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SUMMARY

The extent to which dusts that are marginally explosible according to
small-scale tests are able to propagate explosion in large-scale equipment has
been investigated. Mixtures of an explosible and an inert dust were made up in
various proportions to give a range of explosibilities, and were dispersed in
air in a vertical explosion tube. The range of concentration in air over which
the mixtures were explosible was measured, and the proportion of inert dust
required in the mixture to prevent exp1051on was determined. The dust mixtures
were also tested in the small-scale apparatus.

Most marginally exp1031ble dusts from the small-scale tests (i.e. merginally
Class I) would propagate explosion on the larger scale. Dusts that required a
large source of 1gn1t10n in smalluscale tests did not propagate exp1031on on the
larger scale.

Good agreement was obtained between the calculated and the expérimental
values of the minimum amount of inert dust required to prevent propagation, when
mixed with the explosible dust. The calculated values of the explosible limits
of dust mixtures were lower than those determined experimentally, after allowing
for the velocity of fall of the dust particles, but evidence was obtained that
a substantial proportion of the dust suspension remained unburnt.

This report has not been published and
should be considered as confidential advance
information. No reference should be made
to it in any publication without the written
consent ot the Director of Fire Research.

August, 1965

MINISTRY OF TECHNOLOGY AND FIRE OFFICES COMMITTEE
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EXPLOSIONS OF MARGINALLY EXPLOSIBLE DUST MIXTURES DISPERSED IN A
LARGE-SCALE VERTICAL TUBE

by

K. N. Palmér and P. 5. Tonkin

Introduction

Many combustible dusts can cause dust explosions if they are dispersed in
air and ignited, and they can cause severe damage %o industrial plant and loss
of life. When dusts are handled in industry, particularly on a large scale, it is
important to know whether or not they are explosible. A wide range of dusts has
been Ee?ted for explosibility, and a list of these dusts is published periodir
cally 1), Howevér, further dusts are continually being produced or are involved
in incidents, and the testing of these materials for explosibility is carried out
at the Fire Research Station on samples submitted by H.M. Factory Inspectorate or
by industry direect.

The dusts are classified according to explosibility by means of routine
small-scale tests, The principle of each of the tests is the dispersion of a
small gquantity of the dust in the presence of a scurce of ignition, and any
production of flame is obsefvsd. The teést apparatus is as follows, further
details are given elsewhere 2), .

(a) Horizontal tube: a glass tube, open at each end, with an electrically
heated wire coil igniter, part way along the tube. The dust is
dispersed from a heap in the tube by a puff of air.

(b) Inflaumator: a vertical glass tube, open at the top end, usually
with a cpil igniter near the bottom. The dust is blown in through -
a side-arm in the upper part of the tube.

(¢) Hartmann apparatus: a vertical perspex tube, open at the top end,
with an electric spark igniter near the bottom. The dust is
. dispersed upwards from the bottom of the tube by a puff of air.

(d) Modified Hartmann apparatus: as (c) above, but with electric coil
igniter.

(e) Purnace apparatus: a vertical silica tube, open at the bottom,
heated externally by an electrical winding. The dust is blown
through the tube from the top.

In apparatus (a) to (d) the source of ignition is regarded as small, in
apparatus (e) it is larger.

(1),

From their performance in the tests, the' dusts are classified as f'ollows

- Class 1 © dusts which ignite and propagate flame readily, the
source of heat required for ignition being small;



Class IT : dusts which ignite readily with flame but require a
' larger source of ignition;

Class III H dusts which do not ignife in the tests.
Hence Class I dusts have the greatest dust explosion hazard.

For convenience the test‘apparatus is small-scale, but it does not give
information on the following points, which are of considergble practical
importance in relation to the installation of safety measures:

(a) the propagation of dust expldsions in large-scale plant, and
particularly whether dusts that are marginally Class I in the
tests would cause vigorous explosions on a larger scale;

(b) whether Class II dusts can propagate explosion away from the
influence of the ignition source in large-scale plant.

Experiments have therefore been carried out to examine these points with
apparatus of larger scale than that of the tests. The apparatus consisted of
a vertical tube, closed at one end, in which dust was dispersed at the top
and allowéd to fall freely. There was no flow of air thrfgﬁh the tube.

