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ESTIlvIAT'TS OF TliJ~ R41'C ('[1' WAT 'Wd,\lTIOi';' AND (j~' TFB AC'nVAHON m,mRGY ~'OR

A STAGE IN THE IGNITIlN OF SOj,:j ~IQUCS Al,']) FJJ3REBOA-l1D'

by

P, C. BOYJes

IK'l'RCiDUCTI,1N

A previous note (1) describes the determination of the ignition
tellJl}eratures of a 'number of dif ferent woods and Vi ood fibreboard. ~'he

experimental conditions under which the determinations were mede, and
the main observations on the behaviour of the materials during ignition,
are r'e levant to the present note and are summar Lse d be Low ,

A specimen of the raspings of a wood ','las packed into a tube
supported in an electric furnace. Air, preheated to near the furnace
temperature, was ?-8.ssed t hr-ough bhe specimen at a constant rate while
tho furnace ",as hcatcd from room temperature at crnstant pO':ier.

The behaviour of the temperature at the centre of the specimen (as
measured by a thermocouple), in a typical cleterminatirn is shown in
Fig. 1; the specimcn in this' case Vias oak. An 'exothermic reaction
began to affect the course of tho specimen temperature record above a
teilTperature of about 150oC. Thc rise in spec'imen temperature then
accelerated, . overtook that of the furnace end eventually became very
rapid as thc t errpc ratur c rose. to high values 'associated with gl.owdng
combus ticn of tJle sccci.ne n,

The first visible cvc.lut Lon of volatile dc.ccnposLtLon products
from the speedmen occurrod i11 the e ar-Iy stages of the exothermic reaction.
The rate' of evolution increased with rising ten~eraturc until,
coinciding V!i th the: pezti.od of nos t rapid ticrnpcr-a'tur-c rise in the
specimen, there TIns a rel~tively sudden Dnd copiouc evolution of thick
tarry smoke that lasted for little more' than 'a minute. Flame did not
appear .under the conditions of the se tests; pr-esumably the volatiles
were evolved at a tomper&ture too l~~ for thoir spont~~cous ig~ition,

since 'it was poasdbLe to ignite the volatiles by means of a pilot flame
during .t hcf.r evolution at tho higher rates.

In the present note the temperature/time records (as Fig. 1.), for
some 'different species of wood and for wood fibreboard are used, with
corrections for he at transfer between the specimen and t he furnace, to
calculate the net rate of evolution of hoat at a series of temperatures.
during the spontaneous heating in the tenporature range of about
.200. - 3COoC. DstL;ates are then made of the act ivat.Lon energy for the
process, i.e. the constant :"; in ti;e Ilrrhenius equation for the tem1'era'b..tre
dependence. of the reaction rate cons tant '

.:.... ..:

. in· whd.ch

k = 1J -E/RT
o . • • ,••• (1)

k =
1J =
R .. -
T.

,.

reaction rate constant,
cons tan.,!:" .,
gas cons t.ant J

absolute temIl<:rature.
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, " ~ ,



-2-

1.- ,."

2. -i , Ba$is o~ cal~~lation"---'---.---.
For the present pUD?ose the instantaneous net rate of heat

evokut.fon , q, in a I'~gion of thermal cap act.ty e, surroundW~ the
t her-mocouple in the specamen may be expressed as folloa s ~'l):_

where

dGs
:=--

dt • • • • • • (2) -.

= actual rat.e of f.l3 at evolution in the region' ccnsidered
at time t J

= rate of heat loss from region at time t (largeJ.y in volatile
products of reaction),

= t.omper-ature at' specime ntin rc:gion at tine t,
= f'urnsce t empora'tur-e at tiDe t,
= a heat' transfel' coe fficicnt,
= b oundary area of region ccns i der-ed.,

The second terin on the right ham side of equation (2) represents
the rate of heat trarwfer between the furnace and the region of too
specimen uni er- con afdez-at ton, This heat transfer inVolves conduction,
natural and forced convection, and radiation, and. the "factor hA/e must
be expected to vary over any but small" ranges' of temperature.' .

