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by
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Supmary

There are some data of a limited character which sugges% that heating
oellulosic materials makes them more easily ignitoble or flammablie and that
subsequent heating appears to reverse this trend. Such a reversal suggests
that either mors than cne reaction is involved in decomposition or that
there is some physical loss of aclive camponents, A theoretical model on
such lines is discussed and is shown to exh:.'b:ub quall‘catlve features of the
kind dbserved expermentally.
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ON THE EFFECT OF FREHEATING QN THE IGNITION
QF CELULCSIC MATERIALS "

b

by
P, H., Thcmas

1. Introduciion

In Figurs (1) is shown a curve obiained by Bardcley & Skeet (1) p e the
ignition temperature of sawdust heated berorenand at 180°C and allowed %0
cool in air, The "ignition temperature" measured by heating the wood from
cold after the period of heating first)frijﬁs and thenif-alls as the preheating
period increases, d“ YR ed

Webster has shown a similar effect of prcheating on the flammability of
cotton. Strips of cotton were kept in an atmosphere iia 124°C, cooled and.
then subjected to the semicirecular flammability test ‘</, The time to spread
21 in, is shown in Figure (2) for different periods of heating. Only ene
specimen was tested for cach duration of heating, but the data do show a
fall in time of spread followed by a 'rise. The shorter the time of spread -
the greater the flammbility and the lower the effective "ignition temperatuvre".

. An inverse relation b..twe?n flammability and "ignition tcmpomiuro" hau been

calculated theoretically . It is seen, despite the ‘variation between the
results, the results in Figure (2) have the seme character as those in
Figure (1)

A somewhat different expcriment - the heating of wood at differemt levels
of radiation ‘for the same time - has given results which also have a similar
fcature to those above., Thus in Figure (3) are shown the times fer sponbane-
ous ignition of specimens svbjected to a given intensify afier previously
being exposed  to different intensities for the same time. It is seen again
that therc is evidence supgestive that some intermediate prehcating condition
has the greatest effect an the ease with which wood can be ignited spontene-

" ously,- The results for p..lot 1gnit10n do not exhibit this feature to the
- 8ame extcnt 1f at all. :

Thc effcct "on “1gn:.t10n tcmpcrature" (or, alternatlvely, on the ease of
ignition), may not be large., In Figure (1) or (2) the effect on "ignition

- temperature" is" of the order of 10 per- cent., In Figure (3) it appears
‘greater, but a differenso in "ignition temperature" is magnified.by the

effects of conduction and surface heat loss and differences in ignition time
are not indicative of differences in "ignition temperature” of the same
magnitude, '

Even if the figure of 10 per cent is not of immediate practical import-

"ance, the result is of considerable interest, It shows that two factors are

involved,” Thc first may be assumed to be & primary decomposition, which
produces some quantity which is necessary for self heating or which hastens
it; the second is, presumably, some form of loss of decomposition prodvct,
This may be a physical ]( S;s by diffusion or a chemical loss by secdndary
decomposition. Klason: hag shown that in the absence of air, wood decorm-
oses in two main stages, It is assumed in.what follows that the decomposltlcn
in air similarly follows two (or more) stoges.

¥Some  criti 101sma have been levelled at this work, For thin reason only
those results, i.e, for 180°C,which have been checked,. have been quoteds

TThe term "ignition temperature" is used in a loose way. Strictly its
definition involves the method of its measurement, but since for ary one set
of experiments the method is constant, the simple ocmcept of "ignition
temperature" is sufficient to demonstrate the change in the case of ignition
brought about by preheat1ng. )
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2, Discussion of genoral theoretical model

We consider first the decomposition of wood to follow two (or more)
series of consecutive reactions, viz:

(ig Ay = By + D 3 —
Jo 4+ cio. ,
(d1) By 3> Oy + Og « 0tQ, === . . eeeeseas(t)

The gcoond of Hmp0 onm oloo be cansidered as a physical loss (see below)

