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,,,,[OULDERIllG IF DUm'S k:D L'IB..'lOUS j'lATERIALS
"PART 1. 'BEJi.XjH will DEAL &dIlU8T8 IF STlLL AIR

by

jj\ E. T. King;mal1 end K. l'T. Palmer

The smouldering of beech and deal savduat s in still
air has been investisated. The dusts were fanned into
small trains and the line<;I' r-abe of propagntLon of
smouLderLng measur-ed, 'rhis rate, Has SIOH and was not
mo.tericlly af'f'ccted by voriutions in packing density J

par-t Lc.Le size, moisture content or size of train provided
th~t the l~tter is greater than a certain critical value,
dependi.ng chiefly upon the particle .sdze of the suwdusb ,
Pr~ctical applications of these results are discussed,

Introduction--------

A previous investigc.tion ( 1
) has disclosed an almost complete lack

of information on the phenomenon of' smouldering in common combustibles:
in particulnr, the rate of propagation and the conditions necessary for
sustained smouldering have not been deterrained. Apart from its value
in the theory of solid combustion, such lcnowledge would be of the
gr-er.tes t assistance in the exomi.natdon of the deve.Lopraerrs of fires.
Thus, there nre many insta,lces of considerable time Lnter-vc.La be tileen
the latest !Jossible time of ignition and the observcc1 outbz-eck cf fire,
eapecdaLly \lith staclccd mr,terials. In such cases, sponbzneous ignition
is often recorded as the cause of fire, purely on the basif of the time
lag between ccny possibility of' ignition by an external source end the
outbr-eak of fire. If sustained smouldering can occur D.t a very Low
r-at e of propagation, hovever , it offers £1.11 c.lternD:~ive exs>lnno.tion of
such fires. It is, therefore, ossenticQ to knov nhich mnteriols nrc
ab.Le to sustain smouldering and ,,~so t he ro.te at which it can propngate
in those mnteri~ls.

An investig['.tion of the properties of' .s.I~loulderine in some common
combustible dusts' and fibrous mcterio.ls hes' been started and this note
dc scr-a.bes exper-imerrbs upon sD.rrdusts of 1'nglish beech (~'~s sylv(\tica)
~nd white deal (Pi.cea exccLsc}, \'Iood sawdus t Vias used as it is Co very

'common canbustible end follO\lio,g consul tation, with the ;;'orest Produc'"s
Research 1cborator~r, beech \7e.s chosen as 0. standard because:

(a ) it is relD.tivel:i' homogeneous, there is little difference
between sallYlood ,?11d, he nr-twocd

(ii) it is not 'resinous rold SO ,sieving 'would not be seriously
affected b'J cohesion, of the particles

(iii) the sawdust pcr'Cicles are a.)proximately cubic and so a given
sieve fraction contaf.ns uniform particles.
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The beech sawdust vias formed into small trains and the effects of
packing density, ~article size, train size and moisture content upon
the rate of smouldering nere studied indo]endently. Some experiments
were repeated using deal sawdust, a softer resinous wood, in order to
determine Hhether any marked d if'f'er-ences in behaviour between hard and
soft woods existed. All the exper-nnent s r-ecor-ded. her-e were carried
out in still air, at atmos9heric ~ressure and tmny~rat'~e. .

.. ~ •• t

The be8ch saudust was prepared and sieved from seasoned timber,
by the tore:st Products Research Laboratory, into the fractions shown
in TobIe 1. fhe moisture contents of tnc various fractions, as received,
er-e aleo givenj they were de'berrni.ned by measuring the weight loss of
1 gm sunl~)les o.ftor heating to constant \'"lcii~ht in a hot air oven CLt
1050C. Heat in::); for 'I hr. \"iCLS found -Co be sufficient.

'rable 1-----
Charncteristics o~ thc beoch SD.\ldust

For some experiments the moisture content of the beech was
Lncr'eased above tho..t shown in Tc.ble 1 by Leavang the sawduat over
we.ter for several days in an evacuabed vessel; moisture contents up
to 24~.) wer-e obtc.ined by this method.

