
THE r.mrv,n:(
P,r-F. PJ::;, , 1',CI': ';rATION

U:)il~: :o'!-,1 VVOOD
HC i", '£.$.:

.' . , , .

F.R. Note No.37411958.
Research Pro#amme
Objeotive Blv' 3.

DEPARrMENr OF SCIENXIFIC AND INDUSTRIAL llESEA1lCH AND FIRE OFFICES' COMMITTEE
, JOINT FIRE RESEARCH ORGANIZATION

IGNITION OF OOST LAYERS ON Har stmFACES
'. '

r
P.C. Bowes,' M.D. Ha2Tis and Mias S.E. Townshend. . .. .' .

(

. . ~ . .,
.' ...

, , "'.

..
" ....

SUMMARY

..
;","

" '

.. v

....

" '.

" lIarch, 1959.

The minimUlll temperatures for ign:i.tion of beech '
sawc1ul3t la;rera on a hot surface have been detEl1'l1lined
for range of depths; densities, and particle s:l.zes
of the dust. .

. The. resuJ.ta h8.ve been co~latedby a theI'lIlaJ.
igJ1:l.tion theory. .

Fire ReseaI'Ch Station,'
Boreham Wood,
Herts.

. I

,,

i .
-'

,"

,
/

© BRE Trust (UK) Permission is granted for personal noncommercial research use. Citation of the work is allowed and encouraged.



•

.~.

"

, .-

,,-'

,
I,

,\

"

IGNITION OF IlllST LAIERS ON HOT SURFAC&S

by,

P.•C. Bowes, M.D. Harris and Miss S.E. Townsherui

INTRODUCTION

. Combustible dusts in contact with a hot surface will ignite if' the'
temperature of' the surface is high enough and fire or explosion ma;y rlfsult.
Examples are the ignition of' combustible dus'\:s on ovemeated l)earings~l),
on exposed steam pipes or steam pipe f'langesl 2) and on tmprot,~cted electrio
light bulbs<'~). The hazard has recentlj become of' interest in connection
with the safe running temperatures f'orelectrical equipment in dust-laden .
atmospheres or in situations where dust ma;y accumulate on .surfaces.

Palmer and Tonkin(ll-) , Hardy(l), and Freytag(5) have determined the .:
minimum temperature at which a hot surface can ignite deposits of' some coal
dusts, cork dust, and wood sawdust, and have shown that. this minimum temperature
depends markedJ,y on the thickness of' the deposit of' a g:LVell dust.

. ~ '. . I
The work described :Ui this note extends that of' Palmer and Tonkin on ~

ef'f'ect of' . depth, particle sue. and packing density on the minimum temperature
f'or i1!1Ution of' wood saWdust on a hot suri'ace. Correlation of' the 'results on
a theoretical basis is attempted. .

EXPERI1IENTAL

Material
'.'" •• ,J •.••

Beech saWdust, separated.by sieving into the particle si:le ranges given
iIi Table 1, was used in these tests. Beech was chosen becanse diff'erent size
f'ractions of'tb,e sawdust are unlikely to dif'f'er widely in coapcsd,tion or in
the f'om of' the'partioles. . . ,

.­.
The average moisture content of', the sawdust was 11 per cent.

Apparatus

.> The apparatus was similar in principle to that used by Palmer and Tankin(4).
The hot surface on which the ignition tests were carried out Vias a horizontal
plane circular plate of' aluminium alloy 19 em in diameter end 0.64 em thick.
It, was heated electrically on the tmderside and was controlled to nm at any
desired temperature to .within about lOCo .Boae thermal insulation was provided
round the periphezy of the plate.

The temperature oontrol system, the s'ensing element of' which was a
,thennocouple fixed in the tmderside of' the plate near the centre, was set by
ref'ereno~. to a potentiometer at the 'l:!eginning of each test and was checked again
at the end of' each test. The drift was less than lOCo A second thermocouple'
on thetmderside of' the plate was used to obtain a continuous record of' the
plate ~~mperature." , ., ,

A chromel-alumel themocouple. 36 S.W.G., f'or f'ollowing the course of'
ignition was stretched across the plate with its junction over the centre.
The distance of' the jtmction from the plate was adjustable and was arranged
to be inside the dust deposit and, in most cases, just below its centre plane.

Procedure ' "

Except f'or tests on la;yera of' less than 5 mm in depth the general procedure
f'or ignition tests was as f'olloWs:- ' . . '

A dust la;yer was' f'onned on the plate, at room temperature, in a. cylindrical
mould of' appropriate height and ,diameter (see below). After removing the mould
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the plate was heated up to a pre-determined temperature. The time taken

- to reach this temperature was about 15 minutes.