The quantity q/e may be calculat ed if' expcrircentalvalues for tm
other t e rms in e qu tion (2) are 'available.

'1.'11e facfor We
Por an inert material heated in the 'ignition, furnace the quanti~

q/e will be zero J and inst ant an eous value s of' the' factor hAle may be
ca'IcuLabed f'rom values of gf' Ss and dQsldt that correspond in tii11e)£.
This has been done, in the frst place, for a sp:;cimc1').of dry sand.
The results arc ahown in Fig. 2 where it will be seen that the factor
hAle increases linearly and rela tivoli; slO'?lly as tre specimen teLITflerature
increases over a vlide range (~O - 300 c).

It has been shown that the r-a to of evolution of hcat when wood
sawdust is beated in an atmo sphcr o of 'nitrogen up, to a te1'I!Jerature of
about 3000C is negligible conpared "4th the evoiut ion of heat that occurs
when the s nwdus t is la::nted in air (1). Thus the conditim q/C =0 is
approximately realised for aawdusf in an atmospbcre of ni t.rogen and the
factor We may be determined aa for dry sand above; VallES detcnnined
for 09.l<: sawdust in a current of nitrogen, but otherwise under the s ane
condit ions us in a dctcrminationof ignition temperature, are shown in
Fig. 3. The relationship of hAle to the temperature of tre specimen
appear-s to be somewhaf norc ccmplex than for sand but it can be taken
as linear over the temperature range that is of interest here, about
200 - 3CJOoC. Similar relationships were obtained for the other woods
and for fibreboard heated in ni brogen, In most cases hAle increased
from about O.C9 to 0-13 as the ape cine n temperature inc reased from
200 to 300OC. , .

Using values of lLl\/e obtained as above tho quantity qjc was
calculated at a seri cs of 'l;cmrcraturcs for the woods and fibreboard
heated in air_ The results arc given in sectien ,4.

Jl Qs and 9f used L.. the calculations were rrean valuc:s for the time
intervals for whi.c h the cor-resp cnd.i.ng values of d 9 s/dt were
calculated.
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2,3.. Systematic errors in calculation of g/e

, Because 'of a ch~e 'il~ the heat transfer' by c~ncfuciion ~-dthin the
sFcciinen"a~d, .a.lso, because of ~ probable change in the th~rmal capacity.
'values of ,hAle. deterini~ed ~or ~eatin.( in nit~oge~ V:ill, Yihen' use.d ~o
calculate q,/e for hca t tng In aar-, be Incr-eaatngIy 1I1 error as. the rate
'or' exothermic reaction "in the specimen mcroascs , However; sine'e the
correctacn term (Qr - 'Qs) hAle passes :through: zero iD.' tiw'temperature
range that is of iJ."'1tcrest I and dQsldt becomes relatively large, it is
clear that q,/e must become insensitive to c-rors in hAle. That this
is so' is" showri'in,Fie:'.'4~ vihich'gives the'.errbr in hAle that would be "
required to producc an: error: of 1jb in q/e for the temperature range
200 '- 3000e in the beating of' oak and fibrcboard. assuming for the
purpose 'that other. crrors are' negligible.' ;' '., '..'
-: -, : ~ ." . "

•• 01.

. . The curve for oak in r,iig. 4 may be regarded as t',pical for the
woods tcsted;, Up' to about . 2200C errors "in hAle wi+l result in error~'
'of similar relative magnitude in qle, but at :higher temperatures errors
!!lust". r.apidly .become very large if they are to have 6.I1Jr effect. At the
lc:iwef temperat'ures the rate of heat evo'lut i cn is small and errors due
to the causes given above will be small also. It is concluded that.
for the woods, qje will be. free fran appreciable systematic error over
the, who'le temperature range 200 - 300°0. For the fibreboard, however,
qje is sensitive to errors in hAle for over half the temperature range
and it is possible that a sy stematic error will make itself felt.

3.

.....~ .' Basis of the calculation .'

