
..

F.R. Note No. 149/19~4
Research Programme
Objective B3/(1).

COMMITTEE

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
oonsent,of the_Director, Fire Research _
Station, Boreham Wood? Herts. (Telephone:
ELStree 1341 and 1797).

SMOULDERING IN DUSTS AND FIBROUS MATERIALS
PARI: XI. PROPAGATION OF SMOULDER:;:NG INSIDE

DUST HEPJ?S

by

K. N. Palmer and M. D. Perry

Sumrrsry

This note gives an aooount of some experiments oarried out in still'
airon.smouldering fires resulting from small sources of ignition
buried in heaps of dust of up to 85 em in depth. rhe heaps were either
formed from flat-topped conical moulds or contained in lidless boxes, and
the smouldering was in~tiated at'the bottom and propagated upwards. l

The results have shown that a small source of ignition when
.- buricd in a he'ap of dust can initiate and propagate smouldering upwards

through the heap for many days without visible signs of eonibustion;
all 85 em. depth of mixed wood sawdust" for example, was f6und, to take
over 12 d,,-vs for the smouldering ,to penetre.te to the surface.' The time
for the smouldering tC' penetrate varies approximately as the square of
the depth of dust; the rate of smouldering is consequently inv'ersely
proportional to the depth and is,· in general, appreciably slaner than
when under open conditions, and for large. ~~~Y3 may,beeome very slow.

When the smouldering penetrated the top surface of a heap the
smouldering was observed to spread out over the surface and i;l1e sm0ke
produced inflamed above the smouldering region, even in still air.
Larger but trfu,sient flames occt~red as a result of di3t-rrbing the
smouldering heap and allowing the core ef carbonized ilt:st to fall in
fine suspension through the air•

Some practical aspects of this work are' briefly discussed.
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" ,

September, 1954.'
I

File No. F.1020/4/1

Fire Research Station,
Borcham Wood,
Herts.

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



r-'
i

;

" Introduction

Earlier work in this series has been concerned with the behaviour,
of certain co~"on combustibles smouldering in shallow layers in the
open, either under conditions of still air or of uniforw. draught.
Although smouldering under these conditions is procabIy the form which
is most frequently encountered, an alternathe precess could deveLop
from a source of ignition v.hach had becomebu::j ed in t:L~ c cmbus tribLe ...
Smouldering might then spread outwards from tfrls source through tt-.e heap
of combustible until the zone reached. the extez-na.L surface, a~'ter wl,i(;h
it could propagate under open conditions and spread over the ,surf~ce

of the heap. -,
\ ,

It was not known whether a small buried source of ignition could
initiate and propagate smouldering in a heap of combustible. If
smouldering fires could occur in this We;j', i,t is important to know the
order of the times token, under specdf'Led cond i tions to penetrate known
depths of combustible, as these tir,Jes may be very different from_ those
for the open propagaticn of smouldering.

I
The development of smouldering ,from" buried source of .Ignd.tri.on

was investigated in a series of experiments in which only dusts were
considered; the dusts were either formed into'heaps or contained in
lidless boxes up fo about 90 em in depth. All the experiments were
carried out in still air.

Experimental

11aterials_ Four dusts were used in these experiments: two
saoplea 'of cork dust taken from the same supply but stored separately,
elm sawdust and a commer-cda.L mixed vrood sawdust , The dusts were used
because it was believed that thGir behaviour may be typical of other
closely packed materials in which bulk storage fires are known to occur.

'The 15 cwt supply of mixed woed sawdust Vias spc.c if'Led as bein~; homogeneous
throughout but there was evidence of some of the sacks of dust being
damp in places; in ccnsequence, the,contents of each sack were exposed
to an indoor atmosphere and mixed ')ef"re using but some variation in
moisture content was found t.e remaan, 'Ih'O distribution of particle
size in a random sample of each of the 'dusts is sho~n in Figur0 1;
further characteristics of tne dusts arc tabulated be Low,

Table 1

Details of the dust samples

,
I

Experiments i Still air Moisture Dry,, smouldering content weight
- time If %w~t packing

- weight density,

sec/om g!ml

Cork dust in conical heaps 210 8"6 0"14
II " " 1 ft box I - 8-0 ' ' 0-14

I
Elm sawdust in conical heaps

i 252 I 11·3 0"18, i
Mixed wood saWdust, in 1 ft box 456 I 18-0 0- 20 ,
. " II n II 2 ft box I 395 I 15-3 0·20 !

i I
n " n " 3 ft box' 351,-405 i 10-7':'12·5 0-20 I

I
, ,
!