A test was cOntinued =til a 183'er ignited and a zone of smouldering
combustion appeared on the surface, or until it was olear ~t no ignition
would occur. Failure to ignite was shown by the temperature in the dust
deposit increasing 'to a maximum and then decreasing.

The densities of dust deposits prepared without oompression was
usually within :I: 0.01 y/cm3 of the mean for deposits of given depbh•

•" •.• • 10 '.

"
In preparing deposits of high density"the sawdust was compressed, by

hand, by means of oircular plates ,fitting inside the moulds.' , .

Some tests with 183'ers having different: ratios of diameter,1;0 height
,indioated that provided this ratio was greater than 5 it had 'little ,effect
on i~ition temperature~ Smaller values of the ratio resulted :!II'an increase
in the i~ition temperature for a deposit of given depth. Except for the
deposits 25 mm in depth, for which the, diameter/depth ratio was '5, the ratio
was greater than 5 in all tests described in 'this note. .:',

For :reasons described below, t~st~ with laY~rs of 3 mm';dePth'~~re
carried out by depositing the dust on to the ,plate alreaCtr preheated to the
test temperature. The time taken to deposit the dust 'in these tests, -and,
to spread it uniforml,y within the 'mould, was ,less than 20 seconds. The mould
was left in place throughou:t the test. ' " '~,

,Definition of ignition temperature

, \ Igniticm tests were made at .ho't surface ,temperatures differing by ,
:lJltervals of 5CC. The frequency',wi.th which 183'ers, of a given thickness
ignited lit a given temperature varied with temperature over a range of '
15-2OOC. Therefore, in, the main, series, of tests, the ignition 't.E,mperature

,was defil?oed arbitraril,y aa that tc$perature at which ,an ignition occurred and
which was 500 higher than the marlJnum temperature at which no ignition:
occurred in five repeated tests. ' The frequenCy of i~ition at the ignition

,temperature was thus 20 per cent ,or more, but ,the number of tests' at this
temperature was UsuaJ.l,y less.than ,fi"re., " '

In other series of tests, w:llich will be indicated, the maximum temperature
for ignition failure was charact~rised ,by,non":ignition in three repeated tests.
Minimum iSnition temperatures determine~ on this basis were. as' vTould be
expected, sometimes 50 or lOOC higher than those based on 5 non-ignitions.

RESULTS

Qualitative features of ignitian :"

Temperature/time records typical of those obtained with the thicker
183'ers tested are shown in Figs. 1 and 2 respectively for a 183'er that ignited
and one that did not. The records show the hot plate temperature and the '
temperature' at a distance of 1.0 .em from the plate in a l83'er 'of 36-60 mesh
sawdust 2.5, cm thick.

The following points are of intere,st in the temperature record for the
l83'er that ignited. A pause in the rate of temperature rise in the interval
A (Fig.l) 'm83' be attributed to loss of moisture in the temperatw'e range
60-9000. At B the temperature in the plane 1.0 em from the hot surface passes
through the value that would fina,J.1;y be' reached in this plane if the sawdust
were chemically inert; this value, about 19000. is calculated on the basis
of a thermal conductivity for the 183'er of 1.3 x 10-4 c.g.s. units (Appendix
1) and an estimated temperature for the 0001 surface of about 6000. An
exothermic reaction is clearl,y taking' place. At C there is a relativel,y
rapid inorease in the rate-Qf temPerature rise in the neighboumood of' 25000; ,',

'\
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- it is reminisoentof that which occurs in determinations o~ the igniti~,
tem:perature of wood sawdust by a rl..sing temperature method and which is used.
to de:f'ine the ignition temperature(6). At D the slope of the temperature
reoord paesea through a maximum in the neighbourhood of 30000, from which,
neglecting possible changes of thermal capacity, it may be inferred: that the
rate of heat evolution per unit v'olume passes through a maximum at 30000 in
the plane 1 em £rom the hot surface.. At E, which corresponds.in time to the
appearanoe of smouldering at the top surface of the layer of sawdust, the.
temperature begins to rise agadn, This'indicates an increase in the rate of
heat. evolution, and is probably a consequence of increased air access to the

: interior of the layer follow:iJ:lg the emer'gence of smouldering.. .
'., ",:' .

, When i~tion (Fig.. 2) does npt ~c~'::,the temperature in the plane 1 em
, , from the hot surface rises to a maximum,':'"';in this case about 3000 above the

value that would exist in this plane in '~e, absence of reactdon , and then
'decreaSes.. . ' ': .