The vertical tube method was described by Jones and White , Who used a
27.3 cm diameter tube to measure the lower fl ability limits of woodmeal,
charcoal and sulphur. Essenhigh and Wbodhead?ﬁTused tubes up to 7.6 em

diameter in their measurement of the lower end upper flammability limits
and the flame speeds of cork dust.

A tube of 7 cm diameter was used by Powell(5) who investigated the —
flammability limits of lycopodium dust mixed with limestone., Mixtures
containing up to 78 per cent by weight of limestone had well-defined
limits., At slightly higher percentage of limestone small changes in the
composition produced large changes in the probability of propagafign, and
detailed analysis was not possible., Maguire, Slack and Williams 6) used
a 14 cm diameter tube to measure the flammability limits of a coal dust.
None of the above work was directly concérned with the explosibility of
the dustas, or the effects of increased scale.

In the present work the tube was about 25 cm in diameter and 5.2 m
long, which provided an apparatus approaching in scale to that of
industrial plant. The dusts used were mixtures of a Class I and a Class III
dust, which enabled the whole range of explosibility to be covered. The
behaviour of dust mixtures which were Class II or marginally in Class I
in the small-scale tests could then be determined in the large scale
vertical tube apparatus. 4#n assessment could then be made of the likeli-
hood of flame propagation in Class II dusts in industrial plant.

As a preliminary to the present work, some exploratory experiments
were carried out by personnel at the Safety in Mines Research Establishment,
Buxton. The apparatus was a vertical tube, of diameter 7.6 om and length
3.1 m, and dust mixtures were tested with various ignition sources. A
summary of the work in given in Appendix 1. '

'...2-



Experimental
Materials

The phenol formaldehyde dust (Class I) was an industrial grade moulding powder
stated to be of mean particle diameter 15 microns. The moisture content was
determined by heating to constant weight in an oven at 105°C and was 4.1 per cent.
The ash content was determined by heating in a muffle furnace at 800°C and was
3.2 per cent. The magnesium oxide dust (Class III) was an industrial grade powder
stated to be of mean particle diameter 11 microns. The moisture content was
found to be 2.2 per cent.

Mixtures of the two dusts were made in a rotating drum mixer with off-centre
mountings to ensure end to end tumbling of the charge in addition to the movement
caused by the rotation of the drum. The minimum time for satisfactory mixing of
a charge was 2 hrs, The extent of mixing was determined by taking samples from
a batch at intervals during mixing, and ashing in a muffle furnace. The mean
compositions of samples taken after 1 and 2 hours did not vary by more than
1 per cent.

Apparatus

Explosion tube

The vertical explosion tube consisted of flanged sections of ducting bolted
together. &4.3m (14 £t) of its length was of 16 gauge steel and a further 0.92m
(3 £t) consisted of three equal lengths of clear perspex, positioned at convenient
points in the tube for observation of the dust flames, The internal diameter
of the tube was 25,4 em (10 in). Fig.1 is a diagram of the explosion tube.

Manually operated sliding trays were situated at positjms 1.8m (6 ft) and
3.5m (11.5 £t) from the top of the tube. These trays were used to collect dust
in determinations of dust concentrations and particle velocities. In addition,
at the top of the tube and at 4.6m (15 £%) from the top, cut-off slides were
situated which were used for closing off the tube. The trays, slides and their
housings were all made of aluminium. :

A dust collecting bin was fitted to the bottom of the tube, The bin was
protected from hazardous explosion pressures by relief vents closed with covers
held by magnets, The explosion tube, dust feed, and collecting bin, with
gupporting structure, are shown in Plates {1 and 2,

A dust and fume extraction unit consisted of a centrifugal fan and dust
filter assembly which was sited outside the laboratory and was connected to the
apparatus by a flexible metal ducting.. The ducting could be fixed either to the
dust collecting bin or to an extraction hood at the top of the tube, and a
crimped ribbon flame arrester was installed to prevent flame from entering
the ducting, The capacity of the fan was 25 mJ/min and dust was separated from
the effuent gases by a commercial fabric and wire gauze filter.

