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Summary

A study has been made of the effect of an incident airflow
upon the smouldering of several specimens of fibre insulation board.
The board was cut into small strips and placed in a wind tunnel;
smouldering was then initiated and the time of travel over unit distance
(smouldering tim,,) was determined. In general the smould~ring time was
inversely pr-opor-t.LonaLvto a fractional pover- of the air velocity; in
some oases this relation ,ms probably affected by cooling due to the
airflow.

It was a Iao shown that smouldering could be initiated by glowing.
cd.garetbe ends undez- an air draught of 2 m, p. h.; this draught was also
sufficient to cause flaming in the combustible ash formed by smouldering
under still air conditions. As the flame subsequently spread rapidly
across the board it was concluded that smoufdordrig in fibreboard, under
conditions of slight draught" may easily lead to a large scale fire.
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SJ,[OULDSRING ill DUSTS AND FIBROUS i'[ATE!'JALS

PART VII. FIBITC INSULATING BOARDS Ul'inER AIRFLO'OI CONDITIONS

by

K. N. Palmer and M. D. Perry

Introduct.~.~

The smouldering of several types of fibre ~~ulation board, under still
air conditions, has already been investigated. ~1) It was found in experiments
with the boards sawn up into strips that slow, but sustained, smoulaering could
occur and that the linear rate of smouldering depended upon the nature of the
board, the size of the strip, and the angle to the vertical at which the strip
was he Ld,

The effect of an air draught upon the ,ate of smouldering of 'small trains
of wood sawdusts has been investigated \2,3) and it was shown that the
logarithm of the smouldering rate was approximately proportional to the inoident
air velocity. This relationship v~s markedly different from that obtained by
Hottel et 03.1 for thy qombustion rate of oarbon, a summary of this work has
already been given ~2); in the experiwents of Hottel et 03.1 the rate of combustion
of electrode carbon ,vas found to vary as the 0.4-0.5 prnver of the air velocity.
A simiL."r result was predicted by means of the Reynolds analogy between heat and
mass transfer. '

In the present investigation, concerned with the effect of draught upon the
smouldering of fibreboard, the relationship between air velocity and smouldering
rate was determined. The effect of variation in strip size was also examined
for various boards; further experiments were carried out upon the ease of
initiation of smouldering and the production of flaming by an incident air draught.

..

'Experiments and Results

~ials. Four specimens of board were investigated (Boards A-D); experiments
upon the sll19uldering of Boards A-C had already been carried out under still air
conditions ~1). The fourth board (D) was used for the majority of tile present
experiments as it was more readily available; it was similar in appearance to
Board A. Some characteristics of the boards are given below•

Table 1--

4370 I
~~g JI
4680

Properties of the fibre insulation boards_r-_--,,­
Calorific value (gross) -/
of dry board

cal ron•

: Moisture
,

Dry ·'·'BiGht
Board content d:i;ty

% ml. .
A 10·0 0.27
B 6 6 0.22
C 10.8 0·23
D 9'3 0'29

The experiments were carried out upon the boards savm into strips O· 5 in. in
thickness and of various widths; the strips of Boards A-C having been stored
in sealed bins from the earlier investigation.

Measurement of rate of propagation of smouldering. In the determinations of
smouldering rates the strips were supported along the axis of (a)horizontal rnnd
tunnel (the construction of which has already been described 2 ) usually SO

that the airflow and propagation of smouldering were in the same dir·:lction. .
Care was taken to ensure that· the support did not interfere with the flow of air
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to the stri[ls. The s br-Lpa were marked 17ith oentimetre graduations on a
faoe oarallel to the laminations of the board and were held in the tunnel
with the graduated face in either the horizontal [llane (as in Plntc 1) or
in the vertioal [llane (Plate 2). Smouldering ,vas then initiated by a small
gas flame and the :'0. te of propagation Pleasured as in the experiments .undel·
still air conditions.

The first series of experiments v~s oonoerned with the effect of airflow
upon the smouldering time of strips of BOQrd D, 2 in. in width; the strips
were held with the graduated faoe either vertioal or horizontal, in these
experiments the airflow and the pr-opagat i on of smouldering were in the sarre
direotion. The results are shown in Figs. 1 and 2 (Lines I) where the air
velooity and smouldering time are plotted on logarithmio axes.