:., ":0)'::'-.

In thinner. layers, ',e.g.. 1 .cn, tpe':s~quenc,e of events occurred within a
shorter time and the decreasedn the rate',of temperature rise iinmediately
preceding ~e breakthrough of smoulder'irig'was not a1.ways observed., Occasionally
ignition occurred to one side of the centre 6f a layer, and was therefore not .
indicated in the temperature. record uritii,.'smouldering had spread to ,the centre;
this was more often so for ,the thinnest<l~aye.rs tested (5 mm and less).. "

"" . .~

Tests with 188'ers of less than 5 mmthickness were carried,·out with the
finer fractions on.1y. Layel;l:i 3 mID in thic1aless could not be ignited when
heated on the plate from room temperature up to a temperature as high as 4lOOC

, for the 60-120 B.S. sawd.ust.~tian. ' Decomposition of .the sawdust occurred '
"':,' with~an evolution of volati.;!-es which practically stopped b~1'ore .,the assigned

plate temperature: was reach,ed.. When, however,.a3 mm layer was fonned. quickly
on the plate aJ.ready preheate,d to' a steady temperature~ ign:i.ticn of the layer
occurred at a minimum plate.,temperature compatible with ignition ,~emperatures

for tpicker 1a.vers (sea belo:w).. I:t was 'subsequently shonn for thicker ~ayers,

i.e. 5,mm and 10 mm, of the 1&.36 :6 ..S .. f'ractiOn that th~ minimum plate
" -, ,'temperature for ignitian was independent of whether or not the :plate was

" prehea:~ed to its fjnaJ. temperature before depos~t:ing the dust (~able 1).

Minim~ ignitian t::mperature's, of dust le.yers
,

. The mi.uimum temperature of fhe- hot sur:t'ace for ignition of. layers of'
sawdust vaxying in depth from 3 mm to 25:mm are given in Table 1 for four sieve

" .f:ra.otians ,of, the sawdust at two principal. packing densities. Results for
uncomp~sBed,l~ers of dena~ty about .0.27" 'are in the upper part',of the table,
and those for compressed l~ers'of' density about O.. 4,in the lower part of the
,tabl~.·, '.".., . , ' "
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Table 1
" '

MinimUm surface temperature,ce, for ignition of beech
, s~&wtl~ersonootsurface

. .......

. - "'~

.... :

...... .

,- Depth of l~er. mm• 3 5 8 :'10 16 20 25
I

Sieve Nominal Mean ' ,

fraction size range density .
B,.S. Microns Wom3

, ,- ..
1S:-36 85~ 0.28

,

350- - - - - -. 0.25 -' 350*P - - - - -
" 0.25 - -, ,325 - - - -

0.26 -. - - 310 ,- - -
0.25 - - - 319lP - - -
0.22 - ' - - - 295 - -
0.24 - - , - - - 285 270, "

, " .
36-60 422-251 0.28 - 340 - - ',- - -

0.29 : - -, - 305 - - -
0.26 .. " -", -" - - - - 279'

-
6O-l.2O 370KP251-124 ' 0.29 . - - - - - -, ,

0.28~ " 345 310 270- - - -.,
350~<:1:20' 1:u.-o 0.29':- - - - - - -

, ' 0.26~ - 335 - - - - -.
" 0.27":' , - - - 300 - - -

; 't'~ 0.28 - - 290 - -"
.. . - - -. -... :- - ~ ~

.-; -, -' .- - - - - - - -I
..

18-056;' ,
853-422 0.44- 320x J.- - - - - -

0.37 - - - 309i - - -
36-60 422-251 0.44- - 325ii - - - - -

0.38 - - - 309i - - -
, 60-120 251-124 0.45 '" .. " 320K ..- - - - .;;.

I

-:

'ifBased on 3"non-igriitions 50C lower.

¢'r.~er depoad,ted on prehe~ted plate.

It will be seen from Table'l that', in common with the results of other
worke:rn, the minimum temperature for ignition decreases as the thiclmess of
the du.'3tl~er is increased. For the three sieve fractions in the range
18-120 B.S. the minimum ignition temperature for l~ers of given thiclmess is

, 'within 500' of the mean for all the fractions' at that thiclmess and shows no
oonsistent trend with particle size; but for the fraction below 120 B.S. the

.- ignition temperature of the 3 mm and 5 mm 1.a¥ers, at least, 'is markedly reduced;
,Increase of paoldng density leads toa deorease in igriition temperature for the
5 mm laYers, but not in thicker l~ers. 'A quantitative relationship between
ignition temperature, 'depth and density is discussed below. ' ,

'..J .1'

