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ON THE EFFroT OF PREHEATING ON THE IGNITION
OF CELULQ3IC MATERIAIB

by

P. H. Thcmas

1 • 11lt.rod.ue~~:£,:

In Figu::-~ (1) is 1j,~'!.o;\1!, a ('::'i.r~--e ob'~ailleJ by Bardsley & Skeet (1 )*far .ths
ignition temperat':.:.re 0:1: S3.'I1tlust heated bei'o1.-ehrold at 180C?C and allow~d to

cool i..."l air. Th~ lIigrd'~lon uemper-abure" measured by heating the wood 'from
cold after the perioi of heating firstl.~~ and the~t.f-a;H.s as 'bOO prcheab ing
period increases. t:, 'rV~0:..4 '

Webster has ehown a similar effect of preheating on the flamrm.bility of
cotrton, Strips of cottqn were leept in an atmosphere Q.~ 12400, cooled and,
then subj~cbed to tffi s~mic~;.rculor flarnmabili ty t es t ,\ )., The "bime to spread
21 in. is shown in Figure (2') for dii'ferent periods ~f heating. Only one
apec imen was tested fer each duration of heating, but the data do show E\ '

fall in time of spread followed by a' rise. The shorter the tiJIlH of spread
the greater the' fl.antmability and the laver the effective "dgnd tion temperature".
An il1.VerSe ~elation retrlel1n)flarnmability nnd lIi[Jnition tomporotuL·:,)ll hew been
calculated theore~ica.lJJ,~3. It is seen, despite the 'variation between the
results, tm rcsults in Figure (2) have ·the same character as thooe in
Figure (1). ',"

.A somffivhnt different experiment - the heating of wood at different levr;;]~
of radiation 'for the aarm time - has given results which al.ao have a similar
fcature to those above; Thug in Figure (3) are shown tm times fer sporrhane
ous ignition of specimens s1.1.bjected to a given intensi-tor after previously
bedng texposedvbo different intensities· for the sane timJ. It is seen again
that there is evi.denoe suggestive toot sorm L"ltennediate preheating CQldition '
has the grea'beaf effe~t Oil the ease with which wood can' be ignited spontane-
, ously.' The resu~ts for pilot ignition do not exhibit this feature to the
'same extent if" at 'all. ': -.' .

, . . . .

. The 'eff~~t·on "igni'tion tornpcr'aturei;r(~', ~lternatively, on th~ ease of
. ignition), niay nob be large. In Figure (1) or (2) the effect on II ignition
,tcmperat1;iren is" of 'the order 'of 10 per cent. In Figure (3) ,it appears
'greater, but a differencio in,"ignition temperature" is magnified,by, too
effects of conduotion am surfaco heat loss and differe'nces in igni td on time
are not indicotive of c;lifferencas in "ignition temperature" of the same
magnitude.. '. '

Even if the figure, of 10 per cent is not of inunediate practical import-
'once, the result'is of considorable interest. It shows that two factors are
involved.' The first' may be~ssumed to be -8, prirnai'y decomposition, which
produces some 'q1,l1:i.ntity which is necessary for s,elf heat ing or which haatcns
it; ,t~ second is , prcaumabIy , 'some form of ,los8 of decomposition -produc-s;
This may be, a 'physical J,oQs by d.iffusion or a chemical loss by seci!.nC!.e.::y
decompos rt Lon, KlEO on' l4) ha~ shown that in ,the absence of nir, wood o.:;'OOTi1!?
oses in' tv/o main stages. It is' assumed in.what follo'f7B that the decompomticn I

'in air simi~r18' follows two (or more) stages.