*Determinations made on trains of dust formed from a,'
'mould 1-65 em in depth and 5-W em base ~lidth_
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Apparatus. The moulds were of; sheet metal and, were frustlf'a of
cones; some dimensions of these moulds are given in Table 2.' It will
be seen that in the series M-Q the'~ase and top diameters are ve~
approximately 3 hand 7 h, and for mould l',TN 9 h und.1l h reepeot ive Iy,

. '"'2." "2 2
where h is the vertical.depth.

•

Table? .

MOUl~J:~;:;:J.Or:.s :
I

---'-1·-----~--·"l

... I ~T rt" 1 d tb
.1 I

t ! T d"d"
i Mould ase lame er

I
. OJ? lame1.oer ! \e lCa. ep - Iem

\

em

I
em r

I I t

i I ~
I I

8~9
i 2" 5hI 3-3 I IN 7.· 5 17"7 5°2

0 10·9 I ·26"5 7-6
p 15~O

I
35"4 10~5

IQ 22-5 53-5 14-9 I
I I
I I

I I Il'\)N 22-6 . j 33-0 1 5-6
I I i

! i ,
I

The boxes were approximately 1 ft, 2 ft and 3 ft cubes internally,
, the smallest of which had walls and floors of t in. asbestos wood, the

remainder had floors of the s'amo mat~rial but their walls vrer'e of' sheet
metal. 1

Procedure (i) Using heaps of dust formeci from moulds. In each
experiment a mould was filled with aiTIeighed nmount of dust so that it
was level with the top of the mould and at the required packing density.
A t in. long fleIu0 from a small gas jet Was then applied to the ce~tre of
the dust for 1 minute, caus ing a chD.r~ed area of about 1 i.n" diameter..
After allowing the smouldering to proceed -~~dis~urbei f0r'a furtr~r

5 minutes, a square piece of 3.Sbs~tosl mi.l.Iboard v.'ac; placed over the rnozl.d,
the whole inverted, the mcuLd re~o."ea! a.'1Q any chanze in 't}1e height o:~· the
heap noted. 1,

In these experiments the times for the smoulder-Ing ':;0 penetrate
were measured from the time of formation of Jehc heaps to the time at
which the smouldering burnt through tp produce E'. t in. diameter blacl< spot
on the top surface of the heap (i.c. the total time minus 6 minutes for
the preburn}, One exception to this1 is the r-esul.t for heaps of cork
dust formed from mould Q, when the tin~ given is for an automatic

Il recording instrument connected to Q thermocouple, whose hot jW1ction was '
II in grazing contact with the centre ofl the top of the heap, to register the
" maximum tiempera t uro , With the le.rger piles, economy of dust was
'I achieved by supporting the sides of the heap, by having the dust
II contained on lidless boxes. I

Qi) Using dust contained in boxe s , A smouldering heap
II of dust formed from one of the two sma Ll.er moulds used previously was
j' employed as the buried source of ignition in the e:r.:pcriment s of' this type.
II, The, heap was. prepared and ignited us before and 'placed in the centre of
. . I

II the bottom of one of' the boxee, After the smouldering had nearly
propagated to the top surface of the heap, a weighed amount of dust was

Ilrapidly put into the box, burying the \heap, and the dust was then levelled
and pecked down to the required depth,' ~ Table 3 gives the time schedule

[f'or- these operations, also the .size oi11 source. The timos for the
smculdering to penetrate were measured from the commencement of filling

lito the emergence of the smouldering :.d, the top surf'ace of the dust, usua.Hy
il~s determined by the sudden .r-apad rise in terr:per::..ture of a thermocouple
,placed centr8.l1y. .
!I

!I

Ii

Ii
!
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The depths of dust recorded below for experiments 'of both classes
are the distances between the top of the aabestos millboard supporting
the heap, or the ignition heap, to the top exposed surface' of tne'dust.

In no 'experiment were the~ocouple wires or s£\.l1Ipling tubes 'etc.'
introduced into the dust; the possibility of Leakage of air along the
leads to the interior of the heap was thus avoid.ed~ ,

Details of experiments with <lust oC':(_tl:1i.n~d .':;~', ~~Of.(;~'

. I

,
Experiments

i

(Source of
j ignition.. '
! Heap from
i mould

i
i
I
!

Time
of fIe-me

applied ion
min ..