For convenience, we denote the concenitration of any of these componcnis
by the same symbol, Oxygen could also be included cn the left-hand side
of any one of these equations to represent oxidation following decomposition,

When a considerable part of the volatile decomposition products of wood

" have becn driven off by heating, the carbonacecus residue may itself ignite
but, confining ourselves to the ignition brought about by volatiles, we

idrntify the components Bf By, Cy Uo etc. as wolatile precursors. If we
identify the presence of one (or more) of the intermediate products as
necessary for the ignition of wood, it follows that there is sn optimum
cordition far such ignition, for example, the concentratiom of Bq, say,
incrcases owing to the decomposition of A and decreases owing to its own
decomposition or oxidation into C4 Oy ete, The concentration of B and all
such intermodiate products, thus passes through a maximum, In general, any
weighted sum of B, C, etc. will also pass through such a maximum.

. Considering the most general form of ‘reaction with equilibria well over
to the right-hend side of equation (1) we have a series of kinetic equatioms
for each stage of the reactions. .For example, B is here referring to any
cne of the series B4 Bp etec, ' -

% - _éﬂ f(A) | - | . ..'“‘.-.-".(_2)”
and '. | 'ZTEB = .._:/Tf — &y 5(3)' - SRR

-+where ky and kp denote reaction constante (kg could be related to a

diffusion coefficient if loss of B were by diffusion) and f(A). and g(B) are

... functions which increase or remain stationary with increasc in the argument

A or B. £(0) end g(0) are both zero. Strictly spesking, the coefficiént of
dA in equation (3) is not unity but a fraction depending on the relative
ﬁ;ﬁlecular weights of A and the partifu ar component B under cmsideraticn,

It should be pointed out.that Stemm {3) has shown that heating wood reduces -
its mass in accordance with : :

%N-m : | - 0-.'--.3'_".'(!-»)'

If all the original wood is identified with one component A which all
changes to one non-volatile component B then any loss of mass, .ssy, thrcugh
the formation of C products according to equations (2) and 35 could rot
follow equation (4). Loss of mass according to equation (4) can only be
acconmodated -by introducing a second B component which escapes froam the
heated solid., Even then, the agreement of the two models is only approximate,

A decreascs with time and f£(A) is not a oonstant, B has the

" form shown in Figure (4), .If £(A) werc constant B would have a sherp .

maximum when A became zero, . Oxidation will follow similar equations if
.the oxygen is present in excess, = e T o :

ey
- -

T et T tues of KB
AT inoressing values of KB/l
L'

S kgt —' DA -
Figuro 4. The veriation of B with timo = |
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It is shovm below that the curves for B versus kpt for different
values of kB/kA do not intersect and that the maximun value of B increases
as kp/k, decreases. One would expect tha’ reducing the temperature end
thereby reducing kp and kg would tend to increcase the time ot which the
moximum occurs, While this is probably so for any practical situation, it
does not follow logically from equations (2) end (3) unless restrictions
are imposed on the nature of f(A) ‘and g(B) ond on the relative megnitude of

It must be mentioned here that the actual process of progressively
heating the wood to ignition for the purpose of assessing its ease of
ignition is not cansidered, Changes will ocecur dwring such an experiment . -
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 the variation of temperature with time and the
dependence of the k's on temperature but it would be reasomable to expect
that the"ignition temperature" or the case of ignition will depend directly
on the condition of the material at the commencement of such an experiment,
i.e. the condition after a time of precheating at a lower temperature.

For example, if the decompomtmn or oxidation in excess air of B is
exothermic, a greator amount of B present initially will mean that exothermio
heating at the commencement of heating to ignition will be greater and this
will tend to hasten the mset of a condition where heat 1oss exceeds the
heat generation ayd therefore of ignition itself,

We, therefore, do not consider the changes brought about by this secand
heating. We shall simply assume that the preheating time and preheating
temperature determine an "initial" condition for the measurement of an
"ignition temperature" or controlled by this "initial" condition.