"
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APPLICATION OF THERMAL IGNITION TEEORY

General

, The themaJ.~eory of ignition, developed initiaJ.ly by Semenov(7) and
Frank-Kamenetskii(8) for homogeneous ignition in gases, has 'been shown(9)
to'fumish a linear co=elation for the results of experiments on the ignition
of blocks of fibre insulating board exposed to uniform ambient temperatures
in an oven. (10). Subjeot to limitations. indicated later the theory ena"Qles
a prediction'to be made of oriticaJ. sizes "or criticaJ. ambient temperatures, for
ignition due to self-heating,onoe oertain constants for the material involved
are known. I t is therefore worth while, tci determine the extent to which the
theory can be applied to the ignition of la;yers of dust on a hot surface.

, ,

- ' ..-

';'."
.' ,

. . Briefly, the theory, in the form' to"b'e applied here, sets out to define
the limiting conditions for the ex:LStenceof a steactr-state temperature
distribution in a body that is generating heat at a rate that depends on
tCIIII,erature 'and is losing heat to the :su~oundings. AnY smaJ.l departure' from

" these conditions that tends to inorease,tlie teIIiperai;ure, at any point in the
body will lead to ignition. ~, ,':, :,:,:,::,,- ' .: , ' "

. '. .. '.... ,1:":-.::>: .. ..
. Frank-Kamenetskii' s(8) 1;reatmen~'ol?theproblem defines the limiting'

" conditions for a steady state or, in:6th~,rwords, criticaJ. conditions for
, i~<tion by the equation ", ". ':"i,'" , "
~ ~ 0' . ' ..,..., ," I I, .

"

:: . i , ~~ ••••• ~.~~~_••(l)

".1. . " ;.. .

~en the rate of heat evolution per]l11it mass, C;' ,at any point in the
bo~ is given by , " "

.," ..,
.> ~.

.
, : ' .'!Uld where 1 !:

QFe..FIRr
• I

,
" ..
~ •••••••••••• ~(2)

'.

" ": "

.~...', .. - "~.

Q ' =' heat of re~ion ~caJ. g..l),
F = pre-exponet;l:t;ial f!U'tor tin Arrl:lenius equation ( s-l) ,
E = activation' energy (oaJ. mol-l), ,
R = gas constant (caJ. mol-l OK-l),'

f" = density of cbody (s 011I-3), '
K '= thermaJ. conductivity of ,body, assumed independent of

temperature (caJ. s-l cm-2 (oo/cm)-l),
r = semi-thickness of slah, or 'radius of infinite cylinder or

of sphere to which the' form of the body approximates (em),
TA - ambient temperatUre ore. '

, ~e dimensionless param~t.er s, has, a vaJ.ue that depends on the
geomet.rioaJ. form of the body 'and on the cooling conditions at the surface.

The expression for the rate of heat evolution, equation (2), is based' on
the assumption of 'a first order reaction which obeys the Arrhenius equation,

, and in which the.loss_of ,reactant during the ignitIon process is smaJ.l and ma;y'
be ne&J,.ected. This last proViso will be 'fulfilled to the ex'tent that the "
heat of, reaction, Q, is large.', The! fact~r F includes a dimensionless concen-
tration factor. ,nI "';', ' ' , : ,

. . ;

Where, as for the ignition of ,dusts on a hot surface, the body is
effectively a slab With one faCe at a constant high temperature and the other
ooolinSS' to the atmcisJ?here" tlie application of Frank-Kamenetskii' s approach "
yielt1s(ll) equation (1) with; ~A, replaced.by Tp, the temperature of the hot

" "; ';
" '

r- '.

" r: I
, "

~ ,"
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, , '

!Iurf'8.QO, as tho definition of critical Conditions for ignition. Sc,_b~com~l>, ,
a functi,CIll of the surface cooling and of the, temperature differepoo between
the hot iNri'a.oo ana. tho SU:r:TO\lnCl;i.ngs, o;X;pnlssod;\ll. toms of the ~djmens:i.onloss

quantities 0( and go, where' ' , ,
, ,:'

here '

h . = overall coefficient of heat I:ransfer at the boundary
between the slab and the atmosphere (cal s-l cm-2
OC-l) ',,"

To = temperature of surroundings (OK).

This extension of Frank-Kamenetakii I s approach involves the use of the
exponential approximation to the Arrileniusequation in the definition of e,
outside the range of temperature differenoes for which j,t is valid, but it
has been, shown that the error thereby involveq. ,is smalltll). So for, the "
unsymmetrioally heated Blab has been tabulate,d and is plotted in Fig.3.

