D5IR AND FOC

o TR M nn FIRE RESEARCH
Yo g b L r\‘ - ORGANIZATION @
G REFERGBNCE LIBRARY

No. AAQfFR rv 71

l—m
i
g |
ol
7
- 4 ‘i
e
:
¢
F
€.

(o

F.R. Note No.471.

DEPARTMENT COF SCIENTIFIC AND INDUSTRIAL RESEARCH AND FIRE QFFICES' COMMITTEE
JOINT FIRE RESEARCH ORGANIZATION

This report has not been published and
should be considered as confidential advance
» information. No reference should be made to it
in any publication without the written consent
of the Director, Fire Research Station, Boreham
Wood, Herts. (Telephone; ELStree 1341 and 1797)

LS !’- -

A COMMENT ON THE THERMAL DECOMPOSITION OF WOOD
AT HIGH TEMPERATURES

by
P. H. Thomas

-

[}

~

SUMMARY
In this paper ssme of the experimental data published by

Wright and Hayward(l for the rates of thermal decomposition of
small cubes of wood of various sizes are discussed in terms of
theoretical considerations of heat transfer to the surface and
through the charcoal layer.
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. A COMMENT ON THE THERMAL DECDMPOSITIDN GF WOUD -
' AT HIGH TEMPERATURES

by
_ P, H. Thomas .. . . R

INTRODUCTION

Wright. and Hﬂyward(l) measured the ratee .of" decomposition of cubea of wend‘
between 3 and 19 mm in size when they were suddenly immersed into vessels con=
taining nitrogen malntalned at temperatures of 500°C, 7000C and 900°C. Twé kinds
of wood (oven dried) were used, hemlock, den51ty 0.43 and westérn red ceder,
density 0,34 g/cc. The results were ‘expressed as
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= pressure in vessel at time 't
= pressure at endJOf.heatlng

= "rete constant” sec™! (sic)

= absplute temperature of vessel
- density of wood -

-
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= ''gize Bf cube

= time in seconds

'In this. paper these results are dlSGUSSQd in terms ‘of the physlcal processes
of heat and mass. transfer. .

In some subsidiary experiments Wright and Hayward ehdwed that the rate of
decomposition along the grain was twice that across the grain, One may presume
this to be associated with the greater conductivity along the grain.

For a cube cut normally and Along the grain decomposition across’ the grein-
occurs: on four faces and along the grain on two. We denote the faster of the two
mass ratee of decomposition, i.e. the mean rate along the grain, by rn
(gem=25=1). and assume that this is constant in time. We can then write the volume
of the undecomposed wood at: time "t &as

vi=e(-B)0-48E)

where. w is the fraction. of the total mass of wood that volatalizes and is here

teken as 0,6. Since the excess presaure in the vessel is preportionel to the
amount of volatiles.
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Prom these equations we obtain
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From equations (4) and (5) we can write

L (/) Q/:f(/“ /7) (51)

Fig.l shows #( / “'p/@b ) as a funoction of (1= ’;4év ). Also on the same
graph are stown ( i- /f’ “and ( /~ PP, )3 and it is seen that the
calculated relation 15 1ntermed1ate botwesen them. A’'batter agreemﬁnt with
Wright and Hayward's equatlon would be obtalned.by adopting some factor =
other than 2 for the ratio of the' decompositlon r tes, in the two directions.
However, the ‘average’ differénce between ( /P )2 and the curve '
caloulated on the assumption of a cbnstant value of H" is’ only about

10 per cent, and accordingly we write ‘a8 an approxlmation )
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Gomparing equations (1) and (6), we ‘obtdin the Valué of ‘the faster of the
two rates of decomposition as

,’?/:’_ /-/w [ — 073/)/000'0657“

———o,,“ .