HSOIre ' criticis~Cl have been levelled at this work , For th:iD reason only
those results, i.e ~ for 18000 ,which have been checked,. have been quoteclo

IThe term "ignition temperature" is used in 0. looso way. Strictly its
definition involvcs tho method of its measurement. but since for amr one oat
of experiments tho method. is oonstant, too simple concept of ":ignition
temperaturo ll is sufficient to demonstrate the ohange in the case of. igni"i;~.on

brought ab9Ut by prehoa1;;ing•
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2. Discussion of genoral theoretical mcxie~

We oonsider first the d~cOIIq:losititm of' wood. to £'0110\"1 two (or' more)
serles of consecutive reactions, viz,r

(i) A1 4-) Bt + j)2 + 0"-0.
(11) :81 ""I"'" 01 + 02 + oto.

The second a£ '\i:10Eo Of.l..'"l nlso be cCl1,oidered as a physical loss (see below)

For convenf ence , Wt:1 denoce the concer.tratian of' ar,y of' these componorrsa
by the same symbnl., Oxygen cou'Ld also be i...clnded en the left-hand side
of any one of these equations to represent; ox'idation follC7i7ing decomposition. '

When a. considerable part of, the volatile decomposition products or' woal
, have been driven of'f by heating, the carbonaceous residue JDaiY itself ignite
'but~ confining ourselves to too ignition brought about by volatiles, we
id..cl1t ify the components B1 B2' 01 02 etc. as volat i1e precursors. If we.
identify the pr'eaence of one (or more) of tm interllDdiate products as
necessary for the ignition of wood', it follows that there is an optimum
condition far such ignition, for example, the concentration of B1, SBJT, ,
increases a.~ing to the deoomposition of A and. decreases owing to its own
decomposition or oxidation into C1 02 etc. The concentraticn of B and all
such intenoodiate products, thus passes ,through eo maximum. In general; any
weighted sum ~ B, 0, etc. will also pass through such a maximum.

, '

" . Considering tho most general fom of, reaotion with equilibria well over
t~, 1;re right-hand side 'of equation (1) we have a series of kinetio equatio:rm

for each stage of the reaotions. ,For example, B is here referring to any
" one of the series B1 B2 atc. ' ,

'~
~ ., ~fJ f(A) , •'••••••• (2)

t7U

and "./8 =- '_ dlf is J{B) •• ~ •• ~ •• (3)
df dA -

_, ' .where kA and kJ3 denote r~aotion constants (kB could be relo.t(')d to 0.' ,

diffusion coefficient if loss of B were by diffusion) and f(A), and g(B) are
" £\motions, Which increase or ranain stationary with increase in tho argument

A 'or B. r(o) ,and g(O) are 'both 'zero. Strictly speaking, tho coeffici,ent of
CIA in equation (3) is not unitY" but a fraotion depending on the rEllative
ffiElecular weights of A and the parti9u3.a.r component; B under cCIlsi<Lerotion.
It should be' pointed out, that Stamm ~5) MS 'shown that henting wo,Xl reduces ..
its mass In accordance with "

dmt)(-m
dt .'

/

If all the original woo'a: is identified with one componerrt A which 3.11
changes to one non-volatile ccmponont B then any loss of mass ~ ,a~r, tll":'cl18h
t~ fOImotion of, C producba according to equations (2) and (3) could r:.o'c
,fo~ow equation (4). Lose of, mass according to equation (4)can only 00
acconmodabed-by introduc~g a second B component which escapes from tho
heated solid~ Even then, theagrecmcnt of the two models is only npPl"OXitnate.

A decreases witil ti~ 'and ~(A)' is not a oonsta.nt. J~ haa the
form shown in Figure (4). ,If. fCA) .wezo constant B would have a sharP ' ' "
1lW.rlmum when A became aero; ' 'Oxidation :wi11tnllow siPUlar equations if
the oxygen i~" pr~~erit in excess" ' " .', ' , ,': '.' ..

..
.. :" -.