It i~llows from equation (1) that for dust layers of given density, and
thiolmess 2r, igniting at minimum temperature, '~9' ',", a plot of log~o '

(00 Tn2/r2)vs. J/Tp sh~dbe linear with siope '-E/2.303Ri provided, of
course'; that the s:1JIiplereaction considered in the theory adequately represents,
the ignition 'prooess.. 8'9" \ is, obtained from Fig.3 for values of at, and eo
appropriate to the exper:unental oonditiona. ot, is oalcUlated, wi,th suffioient
'aoouracy, by assuming that the sawdust: is inert, and eo is ini.tially
oalculated with an aseumedva'lue 'Ifor the aotiviation energy. The above plot
then yields a value for the activation energy, E,' which may be used to
correct eo and so obtain an :Improved value for E. Details 0:1' the "
calculations are given in Appendix: II. "

Results for the three t:raotions of beech' sawdust between 18 and 120 B.S.
are plotted in the above manner in, Fig.4. The points are based on a secced

,approximation to E 'of 26,000 oal', mol-l (Appendix rr), The points for these
throe t:raotiona do in fact lie olose to a straight line. The line shown ~

gives the .'following values for E .and the proc1uot QF in equation (1):

" E = 26,.500 cal mol-l, ( (!C'"," :..",":' " 'C'" :, r:-j'
QF =' 3.62 x 109 oal,g-l B-1 (corrected for E=26',.500)

•

,
Inaer,ting the abOve oonstant's: in eiuatiOIi (2) ,the rate of heat evolution

at 2.5000 ,is ,;round to be 36 x 10-~, ,oal g-l s-li' or 2.2 cal g-l min-l• This is
comparable with the value of 2.6 .oaJ. g-l min-, at 250CC estimated from '
deteminations of the ignition temperature 'of'beech sawdust in a fumaoe by

, " a,riaing:ten\Perature method(12),. "However, it"must be 'pointed out-that later
a.eteminaticiils of ignition tempe~turo by the fumaoe method (not yet ,reported)
indicate that a change in the 'siZe of the specimen can alter the estimated

..., rate of heat, evolution by a factor'of two or so. ' 'Aotivation energies obtained,
by this latter method tend to be fallout 30,000 cal mOl-l for beech. '

For ;the sieve t:raotions weNe l20BoS. , ignition appears to, be indepen­
dent of particle size. But for the fraction below 120 B.S., the points in
Fig.!r app';ar to lie on a different line (oha:iJi line) which yields the following'
oonstants::- .... ,; .., .

"\ ". ~ -:

,
•

" '

'r" r,
"

'", "

~ r . .
,~<': :I""~

" 1;;" ;1
:. "

E =,
'~ =

29' 000 oal 01-1' . (cn'·J··.,·c·l·r'(" .;,~ '" : '. .'1o~ .oo.'J m, ' , . , , ,., . , , , _. ~ J'

4,;:L3 x 1010 eaf g-l s-l (correoted for E=29,000)
, ~1:1 ,.; ,

i'

"

"

"

-: r-
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The rate of heat evolution in the fine f':raction at 25bOC is then
, 2.2' cal g-1 min-1J this' ha;ppens to be the same as for the coarser :t're.ot1ClnB
at this temperature.

~ ....

"

Effect of density

A change in the packing density of the dust layers will, in general,
result in a change in their thermal canductiv:i.ty. Tabulated data on the
thermal conductiv:i.ty of sawdust is insufficient for a direct assessment of
the variation with density. But assigning the bulk properties of beech to
the sawdust particles it may be estimated, with the aid of IUl equation due
to Maxwell (Appendix I). that an increase in density from 0.28, to 0.44 ,
(as for the 5 JJinClayers) will increase the thennal canductivity from
1.35 x 10-4- to 2.16 x 10-4- c.g.s. units. That is, in increase in density
by, ,a factor of 1.57 increaSes the thermal conductiv:i.ty by a faptor of 1.60.
Since thenaal conductivity and density appear as a quotient in equation '.
(1) the critical conditions for ignition would be independent of changes in
density if the above were the anly consequence of a change, '

, However, 0( , and the~fore':~c, ,:is a function of th" thermal
conductiv:i.ty. For the 5 mm"layers of,:density 0.28, ex. was 0.85 and ~c
was 8.1. The iricreased thennalcanduCtiv:i.ty of the high density layers ,
(above) reduced 0( to 0.57 and:"~'c\ to 5.6. Calculated on this basis the
points' co:rrespond.iIl1!: to the 5 mID layers of high density and particle size

L.,l20·B.S. lie reasonably close, to the line for the COITeSponding low
density layers in Fig.4-. "" ,. ,

.,F9r the 10 mID layers th~ inc~ase in density (Table 1) decreases\OC'
f'.ro¥l 1.48 to 1.l.S and 8 c :+rom 19.9 to 9,.5. This relatively small change
is zr:t:J.ected in the lack o~ f!igni:f.i.cant ,difference between the ignition
teillperatures of the high and '.low ~ensity layers. .. .. .,

.' .