When the airflow and the prtllpagation of smouldering were in opposing
directions. the effect upon the smouldering. time was oomparatively small at air
velooi ties less than 550 cm/seo (l!'iG.3). At higher velooities the smouldering
zone did not extend aoross the entire width of the s trip and at 900 cm/seo. ,

smouldering was barely sustained, so thnt measurements of the rate of
propagation were not possible.

Effe£i of ~ariation_~ strip siz~. The effeot cf ail~low upon the rate of
propagation of smouldcrulg in Board D ~~s studied ,vith strips whose ~~dths

ranged be tween 0'5 in. and 4·0 in., all the strips were 0'5 in. in thiokness.
In eaoh oase the airflow and pz-o pago.t i.on of smouldering were in the aarre .
direotion and the strips were usually held with their graduated faoe horizontal
(as in Plate 1) •. The results of these experiments are sho»n in Figs. 1 and 2.

Smouldering of Boards A-C. The experiments so far desoribed. were upon strips
out from Board D only; a short inves tiga tion was, therefore, made wi, th the
Boards A-G{ whioh had been used, in the earlier experiments (under still air
conditions). The results, for strips 0'5 in. in width, are given in Fig. 4
and whereas the values of smou.Idcrdng time for Boards A and C fall approxi.na teIy
on straight lines, the results for Board B indicate a smooth curve. A similar
ourve ,vas obtained with strips of 1·0 in. width frrnil the SLune board. It .was
noted during the latter experiments that a', high air velocities the smouldering
zone did not extend over the entire cross-section of the strips and tl~t the
corners thus rernall1ed unburnt.

Effect o:t:_Y'::IJ! high air v':.!£9,?::.~:i:~. Some further experbents on Boards A-D were
carried out with air velooities in the range 12.50-1450 om/sec 111 order to·. .
determine whether smouldering could be extinguished by high airflows. -In these
experiments, upon strips 0.5 in. 111 width held ,dth graduated faoe vertioal, the •
wind tunnel was extended by a seotion of smaller cross-section; as the rate of
airflow was JreaslJred only approximate ly the values for ve looi ty are given be low
to the nearest 25 om/sec,

Table 2

Results of experiments using high rates of airflow

Air velocity cm/soo I , 1275--=h1450-==----
S:::ering ~~~~~-:2f ~J :~t-;d- ;:~~:t~.sj~:_~

n. s , denotes "smouldering no t: sustained" •

Low air Velooities. Some experiments were carried out on 0·5 in. strips of
I .._,.:·~ard A smouldering under very low air vclooi ties (<. 70 cm/seo; .the results

are 'given in Table 3. These results do not lie on the s.traig)1.t line for higher
velooities (Fig.4 Line I) but fall consistently below.

-.

..
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Table 3

Resu Lbs for l.uv" aJ.r velocities. Board A.

20
300

__0__-_.0__- ~. ~

Air velocity cm/sec [-50-h30
Smouldering tilre sec!cmI 251. 2b1-+--::-=-::~-+
'.. I

The development of flaming from smouldering. "Then fibre insulation board
smoulders under still air conditions an ash residue is formed which :is
combustible. It TffiS found experimentally that if a slight draught w~re

applied to board which had been smouldering in still air the ash residue
might ignite and cause the board to burn ,vi th flame. - In the experdmenba
strips of Board D vrere allowed to ~oulder in still air for periods ~p to

f
2 hr. befor~ transferring to the wind t~~el; an extension of enlarged
crosz-section ~as-added to the tunnel to permit experiments upon strips
12 in. :in width. Vfuen the strips nero transferred to the tunnel the
airflow was started and the strips obser-ved for 5 min , : if flaming
occurred meaauz-emen t was made of tho time required. Ii' no flaming 'was
produced the experiment was rc pea ted for a maximum of tlu'ee attempts.

23·0

266
180
180

89

details of the production of flaming from smouldering
iDuration of smouldering : Air velocity I Til;;'-in air:~low before
Iin still air Hr. J ern/seo flaming see.

I - ----l'
! 1
I
I -~--=-~--t-------------t

j ; 1 i

Experimental

I
I Strip .width
, J.n.

'I 0·5
I

~"-'l-'-O--~

I

1

/
2·0

4·0

! 1 I
:
!
;

263
171

85
69

8.6
14.0;
33·4'

12·0 1

2

31
° 65

51
51

35·3
84

-+--------------
44 7 ern/sec. = 1 m.p.h.