'l'he deo.l sa.\ldust was produced by [l. fine-toothed circulct.!' SD-W and
w~s then sieved into ~our fr~ctions, det~ils of ¥hich ure given in
Table 2; the portion which did not p£'.Ss n mesh ...;rf 12 B. s. \l~ dLscar-ded,
The moisture corrtents of the vrxious fractions were determined us before
and are shown in T~ble 2, no cxperimerrt a wer e caz-r-aed out using de aI
s~wdust with increcsed moisture cOhtents.

Chcrncteristics of the deal 3~wdust
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The beech and dc::J. aawdust a were formed into smul.L tn'ins, f'rcm
moulds, in order to fC'.cilitc.te mcasurcucrrc of tho r~·,te of JJrO?['.gD:~j,cn

of sffi0uldering; .one of the uicuLds is shown in Pl::tc 1 (left). The
moulds wer-e of sheet tnecc.L, rrith slo)i.1[1 ends , and their cross-sections
wer-e segments of circlea. Each vas 15 - 16 em. in length; other
dimensions are given in Tuble 3.
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Table 2

Dimensions of the Lloulds used in the
detenuinations of mnouldering rates

-._--------_._------_._..,.
i r/idth

,
I l.iould ~op Ver~ical depth along centre
I
I em emI,
i-. v __

I

I b. 1'35 0'30

I B 2'35 a-so
! c 3'55 1-00
I D 5·10 l' 65I
I E 7'25 2'40I 1" 9·85 3'70 I

'j

-- *--1

Two wedge-shaped moulds with slo~ing bases vere used, in addition,
in order to determine the nummum thicknesses for sustained smouldering
in layers of' the various grades of sawdus t ; one of the moulds (Y) is
shown in Plate 1 (right), 'l'he dimensions of these mouLds , which were
of trapezoidal cross-nection, are given in Table 4.

Dimensions of the wedge moulds

--... ·1· .....-'----

[l\iOuld I Base width IVertical depths at ends

I i -, §;~-'i-' ;:zg ~~ ~:~-~
~_-.. •.-l.....-__._ __. ._

The aame exper-Imental, procedur-e for detenninution of the r-ate of
pr-opugat i.on of sYlluulderinc" 'WD.S used wi til both Hoods: the required
amount of snwdus t Vias \7eighod out I gentIy IJOurE;d into the mould, and
LeveLl.ed by runrring [.;. Sl)r:tulc <:.long the top of the mould.

In order to produce the higher paclci.ng densities it \/D..S found
ncceaaary to use c. considerable compressive force, this \7::'5 obtcined
by pln.ci11g 2. metal :9J.~tt: over the top of the mould end clvmping in Do

srl1i.~l vice. The content s of the mould Hero turned cue on to 8.

strip of ~reviously dried ~sbestos millbourd, a~- vertiecl expro1sion
Or contre.etion of the trr.in mecsured, and the smouldering V/o.S then
initic.ted by 0. smo.ll gas f'Lame , The combustion zone "as allowed to
advance 2-3 em along the trc.in before timinG conmenced; the time of
travel was then measured at centimetre interve.ls over a total distc.nce
of' 10 em, the mean time !'er em be.ing taken as the "bur-nang time."
If' the smouldering ceased before the 10 em were connleted the train
was classified as "not smouldering.tl' -

The wedge moulds «ex» filled with undried ::;awdt:.st at 0. medium
packing density and truins vtex:e formed as above; smouldering VIM

i11itic.ted c.t the thicker end of the tr~,ins end the height of' sawdust
vias mensur-ed , to the ·,'.~o.rest mm , c.t the point wher-e combustion ceased.

All experiments wer-e cD.rried out in a drc.ught-free fume cupboard.
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Results

In the determinntions of the routes of smouldering, with moulds
A-ll' (Tc..ble 3), it was found that t:ie combuairi.cn zones advcnced at
uniform r-ctes along the trc.,j,nn y..h.l.ch underwent f:uet('.ined. smouldering,
whether- the s awdust was beech or dedi thus ths burning time (mins/em)
1100s independent of the distc.nce' tn.-"ellad oJ.eng the t.rcjn. The'
smouldering of a train of beech sP.wdust f'r:l1n mould D is shown in Plate 2:
the shar-p division between the burnt and unburnt portions is er.ai.ly
visible; Plate 3 shO\7S a similnr train toot nas burnt out, the sawdust
being reduced completely to ash except at the edges of the tr~in.