From tho above argument on the variation of B with preheating time,
it would follow that the "ignition tomperature" Tjwill vary in a manner .
corrospording to the variation of B, i. e. it varies with prehcating time .
"tp! a8 in Figure (5), whidh has the same form as Fig, (1 and Fig. (2).

>
: Ee

Figure 5, The effect of preheating time on ignition
temperature Y

2.1; The ¢effect of the precheating temmerature 'Tn' on the minimum
value of T

There sre no reliable data with which to compare the theory for -
this scction, - It is inocluded because it is possible to draw some,
useful conclusions from equatiorns(2) ma (3) in their general form,
without imposing too severe a restriction onz* (4) and g(B)

4\‘.

From equat;,ons (2) and (3) we can write generally

R A N

"v;here': = % ,t

and F is an undetermined but decreasing function. ﬁf A " Since g(0) is
zexro, B versus A curves for different values of X8/, have the samo.

. slope at the origin, 1,0, F(O) f AQ, where the: suffixes o! denotes

« 'the initial value. . , o

i

' I :LS possible to discuse how the minimun values of the ":Lgm.non temperx
afuro" Ty, for such curven ag Fig.(5) wuy with t, the preheating temperature.

g
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Now, differentiating equation (5)

' dlB - F“ - fr AB ic.l
— = ™. <h S o6
l?‘l (\ &ﬁ f{\ d lo--an.a.c-(s)

tl;e dash denoting differentiatim.
is negative so that it follows from eqation (6) that the higher is

EB/kA the lower the B - ?\ ocurve, nc‘ar the origin,

Oonsider fwo curvos B-, md. By ocorrosponding to D(| and oy
( o equal to k?r:i/kA) with

°(1>°(I

At thc or:.gin they have equal slopes but Bo tends to fall belcw B1. Now
if there is a subsequent intersection at X (sce Figure (6)) ( )K< dﬁ,,
. A .

R , |X
] -|:

‘ >\’x "" . -
Fi 6 DY 7

4.0, from equation (5)

F) - X, a(B) < E) - oy 4(8))
'Th.erefore' _ .‘ ‘ o/ _0{) S( ?‘) <0 :

But ¢ > D}‘ so thére camnnot be in fact an intersection. .

"It follows that the By line is within the’ B1 line throughout so that
the meximum valus of B decreases as ®f i.e. (¥B/k,) increascs. In
particular, if A is zero (i.e., kg is 0) B increases to the initial value of
A i.es Ag while if kg 1s 0 , B 1s zero throughout.. Hence B varieﬂ with
A/kB as in Figure 7. .

)
Ao

) —> |
Fig. 7. Veriation of B.mex, with Xa/ky

Now, assuming the Arrenhius relation

R = f‘e ] eeeeennddD)

vhere £ is the f‘roquemy factor
! E is the activation cnerfy
R is the universal gas constant
T 1s the'absolute termperasture of prehoating

- Efﬁ_,'—- E,q’

| T e |
46 x £ | esneese(8)

From the above ‘discussion, it follows that, if E A > £ A the minimun
"ignition tcmperatu.re" for any preheating deorcases, the lower the preheat:mg
tcmperature. T ] . .

. 4% £ollows :tha
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The faot that there is an upper limit to B mox.’ implies that there is
a maximum possible reductian in "I _,rd vion temperature" as a result of pre-
heating.

On the other hard, if E~‘< II:‘\t or the mechanism of the system were " ote
of physioal loza of matlc rial ha whidh coso kpis eonatant, whioch is
mathematicelly equ lvalent to putling En zero, the greater is the preheating
tenperature , the Tower is the mintamun”ignition temperature

2.2, 'I‘he variation or Ts \.l*h T for a given preheating time.