A series of photographs is reproduced in Plate 3 in which the various
stages between the initiation of smouldering and the burning of the board
with flamll arc shown.

,Ease of initiation of smould.~E.~Jg. Th'3se exper-iments were res trictec. to
, Boards A, 0, and D, since it had e.Lr-eady been shown that a glowing ci,3al;'ettc
, end would initiate .smou'ldcr-an« in Board B under still air conditions.(l)

Glovnng cigarette cnds were pfaced in contact with brok~n edges of strips of
the Boards A, 0, and D, and' an airflcm of about 90 cm/seo (2 m.p.h.) was
imposed. It 'was found that smouldering could be initiated in all three
specimens of board.

o



-4-

Discussio!!.

Effect of air flow upon the smoulderiEK. The results given Ln ~:'ies, 1
and 2 for Board D indica.te that there is an apDroxims..tely lineo.r
relationship between the logarithms of the smouldering time (8) and
incident air velocity (V), within the air velocity range shown
(70-1,0v0 em/sec); The relationship is thus of the form

s = 0­
V',:';

. (i)

where n and a are pcs i,ti ~;C (;o;:w~,ants.

. . If the linear rate of pr')p~gEl:i;~.on of smouldering is denoted by
R, then

Similar relationships were o1ttlined wr.e!! strip sizes and the position
of holding the strips were varied, the values of the const~~ts 0. and
n obtained are given below in Table 5. Experiments with Boards A and C
(:b~ig. 4) also gave linear relationships and the respective values of
a and n are included in Table 5 for comparison.

Values of the constants a and n in the equation S = aV-n
for various fibreboard strips

_._-~

n a

----
0.44- 2030
0·46 2350
0.41J. 2250
0.48 2410
0'47 2310
0'39 -1250
0.41J. 1520

0'41 1420

--- .._---......
io. 38 I 1300
; I

~_,_~ ._...__~ .....J-... ~... ••._ ••. ...,; .._~ ••_, ....'_,.,.,_..__ ......_-.-,...

I I

Board Strip width 1Position of graduated
in. face of strip

I

D 4·0 horizontal
2·0 11

2.0 vertical
1.4 horizontal I1.0 11

0'5 -11 I
0·5 vertical I

1

1

'I ··-T
A 0'5 11

I
fI -~-4.

1 i I

C I 0'5
,

11

! j I
, !

'I'he scz.tter of the results shown in }!ligs. 1, 2, and 1+ is mr..r]:edly
greater than that expected from the accuracy of measurement of
smouldering time and air velocity; hence the variations in the vclues
of n shown in Table 5 may not be ai.grrif'Lcarrt , The values of the
constant a in equation (i) varied ~~th strip size, being dependent
upon the separation of the lines in ~igs. 1 and 2, but ~he variation ~as

small and was comparable with the scatter of the individual results.
Thus, although the lines fall approximately in order, the smouldering
time at a given air velocity te~d~n~ to increase with strip size
(as under still air conditions ~1) ), no relationship was obtained
between the values of a and strip size.

Experiments at low air velocities. As the smouldering time has been
found experimentally to hav;~fInite value under still air conditions
it is obvious that equation (i) cannot apply when the incident air
velocity (V) is zero. Equation (i) might· therefore more strictly be
of the form

is a constant.cwherea
(c + V)n

s = --:------:--_
e
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A value of e for O·5 in. strips of Board A may be obtained from l'ig. 6
where 8-1/n is plotted against V taldng n = 0'41 (Table 5). 'rhus,
for the given sample of board, e = .50 em/sec appr-ox.ima'te Ly and
8 = 380 sec/em when the applied air velocity is zero. The lD.tter value,
although subject to considerable error, may be compared to a "moulde"ing
time.of 390 sec/cm found for the board under still airoconditions (1).
The constant c was not evalu~ted for the other boards since the
approximate relation given by equati.on (i) appeared to be adequate for
the range of air velocities used with these boards.