The combustion zones of trc.ins IIhich bnrely susbrd.ned smouldering
were relntively ncrrover 'i;hDJ1 that shown in Ple-te 2 and tended to
wander- le.ter:llly, en example of this behcvt.our is shown in Plc.te 4 where
smouldering h~s ceased vQthin the train. The burning times of these
trains, cnlculated from measurements of the actiual, path of the smouldering,
were- in agr-eement VQth the results from the experiments in Vlhich
combustion proceeded steadily.

The burning times of both the beech and deal trains were reproducible
tci within ±. 5iS; in any pnrticulnr trD.in, however, the vnriation over
'che 10 cm length was smaller and was less tio.n.n that LnvoIved in the
estimation of the position of the combustion zone.

Effect of packi~sity The effect of packing density upon 'the
smouldering rate woos in'Testigated for all sieve fractions of the
undried beech sawdust end the results are shown in fig. 1, wher-e the
burning time is ~lotted against tI,:> pac2cL1it cbr..,:i,ty (cclculated on the
dry weight basis). .All trains stexe formed from the same mould (D, 5 em
ill vlidth), which Ylns the sme.l.lesf to gjve suat cf.ned smouldering in the
conrsest frnction of snwdust: conse~uent~y the number of experllaents VQth
the finest frllctions was rcstricted by the ~uo.ntity of these grade a
available. The effect of p ackang density upon the smcu'ldez-Lng of dried
deal cawdusf is shown in fig. 2, the trdns being formed from mould E
Ylith the 12 - 25 B. S. sieve fr:J.cticn; the sc.wdust was dried by heating
ill the oven at 1050C for 1 hour, accompanied by cccasaonal, stirring•.'

Effect of train size nnd partj,cle size of b_~_ch saVldust' Experments
were corried out on the undried beech sawdust to determine the effect
of the ')orticle size and trr.in size on the rate of smouldering. These
tests w~re curried out at two vafues of the "ncking density (high end
low) nnd the results are shown in Table 5. in some experiments at the
higher density hoy/ever, the trains expanded d'ter f'crmatdon, SO that
the fino.l density'vlas inte..rmeddate between the high and low values,
the results of these experiments are mcz-ked by an ~.sterisk in the
tnble. The results obtained from trains of lovi paclcing density and
vnrying l'e.rticle size from mould D are shown also in fig. 3; 0. similar,
curve vias obtained 'with trains of high packing density.

•

.-

•
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Table 2.

The burnin~ times (mins/em) of
trains of undr-i.ed beech sawduat

! .
j Burning time vii t h ~rains from mould
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-.---_....

11.0

11,1

10.5::£

10.7

; !j I
B I c i DI.

I I
!
I

n.s n,s 11.1

I
I
I

I
I

".'1.

n.s

n.s

n.s

n.s

n.sLOYI

LoVl

High

20-40

Sawdust I Packing
fraction 1 density

IivilJi,

40-60

j -1----+/
n.s ' n.s I' 11.6I .

I

n.s I n, s

n. s j._n_._s-+__-+__~__=-_
n,s j' n,S 9.9¥- 10.3 I

-- -- - _ .--+- - - - -+-_._-- !60-80 1-- __ - I

+- -+ --+__n.~ n.s j 11~9 I 10.4 , - 1-~--
n.s ! (9.5) I10.~~,

80-100 .1---, ~ 'f-+-t-.-. '~-'

r
l

'-ilr-'~_HLo-i~_~/'h -1+-,'. ~.~ __~.8, -
• n, s I - : -' 8.9 I - i

--~+----f-.-- ~ ~,-~
100-120 High i1,S I s.o-l 9.9!