•
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'1,..' The ve.rlation of B 'wit~tiJOO'
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It is shovm below that the curves for B versus kAt for different
values of k.B/kA do not intersect and t!la"!i the maxdmim value of B mcreo.ses
~s kBlkA decreases. One would expect tha~ reducing, .t~9 bemper-atur-c en d
thereby reducing kA am kB would tend to increase the time at whi()~' the
maximum occurs. Whil~ this is probably SO for any :practical situation, it
does not follow logically .frCJr.1. equations (2) and (3) unless restrictions
are imposed on the nature of f(A) "and g(B) uni on the relative magt4tude of
kA ana. kB.

It mucb be mentd.oned here trot ~lihe actual process of progressiveJy
heating the wood to ignition for the purpose of assessing its case of
ignition is not calsidered.. Choolgcs will occur during such on cxperiment '
and. these will be of the kind in Figure 1 but at the higher temperatUres
they will be greatly accelerated.. The mathematical treatment wouLd be rather
complicated because of tho variation of' temperature with time and the
dependence of' the k e8 on temperature but it Ylould be reasonable to expect
that thel1ignition. tCIrg?ernturoll or tw ease of ignition will depend directly
on the condition of tho material at the commencement.of such an experiment,
i.e. the condition after- a time of' preheating at a lOVier tempe'rature.

For example, if the decomposition or oxidation in excess air of B io
excbhernnc , a greater amourrt of B present initially will mean that exobhemdo
heating at the comroencem:mt of heating to ignition will bo greater ond tf:lis
Viill tend to hasten the onse t of a condition where heat loss exceeds the
heat generation and therefore of ignition itself.

Vie, therefore, do not consider tro changes brought about by this second
henting. Vie shall'simply assume that the preheating tiII¥3 and: preheating
temperature' determine an "initial" condition far the measurement of an
Iligni tion temperature" or controlled by this lIini tial" condition.

Fr~ the· above' argum:int on the v~riatiOn of B with preheating titre,
it would foll~ that the "igmtion tomperature" ',riwill vary in a manner :'
corrospon:iing to the Variation of B, i. e. it varies with 'preheating time '
ltp' as inFiguro (5)., whidh has the same f~nn'as Fig. (lJ;and'Fig., (2).:

.,.

t.P
Figure 5. The effect of preheating tiJ:re on ignition

,temperature Ti

2.1. The effect of the preheat:ffip; temperature ITp ' on tho minimum
vnlue of Ti •

There are no reliable data 'ilith whieh to compare the theorY for
this ecctd.on, . It is intillu.dad because it is possible to draw some,
useful conclusiom from equatiom (2) ond (3) i~ their general 'form,
without imposing too severe. a restriction on..J.(A) , and g(B)

, '., J.

; .
,,I

. It is possible to discuss ho~ the minimum values of tll;! "i:gnition teIlli?0X'
Til ,for .such ~rvoo an Fig. (5) vm.y with 1> t.he prehe~:tiJ1.g. tempero.ture.

From equations (2)' and (3) we can write generally

F(~) ~ i5/~~~(5)

~ ., , ,. .. . .

and F is an undetermined but decreasing function·~ ~ •. :,.' Since g(O) is
zero, B versus A' curves for different values of :e/kA have the samo, :,'
.slope nt,the orig;in,.1.o. F(O) = f(AJ,..whe~ too· .sUffixes "0' denot~s·'" "
the init1.al value. -, ." :.. ' ' ,.. ' ... . ~." ~ ". ..

. , ..
Where . 1(( ·X. A .

" ~ .
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NOR ~ differentiating equation (5)

'a~i - F(,(~), - ~
cl~ ftA

t90 dash denoting difforontintim. . ,E is negatdve BO that it fo:Uov(::: irem eqtl.ation
B/kA the lO....Jor the B ~ ('I curve, near' the or'Lgrn,

.~ (6)

(6) that the higher is

But

, Therefore

, o('l > v( I ,
At the origin they have equal slopes but 132 tends to fall ,belcm 131. NOio/

it' ,there, is, a subaequent, intersection at X (see Figure (6» (tJ. 8 1\<, /0. t3~\
. , . . ', '. ~"k \~)x.,, , ,

Figure (6) ~

,i~o.from equation (5)

" ,F(~~) ~I ~(&0 < F(~~)
, ,,' . (oil - ~\) 5 (~)<) "' ,0

rJ.. 1.>oJ \ so t~'re cannot be in fact an inters'cction.
, , .