, -: I~ thus appears that tJ:1~ effoot of variation in the density of dust
la;y:eFS on the oritit.:al =di!:ions·..for ignition is only of' iJnportance in
thi;n )~ers for which 01. is: f!mall ~and where ,~c yaries rapidly m.th c(. •

Pre'diction of'eritical dep'lki and't..,mpe';"tures for ignition of' dust layers

. ",.
,"

'.' '.

wlien E and" Q!' have bJeb det,enaine,d experiJnentally in the above way
fOI" II; g;.ven material the p~9.Ucti6p of other critical, depths and temperatures
fOI~.~gtiition consists in filj.,<¥ng pairs of values of Tp and r that
satisti simultaneously both'equation(l)and the relation ~c = Fl(et, (0) =

, F2(Tp"r) of Fig.3. This is most easily .done by taking a value ,of T and
finding the appropriate value of ,r by trial. E and QF will normally

.~ been determined for fairly thin layers and a. guide to the initial choice
of o(wiD. thus be avail8.ble.;, With thick layers, say 30 em or more, Dl.

'becomes~ enough for variation of 'Oc with eX to be small and. the
valhlJl: of Sc then depends rillUnly':on Oof a value of Sc of, say, 90 per
cen;hof' itsvah1e at 0( = 00 . for :t.he appropriate 00 will be adequate for
most purposes. .:" "

~ rl

.' ',Fig.5 shows the predicted relation between depth and ignition temperature
for;layers of beech sawdust-Csieve' f':iactions between 18 and 120 B.S.) -on a
hot'surface, at a density of 0.25 g em..,3 and cooling to surroundings at 2500.
The .m$ practical, interest -.of the:relationship lies in the region below,
20000 and with sawdust layers· of a': foot or more inJdepth.· 'In.:':th;l..S.'rt'igion it is a
difficult matter to ca.ny ~t. experimental tests, "but it is just here that
:lnf'orm~ticn is sometimes required '~d, hitherto, has been completely lacking.

" \, , ' , , "
: .:;..1. ...; ; I .'

, , '

" " "

~. It

."::.r ~: " .1

".,

!' "

. "
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Possible' exa.mplesrange £:rom the hazard of sawdust lagging in the walls or
on tho roof of a drying room or kiln to the risk of ign:l.tion in large stoaks
of sawdUSt stored on a £'lOor aver a boiler:.room.· -

It must be emphasised that, an extrapolation of the magnitude attempted
in Fig.5 must .be treated with resexvation until more is mown of the tru.e'
kinetics of' the self'-heating and ignition reactions and of' their ef'f'ect in
modifying the theory, or until data on large scale examples' of ignition is
ayailable as a check, . , ,

Thomas(9) has- aJ.ready pointe~ out that a discrepancy appeara WheD...th~6al
ignitioli theor:v based on the s~le reaction .mechanism assumed here is
applied to MitchelTh results(lO) on spontaneous heating and' spontaneous
ignition in :fibre insulating board, and that this descrepancy suggests that
the reaction model is inadequate. Again, the observation in the preaerrt
work that the 3 mm ~ers of dust coul.d not be ignited on a surface heated
from room temperature, but: only when lJ.:eposited on a preheated ~urface, .
indioates the presence of a rate proce~s not, inc:l:uded in .the simple theory;
'although this effect diSappears in the thicker layers•

....'" .~ 'r F~ •

... ..".. ~ , .

Fo; i,~e present, however, F~g.. 5. ~s regaXded as a .Useful pra.ctioa.l
~de,with .a not unreasonable theoretical fo~tiQl?. '

.1

. AcKNONLErX;MEr'rr-
.. . .....:...

The, ~thors are indebted to: Dr. P~H. Thomas for helpful discussion.
. .1 l

.... ?t. .

.,

studi~s of the ignition of ~J1yers::of beech sawdust on a hot surface
1 ! f' " '"" . .

, confirm.,~~ results of other woZ:k~rs tl:!at the depth of the layer is the most
importallt, f~.aotor affecting the ~um ;tempe~ture of' the hot surf~e for
i. ,.,..,-Ition t. .. . " ,.. ,
~ .' . .~ t·!" .. ~'. ~ .-: ~

'"l· ""1' _ • r"· n ..