I i I

•

"

---.

i'IJOTE3

Low packing density: J:-- 0.25 gm/ml
High II 11 • ,·t 0 28 II II

*denotes measurement u;'oh trairis of medaum packing density
(0.26 - 0.27 gm/ml).

n, s denotes "no sustained amou.lder-i.ng "
denotes llnot determined ll

( ) denotes measurements doubtful m7ing to lateral wandering
of the combustion. zone.

i.Iany of the trains, Lncl.ud'i.ng those which did not give sustained
smouldering, Here found to, burn YlJ.th c. flame for periods up to 30 sec.
after the initial application of the pilot gcs flame, The gas flame
was used as a source of ignition because it tended to give even zones
of smouldering acr-os s the whole width of the trains. The flames
appearing upon the s awdus t , during ignition by gr..s, Here blue in colour
and s Low.ly decreased in size as exti:1ctiuYi v.'D.!3 u.PlJroached; they were
pr'obab'ly caused by the ignition of the volf,.ti:e 1~'E_teria13 evolved in
the smoke during the init i.al. C'.?plicLltion 0::'"' the ppot light to the vrcod,
Smouldering end t'Lami.ng «ere .i.rri.ti at ed s lmul.tuneous.ly by the pilot
f'Lame , but the former did not produce sufficient smoke to maintain f'Leme
after the initial evolution of volc.tiles hcd subsided; thus flaming YfC.S
not sust cf.ned,

smouldering in some tr.::ins could be initio.ted b37 c. glovring
cigarette-end, this method wou.Ld not have produced f'Lami.ng ,
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Effect of the moisture content of the beech sawdust A series of samples
of beech aawduat vIith moisture contents varying fraIn 0 - 24,6 were .
prep~ed as described earlier. ~le effect of the moisture conteut
upon the burning times of two sieve fractions io shown in fig. 4, t.he
relationship between burning time :md moi3'\;ure cor:tent being D.j:.prcximately
linear. In these experiments the dry weight packang dcnsi\v cf' the
trains .78.S kept at a constant Low val.ue (0. 2~ gm/ml). ~'ains '\:Ihich
sustained smouldering Hith diff'iculty (i.!-;. showed pronounced wancering},
Hhen constituted of beech sa\'ldust with the original moi.3tl'.re content
(trablc 1), burned more strongly when dried aawduat ,tas used ; conversely,
increased moisture contents often rendered tnem "non-smoulderingll. The
minimum size of train abie to sustain smouldering was, therefore, to
some extent, dependent upon the moistUl'e content of the sawdust.

J.1"Urtlwr eePeriments \/iih_.geal savduat The effects of train and particlt::
sizes upon the rate of propagation of' smouldering Here e.lso investign.tcd
'i'lith deal, sawdust , both dried J.J,"1d undried, at 10\1 and high dry weight
pecking densities. The burning t imes observed are shown in 'fable 6;
the val.ues given ure cor-rected for the extra distc.nce trn.velled during
the Later-al, vanderting of the combustion zone in -err-.ins which only
oustuined &uoulderil1g Idth difficulty.

The burning times (mins/cm) of trains
of undried end dried dea'l sawduat

Low

12 - 25
High

25 - 60

60 - 72

Low

72 - 12(.
! High ..

n.s

A

n.s

F

.-

NorES

Low packing dendty: e,. ~5 gut/ml
High 11 II 0.22 II II

The mo'isture contents of the sieve fractions of the
undried aawdus't are g iven in Table 2. 'rhe dried sarr-nst
was prepared from undried snvdust by heat ing 8.t 105. c t o
constant weight.
Other o.bbrevio.tions as in Table' 5.

.-
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The minimum height of train necessary for sustained smouldering
to occur was investigated with the wedge moulds (1, Z) using all sieve
fractions of the beech and deal aawduat a; measurements were not taken
upon trains in which the smou.lder-Ing zone had wander-ed to the edge and
extinguished since combustion might have continued if the ~rain were
wider. 1'he results of these experdment.s lrith both types of. wood, are
shown in fig. 5; the point IIjS[11 was obtained from measurements upon a
train composed of a mixtur-e of equal, Y13ights of the 12-25 6J."'1d 25-60 B.S. deal
sawdust fractions in ordez- to procure an approximate result for an
intermediate pnrticle di.ame ter ,

It was noticed during D.1l '~he experiments vlith deal sawdust that
the smoke evolved during the smouldering was considerably more resinous
than thut produced, by beech suvmust and caused heavier condens~tion of
taIT~r mat erdala in the fume cupboard; the smoke from deoJ. sawdust al.so
seemed to ignite more' readily than thnt from beech.