'·Thera~of beat eVcilut'ion, 0., at'time t:and temperatUre ,T'X in an
.exot.hcrmi,c reacb t on is given by equation 0), which,·combines· a general

: . equation' for rate of"rcac;:t*-en with the· ArrheniUS -equatn.on for the ',rate
: constant.' ('1). - " , ': -

H
de "
,at' =

.., "

r: j

.
-e : •

, .

c

':Cj , ,c2 "= .
n1' n2 =

H " 'heat 'of' reaction, ,
- .niolar concentration of the rcactant'orproduct in tenus of

,vihich, the· progrcsa of t~, react Lon is fo~16~ed,."t..
molarconcentratian' of racbants .:1.,2 •. ;,' "
order, of reaction i'lith respect, to reactants 1',',2 "••.

, In the ignition of·\ savidus't .in:a plentifUl sUpply of air .(asunder
the experimental conditiOns 'of ·the .present ,wrk) .it "is probable that the
concentrations of reactants that --affect. the rate lUay'be regarded' as '
c9nstant .over an appreciable.period of time. ' If t·bia· is :so,'and the
hca~.of reaction is constant in the temperature range'T1 to T2oK, the
activation energy may be calculated from tl~ rates of heat evolution
Q1 and Q2 at. temperatures T1 and T2 respectively as follows:

• • • ". 1 ~ •• :. ',' .' •

a plot. of ·e?CJ?cri.lTental

• •', 'l

. . .. ,. . • (4)

The treasure of the 'rate of he at 'evolution in the sawdust tha.t .La
avad.Lab'Le herc·,'is 'the net,' quan t i.ty q/e, .or (% - ql)/~~ , .

"." " •.•;t

• J .• \ _ .. ....... ~
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The heat ross, ,'(h, ·.incl!-!4~s:th.e·he,atiost_in.:volatile reaction
products apd 1~ai)16st to tne:thermocouple. The magnitude of this
heat loss is not .known , but' if':L t can be as suned to be at all t Lnes
small compared ,lith the true rate of heat evolution', Cle, we have

we ~~/e
Muitiplying the above by the specific 1'ICat 'of the sawdust we have

Wm ';:;:;/ 'ilc/m as a measure of the rate of be at evolution per unit mass;
where m is the mass of the s awdus t in the region sur rounding the

, .thermocoupIe ,

A plot of 1~g1 OWm vs, l/'I·li.as been' used to determine the activation
energy by me ans of e qua t.ion (4) •

. . Since the specific heat of the sawdust, and its variation, in the
t emper-aturc range 200 - 3000e was not known it was as sumed to be constant
with a value of 0'.,34. If, as here, the specific heat is' taken as
constant it is, of course, imnaterial wlli,ther q/e or wm is used for tl1e
determination of activation energy. ::]ut it is of "interest .t.o have
values of' the rate of.heat evolution that are, at least, of .the right
order of magnitude;. q/rn has therefore been used. '

". 3.2. Systematic error in calculation of activatiOn energY

.,

'. Sources o'f systemat ic error that will affect the calculated.
activation energy arc variation in the pre-exponential fectors in
equation (3) (contrary to the present assumption.tl1at they. are constant),
and systematic error in the quarrt i t v qe/m. . The .lD.tter quantity will be

. subject to. systematic error if, asds probable, the specific heat of
the system,.varies and if the heat loss, .<'ii, is' not rtcgligible
thro\l{',hout ·the tzmperaturo range covered.' Also, since loss in weight
of .the system during the ignition process will tend to'represent loss
in' reactive solid rather than total solid, ~m will not be altogether
Lndepcnderrt of any loss in weight that occurs. It has already been
seen that results for fibreboard may be affccted by possible systematic
error in thc factor hAle. ".

It is not possible to estimate the magnitude of the above 'sources
of error and to correct for them. A .systematic error thercby introduced
into the calculated rate of heat evoiut~on will affect the calculated

. aqtivation energy in so far as the error: is not· a constant fraction of
'.. the 'heat evolution. 'i:he effect of such an error on 'the calculated
activation' energy can be relatively. small, as can be', seen fran a
determination of the effect of asinglo error in eithd'Q1' Or 'Q2 in
equati¢n (4); thus,

I/f we .suppose .c,./' Q2 is 2ai~ ofQ2' '1'1 = 473 and T2 = 5730:(, we
have L:), E = 2300 cal mol. This amounts to a relative "error of only
about 8)'! on an activation energy of 30,000 cal/mol.