Clearly the slight quantitative discrepancy between this formldation
of the decomposlition of the cubes and that of Wright and Hayward is not, in
. practice, a significant one. For exasmple, no attention has bgen paid to the

"rounding™ of the corners or edges of the cubes. Nevertheless, .it is
preferable to regard the decomposition as the result of a linear or almost
linear charring rate than in terms of a theory which is formulated in
kinetic terms. It appears inappropriate-to-disouss & kinetic law for the
whole volume when decomposition takes place in a zone. The reactions in
this zone could of course be discussed kinetically.

(7)

The signiflcance of the cube size is here & small correctlon to a .-
charring rate, not a major term in a "rate constant". .

A presentation in ‘more expllcitly chemical terms has been given by
Tyul—panov?z) o

Tyul'panov has performed experlments in which cubes were progr9331valy
heated in a furnace and he quotes the follewing formula for the rate of -
decomposition. .

+

@ g, AT e (8).

dat

where B 1s an activation energy
B is the universal gas constant
v is & concentration

s

The unit of time has been changed here from minutes to seconds. The
value given for E over the temperature range 3000 - 900°C is a low one -
6,300 cal/gm., mole and it is interesting to note that this is’ close to the
value (5,800) given when Wright and Haywerd's data are plotted on an
Arrhenius plot, (see Pig.2) and the Stefan—Boltzman radiation law gives an
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apparent velye of this order,. It seems that myul panov 8-.activation energy .
expresses a dependence on temperature which is explelned on. physlcal not, chemical
grounds. The very low value of the rate constant 3 supports this. The second
order form of equation (8) may be a reflection of the decrease in rate due to the
increasing depth of char.

The experiméntal results-show that this mean rate, 'deoreesee as i/*&
increases. The values /Qe varied between 0,1 and 0.8 so- that ‘m™. variés by a
factor of about 2.3 over the whole range of thicknesses., Some of this variation
is probably due to the larger cubes forming larger depths of char, which reeults

in a lowering of the heat.flux to the reaction zone.” The formation of an - & [t~

insulating char layer will reduce the heat transfér to the reaction:zone’and the
rate of propagation of this zone will decrease with time. (See below). So that
as little errorsas possible arises from-this effect we shall discuse. at first o7
only the results for. the smallest cubes.. Also the convective heat transfer is ."'
dependent on the size’of the cube: but this/cannot asccount for the effect of:-sife:v
at the higher temperatures where radiastion is predominant. We shall now consider
some of the implications of these values of B©". T

Mass Transfer Theory

For mass transfer we use the‘formnla(j) which is derived from. the treatment
given by Spalding for a drop of liquid fuel.

. - . % ) . o
amtde _ o658 @tfj Loge )
G -

{7 is the diameter of the spherical drop whmch we shall regard as
equal to the side of a cube, i

is the transfer number :

the gravitational acceleration

the thermal conductivity of the gases
the kinematic viscosity

and.Cs the specific heat of the 11qu1d or solid.

CR o w

Where;there'iefno combustion, B, as in these experiments done in nitrogen, is
given by ( ' ‘ . L N
R = Cy -T) I |

S 'C;l- - - S "r_i_“(lq) ,
where Gg is the specific heat of the‘ges A
'Tg the env1ronmentel temperature
T the surface temperature
and Qo is.the diffusional and convected héat required te transfer 1 gm of -
substance from the surface.. .

We shall regard wood as decomposing at a fixed temperature® - T, - and
neglect the _small difference between cubes and spheres. Rapid decomposition

*Strictly speaklng wond deeomposes over a range of temperature depending on~the;‘

heating conditions... An analysis taking this into account would de: greatly. = '&moav

complicated and in view of other uncertainties in the property values and:their- -

variation with temperature which is net taken into account in deriving equation

(9) it is sufficient to assume a fixed charring temperature for the purposes of
this paper.
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, producés little or fio heat- of' dacompositlon(#)jﬁlnﬂeeégftﬁe’feeeﬁ}bﬁ ﬁai:kef';‘

- endothermlc 80" that we wrlte )

where -q 1s the exothermic heat

-- which may be

Tl

boae
4o

Table 1 glvea the numerical valuee adoptedg

negativell

—

;é:ﬂ — q/

f %.ease per gm of transferred substance:’

I is the net radlatlon recelved

l and Qs is the heat content of the gases leaving the solids of the
o - re31due, per gm of. volatiles. e

XS .-.« v

The gases evolved are.

assumed 4o be similar to ethylene in. physical properties, the values of* .. -

~temperature. dependent quantltles being taken at the mean temperature.