As beech is a homogeneous wood it was expected thD..t the vorious
sieved fractions of the sawduat rzouLd have identical compositions;
this was supported by the uniform results obtained in the moisture
content determinations given in Tuble 1. V~iD..tions in the composition
of different sieve fr~ctions would be produced lath less homogeneous
~oods, since during the sawing the herder portions'uould tend to yield
finer scvrdua't thc-n the softer par-t s ; agadn , highly resinous p;:·rts mt;y
react to sD.wing in a different marmer- to the remainder. OonsequentIy J

the VD.rious sieve fractions of the dec.L SJX!Qus'C were less uniform in
composition thun those of beech; afao 'clIe pc.rti..::le diDJIleter of the
dec.l aawdust was known less precisely owing 'GO fhe mor-e D.ciculc·r form
of the par-t i.c.Les , ;I'he var-Lr.t Lon in the s Leve f'r-actri.ona of the der.L
snwdus't is apper-ent in their non-uniform moisture contents (Tr,ble 2).

. The effect of variation in packi.ng density u::-)on the bur-ni.ng time
of. beech aawduat , shown -in fig. 1, was sl~.gj,1t for 3lt the sieve fractions;
the maxdmumvur-LatLon for c. given p::u:'ticJ,e size waD not more than tb~t

to be expected from experimentD.1 error (+ 5;oj) and S,) uhe mcxama obtaaned
in the curves mey not be sigi1ificcnt. \iith the deed, sc..~'dust a lineer
relc-.tionship ,/o.s obtained (fig. 2), c.lthough the burning time Lncr-eaeed
by only 13,~ of its .Loweat val.ue U1.roughout the entire r-ange of packing
density; thc.t is from the Loveat to the highest value thc.t could be
cbtrdned by using Co vice for compressing (an increase of 25iJ). Since
the burning time is the reCiproco.l of the lineD.!' smouldering r at e ,
(em/min), it f0110\is for both beech end deo.1 scvdusf thc.t as the packdng
density mcrenaes the mcas r-nt.o of smouldering <em/min) al.ao Lncr'cusea
and so the temperc.ture of the combustion zone dso probe:.blY rises.

The Lncr-ec.se in the burning time of' beech jsawdua't ·.-Iith increo.se
in perticle size i.s shown in Table 5 and fig. 3; it is, al.so evdderrt
in fig. 1. The incrco.se WD.S smcll over the r-cngc of pertic10s
investigc.ted, for exornpLe in troins from mould D it ancr-ecaed from
8'9 min/~n to 10'9 min/cin ~hilst the pcrticlc size TIo.s in~e~sed by
300~:; from 0·012 em t o O> 046 ~ (fig. 3) j however Y1ith very smcl.l
par-tLcLe sizes (less then 10- em) the relative Lncr-ease in burning
time mcW be gr-eet.er-, The results of similor exper-Lmerrt s with de al.
aawduat (Table 6) are less significrnt owi.ng to the pz-obabl,e vrxio.tions
in composition of the sieve fr['.ctions but the gener-al, trend 'ilo.s similDr
to that observed uith the beech.

The ef'f'ect of the m'1ish.:re canted of th2 "cei upon the bur-m.ng
times of beeeh aasrdus't was investigc:ceJ. and. the r-esu Lt s , grven in fig. l~J

show that the burning time increases appr-oxamr.t.e'Iy linearly Vlit11 moisture
content over a wide range; although an increo.se in moisture content
from O"~ to 24;~ produces only a smaLL increase of 3 - 4 min/em in the
burning time. Experiments witJ..l deal sawdust showed th..,.t drying decreased
the burning time (Table 6) but, r,s no exceptLonaf behcvaour was evident,
a more detailed investigation wes not undert~ken.
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With neither the beech nor the deal sawdust was there any indication
thllt the size of the train had o:rry ffi!\teri.vJ. effect on the burning time:
in Tc.bles 5 and 6 there are slig~t vcriations in the burning. time but
they are haphazard and within the l!.mi.t.'3 of exper-iment al, error. T~9'