In ths 1lizht cf the above argwnonta, we can consider the varistion of
Ty with Tp for a given prehcating time, tp-

For a very low prcheating temperaturc - say room temperaturc - we
would not expect the mmount of B produced in a certain time (hours rather
thon years) to be at all significant. Increasing the temperature T
increases ky and since at small values of T, the curve of B against kjt,
tends to be indeperdent of kp (i.e. only thg first reaction is proceeding)
the amount, of B produced will increase.’ If Ep)> E, it follows that as Tp .
inereases lcB/k also increases and B will pass through a maximum and then
decrease. (Se;. Figure 8,)

L

IV\MM P{B/‘&A

> %ty

Dotted curve shows vor:xation of B as the temperature of. preheat:i.ng Tp '
increases. . L

— — S
T Te
- Fig.(9). “The relation between proheating temperature .
: S & “1gnita.on temperature" .

The corresponding "ignition te erature" therefore decmasés and then . )
increases ‘s shown in Figure ( msj and may be compared with Figure (3).

3, Q_antltative epplication .

The above d:Lscussim h been conducted m.thout imposing ‘severe
restrictions ‘on the form ofe?ll) e (?

. If f(A) and g(B) are proportianal to A and B respective],y, i 0. tho
ranotions ‘are first order- thcn . ﬁ é.
—#a

where Ao is initial concent atim of A £ ﬁ I3
a.nd ) 6 ‘— IR A . dé L )
S ' e - Ao
The variatlon in 1gnition behavioer with prehoating tcmporature if known,

could be used to-evaluate Ep or EA « For example, the t1me to reach tho
ma.ximum of B is given by

S Ra
([._n'i ;‘}gg_ﬁg ‘1‘% /30“ ...;.....(10)

tn/,{’r i
E ( . 0-9000000(11)
:e t 0( 8- kA / ?Ar ‘("‘5——‘9")]

where f‘h/f‘n ia irﬂependent of ﬁorrmor[ture.

1

ou--ooq-wo )
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For low valucs of T it follovs from equation (11) that

. . | f-“ f* - ) /E o > E
Lw\ R “ﬁ—‘_"'**““"“"“'*"‘rﬁ“ S A)
- ' L f.: ~ "T :
:.".‘:' _ :l-:/\.:'.‘\'\.—’\..‘-»"g IURT ¢ /RT (‘—'6"( E f-‘.)

i)

The temperainne o v.m.,mg correpporaing Yo the minimum time to ignite in
tho pmh@n‘ting oxpnﬁ monte ot Qitforunt redintion lovels (Figure 3) which

., are nowinzlvalnes,is not kmown accurately, The time of heating was
sprracimately 150 hours and the “cmporature was in the renge 150°C to
200°C, The resuls "", therefore, not su{‘flc:.ently accurate,

For the hcat:.-ng at 1809C the time to reach the minimum ignition

temperature is approximately 13 dasr (F:Lgure 1) and for the heating of

cotton at 1259, 95 doys (Pigure 2

It is not possible to test whother

in fact, there is a rc,lau:.ms}u.p such as that indicated by equatlon (12)
but the value of E bosed on these two results alone, gives a minimun value

equal to 1_2 SJOO cal/gm.mole, e(- galu s of E for wood, hased on weight
6 ars two to three times this value.
It is not 1ea11y possible to dlSGL'ISS this result, owing to the insufficiency

loss das ard ignition data

of data, =18 the eonsiderabla onsumption made in'doriving it, but it is

mterest:ng, that the result is of the right order,

Conclus:l.on.,

The descnptlve mod.el of the reactions describe. featums of the pm-

heatin,g of cellulose which have been noted exper:l.mentauy. Theso- are!

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

(2) This trend is reversed as preheating contimues,

The theary suggests moreover tha'l:

(3) The increase in the ease of igni‘t:.m is dependent on the pre-
heating temperature and.is greatest for low temperature pre- :
) heatin.g if Ep< Eg and least if Ej > Bp. There is, theoretlcally,

a maximum possible reduction in ign:.ta.an temperature as al msult

of‘ preheating,

The experimental evidence from which these faots were obtaincd was of
an exploratary nature., Even s0, there seems to be sufficient grounds for

further experimental work on such lines.
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