (thick fuel)
S

‘.I R : IB \‘.‘2 -
lé_ = H 0 - ]x suav e (19)
h€ k 0 rd

*In the theoretical discussion that follows we shdll write down equations as if
radiation were the only significant form of heating. This is to avoid
unnecessary complication. If radiation is only one component and not the whole
of the heat transfer then 6, 1is correspondingly only a compenent and not the
whole of the ignition temperature rise. This follows from the linearity of
equation (2).



For intermediate values of %1 the solution must be evaluasted

numericelly from equation (17). The calculations show that therée is only
a slight difference between cylinders and spheres and the results are showmn
combined in Fig.(2). These calculations give theoretical values of R for

given values o -l the thermal properties and & .

s
Because I_ in equations (18) and (19) represents the mean intensity

ground the fuel element it follows that

I.S = i, A pases=s (201)

I. = —o/2 ' ceeeas (20ii)
for a cylinder perpendicular to the direction of spread

ie <o

IS = /:}:;?' T 2T (20111)

end for a sphere or a square sectioned stick perpendicular to the direction

of spread

i
I:B - c',f/i}- owaenn (ZOiV)

(f) Multiple ray attenuation

In text books on radieticn transfer and in the Appendix it is shown
that if the burning zone and the zone ahead of the fire front can be
congidered ideally as semi-infinite regions consgisting of eqhaily or

rendomly spaced spheres, the attenuation function is given by

e i _

» N -( u2 +4F2)%

}m@i}‘f} - j/fd.rj L PP du reeee. (213)
a9 eI

where the suffix m refers to the multiple ray model. ¢ is defined by

equation (16ii}. Rearranging the order of integration, equation (21i)

becomes

o *L\,..
i . oy ey e

. . N '
_:H-‘"m‘*?{‘z:b =0 + #2 B (XY L. . (2111)

For a comparison between theoretical end measured values we also require

the veriation of the radiation in a vertical plane



1
jf -(u s 5)°
.u- du
i, d, fedesan i
r m,v( ) iy (u2 +d2)3/2 N (221)

the additional suffix v denoting the vertical componentgj;.m v hes been

2>

normalised to unity at x = 0. It may readily be shown that -

- ' 3 .
jcm,v(o(::c) =8 (1 -atic) = (X)? B, (~ali) .

—otiC
w630 f (@) e (2281)

These theoretical expressions for j[‘m and Jr in equations (21ii) and
(22ii) respectively, are shown in Fig.3, together with the exponential form for
equation (16i).

The total radiation received can never exceed half what would be received
inside the burning zone, so that the maximum value of the average over all the

surface of a fuel element is given by

Y - ceevenns (23)

m
r
Equation (12) must now be evaluated with jr given by equation (21i).
It is shown in the Appendix that
- oL
= . _ l—_ s q
.‘-Q- ;’m(ﬂﬂ) d- g = q q2 1°ge (1 +“) vesaseasnn (21‘-)

o]

with ¢ = k‘g'z. Equation (24) may be used to evaluate equation (12), which for

spherical fuel elements and one component T ‘becomes

o0 R 220l k
Y‘ 1l - -———2— log 14 >
H o, - kL . R a%al A
= 2ha » ﬁz )2
+ (hd)® - ha

K
- =T‘ . - .

where ﬁE,Cotﬁﬁg. =1 - ha

cessense (25)

Instead of computing the series the following method was used to evaluate
equation (25).

J:fffm

jfs ig Hi9° as given by equation (17) for a sphere

as given by equation (25)

-

and B =



it may readily be shown that

dym é‘
_— 4
B—= 4 ¥ = Yy e (26)
srerdd v
. [ Y5 (b) av
Hence %-’m - B g s (df; cooeasa (27)
A b

where b 1is a dummy variable for B

/B
or Y= 3 Y, () a () reeen (28)
0 ‘
Equation (28) has been computed by graphical integration of the
results in Flg.2 and the results are shown in Fig.hk. It is shown in the

Appendix that when %Y-—QO equation (25) becomes

1 .
188 _ 2 log. (1 + g) resasas (291)
g e
In
i S .
where g = —L—- ceees (2911)
5‘?"3 C V2R

and when I;—V--‘-io\:«e;"s equation (25) becomes

‘. r,‘
= E'- g -]- = iloge ( l + J‘)ﬁ ODewne (}Oi)
J L J A

Where j = —l-I—— cenawn (BOii)

JoRKPC
Equations (29i) and (30i) give the asymptotes which appear in Fig.(4).
(g) Comparison between the two models of attenuation

For the single ray model for spherical fuel elements equation (ZOiv)
hv H 84

and equation (18) for T << 1 and <<l give
2o .
..',lf C =, RV . IS - 1g teeecen (31)
HS = e, L H 6, .