, It follows that the ,132 1.:1.:.:1e is within the' 131 line throughout no that
the maximum va'Lue of B decreases as tI.... i"o. (kB/kA). ~croaacs. In
particular, if rt. is zero (i.e" kB :LS 0) 13 increases to the initial value at
A i. e. Ao while i:f k.B is ro , B is zero throughout.', Hence B variefiwith
kJ\lk.B as in Figure' 7.

B
.. M,. ,

Fig.

Now, nesumang the Arrenhius relation
!J. _ f - e/~T'

--t\. - 'e ' . • •• •• ••• (7)
,
'where f is the f'roqueroy factor
\ E is th3 activation oneraY

R is the universal gas constant
T is the :',abaoluta temperature of preheating

. 'it,.follow~ 'tha.,~~~" 0<. -e - (J3:~-':;) .
/1?<.r:;) ~ ••••••• (8)

From the ~bQVe" di/:lcussion, it follows that, if E8~ £ A,' tho minimum
nigniti<n:l,~cmp~a:~e" for any prehea.ting d~orcaaes, the ,lower 'the prema.ting
tempe~ature. "':',' ..., ,

, '
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The fact that there is an upper limit to 13 'IlaX.. ' impli~s that thore is
a rmxdmum possible reduction in ":l.gr,.:tJ~:i.on'temper.a+.uro" as a result of pre
heating.

On the o-!;ht:r hm:.d.~ if E.-c< EA ('IX' the mechanism of the system were"enD
of phySiCID,l J,o,.;a c:f. l'n<J.i.;c,rial ~~ awn::'';''' oaae k:e:ia oonstant,' whioh 1(1

mnthematico1J\r equ:lva.:1.cllb ·to PU+'~:ilJg ~ l'.ero, the greater is the preheating
temperatUre, tm lower is thl3 rnin:Ln....unllJ.gnition temperature"

2.2. The va'('io:t~.(ln 01' 'Ii wi'f;h Tp for Do giv(m preheating time.

In'the light cf the above argumorrbe , wo can consider tho variation of
Ti Wit~ T~, for a given, prohoa·ting timo,' t p•

For" a v'ery low preheat ing tempero.turo -:' soy room temperaturo - we
would not expect the nrnount of B producod in a. certain tine (hours rather
thon years) to .be o.t all significant. Increasing too temperature Tp
increases kA and since at small values of T the curve of B 'against kA'!1>
tends to be indepe¢cnt of' kB (i.. ~. only tti first reaction is proceeding)
tho amount~f B pr-oduced will increase.' If ~> EA it follows thnt 0.8 Tp ,
increases -!3/kA also increases and B will pass through a maximum o.nd then
deoreaae; (See Figure 8.) - . ' "

'---,-." '--"/ ~ Atf.
Figure 8-

' ..
Dotted curve shows variation of B as the temperature of, preheating Tp
increases..

I)'

• .1.

",", .