size of the train did, however, d9ten~ine whether s~ouldering could be
sustained; thus no train f'orrncd from t he smallest mould (A) with
either beech or deal sawdust would support continuous snculderi~, although
initial, ·tre.nsient, fleming was possible. Th8 results obtained f'r-om
experiments with the wedgo-ahaped moulds (Y and Z) showed that a layer
of saWdust would not sustain smouldering if its depth were less than a
certain critical value, depending mainly upon the particle size of the
sawdust i changes of packing density and moisture content produced only
slight effects as m~ be seen from Tables 5 and 6. It is shovm in
fig. 5 that these critical depths are related linearly to the particle
size over the range investigated, within the limits of experimental
error (t. 1 nun); the position of the point M (obtained by mixing two
sieve fractions) indicates that a mixture of ·sawdusts of various particle
sizes nill probably have' a critical depth equal ·to the weighted mean of
the critical depths of its components. The values obtained with the
wedge moulds for the critical depths of the various sawdust fractions
were consistent with those which mo;y be deduced from Tables 5 and 6 end
the dimensions of the moulds A-F. The smouldering. of trains slightly
deeper than the' critical value was characterised by the wo.ndering and
no.rroning of the combustion zones and it is probable that the critieal
depth is independent of the width in c, horizontal layer. It is noteworthy
that, within the limits of experimental error, the burning times of
trains with erratic smouldering (wandering of the combustion zone).vrore
the some O:s .'those of 'deeper trains in which smouldering was rdo.intained
without difficulty; thus a leyer of sC\w~.uc'.; will either not support
susteined Smouldoring or will propagat o it e.t a rate independent of the
depth of the layer.

The experiments described in this nete have shown thnt the burning
time of eithor the beech or the deal sawdust was not mc.terially affected
by chenges in packing density, particle size, moisture content or size
of train provided that the latter is greater thnn a certo.in critierJ.
vrlu<J, dopending md.nly upon the particle size. In tho investigr.tion
of the initial stnges of fires which may hcvo result'<Jd from smoul.der-tng,
those properties. have u eonsiderc.blo practical vrdue because it is
possiblc. to obtc.in an ·upproxime.t<J figurc for the rate of propo.ge.tion of
smouldering which is· independent of tho condition of the sawdust. It
was also shown with some trcins that smoukder-Lng ceuld be initiated by
a glowing cigorqtto:cnd.

The effect .of ·ve.riatio~s in the conditions of combustion, especially
the effect ofdrnught and the. trOllsition from glowing to flaming
combustion, remains to be investigated in detail. Preliminaryexperi­
ments with a vlind tunnel showed the.t the rate of sm~uldoring of beech
6uwdust is markedly' eltared by 11. drnughb , e sevenfold increase being
obtained with on cirflow of 8 m.p.h. ~uture projects include measure­
ments of the' temperature of combustion cr.d invostigetions of the
smouldcring of other dusts end jute cloth.

Conclusions

The work so far carried wt has been concerned with smouldering
in still air, the maiil points arising f'rcm the results are:

1. stea(ly smouldering may be initbted in beech and deal sawdusts
and its rate of propagation is very slew ccmpar-ed to the rate of spreo.d
of fll'lllle.

2. The rate of smouldering is not appreciably effected by
varie.tions in packing density, particle size, raoasbuz-e content or train
size provided thnt the depth of the trc.in is greater than a critical
value which is related to the pe.rticle size of the sawdust.,

•

,
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3. Snouldering Vias easily initiated, evg , by a cigarette end, and
so it may be the first stage of deve'Lopmerrt in many fires.
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PLA1E TYPES OF MOULD USED IN
·iRAlN FORMATION

PLATE 2 THE SMOULDERING OF A.
TRAIN OF BEECH SAWDUST
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PLATE., A TRAIN OF BEECH SAWDUST

IN WHICH SMOULDERING HAS

BEEN COMPLETED

PLATE 4 WA~DERING OF TWE COMBUSTION

ZONE IN A TRAIN OF DEAL
SAWDUST

FR<D
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FIC. I. EFFECT OF VARIATION IN PACKING DENSITY UPON THE BURNING TI ME OF BEECH SAWDUST
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FIG.2. EFFECT OF VARIATION IN PACKING DENSITY UPON THE BURNING TIME OF DRIED DEAL SAWDUST (12-25 B.S.)
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