Experim~nts at high air veJoci.:ti:-e;:;...._CQSJling. The results for Board B,
given in }4'ig. 1.., are ·of a different form from those for Boards A and C
in that at high air velocities the smouldering time did not decrease
with increasing rate of air flow; for example, when the air velocity
was ·/,275 cm/sec (Table 2) the smouldering time vias greater than at
865 cm/sec. A minimum value of smouldering time was also obtained with
strips from Board D when the air f'Low and propagation of smouldering .
were in opposing directions (Fig. 3). As sufficiently high airflows may
le?s. t~ ·the extLnct.Lon of smouLdcr-Lng (Table 2) it is possible that 'the
CUl'VatUl'8 of' lines in ]'igs. 3 and 4 may result from cooling of the
smouldering zones of the strips by the air draught; the board would
thus smoulder less rapidly at'high air velocities and in the extreme
case would suffer extinction. Thus at high air velocities equation (i)
would no longer hold. However, if equation (i) is extended to the form

s =;;n + bVm where b and m are positive constants and 2:::::-'''

then the second term in V wouLd only be appreciable at high air velocities;
at very high velocities the second term would predominate and 8 woul.d
increase wi th V. Fur-bher-, as the mass transfer of oxygen to the surface

.of the combustion zone and the transfer of heat away from the zone into
the airstream are analogous processes, although acting upon the smouldering
time in opposite senses, it is assumed that both are de2endent upon the
same function of the ambient air velooity .

i. e. m = n,

Equation (i) thus becomes

s = ~ + bVn
•••• • . • • • (ii)

'rhe last assumption is not valid when the air flml is sufficiently rapid
to cause diminution of the area of' the smouldering zone, so that parts
of the strip remain unburnt. \n1en this occurs the transfer of heat from
the smouldering zone to the airstream is not direct but involves
conduction of heat through unburnt board.

If, as ~. further appr-oxamata.on , n = O' 5 (Table ;)

then . . . . (iii)

Values of s/v" are plotted against values of' V in Fig. 5 for
the results obtained with 0.5 in. strips of. Board B (Fig. 4, line II)
and for 2.0 in. strips of Board D in which the air flow and propagation
of smouldering were in op p os i ng directions. (leig. 3); the constarrts
a and b were evaluated and are given in Table 6, values for other
strips are also included for comparison.
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2.':;.ble 6

Values of a and b from equaizion (iii)

85

82

90

306311

4, 'i30

2,700

Ili'ig. 4 Line

in.

Board

2.0 in. strip !}~g. 2 Line I

2.0 in. strip) !}''ig. 3
reverse flow ) ~ II,

I,

0·5

0'5 in. stripA

D

B

-----~- ...._._~_._~ .. __. I - ---"-'-'-

I Reference I a i b i alb (= Vntl.n) 1 2 /ab (=- Sminl1-- . le.g.s. units i e.g.s. units em/sec sec/em

st~;h::-Line II 1.500 ~--1-'1-9-'-+-'~'~'~~'-'-
1-------.---.---.----------.......--.---- t-------~t_-~,-_..-,--.+,~.----~

2,600

-2,9~O-' -~-.~~---~.-
. I .~ I

I ,

! 8.68 I
, 1
f ~

It may be seen from the above Table t hat a Iways 8,'~.' b z.nd the vaLues
of b are h~rger for strips in which cooling of ~he smouldering zone by
the airstrea~ has been postul~ted; in these.cases the tel~l bvn in
equation (ii) thus becomes more important. 'lobe values of a given in
Table 6 differ for some bo~rds from those in Taole 5; tius is due to
the apJroxirnation in tw~ing n =0'5 in evaluating Table 6.

A further point is tho. t the va lue of S given by equaraon (ii)
passes through a mi.rrimum value (i. e. most rapid smouldering I'8.te) at an
air velocity Vmin given by

',lhen n = Q. 5 and hence ~ni.n = 2fib.
V:;.lues of Vmin and ~nin are given in 'l.'able 6 and are in soad

agreement with experimental values when Vmin is low. Hi.gher ve.. lues
of Vm;i.n are obtained from results which appear to fa.ll on appr-oxdmat.ely
stroight lines (Pigs. 2 and 4, Lines I) so thD.t it may be inferred that
cooling effects ~ere nat important over the air velocity range investigated
vdth these strips.

The main points contained in the sect tons above nw,Y be stated as
follows:

1. The relationship given as equation (i) holds a9proxim~tely for
strips of Boards A, C, and D, within the air vel oci ty runge 70-1,000 cm/sec,
when air f'Low and smouldering are in the same direction.