Th~ eXperimental results hav~ been' adequately correlated by a thennaJ.
, theory 0'1 i:gm.tion based on the s~le model: of a first order exothennic
.reactian~.':ih which Thsa of reactant m8\V be' neglected and which obeys the
Arrl1.eni~ l~w, in a slab with one; :.,i'ace ..at a ~tant high temperature and
the other.1cooling. to the surroundings." , ~" . '

.~.< 1 ...... -, ~ :"

..

Application of' the theory t9 ~the results, for a given material y1.eld ·two
···....···· ..·rea.ction constants; E, the activation' energy: and QF, the product of the

heat of reaction per gram and the ;pre-exponential factor of the Arrhenius. .. " ~. . ."
equation. Once they have been determined, criticaJ. .depths and temperatures
for ignition m~ be ·prediot;ed.

, ( ..
AJ.though the simple reaction..;model appears to be adequate for the ranges

withiJ'l w~~ the variables have 'been exandned, it does not follow that the .
reactions!~~sponsible for ignitipq are ~o simple or that E and QF have
any abso,l~te significance. The~e.:is, in tact" an indication tha:t the
ign:\.tiOZ1. process, is more complex> than has been assumed.

The.,~~ozy predicts that the~density of' ,the layer will affeot the
ignitian,. temperature in~ 1~~*, ~, and' this appears to be borne out .
by the resl4ts. . ~~: .. ..; .

~. ~-.. J>- ••

". FO<Bi~e fractions in the'ia4ge 18-120 ~.S ..- ignition was independent
'of particle size. T~e si~~ ~~~ passing ,120 B.S. ignited at
signi£ic~tly lower temperatures r- .at l.east in. the thinner layers '- than
the C08J."S~rfractionsat giv~ ~.~.,' . : .

,1 ~ ( r t ..
t " ..., . ~. ,i• ., I, ..

'( 1. .",

:) ~ ii ... Ii ,.. t. n;;. "
;,
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Thennal conductivity of beech sawdust

"

"

,",' .

A tabulated value(13) for the thennal conductivity of sawdust '
, : described as "various" fld of unspecified moisture content, is 1.4 x 10-4
, cal CIIl~2 s-~ (OC cm-l ) - at a density of 0.2 g cm-3. Since, for the

present purpose, a value that can be regarded as more likel.y to be,
representative of dry beech sawdust is desirable, and it is also necessary

, : to estimate the ,effect of changing density on the thennal conductivity, an
" attempt has been made to calCulate the conductivity of the sawdust from

the bulk properties of beech wood. '

An eqUation due to Maxwell(14) expresses the thennal conductivity, Ka,
of a porous or granular material as

\
',"

Ka = Ka. 1': (1.': aR'pIKa) b

_ 1 + ,(a - 1) b '
,',

..........c,)
I ,. :., '

" , where,
n , ,

r., n ..

. ".

,'1; . \..

.""', ~

:, r.
~: :t ~

o 1 .\

,a '= 3 K/(2Ks + Kp) ,

,b = Vr/(Vs + i~)':; ';
Va ,= volume of oantiiluOUB phase,

Vp = volume of'~jsc~tin~-G.s phase,
..' •• A

Ks = thennal oOnductivity ofoontinuOUB phase,
:: ~;I ;1 .

Kp = thennal ~anduc\ivity of, discontinuous phase.

, '. ' Tl].e' equation was deriv.ed from small, values of 'h, but 'according, to
, . EU~OllP5) ,it is valid for ~ ~ up: to 0.5. According to de Vries(lb) the

acaurli.oy of the equation dependa aJ.so on the ratio of the 'conductivities of
the continuous and discontin¥OUS phases•.

• n

',- .' For" a granular material, SU~ as saWdust, where .the mass of air in a
, gl.ven volume is small compared with the mass of, the solid, ,it can be shown
'that F.

: where,
..,

-. ,.'

,
, .'

fOa = bulk denS';.ty of mat';riaJ..
;f n .,~ ~:

fOp = density of parti~~es.
, ~ n j: ,

F,9r dry beech of density 0.70, MacLean's fonnula relating thermal
conductivity to density(17)~Yiela.s K =.' 3.93 x w-4 c.g.s. units for ,
oancuc'tion across the graizi.:i The:tabulated value(18) is 4.00 x 10-4 but,
since 'the moisture cantent :t6 whiCh this'value corresponds is not stated,
the' fomer. value is used below. ;; , ,

,-,

C1 "
."

n " ",

" n .:
~ "
n j, ',

.-
r

~I
"

, ..