4. RESULTS,-- ..

/

, The plots of 10g10wm vs , l/T 'for the scrae e of woods and fibre-
board are shown in Figs. 5-11. Except ..for the African mahogany , two ~

expe r-nrerrts were carried out en each ',mterialj . as ..an indicatiori or
,the reproducibility, the r-esu Lt.s of the two experiments are distinGuished

.', by· different: svmboLs iil 'SOiuC of the. figures. .: ..,: ,< '.';:' ." '. .s-" ; :::'.". '.; ••• --

'.
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In all cases the expe r ure rr: al points lie about s t.r ai.ght lines in
tho temper-ature range of about 200 .:. 300°0. At the ends of this
temperature r ange t~,le points for M110rican whitewood and, perhaps, also
African :",":lO"P\;' and ocl: , t cnd to follow a curve concave to the axes.
It is not possiblc to decide whct.hc r tIds curvature is due to changes
in the reaction or 11e rely to ay s tcma tiro errors of the kind described
above becoming epprec i.ab'Ie at the erids of tl", temperature range.

ActivEltion cnorgiesobtained 'from t.hese flats, together with the
rates of heat evolution per grn·l~1. of SaYir:!ust at 250°C, are given in
Table 1.

Table 1

Activation energies and rates of he at evoluticn

Specimen Activation I He at evolution
energy at 250°0

cal>iol-1 ' 1 .-1 -1ca man g

Oak
(Q.uercus robur) 23,200 4. 1

Iroko
(OhlO1:ophor a excels a) 33,000, 3·9

Vcstern rcd cedar
(Thuja plicata) 31,000 3'2

African mahogany
(hhaya ivorcnsis) 31,500 2· 7

Beech
(Fa,~us sy'Lvat Lca) 28,800 2·6

Aii1erica:i.1 whatcwood
(Liriodendr0n tulip-

ifera) 25,~OO 2'5
Fibreboard 16,000

~~~
1'06

29,800

-
( a) 200 - 300°0, (b) 280 - 350°0.

,.

Fibreboard differs f'r-on the '..oods in that the activation energy
in the temperature range 200 - 300°0, and the rate of heat evolution at
250°0 are msr!.:eclly Lower-, Also there appears to be an increase of
activation energy at a temperature between 280 and 300°0; in 'clle tV''Per­
·;,·l~.lF~~ran:"u 2·r.Q7'35C~~2,·G·.·_:~ ::,CtiV'';1-Ci,Y,} cn(::r:~r is similar to that for wood
an t.he runge 2 ')-3', '.J c

When the rate of heat evoluticn is srnaLl, heat losses are LikeIy
to be relatively more i';!portant and their neglect Yiill lead to estimates
of 'ie being too 10Vi at t~'e higher temperatures and , hence, to a value of
the activation energy that is too low, Also, errors in the factor hAle
vlill probably be in the direction of overcs t imatd.on and \iill Lead to low
values of the activation energy at temporatures beLow the crossing point
which, for fibreboarcJ, is 287°0. Vi}'ilst the rlHfr:renc03 bct-:.c!o,n -:;:~ fiC1re-
b)at"d ail tho 1.oo:..n r1[.'0' thus, 1:0 rome c:;-:tcrrt, b.. :::u:.' 1:0' 5.7Bt':E1;ltic ~"orti it is
thought tnac "tile dif:"erences are too large to be due entirely to such
errors: in order to double the 3 ctivation e ne rgy the numerical values
of the ratc of heat evolution would have to be squared.
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Of the activation energies for the woods, those for oak and
j,mericnn v;;u.-cewobd, 23,000 and' 25,200 cal/mol respectively, appear to be
si3nificantly lower than for the rest, which. lie within 8;b of 31,000
cal/mol. . .

No conclusions about the, nature of the ignition r-cact rora arc drawn;
values of tho rate of heat evo Lut i.on and activation energy are of use
in theoretical treatments of ignition.
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