Igniting source

The igniting source was a propane flame which was injected horizontally
inte the explosion tube and covered the cross section of the tube. The
ignition unit consisted of a 0,31m (1 ft) length of explosion tube to which
an external side tube was attached and through which propane and air were
released from reservoirs by solenoid valves. In most experiments about
190 ml of propane measured at N.T.P. were used to form the igniting source.
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In & few experiments, where the effect of the size of the igniting source on
the extent of partial propagation of flame was being investigated, the volume
of propane was increased to 355 ml. Ignition of the gas was effected by a
continuous induction spark in the side tube. No part of the ignition unit
protruded into the explosion tube. The unit was situated either near the
top or near the bottom of the tube.

Dust feed

The dust was fed at a uniform rate from a hopper by a screw conveyor
on to a perforated metal plate at the bottom of a dispersing cylinder, which
was 20 cm diameter and 15 cm high, The dispersing cylinder was vibrated at
100 q/s and delivered the dust into the explosion tube (Fig.1). Two screw
conveyors were used in the experiments: one with helix 11.5 cm diameter and
92 cm long and the other 3.8 em diameter and 30 om long. The screw conveyor
was rotated by a friction wheel which was in contact with a rubber surfaced
disc, 48 cm in diameter, fitted to one end of the shaft of the screw. The
unit was powered by a % horse power motor through a pulley and gearing system
which enabled the speed of the friction wheel to be varied. The speed of
rotation of the serew was varied by moving the friction wheel along its
shaf'ting which ctincided with a radius of the disc,

For experiments with the top of the explosion tube closed the outlet
from the screw conveyor was connected to the dispersing cylinder by means of
flexible rubber hose; when the top of the explosion tube was open the
flexible hose and the 1id of the dispersing cylinder were removed.

Cine camera

Flame velocities were determined from films obtained with a cine
camera whose speed could be varied up to about 250 frames/s. The film
was fast panchromatic and its speed through the camera was indicated by
marks made by a small neon lamp incorporated in the camera.

Dust and gas saempling

The apparatus used for obtaining dust and gas samples from flames is
shown diagrammatically in Fig.2. It consisted of a 0.6 cm internal
diameter probe extending into the centre of the explosion tube at & point
1.8 m above the igniting scurce, and it connected to a cylinder of 7.6 em
diameter made from two B.3.P. 3% in to 1 in reducing female sockets, The
dust was collected on a filter paper held in a butt joint between the two
sockets; +the joint was made gas tight with adhesive tape. A 4l reservoir
and a gas sampling bottle, 250 ml capacity, were connected in parallel to
the side of the filter paper holder remote from the explosion tube. Gas
flow into the reservoir and the gas sampling bottle was controlled by
magnetic valves, and a vacuum pump completed the system. By operating the
magnetic valve on the reservoir first, the system on the upstream side
of the magnetic valves was purged of air and the gas sampling bottle could
then befilled with undiluted gases from the explosion tube.,

Procedure

The procedure adopted for determining the explosibility of dust at a
given concentration was firstly to measure the concentration in the
explosion tube and then to carry out a series of three explosion tests.
The dust concentration was checked during the series and if the two’
determinations differed from the mean value by more than 5 per cent the
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geries was rejected and the experiments were repeated.

The hopper was filled with dust and the screw conveyor was operated until
the whole of its helix was filled, The friction driving wheel was set at a known
position and the conveyor and dispersing cylinder were operated continuously to
deliver dust into the explosion tube, When dust was falling steadily in the tube
the cut-off slide at the top of the apparatus and a sliding tray either at 1.8m
or 3.5m from the top of the tube were closed simultaneously. The delivery of dust
was then switched off. The dust trapped in the tube between the slide and the tray
was allowed to setile into the tray and was then weighed., The weight of the dust
divided by the volume of the tube in which it was trapped gave the mean dust
concentration in the explosion tube. Next, the dust feedzpad:againistartéd and
when steady conditions were obtained the igniting flame was injected into the dust
cloud. Observation was then made as to whether or not flame propagated in the
dust cloud and if so the distance and direction of propagation were also recorded.
Two more explosions were attempted and the concentration determination was then
repeated. The position of the friction driving wheel on its shafting was changed
and the above procedure was repeated for other dust concentrations until the lower
and upper flammebility limits were established for each dust mixture.