2. \iith Board :a the air draught exerts a ne asurabLe cooling 'effect
over the entire velocity range (70-900 em/sec); at higher velocities
(,'>1,000 em/sec) the smouldering time may pass through D. minimum value
before smouldering is extingu:i.shed by the air f'Low; 'I'he reason for
this behaviour is not clear but may be connected with the 10"-' density of
Board B ('rable 1). Board C is of similar density but the scatter of
the results for this board (}Pig. 4 Line In) is too g~e;:.t for detailed
comparison vlith Board B to be made ,

3. ~fuen the air flow and propaga.tion of smoul.der-ang are in
opposing directions the "cool i.ng " term in equat i on (ii) be comes
appreciable even at low air veLoc.it Los , However, the "oxygen supp.ly '
term (ajvn) remains very simil".r to t he.t ootEd.ned under normal air flow
conditions, this would be expecced if the rf.tc of combus t.i.on ,lCre
controlied by diffusi9u of oxygen tlFough a stagnant film of gas
covering the smouldering zone. The thickness of the stagnant film would
be affected equally for either direction of ambient air flow.
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4. There ere points of similarity between the results given above
and those obtained with pure cexbon by Rottel et. ~l .• thus relations
similar to equation (i) and values of n in the:range 0'4-0'5 were
obtained. For these results, however, upon pure c2xbon, illobient furnace
temperatures of 1, 10U-1, 700o;C were necessary and small air velocities
were used (up to 70 cmVsec). The rate of combustion of carbon maY
depend greatly upon the previous treatment of the car-bon before it is
brought into contact with oxygen; vath the smouldering of fibreboard
carbon is produced in the reducing atmosphere around the smouldering
zone and reacts with oxygen very shortly after formation. The rate of
reaction of this new surface with oxygen may therefore differ wi.deIy
from the reaction rate of an old and machined surface as used by Hottel.

Practical considerations. ~he experiments upon the ease of initiation
of smouldering in fibreboard by glovling cigarette ends, and the
subsequent development of flaming, show that only slight aix draught s
(about 2 m.p, h.) are required. It may be seen from the photographa in
Plate 3 that several hours can easily elapse between the initiation of
the smouldering and the production of flaming; subsequently the f'Larre
spreads rapidly across the board. Smouldering in fibreboard,' under
conditions of slight dxaught, may thus easily lead to ,~. large scale fire.

Conclus~~

1. AIl incident air draught cause s a marked increase in the rate
of propagation of smouldering in fibreboard. It was shown thf.t tr~

smouldering time (sec/cm) varies inversely as a fractional power of the
air velocity. The smouldering time is also dependant upon the nat.ure
and dimensions of the board.

2. The increase in the combustion rate of the board due to air
flow may be appreciably reduced by the cooling effect of the draught ,

3. Smouldering may be initiatecl easily by glorlil1g cigarette ends
under an air draught of 2 m,p , h., this air flow is sufficient to cause
flaming of the ash residue formed by smouldering under still air
conditions •. There may thus be a long delay between the initie.tion of
smoulderi.ng and the development of fire.

References

1 F.R. Note No. 24/1952
2 F.R. Note No. 48/1952
3 F.R. Note No. 50/1953
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PLATE.I. POSITION OF STRIP HELD WITH GRADUATED FACE
HOR.IZONTALj SMOULDER.ING TO PROPAGATE

HORIZONTALLY

PLATE.2. POSITION OF STRIP HELD WITH GRADUATED FAC E
VERTICAL; SMOULDERING TO PROPAGATE

HORIZONTALLY

rs 76;,6/4/86 EO 10/53 CL
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PLATE.3.

PRODUCTION OF FLAMING ON APPLYING
TO A FIBREBOARD STRIP SMOULDER.ING

STRIP WIDTH 30 cm.

..DS 765613/86 60 10/53 CL
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FIG.1. EFFECT OF AIRFLOW UPON THE SMOULDERING TIME OF SrRIPS
Airfl<:iw and propagation of smouldering in tl.le sarne direction.

Strips held VIith graduated face horaaorrbed ,
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Airflow and propagabdon of smouldering in the same direction.
Strips held with graduated face vertioal.
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Airnow and propagation of smouldering in the same direction.
Strips helc1 with graduated face V.artiClll..·~_.
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Airflow opposing propagation of smouldering.
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