- 10 -
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For the multiple ray model, for ll-s!-({ 1 and ET.G.E << 1, equations (23)
m

and (29) give

2 2 cdry = I i
Hs * HE,  2HS,

ceveaee (32)

and it 1s seen that the two models give the same relation between io and ol

for ES‘—T<-¢ 1.
H 6 LV . . o
When — << 1 and =371 equations (19) and (20iv) for the single

s

ray model give

R Ig io :
\ihz k = H go —_ “’+ H go . LR - X N (35)

and for the multiple ray model, equations (23) and (30) give

el

2 dR = Im = io LRI ) (BLI-)
2 Jnek  H®@o 2 H 8,
. e
for this range of W ana H S
S Is

The two models differ both in terms of Im and 1o. For a given value of io
there is 80 per cent difference in the two values of oL 3 for a given 4 ,

& 33 per cent difference in ige.
(h) Expressions for & .

Consider first the single ray model and those pieces of fuel perpendicular
to the direction of spread. For a crib of long square sticks or long cylinders
of length L -

A = 2al sesemen (35)

p :
The corresponding value of N 1is 1{(&;4 a? g, where }'l is the ratio of

horizontal spacing between centres to stick size, i.e.

G{: 2;‘ a amessoo (36)

Inserting the apparent or bulk density fﬁb and the actual fuel density /3

for square sticks gives

- 5::3 -
A ib ,
of = EW,?_- ceeones (37)

- 1] -



For c¢cylinders heving their axes perpendicular to the direction of spread

f}'«."—: :}T‘T—' . Areamaw (38)

and for spheres

\ 3 £
of = 4/;’: " ceeeeas (39)
For the multiple ray theory the value of A should strictly be taken

as the random projected area, i.e. the mean value of the projected area
viewed from all angles. For a sphere this is obviously 2~ .22 both for a
random fuel bed or an orientated one. For a fuel bed of cylinders or square
section sticks it may also be shown to be one quarter of the surface area.
That is, j%gilgi- is 0.50 for a sgquare section stick and a cylinder, but

0.75 for a sphere. For all theése and a lamina

cﬁﬂiﬁ% _

S;;"":b = asenssvw (1&0)

tod I

Equations (40) and (6) applied to one component of 1o 1lead to

£ {H 0 ;
RibC F j=—=2 , Elﬁ creeees (41)

In the notation used by Curry and Fons(6) & = SA and >\ is the

volume of voids per unit surface area so that

g
X = 5F 7D

These results are summarised in Table 1.

Table 1
£
Theoretical values of :ﬁ;ﬁizi_
b
Single ray Multiple ray
Shape theory theory
Square section 0.50 0.50
1ind 2
Cylinder Ze = 0,64 0.50
Sphere 0.75 0.75

- 12 -
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Equations (23), (29i) and (40) give

where

2H® : .
1‘- ] 0 = %loge (1+ g) ’ kRS S (1{-21)

cenee (B211)

as the theoretical equation for %V_ —> 0

As g—» 0 this reduces tq

Rf%C00 _ ; _,85 Hég veen (42141)

In principle, experimental measurements of the radiation received at

various distances from a radistor inside a crib could be compared with the

theoretical attenuation functions using the appropriate values of o{ from

Table 1.

However, in view of the limited accuracy required, a rather different

comparigon can be made and three possible ways are discussed below:-

(1)

H 8¢ h?

Por small values of and hence small values of ézif- the

important property of the attenuation function, is the integral
cb

jcm ele) ag ‘ eevnens (43)

] -
aend by analogy with the exponential function which appears in the

single ray model the reciprocal of this integral serves to define 0{ .
In the Appendix it is shown that for the multiple ray theéory

f;;‘(dg) g = 2—;1— ' cenrene (LK)
{v] .

A value of C{ can therefore be obtained experimentslly from half

the reciprocal of the area under a curve of measured total attenuatian.