For experiments with the top of the explosion tube closed and the bottom open,
and with the igniting source either near the top of the tube or near the bottom,
the procedure was as described above, For experiments in which the top of the tube
was open and the igniting source was near the bottom the procedure was similar
except that the lowest slide was closed immediately before the lgniting flame was
applied.

The radial distribution of dust in the explosion tube was determined by
firstly measuring the mean dust concentration as described above. The dust
collecting tray was then replaced by a holder containing 43 aluminium containers,
each 2.5 cm diameter and 4.8 cm high, which was in the form of a right-angle
eross intersecting at the centre of the tube. The cross and the containers were

inserted in the falling dust cloud for a given time and then withdrawn. The dust
concentration determination was repeated. From the weights of dust in the
containers and their pgsitions the dust distribution along two diameters of the
explosion tube could be obtained at a known mean concentration.

The mean velocity of fall of the dust in the explosion tube was calculated
from the mean concentration of dust in the tube and the dust collected in a
measured time in a sliding tray '(Eq 1)

3

VvV oz ——
~Wa

mean velocity of the falling dust - cm/s

mass of dust collected in unit time ~ g/s

mean concentration of dust in the tube - g/1

area of cross section of the tube - cm

where

oo

v
m
w
a

To obtain information on the consumption of resin and oxygen in the flames
samples were taken of the dust and the gas immediately behind the flame front.
When the flame had just passed the sampling point (1.8m above the ignition source )
two solenoid valves were operated manually on the sampling apparatus and c aused
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dust and gas to be abstracted from the flame. The dust samples were ashed
in a muffle furnace at 500°C and the proportion of phenolformaldehyde resin
burnt in the explosion was calculated from the weight of the residue
obbtained. The gases were analysed for oxygen and carbon dioxigde only, in
-an Orsat apparatus.

Some experiments were also carried out in which samples of dust were
collected at the bottom of the explosion tube, in the sbsence of flame, and
were ashed to determine whether the composition of the mixture had altered
as it fell down the tube. No change in composition was detected. No attempt
was made to measure whether the dust fell as individual particles, or in
clusters, but from visual observation some aggregation of the dust was
apparent.. This point is considered further in the discussion.

Results
Measurement of flammability limits
The effect of magnesium oxide on the flammability limits of phenol

formaldehyde resin was measured with the following three explosion tube
arrangements, and the results are shown in Fig.3, 4 and 5.

(i Top of tube closed, bottom open; ignition near bottom
(i1 Top of tube closed, bottom open; ignition near top
(iii Top of tube open, bottom closed;ignition near bottom

The graphs indicate, for each resin/magnesium oxide mixture, the
ranges of concentrations over which there was no flame propagation,
propagatlon for the whole length of the tube, and partial propagation

i.e, the flame travelled at least O ém but did not traverse the full length
of the tube.

Each point on the graphs represented three tests; if the extent of
flame propagation varied within a group of tests the result shown is
that for the most extensive propagation,

The tube arrangement in which propagetion was most likely to occour
was (iii), above. Under these conditions partial propagation was
obtained with the mixture containing 75 per cent magnesium oxide, which
did not occur with the other two tube arrangements, Propagation for the
whole length of the tube, with arrangement (iii), was obtained with all
dust mixtures up to that containing 70 per cent magnesium oxide. This
again did not occur with the other tube arrangements,

The appearance of the explosion flames varied with the concen-
tration of the dust mixtures and their compoaition. With concentrations
near the flammability limits, and with either partial or slow-moving
full-length propagation, the flames were short and tended to be
fragmented, particularly with high concentration of dust. With more
vigorous explosions, at concentrations away from the flammability
limits, the flames became longer and eventually filled the whole
length of the explosion tube. The asmount of solid carbon formsd in
the explosions was negligible and combustion appeared to be in the
vapour phase.