Furtl:.cr
time of

und.isburbed
smOuldering

min.

F,~:~~~--l
ti:ne in

box before
conimencement

of filling
, min.

Cork dust in 1 ft box M 1 5 9

I

Mixed wood sawdust in
1 ft box 'M 2 10

n 1I 11 1 ft box "N 2 10

" 11 II 2 ft box N 2 10t
II II II 3 ft box I N 1 2 I 10

I !
1

Results

8
68
68
68

In the first investigation the times for the smoulderir4'to
. propagate vertically to the surface of heaps of cork dust formed from the
.moufds M:"Q were measured. The result:; are given :;.n Figure 2 ....vhe:ce tho
times and depths are plotted on logarj:(jfilllic sca'Le a., 'In. [(dliitio:"l1 i~;

wat. found that, using heaps f'orrned f:c();:[ r.lc'..lJ.d N,'I .th(~ ,:ffc·::t of :i.::J.GreJ.;:;ir.g
the packing density of the dust from u-14 g/ml 'i.;c 0" -j 6 ,yinl Vi::.,'} >:0
incrense the average time for thc sI!lau~_d~rj,:lg to emarge f::.'o~: 50 l:1.inft to
60 min. Similarly, drying the duct ur~::' Le.aving t.he packang r1.BUG'l"ty at
its original value was found to reduce the average tine to penetrate to
39 min. In contrast, variation of the width of heap Vias feund (using
mould NN) to have less effect: a heap 5"6 em in depth whose top diamcter
Vias thrce times that used. norrnally required 63 nun, for the smouldering
to penetrate~ whereas the usual hepps would require 58 min.

The first investigation was repeated using heaps of elm sawdust
for comparison with cork dust heaps; the results are given in Figure 3,
the scales on both axes being again logarithmic.

·As already'stated the. larger heaps were contained in lidless boxes.
The ~esu1ts obtained earlier had suggested that the' depth of. layer rather
than its. width was the chief factor governing t'r.e t'ime required for the
smouldering to propagate through the heap, so th2.t it ";;-'\s expected that similar
results might be obtained with both dust arrangements. This was tested
using five different depths of cork dust in the' 1 ft box and the, results
are shown In Figure 2 together with those obtained earlier for moulded heaps
of cork dust.

Finally a- series of experiments using dust depths ~onsiderab1y

greater than those hitherto, up to 85 em, was carried out using tIill mL~ed

wood sawdust in "the 1 ft, 2 ft and '3 ft boxes. The division of the ~sults

in Figure 4 for this investigation is made according to t he size of the box
8:nc. the initiating source.
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~arance. The appearance of a typical dust heap at v,arious
stages of the propagation of the smoUldering is shown in Plate 1. It
will be seen that for the greater parl of the duration of the smouldering
there was no visible sign of the combustion. Within;J. few minutes of the.
smouldering' emerging, the surface be9ro~e damp near·the centre, shortly
afterwards the centre of the damp patch c1ried out, and this Vias soon
'followed by charring, the centre of .1hich being usual.Iy within 1 em of
the centre of the top surface of the Iheap. It Vias only during these
latter stages that steaming and the ev oLut i.cn of an acrj.d. smoke occurred;
previously the combustion was accompan.i.ed cnly :J'y" 3. f.:d.nt ~I!~;~J.l qui1;~
unlike that characteristic of the op~n smouldering of the 6.us'o.

There was little change in YOlle of the dust durir..g the cour-se o·p
the experiments, and the carborriaed rraterial formed in the oork all st
heaps was sufficiently rigid to eriabLe the heaps to be cut open for
inspection (as shown in Plate 1). On exposure to the air the black
carbonized mass started to glow over Iits entire depth, thus indicating
that at no point was combustion within the heap near to comp'le't ron, It
was also noticed that there was always a sharp division between the

'
1',1 Icarbonized and the unb~t dust•

. ,:1 The appearance of the smouldering in the experiments in which the
'dust was oontained in boxes. was, tor!depyhs less than 60 em, very
similar to that described above: thlfs a faint smell was again produced
during the combustion and there Vias little visible sign until the
smouldering had almost emerged. H~ever, in the experiment carried out
With" an 85 em depth of mixed wood savidust, pronounced surface cracking
occurred, and although the smoulderirig finally emerged from a crack, the
total time of propagation (overl12 d~s) was close to the extrapolated
value. Plate 2 contains six phot.ographs (including some close-ups)
taken at different stages of this pntticuiarexperiment.