. ,

-------'-------~.-.~'.--7
."; .. , lP'

: '" " F.ig~,(~).', ",'The rclp.tion between preheating temperature
, ':.. & "ignition tetriperature" , , '

The corresponding lligni~ion te~erature" therefore decrefl.~s ana. t~ ',:.,'
incre~ses, as shown in Figure (9) and m£\Y be compared ,with Figure (3). ",

3. ~uantitative opplication, ,
i . • I

The above discussion h8} been conducted without 'imposing'severe
r~str1ctions 'on the form of ) (A) t: '3(8). '"

- , ~f f(/I.) and ,s(B) are proportiano.l to A and 13 respeotively, 1. e. tho'
roaotions' 'a.re' first' order- ..t~hcn, " -Ir t: ,

A' -e, Ao e ~ .
whero 1..0"15 initial, concont;;ation of A o f .o l) " :
.and . ,,', a.,= /f'A A 0 ,le- 1?t3_ -1:)~ ~A ', ~ ,(9)

. ,.!J ,7f6-it,., {' ,", , '. .'
The variation in ignition beho.viol:r with preheating temporo.ture if known,
could, be ,u~lC~d to: evaluato ~ or EA.. For example, the t~ to ,reaoh tho
maxinn.un of B is given by ,'I' . J .'-., .a. I / ':.

, , , ", . L -=.' r.i J ro~/ftA
l "'"' ' «S __ «PI -e (10)

t . ' 'f" tA/Rr. .
'l..e. ..« Efj- :'f}'..e. _ (11)

''/ t.ol ~T' CI'- flJ/r -(€~).)J
A / ' " (flit e fC I .J

where "'w f'f\ is irdependent o:C 'flt:!!Tlpq:r ture.. '
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For low valuos at: T it folla;vs from equation (11) that

~
' c. ~ /s: '- E \

T L ' . ~.t .' '("8/ A)
e .1 ~. "T c...~,.,.r + r~T .' ..... ,ll2..)

___ c....,..~"):......., -', r,:: I'/R,r(Ec:;(E A)
Tho tc~cr:~.. (:la,,"~ 0:;:' lt~:l.·~i~g ....a~.l'.~·~r.,ror.l~1i'lB .luQ 'cito minimum time to ignite in
tho pr.:lhoo'l,dr.g o::<:p~'m.montr. ,at c~'lt.·1·Qx'l)rli; rtll3:1.nt:l.on lovolD (Figure .3) wh1ah
are no:r.;L"];,l vulnoils, ~J3 not known aCClz·a-:;e:1y. Tho. time of heating was
apprOlCimatoly 150 hours tun the ~,;emperature was in the range 1500C 'to
2000 0. Tho .result ::.:." tmrefo:'C, not sufficiently accurate.

•

I
, ,

For the hcatini at 18000 tm time to reach the minimum ignition
temperature is o.pproxim'J.tely 13 da;ys (Figure 1) and for the heuting of
cotton at 125°0, 95 do.ys (!fi.gure 2) •. It is not possible to test wh'3ther I '
in fact, there io 0. relatiansp.ip such us that indicated by equation ,(12)
but the vnlue of E bused on tiles", two results, alone, gives 0. minimum value
equal to 13.900 6aJ/grnmole. Th9'yaJ.u~s of E f.or wood, based on weight
loss data lfi)" and ignition data V3) l7) aI'S two to three times this value•

.It is not really possible to discuss this result, owdng to the insufficiency
of dataQ"'llli the .considcrabJ.o am,nilllption rondo in'doriving it,' but it is
interC?st~ng that the, result is of ~he right order. '

Conclusions'

~h~descriptive model, ~f: the reaotions describefea~uresof th.3 pre
heating of cellulose which have been noted experimentally. These, are:

(1) Progressive preheating wood at first increases its ease of,
ignition. ' ,

(2) This trend is reversed as preheating oontdmie s,

The theary suggests moreover that:

(3) ~~he increase in the ease of ignition is dependent on the pro- .
heating te!I'!Perature and, is' greatest for low temperature pre-

. heating 'if EA< Ea and +east if EA> Ea. There is, theoretically,
a maximum possible reduction in 'ignition temperature as' a: result
of preheating. '

I
The experimental evidence from which these facts were obtained was of I

an exploratory nature. Even so, there seems to be sufficient grounds for ..I
further experimental work on suoh lines. I
AcknowJ.edgmc~.' I
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