Results of small-acale tests

The phenol férmadlehyde/ﬁagnesium‘pxide mixtures were classified for ..
explosibility in the usual small-scale tests 1isted in the Introduction. TFurther
measuremenfg)wére made of the explosion properties of the dusts, by the usual

procedures - A summary of the results is given in Table 1.
- Table
Results of explosibility tests in‘small—scaie apparatus
. Minimum ignition
by " temperature  °C o
m.g\ 5 H 3 pe - | a4 g4 wh Z
gﬂpﬂm 1o |+288F « 3 8o% Eﬂgm 8% 5 oa-
AReg| 98 | 288998 B 388 | 2858 30 and
ﬁ'om:g w o~ g« 'E-ri -‘tgr-\ -'c-;r-s ﬁrggk Hr?i'm\ -?J)mg\
gﬁhmo Sl 3 & o o How L oo E@m 5&23 Emn A
s & | @ | &ga8g g= | 4= |FEE S =RE A
3 5 Bl o 8
< < ©
100/0 I | a-e 1000 450 0.015 107 6500
50/50 T a-e 1150 450 0.07 78 1100
45/55 I a-e 1200 L50 0,09 69 450
40/60 - I b-e . - 550 0.09" 66 400
35/65 I | b-e. - 450 Oull 12 100
30/70 I b—e . - 14,60 0416 5 50
25/75 I c-e - 180 | o048 2 20
20/80 I d-e - 510 - 2 10
15/85 II - - | 510 - - -
10/90. T .| - 520 - | - -
5/95 11T - - - . - -

*Calculated in usual manner(z), in which pressure rise due to
(6.5 1b/in?) was :subtracted from peak pressure measured.

dispersion air
t Horizontal tube

2+ Inflammator

Hartmann

¢ Modified Hartmann

Apparatus:

a
b
c
d
e : PFurnace
Dust distribution

Figs 6 illustrates the dust distribution obtained in the explosion tube
along diameters at right angles. This was typical for all the dust mixtures
tested with the top of the tube closed and the bottom open. Figes 7 is a

typical distribution curve showing the dust distribution along one diameter when
the top of the tube was open and the bottom closed. )
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Falling dust velocities

Fig. 8 shows the variation ofrmean Velocity‘of'fall'of thé dust with
concentration., A similar curve was obtained for each dust mixture.

The mean velocity of fall of pure phenol formﬁldehyde resin was measured
at a concentration of 0.03 g/1, which was near the lower flammability limit,
and was 50 cm/s, : :

Air circulation in the explosion tube

" Air movement in the tube caused by falling dust was observed by introducing
white smoke. The smoke rose vertically in the tube, over a central region
approximately 17 cm in diameter, and was carried downwards near the wall., The
cycle of movement was continuouse

Dust and gas analyses

The flames which propagated to the top of the explosion tube in high dust
concentrations were fragmented,- indicating that probably only a proportion of
the phenol formaldehyde resin was burnt in the flame. Analyses were made of
the samples of dust taken from behind the flame front, as described above. The
results are shown in Fig. 9 which confirms that only a proportion of the dust
was burnt at any concentratione.

Fige 10 shows the amount of oxygen consumed immediately behind the flame
in explosions with various dust concentrations. In both Figs 9 and 10 the
calculated best line through the experimental points is shown.

Flame velocities

“Velocities of flames which propagated in the dust clouds are given in
Table 2 together with other relevant informations The values shown were the
minimum and meximum flame velocities obtained in different experiments within
the concentration ranges indicated.



Table 2

Velocities of flames in dust clouds

Dust Mixture

Flame Velocities

. obtained in the

Tube Posi;ion Phenolformaldehyde Conc;gzrztion experiments
arrangement|. .U Resin/Magnesium - .
igniter Oxide 1 Minimum | Maximum
: en/s em/s
Top .closed |Near the 100/0 0407 100 120
bottom open|bottom of
’ the tube
" " 50/50 023 = 0447 110 400
" " 45/55 0417 = 0.72 280 770
" " - KO/ 60 0429 = 046 400 420
" Near the 50/50 0415 = 0424 530 1,100
top of
the tube .
" " 45/55 0u2B8 - 0,37 740 920
" n LO/60 0431 = 0.70 370 1,250
" - 35/65 0s42 - 1,07 150 410
Top open _|Near the 100/0 0403 - 0408 100 1,450
bottom bottom of
closed the tube
" " 75/25 0406 = 0,10 370 1,050
" . 45/55 0413 = 0429 1,00 1,150
"o " 1,0/60 0423 - 0439 260 690
" " 35/65 a3 = 0495 280 670