The radiation falling on a vertical surface, for example, a photo-
cell is given by equation (22ii). If this is integrated over the
whole range of x we obtain 2/34. , i.e. the radiation on a
vertical surface is attenuated less rapidly than is the total
radiation when both are normalised to unit value at the radiator.
Thus an alternative estimate of ol would be § of the reciprocal of

the area under the experimental j; curve.

m,v

- 13 -



(3) By enalogy with the exponential function, one could obtain an
attenuation coefficient from the slope at 3 = 0, but it can be

shown from equation (21ii)

A .
(ﬁomf o S e (51)

On the other hand from equation (22i1)

(’ta_ f’}io = - 2 eeves (L5ii)

The theoretical framework relating R to the properties of the fuel
bed is now in principle complete. It still remains to assign values to the

various properties.
(1) Experimental determination of radistion attenuation

Radiant heat and light are both propageted according to the same
geometric laws so that it is possible to use an optical analogue(Y) to
determine the attenuation of thermal radiation through a crib. Short
lengths of cribs similar in cross-section to those used in eﬁperiments by
Fons(a) and at the Joint Fire Research Organization(g)
Since unplaned wood has a high absorptivity(lo) for the infra-red

radiation from flames and may have a low one for the radiation from the

were constructed.

tungsten filament lamps used as a light source, the wood sticks were
painted black to minimise reflection of light. The radiation intensity

was measured by the output from a photo-electric cell.

The variation in the intensity of radiation received over any given
vertical plane in the crib parallel to the light source was small, This
is in itself consistent with the result obtained by Fons with cribs of
cross-sectional area at least as large as the ones used in these
experiments, where the rate of spread is almost independent of the crid
height and width. ‘

Only & few measurements of attenuation were made, and they refer to:-

(a) the total rediation received on the vertical and horizontal
faces of the sticks, Fig.bay

(b) the radiation received on the vertical face only, Fig.5b.

Measurements could only be obtained in the "tail" of the
distribution function but they show that its form is curved and more like

jym than

e,

v see Fig. (3).

>
¥

a8

-1 -
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cegh Ry

S

a £
To obtain a best value for Ezg——LiL-

were performed.

the integrations referred to above
In the "missing" pdrt of the curve a straight line was
assumed, i.e. an exponential form, and this has the effect of overestimating
the area and hence underestimating the value of & . The results calculated
this way are shown in Table 2. The results for the three values of ,C% give

cé}i% to those predicted theoretically.

similar values for

Tahle 2
Experimental values of attenuation EMEncm’l
Stick thickness = 1.3 cm, (i.e. a = 0.65 cm)
' Multiple ray
e .
Lt Single ray Py
& Vertical Total radigtion
3 . component
EN -
cm—t _vg_@( s cm”'l el @ ftff- cm’:L i P
i / b
4 0.49 1.25 0,33 0.853 0.3 0.7
5 0.39 1.23 0.26 0.81 0.23 0.73
6 0.33 1.25 0.22 0.83 0.19 0.74
Mean 1.25 0,83 0.7
values ° ° *
<d 8 ‘ﬁ

The above values of C?i and --UE should strictly be reduced by the
factor (f 2/26} , which has the values 0.88, 0.90 and 0.92 to allow for
the obscuration of the radiation by the cross section of the sticks of wood
parallel to the direction of fire spread. The mean ratios in Table 2 then
become 1.10, 0,75 and 0.67 respectively.

The multiple ray theory gives better agreement with the theoretical result
of 0,50 but thé discrepancy between even this and the experimental value of
0.67 is about 30 per cent. The error arises from the very considerable
difference between the actual crib comstruction and that assumed in the
theorgtical model. However, in spite of this, the fact that the value Qf
4 afﬁ 45,
@ven though the theory assumes that the spacing is equel in the vertical and
horizontal directions), means that the agreement is sufficiently good for the
purpose of this paper. The model may well be in greater error for these
experimental ciibs than for a more randomly arrenged natural fuel bed.