T #. T,

TABLE 1

- Property Values Assumed '

~

| sooee | “70000 | go0ec

~e CS | 0'3)'}' 0.31}- oz '.0.:3}4‘
Cg | 0.77 0.81 ] 0,89
w 0.6 0.6 0.6
K, |2.0x 1074{ 2.4 x 107% | 2.9 x 1074
/; 5.5 x 107%(4.8 x 10~ [ 4.3 x 1074
V| 047 0.62 0476

We have also I = § (,Tg’+ ~ ol
where J'is the Stefan-Boltzman constant
+ To perform calculations we must define Qge

at T, "unheated by pasaing through the char layer

C:%s = C;k,l

" where T,

.__@_)

—

(12)

It the voiatilea émerge -

_i) e (=T o

is the initiel temperature of the wood, but if emerging at

Ty - perfect heat exchange between volatiles and char

Qs Q2 = C‘é—gﬂf@ ﬁ-T)

of Q.4 we calculate from equation (?) the value

_ Pirstly, taking a mean J We then insert this

of 'm" when £ is 3 mm = the 'observed' value of &".
With: I ~glven by equation (12) -
“wercelculate maximum possible values for Qs - 4,
These are

iato sguatio

asauming - T:4 & T %

the net extgrnal heatlng requlred to preduce 1 gm of volatiles.

g@venhin Table .2.
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A{9) to. o'btain Qo
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TABLE 2

Calculated Values of Qsj, Qﬂgrand‘es ;.a::
f-(based on data for y{ =3 mm)

m"‘fromr.‘ D B I R Co
| equation (7) Te | - a caL(gm 951.(Tg) Qso (Tg) 1 R
B cqus-l_‘ 3 R ' ’ . 1 . . -
0.0015 |s000c |- mo | 2o 558
0.0035 7()_;_)9',0;" 350 |- 250 562
050055, sooé‘c . 470 | ‘296 | 830 -

If Tsh ‘<3:Tg4 the calculations suggest that q becomes smaller as the
temperature rises, i.e. as the rate of decomposition infrgases. This ia
qualitatively in accordance with the findings of Klasonil

Also in Table 2 ars given values of Qsl and Qs calculated as maximum
values agssuming Tg = Tg.

The value of I:idnd hence of Qg - ¢ :is not very sensitive to the value of
Tg untll values approaching within about 2000C of - Ty are involved.

The minimum values of QS are obtained by putting Tg = Tcex Th&y .
are then the same and equal to 160 caL/gm. between ¥ and é of the value ‘
calculated for Qs - q. :

The values of QBI- q calculated fram Weight and Hayward's date for the
heating across the grain would, be about tw1ce the values quoted in-Table 2 and

- would be larger for larger, cubes.

Clearly a precise value of Ty and the extent of the heat exchange between
the char and the stream of volatiles are necessary before any estlmate, even if
its sign, can be made of Qs T ) 7 o ) g

It is not a straightforward matter to decide whether this heat. exchange is
significant or not because the pores in the char layer appesr to consist
characteristically of large ani small pores and the volatiles may preferentially
emerge from the cracks with less heat exchange than if one assumed all pores to
be.the same size. ‘Some exper1ments are in progress to study this ‘question.

However, the two extreme 51tuations may be separately considered in an attempt
to evaluate Tg. ' . B,

THE EFFECT (F THICKNESS QF CHAR .