Discussion
Flammsbility limit determinations

Lower and upper flammablllty limlts were obtained with most of the phenol
formaldehyde r631n/magne31um oxide mixtures that were :explosible, The
concentrations of dust mixture suspensions at which the limits occurred were
clearly defined; +this was the case with each of the three arrangements of the
tube and igniter (Fig. 3-5). ‘Three types of flame behaviour occurred: the
flame either propagated the whole length of the tube, or partial propagation
occurred over a fraction of the length, or the flame did not propagate away
from the igniting source. The extent of partial propagation was not affected
when the volume of propane used for ignition was increased by 87 per cent, and
so it is unlikely that the extent of partial propagation was governed by energy
derived from the igniting sources A more likely explanation of the existence
of partiasl propagation is that as the flame was propagating relatively slowly,
and its composition was near the flammability limit, it was readily affected
by random variations of concentration in the dust suspension. Dusat mixtures
that were only able to sustain partial propagatlon ‘have therefore been regarded
as explbsible for practical purposes.

Each of the curves in Fig. 3-5 was characterised by a flat-topped region,
flanked by steeply sloping gradients as the proportion of magnesium oxide was
reduced, ? Tllar shape of curve was obtained with lycopodium - limestone
dust mixtures{5), and a flat-topped peak occurred with mixtures containing
between 75 and 80 per cent limestones In the present experiments the upper
flammability limits increased markedly as the proportion of phenol formaldehyde
resin in the mixtures was increased. However, as stated previously, the flames
occurring at these limits did not Pill the whole cross-section of the tube, but
propagated as narrow streakss The concentration of . dust in the flames may
therefore have been less than the mean concentration measured.

The dust concentrations at the flammability limits shown in Fig. 3-5 were
measured by the procedure described above. Because the dust was falling
through the air in the tube, the quantity entering the flame was different than
if the dust had been stationary. TFor instance, in Fig., 3, the lower -
flammability 1limit of pure phenol formaldehyde resin is shown as 0.030 g/1.
At these low concentrations the flame velocity was about 100 cm/s (Table 2),
whereas the mean velocity of fall was 50 cm/ 8« Hence the actual amount of
dust entering the flame was greater than that measured by a factor
(100 + 50)/100. The true lower flammability limit was thus 0.045 g/l. The
actual guantity of dust entering the flame was greater than the mean
concentration when the flame propagated upwards and less for downward
propagations

Mechanism of flame inhibition
Alternative approaches

Two possible mechanisms for the inhibition of dust flames by an inert selid
diluent were considereds The first mechanism was that the addition of the
inert material caused the flame speed of the dust explosion to decrease until it
was ultimately less than the velocity of fall of the dust particles. Depending
upon whether propagation was upwards or downwards, the flame would then either
be carried downwards into combustion products or would be unable to overtake the
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falling dust particles, Upon examination, the experimental results did. not
support this proposed mechanism. Minimum values of the flame velocities
measured relative to the explosion tube, listed in Table 2, were appreciably
greater than zero. | In addition, visual observation of the explosion flames
propagating upwards d4id not show a pronounced retdrdation as would be expected
if the flame were swept downwards by falling dust. The proposed mechanism
was therefore discarded. N s :

The second mechanism was that the presence of the inert material in the
flame acted as a thermal sink, and that when a certain amount of the heat
generated by the flame was absorbed by the inert dust propagation of the flame
would cease. The assumption was that if the flame temperature were reduced.
by cooling with inert dust to a value less than that of a flame at the lower
flammability limit of the pure fuel, then the flame would be quenched. A
similar gfocess has been shown to hold approx1mately (e.g« by Penner and
Mullins( ) for the extinction of premixed gas-air flames with inert gases,
although in these cases the fuel-oxidant-inert mixtures were homogeneous and hence
the structure of the flames would be different from that in resin dust
explosions, Attempts have been made to apply a similar assumption to the
quenching g coal dust explosions by stone dust, but in a recent review
Essenhlgh( concluded that the amount of stone dust required was less than 20
per cent of that predicted. However, the combustion mechanism of coal
particles may well be complicated by the presence of both volatile and non-volatile
constituents of the coal. 1In the present work the combustion appeared to be
principally 1n the vapour phases

Derivation‘of eqqations,-

The physical procésses involved in the propagation of dust flames have not
yet been clarified, but in the present case the following overall process was
envisaged and is discussed in more detail later. The phenol formaldehyde and
magnesium oxide dust particles entered the front of tle flame zone together.