In the experiments in which thejdust was ~ontained in boxes, the
rate of transfer of heat to the sides of the boxes was co slow that only
a very slight elevation in temperatute ocourred at the sides. The l~idth
of the cere of carbonized dust pr-oduced j.n tho,' ccmbu..:;+':,on se1;10;;1 exceeded
about half that of tho box during thd ·cj.med pert d' the oxper imcrrt s j and
on excavation at the end of the expeti;.18ntc it Was fcc'!,,~ ·':l".a"t tLc ,ius'.:
surrounding the core was quite damp.

It was found that f.laming could occur in two ways. :i'i..!': SU10k'"
produced, after the smouldering had penetrated t o ";he curf'ace a:o.d
expanded part way across, was found to inflame above the smot:Cl.clerir'i-!
region, even in still air. The fla~ did not, hJNeVer, spread acros~
the unburnt surfece of the dust but temeined staticnary over the smo~dering
region. Larger but transient flame~ also """='1'00when the smouldering
heap was distur1:cd and the core of carboru.zed dust allowed to fall in
fine suspension through the air.

Discussion

. The variation of the time for the smouldering to emerge (t hr.) with
the depth of dust (y cm) can for allithe conditions and.materials studied
in the present investigation be represented approximately by the
equation: I, 1 " I' ":.:":_\

11- t=Kyn

Where K and n are empirical conJtants having the values given in ,
the table below.
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Table 4

Values of the constants in the equation t =Kyn

y? ?, 15
~-'_C' 5 :~~ "f 5

4 2'-~ .~ 2~ I 5

M

M
N
N
N

Sou~c~ of ig~ition.

[iea.];, :~ro~n mould '
Experiments

Cork dust in conical he aps
II It in 1 ft box

o;~l'!l sawdust in conical heaps
Mixed wood sawdust in 1 ft box

II ~ U It in 1 ft box
II n II in 2 ft box
II " 11 in 3 ft bo~ i

r
L...._..
i ------.---------+--.---------

I,
I
I

."

The time required is thus approximately proportional to ';',;:',0 square
of the dust depth, and the rate of propagation consequcnt~varies
inversely as the depth of dust overlying the smouldering zone, and j a '
in general, appreciably slower than wnen under open conditions, and for
large heaps may become very slow.'

Although no systematic work was carried out o~ the effects of
changes in moisture content and packing density, tw~ brief investigations
suggested that both have a noticeable influence on the times of upw~rd

propagation of smouldering through heaps of dust. 0, This may be compared
with the earlier findings that thc rate of open smouldering in still air
of a dust is affected by variGticns in moistuLc content but little
effected by variations in packing density. In practico the packing
densit2r might be expected to have a Ylider range with large heaps than
with small trains_

The width of a dusi heap wns found to have little effect on th0
ti!Il~s for smouldering to penetrate. T~is is indicnted by tl'e re~:p.~l:b;.:

obi:;a:i.ned ''I i th heaps of cork dust from moul.d mr, the marked simil<tr~.i;y of
.thr; :r.e;:,l1.lts for cork dust in ccm.caf heaps and in the 1 ft box, F.n<t. }.'J"
'th£. sma.IL relative displacement in the l:1.nes for the mixed wood -:~:':15_'_I~:t
re~liiJ.ting from, changing from a box of one width to one of anotaer..

Experiments in which the mixed wood sawdust was used have ° shovn, in
addition, that deep layers can sustain smouldering for many di,ri '::"'..thout
visible signs of combustion, and aLthough a larger initiatin.; .':;.'~ce was
required for deep layers the size of the source was ncgligit.L.~· compared
with that of tllC layer. Theore was no indication that a dust Layer could
be too deep for smouldering to penetrate upwards through it.

In view of the observed propogaticn of flame in the carbonized dust
when in aerial suspension, standard dust inflarrmability tests (1) were
conducted en samples of the carbonaaed and original dusts. The °

classifications ~hichothe samples received, original dust Class I,
carbonized dust Class II, (i.e. the carbonized dust was less hazardous than
the original), incUcote that the activity of the carbonized dust When tl:e
propagation of flame was observed was probably connected with the dust
oeing at an elevated temperature.