i is virtually constant for a variation of 50 per cent in

-~ 15 =



3 — ANALYSIS OF EXPERIMENTAL DATA ON FIRE SPREAD

Most of the large number of experiments with cribs reported by Fons
and his colleagues(g) are for white fir but some results for .,
magnolia, basswood, sugar maple and longleaf pine are also given. Values
of the steady rate of spread, R, were obtained for different densities
of the same wood in cribs of sticks mostly 1.3 cm thick, spaced apart at
a horizontal distaence which was 4 c¢m in the great majority of the experi-
ments. Different widths and heights of crib were employed, but except
for two tests with shallow cribs neither the width nor the height
noticeably affects the rate of spread. This is in accordance with the
preceding theory which relates R +to the mass of fuel per ﬁnit volums,
The cribs had moisture contents M ranging from 2.5 to 17 per cent by
weight, and the preceding theory can take into account certain of its
effects. The eff'ective specifiic heat of the wet wooed Cy
can be evaluated from the heat required to raise wet wood to the ignition
temperature, the heat of wetting(11l) and the latent heat.

The temperature at which the water vapour leaves the fuel bed cannoi

be predicted and hag been assumed to occur at 100°C,

Thus Cy 8, = Cp 8, + M. &H + LW cecnees (U6)

where £\ H is the difference in enthalpy between vapour at 100°C and
liguid at 20°C.

Co = Oa}h(lz)

£ZW is the heat of wetting equal to 16 cal/g(lj) and

8y == 3000¢ (14)

The variation of thermal conductivity with moisture content has been

calculated by Maclean(15) and the density of the wet wood calculated from

the method of mixtures.

Equation (41) states that the variables concerned can be combined
into three groups only. Although these are given as

Rﬁc He
b M -9—2- and EE

H T i S

any three independent combinationsof these may be used. H appears in all

three varlables above and it is not possible to obtain more tgaltoggyf

variable which is independent of both H and 1,. This is XS

- 16 ~
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H 6,

and this variable is plotted against %g for various velues of —F=

[+
calculated from single ray theory in Fig.6a (multiple ray in Fig.6b) with a
R {;b CM

as

similar plot of against “%1 in Fig.7a (multiple ray in Fig.7b).

A comparison between experiment and theory for various values of EIEQ then
o
permits an estimate to be made of 1, for any value of H provided H is

assumed constant.

H for an isolated stick varies slightly with stick size, thé convective
component varies as Cﬂkﬁ -+ and the radiation component, if present, is
constant., The heat transfer from sticks directly above each other would depend
weakly on the height of the crib and would be slightly less for the upper
sticks. The same would also be true if the fuel bed were packed sufficiently
tightly so that the bulk of thé air as well as the boundary layer became heated.
Such a variation of H with height would lead to the burning zone being
¥inclined to the vertical and since this is not observed no allowance hasg been
made for it. The bulk of Fons. data are for 1,3 cm sticks and a reduction to
0.7 cm or an increase to 3.2 cm leads to change either way by a factor of about

20 per cent for a purely convective loss.

The gradient of temperature along the crib is steep so that some radiation
transfer will tske place from hotter to cooler sticks. In view of these
considerations, it is doubtful if any departure from a constant H need be
considered in the analysis of experimentsl data.

No values of 1o are reported by Fons and theé data hdave accordingly been

analysed on the assumption that both H and _§§gg_ are constant. Values of

EifZE_EE and Exr were calculated from Fons' daga assuning & value for H of
8 x:HIO‘& cal com~2 s—1 deg ¢™1, and are plotted in Fig.8a. The two tests
referred to above where the burning rate was markedly lower than in similar
tests with deeper cribs were excluded. The best curves derived from the
single ray theor¥; Fig.2, and the multiple ray theory, Fig.k,; are also shown
in Pig.8a. The results are also plotted in Fig.8b using the alternative form-

R Py oy hv
S

of variables XS and

and are again compared with the theoretical

curves.

The problem of evaluating H and its variation within fuel beds will be
discussed in greater detail in a separate report, but Fig.9 shows how the

N

~ estimate of 1o is affected by the choice of H.

A convenient measure of the position of the central cluster of

experimental points in Fig.8a was taken as E.ﬁ;;_gﬂ Ar 6.7 and %K ~ 0,8

for the single ray curve, and, whatever value was assumed for H the curve

H 8 ould have to be fitted close to this point.
Tg

Consequently the above numerical values can be altered for any arbitrary.

hdving the best value of

-17 =



chenge in H and the appropriate value of 1o obtained from Fig.7a. A
similar procedure was adopted for the multiple ray curves. A change in
H would, however, alter the shape of the curve passing through the main
cluster of experimental data, but this would not be very apparent for the
range of H shown in Fig.9. The estimate of 1o varies approximately as
the square root of the value of H, which itself is unlikely to be outgide
the range 4 to 10 cal em™2 s-1 deg ¢~l. The uncertainties regarding H
and the choice of theory make the estimate of 1o rather imprecise but.
1 to 2 cal cm~2 g~1 is in the range to be expected for this mode of heat

transfer.