‘The Tesults of Wiright and Hayward show that &' veries with cubs size as in
equation (7) and here we set out to develop an expression for the effect of charcoal
thickness on f". Consider: the assumption that the volatiles are not heated by
the charcoel residue.’ : o . N L

The hea} transferred to unit area of the reaction zone across a layer of
thickness is %& (Ts - Tc) per secon& where Ko is the thermal

o e

conduct1v1ty cf the charcoal and this'raises’ the temperature cf —«gm per second
of wood by (Tc - To). m" is the instantaneous rate of decomposition.



Therefore, sllowing f‘or exothermic heat:l.ng

few  (Ts- 7‘)
Co m” (;7' éb’/ék/)

If heat exchange were perf‘ec-t between the stream of volat:u.les e.nd the
char, we would have instead of equation (15)

| e. (7;
A =< l’flllo‘i (/‘f' i(:_:_l 9//(,)3 (16)

by an analysis practically the seme as that of Spalding's "stagrﬁ}t?_
film hypothesis" where _& is the “bcunda.ry layer“ and -

(15)

the effective B Equa.tions (11) ani (12) give Cs ( 7-"'7 q,/ fs)
' ? - ? v " . P -
X = cf' 3 ——'7' g
. @5"4/ : (T —< Po . (17)
. . - ,u’,” . ; .

where Qs- is given by ei‘ther equatlon (15) or (14) according to
whéther we assume the volatiles are heated. or not by the char. rcsn.du.e.
By definition we have

e e pedd ‘18’

__\_Cons:.der the case of no heat exchange be'tween volat:l.les and char.
™ Bquation’ (13) 15 rearranged as

@ < oS
e ) —-Cs - ;)( “4) )
o —amEy
. where Qsl (Tg) is glven in Table 2.

" We have from equa'b:.ons (17) and (19), neglecting Q .which from
equations (9) and (10) is virtually zero when Tg = 700°C or 9000C
and cnly about 10 cal/gm for Tg 5009C

o 5-(7‘ T")
g Qw9 - Q(‘@-?)(/J

d’f ‘GU( B eolr—T) (%, ()
Qf=) -9 RS

The approximation . ' .‘ 3
(% *._T‘f) -_ Le‘f(Tﬁ -G

is satisfactory for. .Tg ~Tg but if‘ Ts << T the rﬁ.ght hand sida o
is 4 times too large. We shall therefore mtroduce a "constant" |
i < “' <1 to accommodate d.epa.rtures frOm the a.ppro:d.maticn.

-} ('2'05. .

'I‘hus equa.'bn.on (2) becomes e ' . 5 .—’ o
P/ (5 S
o~ [ w@ e
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The mean:velue in +ime of m" oorzesponds (at least in so far as the first
major term on the right-hand side is conc,c,med) t the mean velue of .Tg and
from eguations(15) and, (18) +he mean Ialue of A m" corresponds to the
[k, that is, from equation (15)

dog m (-Tom ‘Wf,) (fc,-—‘f") h% -Tc) -
Y .SG{"-'
T EYER G )

We ‘shall meke use of the following inequality in U:melli‘ymg some second order
magnitude terms

Cs Qr‘,-'T) (- - << Q_;.(“:J

The maximum possible value of the left-hand side of this inequality is 0.3, x
0.67 x 600 22 136 which is about -1' of the right~hand side. For T = 500°C the
maxdimm value of the left-hand side is 46, about 18 of the corresponding right-

product of &" and max. 1.6

,,hrmd. side value. ‘The appr'oxx.matmn is therefore usable. With this <
v appro:umation it may be shown that equation (22) reduces to - '

(“i'()  .. G\..al(T-TJ

JM ar Y 1f'(=. -T ) [q+A ¢(‘q~Tﬂ | (23)

whei;e"." . a -;" C‘c(;:; — CV/C‘) < | @)
Y ‘9_&%’%‘-@? o - . (255 .