Slight packing errors occ.rrruQ in the preparatory stages of the
experiments and also developed as a result of the subsequent combustion;
an explanation of the high general consistency of the results in view of
these known errors may be that the effects of increases in packing density
of the dust and consequent decreases in the depth of dust tend to talance
each other. A'numerical example of this is provided in the results
~mted above for cork heaps at two different packing densities fonnp-d from
mould N. A layer 5"2 em in depthat a packing density of 0·160 g/rnl, .
contains the 8aIDO ~eight as a layer 5·8 em deep at a density of O-i44 31ml.
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The time measured for the smouldering to penetrate tho first heap (1.00 hr.)
is verY close to that obtained by interPolati~n in Figure 2 for the second
0':)2 hr.). Furthermore, it would appJ2-'" from the similarity of the
results far cork dust in conical heaps .kd in the 1 ft box that t;,e time
fyr the smouldering to penetrate is not r:arti~u:'.ar13' scne i.tavo to
var-i.ab i.ons in the initiating process.

'I

:,1 Tr!:.ctical aspects. This work c~hasizes even more trIO 1'1::,", I,e,?ards
':~::~),?:i-3.ted wi~h ~u~t depoai,ts of commonJ....ccurr~:l~? in i~C.1.~~3t:t:l.8.~.rr?·~ticee
1~ur.;.:J.0r work In ·chl.s scracs has shown, In par-t i cu.Lar-, tn.:....t; fir;:.')·!:~l.:.t.';:l':::·..:j·,

I .., • I . . • • _. , . ~'._ -
c'l-:' be ~m_t~ated an heaps of dust '0 :I,' <J~ ccrrt ircc t re s xn :1'<,"';,:: n;,' ",
glowing cigerette end, and it has been shown above that such :-;:,,:,:~;, ':','::""8
d.!1 ignite oonsidorable depths of dust ahd thereby :i.nitiClte '.':'::''.lG • ..

,requiring several days bef'crc any visibl~ sign of t:10 combuat i c», 5.3 g ivez••
II'] a fire of this type ocourred in praotioo it is pz-cbab Lc <;;~n" ':he
deveLopmerrt in its late stages would be hnexpeotod; in additic», considerablo
di~fioulty might ,then be experienoed in bxtinguishir~ suc~ a fire.

,'1 There is an obvious parallel b';tweel tho type of fire studied in the
present work and those fires known to octur in closely-packed materials

'ini'lbulk storage or transport and in tip heaps; it may th8rofore be
argued that such fires may be started.by the'burJing 0f small sources of
ignition.

II

Conclusions

.'

The main points ar~s~ng from the results of this work are:-
, -1. A small source of ignition vlher! buried in " heap of dust can

initiate and propagate smouldoring ulowa~s through the heap.
I 2. The smouldering can then contintie without visible signs of

ccmbust.Lon for many days; the time' for thb smouldering ttl penetrato
Vlaro'ing approximately as the square of thb depth of tho dust heap.

'3. Increases in moisture content ahd packi.ng density produce
.not10eable inoreasos in the time for the ~mouldering to pcnet r-at e ,
.whorcas inoreases in tho width cf the dust heap have, less effect"

'! )"0. When the smouldering penetrates Ito tho surf'acc of the h:~,}' ';'::,',c1

sr:·~\rlj.ering zone spreads out' over the surf'ace , and, if left un3~;·:,t:!·,..:i,b::.;
iJ"!.8:. f·n~oke produced can inflame above the t.mouJ.dp.ring region, 0\:--'":'1'1 :~.~.:
still air. Larger but transient flames 6a..""1 OCCl."Ll:" as a rcsul7. ot'
disturbing tho smouldering dust heap and 6110Vling tho ooro of c2!'r:of'j,r,ed
dust to fall thro~h the air in fino susp~nsiono

'I I
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0-1 min

I - 6 min

FIarne application

Preburn

6 min' Heop formation on

asbestos mill board

2 hr 44 min' Discoloufation

on ,top sur facet

2 hr 55 min Penetrctlon

of ! thct smouldftring

Section of beep showing carbonized core

STAGES IN DEVELOPMENT 9F SMOULDERING

FIRE IN A CONICAL HEAP OF CORK DUST.
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o days (9.300m)

Initiator in position.

7 days

Sawdust cppecronce normal.

Central

10 days

cracking and subsidence. Steam

12 days

Issuing

(2 pm)
from crack.

12 days (3 ,30 pm)

Penetration of the smouldering,

12 days (4-30 pm)

Smouldering spread to rnom surface,

PLATE 2 STAGES IN DEVELOPMENT OF SMOULDERING

FIRE OF MIXED WOOD SAWDUST IN

3FT BOX,
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