L ~ DISCUSSION

(1) For the value assumed for H, the comparison between single ray theory

and experiment gives the best value for Eigﬂ as 0.12, 6o 1is taken as
the minimum temperature for ignition in the presence of a small flame(lﬁ),
i.e. 3000C, and independent of species, so that the best value of 1o is
estimated to be about 2.0 cal em—2 s-1. Taking a value for H of say

4 x 10~+ cal em=2 =1 deg C~1 would reduce the estimate of 1o to about
1.k cal em™l g~1 for these data. These values are in the range expected,

giving black body temperatures for the burning zone of about 800°C.

(2) The correlation is satisfactory not only because the estimated
numerical value of 1o. (2,0 cal cm™2 s~1) is a reasonable one but also
because the experimental data lie sbout the theoreticel relation in a
region where the cribs can be regarded as neither thin nor thick in the

thermsl sense.

(3) A comparison between the data shown in Figs 8a and 8b and the two

forms of the theory suggeststhat that based on single ray attenuastion,

which shows less curvature than thdt based on multiple ray, is the more
satisfactory description of the experimental relation between the

theoretically derived variables.

(4) Any tendency for H to decrease as the stick size increased would
reduce the horjizontal scale for the experimental data. If anything this
would improve the agreement, and could even make the multiple ray theory
better than the single rey theory, in which case the best value of ig
is somewhat lower, for Efgﬂ is 0.35 which gives 1, as about

1.4 cal emr2 g=1, .

H e,

(5) From equations (18) and (40) the best theoretical line with =
0.12 and a mean value for CM of 0.6 cal g1 deg c-1 gives a lower
asymptotic limit for Rﬁ of 6 mg cm™2 s™1. Multiple ray theory

gives a lower limit of ebout & mg cm~2 s~1,

- 18 -
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A statistical examination of the results for white fir shows that the

s
moisture other than thdt accounted for in the term OM.

upward trend with v is real and that there is little or no effect of

5 = OTHER RESULTS FOR CRIBS AND FOREST FUELS

The following additional results are also plotted in Figs 8a and 8b:-

(1) Fond results for four other species

(ii) J.F.R.0. results for spread in long cribs of 0.7, 1.3 and 2.5 cm
thick sticks. ‘

(iii) J.F.R.0. results for rediel spread in cribs of 2;5 and 1.3 em thick
sticks with a spacing factor up to 8:1 and heights up te 120 cm.

These results which cover a relatively wide range'df cridb designs are more
scattered but straddle the theoretical line. There is clearly some diff'erence
between the different species used by Fons which has not been accounted for in
the present calculations but clearly the results show that in broad terms the
theory gives variables which correlate a large part of the data and gives
quantitative estimates of the righ}t order. Experimental values of 1o are
being obtained to provide a more detailed comparison between theory and
experiment .

Currycs) and Fons have given some results for radial spread in still eir
through sticks of variocus sizes and several species of pine needles in a
randomised bed. Values of % vary from 0.01 to 0.16 cm (6 < & < 100 cm™1).
Except for wood wool shavings, which was the thinnest fuel used, the results,
which will be discussed in more detail elsewhere, give values for B.f%_CM 89
of order 0.8 to 1,7 cal em™2 s~!, This heating rate is consistent alse with
theé main mechenism of heat transfer being the radiaetion from the fuel bed but
the rate of spread varies with X' the volume of voids per unit surface area,
an effect in addition to its effect on bulk density, so that other factors are

clearly involved. .

For specific surfhces from G%o 65&111-'-j and values of ')\ ! ranging from 0.13
to 0.90 cm the results for a molsture content of about 9 per cent ¢an be
expressed as Rj:% equal to 7 mg cm~2 g1 2 30 per cent. At a value of ™!
corresponding o the cribs described hére these data give Rfabf*f 5 mg em—2s~T,
This is in satisfactory agreement with the lower limit for thin sticks obtained
from the crib data described in this report.

6 ~ CONCLUSIONS
(1) A theoretical medel based on radiatien transfer from the burning fuel
though the fuel bed correlates a large number of results satisfactorily.