Hence squation (23) can be written as ) S

_I( e ! | — (’QT - Q// )Fd" “ (’ + CS‘G} -TL)(KJ.‘) é |

“‘ Sl Kow (@ -9 P =V ) @y

4o (—@-z)jl+" al-my
(%U?J ¥) Q@) — 9, @

P

Equatlon (27) which is an approximation for small -{ is of the samé form
as ‘that found by Wright and Ha.ywaxd shows that the coefficient ‘of & in the
expression for the variation of N" with £ is greater than




G @9-32)("-4)
Neglectihg the value of ¢ (z)- 4, - - ¢.fe unity which-.as we haverseen. nil
abdve is st most a 25 per; cent error in the coefflclent Hcawe have frgm‘* ‘:_*F
equa‘tion (28) . . ) .,"- - Tl -j?s-'_‘ .
e ’ K T Gerlear
L = ﬁ%?‘(?:_q;.e-ioéa)”‘ Tiuunkfia X
— ' —l . L T s s ’} .’29‘_ 3 -j.

L=

i .
i !_'

The ﬁglues of H" glven in Table 2 are approximately proportional ta
Te - T so that o is approximetely independent 6F:. for a constant
K. and g. If we take the values of m" glven in Tab%e 2 for the 3 mm
cube the mean value of- X from-equation (29) is, with X, = 2x 10'1"

¢ 3 ® LN ’.':::- .!'
' O DO-S‘S- { —_— :F 3QD
L= Cs (Tt"—r) _

‘*T=h= ¥ ?—wa G
ey f:‘ v _;- TR i 7 op "),"":i,:
e h"Teﬁ (7('" ﬁ S ,.flszw“cufEWE'.Eb.ﬂ

, .. C& 'T-c -[_t N B ' e © e

Thus, if q is zero, 04 is at least one order: greater than the experi— D it
mentally found value whlch was 0.75/9 ~ 0.3 and despite our approxlmations
we must conclude that either g a- Cg{Te - To) i.e. the material is .
exothermic to about 100 cal/gm or the thermal conductlvity of charcoal is .
mich’larger than the value assymed . here. ‘The former. assumption 1&&d3 €o k.
méximum values of !Qg of 440, 450 and 570 cal/gm for the thies témpératures
5000C, 7000C and 900°C, values still congistent with those estimated in

Table 2 for Qs.1 and @Qs.2 but implying ithat ‘thers is con31derable heat
ekchange between the volatiles and the char."~Alternat1vely that thersd is 7%
considerable radiation transfer through the charcoal residue..

Had we used equation (16) instead of equation (15) these conolusions
would still apply qualitatively because dquation (16)'can be regarded as
equivalent to equation (15) with a variables but nevertheless reduced,
valug of K¢ and thus it would lead to a greater cosfficient for the effect
of £ on ", not less as is required for compatlblllty with the ‘
experimental data. "

I

Conclusions

1. Wright' and . Heyward's data may be 1nterpreted as the result of rate of
charring ‘almost constant in tlme. The variation of decomposltlon rate*
with temperature and Tyul'panov's data ate conS1stant with a physical "
rather then a chemical rate constant. We have not attempted here to discuss
the difference in behaviour across and along the grain. This could well
invoke a more detailed discussion of. the true kinetica of:the react;on zone
and the transient heat balance of the reactlon zone: proper. “‘: : "
2.  Values deduced from this'data for the hedt to release 1 gm’ of
volatiles are of the order calculated by assuming wood char at 300°C,
without allowing for exothermic or endothermic heating; although this may
be.a. factor in the process of decomposition there are too many oL
uncertalntiep to decide this questlon deflnltely with thase data. - P L
3« The experlmental varlat+qn of " w1th cube size suggests either an
exothermic reaction of order 100 cal/gm or an effective thermal conduct-
ivity of.the-charceal. layer, -about an order ‘Preater’ than that assumed,-

- th¢ pffect*ls consistent'ﬁith an K of order 4 x 10~3 rather than

2 x 10~% c.g.5, units as assumed here br some combination of these two
fB.C‘tOI'B-
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