Mli.cLean's results(17) 'On Dou~as Ffr and Red Oak of moisture content
: ra~gl.ng from 6 to 15 ~er odnt showed that thermal conductivity parallel to ','
the grain was ~ to ~ times the oonduotivity across the grain. Ta1d:ag a '

. mean value of 2i for'this factor, the thermaJ. conductivity for beech
, , parall~ to ,the grain is es~imatea: as 9.8 x 10-4 c.g.s units. ': , .

\

t·
·········; •..• _w':- .
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, For random:IJ oIi-entated Fartie:1es of beech sawdust we use ,ar:oan.ci:lJati~ty

, equal to i(2K across '+K .along) , i.e. 5.9 x 10-4. Taking the oonduotivity
o~ r as .0.586 x 1O.q. and 1nsertin~ thes~ values in ~quation (~) we have

", \. ~a = 0.586 1 + 1.56 b x.lO-4 e.g.a. unita.
1 - 0.78 b /

The 'f'olloring values' for Ka are of interest in this note: ..
I..

. I

• .0

a. b Ka
·0.26 0.36' 1.27 x lo-~ o~g.s. units

0.28 0.40' 1.35 x 10-4' It

0.37 0.53 1.76 x 10-4 .tt :.

0.44 0.63 2.16 x 10-4 n,

de Vries~ s oanelus~ (16) .in~te 'rthat ;.tor.·..tlie bi·gb.er d.enai ties, the
caloule.te~.;therma;a.. ccm.duotivities IIl83' be :too: low by 10-291&. I
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APPENDIX II
'I

Details of calculation of activation energy eto.

1. Calculation of

... ,­
J

The sawdust is assumed to be inert so that the heat flux at the 0001
sUJ:"face is'given by the simple conduction equatd.cn, With this assumption
the cool surface temperature is determned by graphical soluticiD.l of, the
,f~~gequationfor the thennal balance at, 'the cool surface::,"

.'
..,

'.

·where
- .--,

and .= temp~t~s 9£ hot surface, cool surfaoe,
surroundings 'respectivelyt OC.

" .,

~ .~ . f '= Stefan-~oltzmann constant, c.g.s~ units.

convective heat transfer coefficient.

~ '.r<. -,

, .

hc =
c J ?.

The temperature of the surroundings was taken as 250C.
~ ~ ~: ;- : ~ :l

For temperatures of the Cooilt sl.U"£aces Qf the dust layers estimated
in!tiaJ.ly -on the assumption of turbulent conyection the product of the Prandtl
and G1'8Bhof' ,Numbers was between G~x 105, and 6 x lOb. The following expression
for the ~~a~ transfer coeffioiel1t" for stream) ine conveotion, ,was therefore
used(19).~", " . . "

o .J .' ~ ~ " ""

he = ,9.86 x 10-5 (t6 - t o)1 . 25 cal cm-2 sec-1 °C-1

LO.25

~'

. .

,-,:

. . The ~teristiC? length '~'l; was ~ taken ~ r,J1i where' r was the radius
of the dust la\1ers. ;'1 .~i ,;. ':

, Since the dust layers did n?~ cov~r the~<who1e surface of the hot plato
they were surrounded by an annulUs' at a. temperature higher than that of the

'. dust la¥ers. Convective heat loss from the dlist la;yers is therefore probably
overestimated by the. ab9Ve expression and surface temperatures correspondingly
too .low. ~, t ~ . . '1 " C '. ' . . '

.' ~': ,:I,. ... v'

J,
j ~ 0<. is.~yen·by r~ ,11,

~

r~," ~\ ;;

1 . r; ~~ ~ 1 t ;i~ t'
II '0<..1";:: = -o p 81
!n t I-, .

i(ts
I,

," " - to)
1

'.

- 3. Activation energy .:
.i

:'

r, .

"

, . We have' .
.. ;.

, ~, f)

1:'~ '.
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where the'subsoripts 1 and 2 refer to two points on the line

It is necessary, first, to assume a value of E in order to, ca1cula:t~
Q and so obtain 8 0 fran Fig.l. The ,value of E ~QU1ated_ f,;'om the
~ove ~quation is. then used to correot,' :00 and·, S c. ,F\l:rt.l1.er approx:i..mations
~a"Y" be made ;l.f de~d, but they Will" usUally be unnecessary since a0 .

appears in' the logarithms,@.d, ~ is:,therefore relatiVely ins~tive to
systematic errors 1n 8 C. '",' ,:-' ,..;;';, '" , , " ':' " ,
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