(2) The value of the radiation emitted from the burning zone mey be estimated

from the theory and this value is a realistic one.

=19 =



(3)

The mass burning rate, R}, of the cribsin still air lies in the

range 5 to 9 mg em~2 51 and tends to approximately the same lower limit

as that for beds of thin sticks and pine needles,

(%)

The crib used by Fons and the Joint Fire Research Qrgenization are

too thick to represent thin fuels and too thin to represent very thick

fuels,

(1)

(2)

(3)

0y

(5)
(6)

(7)

(8)

(9)

(10)

(11)

(12)
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AFPENDIX
1. Redlation from cleud of particles.

By regarding a fuel bed as a cloud of absorbing particles the integral
expressions for radiation transfer through absorbing gases or clouds of coal

particles as given by Nusselt may be employed to calculate the attenuation.

Results are derived in this Appendix in terms of this idealisation of a

fuel bed as an infinite medium of randomly spaced particles.

Let @ . be the total radiation emitted by one parti;:le
N be the number of particles per unit volume
A be the mean extinetion crogs—section of a particle to a
narrow angle ray from any direction.
Jcltf/z’be the co-mordinates of a small volume of radietors

and J< t/ 2 be the co~ordinates of the receiver

In volume C’OC’CL’ ’clz' there are N c!ac'oLi 'Cflzf radigtors and if the elementary
volume is small enough there are sufficiently few.radiators to neglect the

obscuration of one hy the others.

The total radiation passing from theése if NQ Joc’o'-q ’Jz' and the radiation
received by a particle at X,y ,Z. '

A e dydze ™ K (=2 + (9 - ‘i) +(2‘2)2J—
W [0 s (412 s 220

is

L
win

If radiating particles- are supposed to be confined to the region

~so< X< 0, -00<Y<ec0,0< 2"< H

and particles outside this region are receivers only (i.e. reradiation is

neglected) it follows that the total radiation received by a single particle is

0. H ¢ . ) . 1
L . PN, 2 212
%[M:: 27 , oM f(;c-;.; + (9-‘/2 + (z-: ) ] (1)
Sl ) Oeex)? 1 (912 4 (2-2)

Cleerly the maximum possible value for Q’ would be obtained with a radiating

region extending to infinity in all directions. The radiating particles are
assumed to be in thermal equilibrium so that each particle receives @ and emits
Q. Close to the edge of a large radiator a body receives half the heat it would
receive away from the edge but this :'r.‘n turn is half what it would receive in a

uniform field. Thus when Z 1is zero and the radiating region is semi-inflinite’

—_ 20 -

P

- &



the value of @ tends to a maximum of Q/l... On the mid-plane the value
of @ is given by the same integral as above but with limits of
1 H/2 for £ . '

We normalise the radiation to unit value at X = ® so that at any
other position on a level with the centre at the radiating zone (= = 1/2)
the mean intensity of radiation relative to the maximum value at . = &

is

(.oo r c .
- -NAS
ug = %m - & } dy ’[;lz' {h’# > (1.2)

where S§° = (x —.x')z + (§-972 (z—:z’)2
and "f = z = o8
and for a receiver on the mid-plane of 2 = Ho

i & . ~8
P H
PR Y ,[ ~NAS
O P ] PP 0.

; m 277 j i i g2
r:‘_ ce -."} _H/2 "-—w

It will be noticed that equation (1.3) for ]-f is equal to equation (1.2)

H

with H replaced by “/2. We shall therefore discuss

7(; ﬁl; JAZ (o’,c Sk tloh)

where ‘D‘(.

alZ‘Lowed for.

AN and where the symmetry with respect to ‘-g" has been

&

The radiation intensity is expressed by & maximum intensity at J¢ =
of I and a distribution function J'f (X)) eand I is half the value
within the radiating cloud. That is if the particles were spheres of
radins »* , Y4742 is the meximum rediation intensity within the cloud
system. This is denoted by 1, = 2I, equation (23).

Let ({()C-)c') = u, d'f,:: v, O{ZIL:W and H/f{

so that on replacing thé original co~ordinates we have

¢

2 2.5
2 v )
4 m >

.‘_, ﬁdu de }-(u2+v !

2 2 2
u v
S0 '{ + + W

(1.5)

;
[

e
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When o H—>o00 , polar co-ordinates ~¥ , @ can be used in the v w planes
and the integral beéomes

§ Jy-ﬂ—"(u g )% »
5 > (1.6)

u o+ 5

The radiatiom: falling on the vertical . ij Z plane'is the same as
that given by equations (1.2), (1.3), (1.4) end (1.5) except that the cosine
of the angle at the receiver between the elementary volume and the Jc axis
i.e. (3¢ =3")/S appears in the integrand, However, the maximm radiationm
falling on a vertical unit area is half that falling on a sphere and to
normalise the radiation to unit value at JC f: o we need to in¢lude a.factor
of 2, 1.0, ) .

’ fbo' aH .o s p
f @x) = idv ldw [du we W+ e ¥
m,¥ 77) (u + 72 4 w2)5/2
o e

when dH is infinite the integration in the v w plane is done in polar

2)15

(1.7)

co~ordinates, i.e.

o0 > 2 2\%
= . .iﬁ( ' '-\I—P—'ﬂ(u +a )2
ﬁ’v(o\)c) 2 /[,r dxu. 2

2. The integration of the attenuation fimetion.

In the course of evaluating thé rate of spread due %o such radiation
transfer it becomes necessary, see equation (12), to evaluate

/[f(a(x) 2"V due , IRV .8

where ¢q depends on the rate of spread and the thermal properties of the fusel
ahead of the fire. Here we shall be concerned only to evaluate the integral.

The integration is straightforward if o{H—>o2 in which case we replace
the integration over @ < v<°0 and & <« w<e?
by an integrationover + 0<@ <7 /2 and O<L,# oF

o
. '=(112 + v + wz)% (‘”
(- daw dv £ = ?-72-;- Ol?
, ul oV o4 W

/0 [ .ru

(1.9)




ot
(1.10)

which on reversing the order of integration of u and 2Z Tbecomes

(-ﬁ'p /\03
=Q.JC i - =7 e - ”
- 1 ida f—ﬂz—é_'(;“ 2 =X
} =7 jHF AR e [ e (\1 = )o?z (1.11)
¢ i A
:7'1@ .95'¥£
and on changing the order again
S N (Z
- e\
i -Z(1 + 3 . [ 0
= 01—( ; 2 C X de e.s;%'ole (1.12) «
/ z /
t’o (o)
where @ is a dummy variable. _

Hence

Af'ter some rearrangement we obtain
AN S P {1 ey 1.1
.‘.- y - q q2 ge' L +rJ ( 3)
3. Limiting forms of the ignition equations for large and small values of
‘ha.

We consider equation (25) at the extreme values of ha. When ha—30,
the first root of £ tends to J3 ha and the first term on the right
hand side tends to

2 afRa ¢ 4 BN\
2 + ha H o8 {, TR a = C",._,iq.
L T
. ¢ 2 £ et} . o
The term 6—%—}%'2— may be written fé-—B-‘-%i—-E %g- so that if ol R aﬂu
i !
ha--< 0 and the term in brackets

i
ig finite this term tends to zero as
tends to unity and the remainder of the series tends to zero as ha-—2>0.
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i.e. D0 §£i£~hg(1+d3 P&+o@q (1.14)

Ip

For laminas and cylinders the result is the same when 2 is replaced by the

appropriate value of v /S. We thus obtain
H oy 1
a = 1~ p lo,ge(l + g) (1.15)

i~
k)

where g = RVf'C

When ha —» &@ the roots differ by 77”7 and /6 = n /7 where n =1,2,3,k ....

. RaZet 6 k@ﬁj
g}.uknz?rz Y +Ra23

o E—?-g=2ha 8
n? % 2 4 (he)? « ha

o & Im

(1.16)

=/NA2

Only when n 1is of order ha do the terms in the series not remain of order
1/(ha)2. Let n = i ha and disregard the first Jhe terms, whose sumg is
clearly less than _l_ and replace the series by 1/7)' of the integral viz:

=
o R x b2 ¥ 2:)
B9 _ 2- S Rt <§ “otR (1.17)
Im 7 ?2+1.+0("17)
Jy Jna

] ha
The lower limit tends to zero as ha—3 ©® and the integral can readily be
reduced to

HO 2 2 '
I°=1-3-+-51ag(1+3) (1.18)
m
where = H
JtRK P ¢

A similar procedure derives equation (13) from equation (12).
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