The flame zone consisted of the luminous . -burning region and the free oxygen with
which it is in close proximity (Fige 10). The combustible dust vaporised and
burned with diffusion flames, leaving the inert dust in suspension in the flame
zone acting as a thermal sink. It was not immediately apparent whether the
inert dust dispersed as the resin vapours burned and expanded, or remained at

the same concentratioh ‘as” before entering the flame zone. An assessment of the
probable behaviour was made by comparing the acceleration to be expected from the
drag force of the expanding gas on the particles with the acceleration required
if the particles were t6 dispérse -as the gas expanded.

Neglecting, for the moment, interacting forces between the particles:
drag force on inert dust particle = GAP‘I u2.

where C is drag coeff101ent (functlon of Reynold‘s Number)
A Q..._:Lsi‘_.prp Jected area of particle
( 1 is density of gas

u is relatlve veloclty between gas and partlcle.

} If the dust partlcle attalned the gas v31001ty,. u would then have
decreased to- ‘Z€T0+ .

-1 =



Mean acceleration of particle = f, =% Cﬂr 1_1_1?_ 6
- ‘ 3 Twadp,

where d is diameter of particle (assumed spherical and unifbrm)
e 2 is density of particle

2
Hence 'f1 = Ef E;% l%f

If the particles dispersed as the gas expanded, the approximate acceleration
required = f2 = U

2s

where s is.distance over which the acceleration occurred.

Hence f1 -.~ C P1 Peacece (2)

= 2 1l s

To obtain an assessment of the ratio f1/f2 only approximate values of

the Quantities in equation (2) were required. “For a flame velocity of
100 cm/s (Table 2) and an expansion ratio of about 5 (see below) the value of’
u would be 400 cm/s. The kinematic viscosity of the gas was taken as
2 cr?/s and its density (P,) as one fifth of that of air at N.T.fn The
relation between € . and geynolds Number was obtained from Pérry'9), as was

2 = 3.7 g¢/ecm3. To be effective in quenching flame the inert dust must act
very near to the flame front, and hence s 1is likely to be of order 1 cm or
less,s, Here, s =1 cm was taken.

. o . .
Table 3 shows values of 1/f2 and C for various wvalues of d.
Table 3

£y
Values of /%2 from equation (2)

% (om) ¢ /e,
1072 130 5
2 x10°3 60 1
L x 10°3 35 0.3
6 x 10°3 .25 0.1
1072 | 15 0.05 _

The values of f1/f2 in Table 3 were calculated on the assumption that there
were no interacting forces between the particles i.e. that Stokes Law applied.
This assumption is not striétly corrects ~ Another uncertainty was the extent to
which the dust was dispersed by the feed mechanism at the top of the tube; the
particles could descend in clusters rather than as individuals. Both these
effects would have increased the velocity of fall of the particles which were
assumed to behave kinematically as if of increased diaméter. From Fig. 8 the
mean velocity of fall of the dust particles in air was in the range 60-150 e/ s
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and would have corresoonded to diameters of 1072 Eo 2 x 102 cm for individual
particles of den51ty 3 g/c "falling in still air 9), according to Stokes Law,
The value of 1/f‘g for an effective particle diameter of 102 cm is small

(Table 3), i.e. the acceleration due to drag is small compared with that required
to disperse the inett dust., The conclusion was therefore drawn that the inert
dust particles were not dispersed as the resin particles vaporised, burned, and
expanded. The concentration of inert dust in the flame front was taken as equal
to that ahead of the flame,

Supporting evidence has been reported for cork dust flames(h). From
photeographs of the flames, in which the movement of individual incandescent
particles was measured, it was concluded that dust particles in the "nose" of the
flame were nearly stationary whereas those more deeply within the flame were
rapidly accelerated. There was in fact evidence that particles were decelerated
as they entered the flame, before being rapidly accelerated towards the rear of
the flame. The thickness of the zone within which the particles were moving
slowly appeared to be about 2 c¢m in a tube of diameter 7.6 cm, In this zone the
particles were incandescent but their concentration had not been dlmlnlshed by
expansion of the gas,

The proposed mechanism of flame propagation in the dust suspension can now
be,-enlarged upon as follows. The fuel on vaporisation become ignited and burned
with a diffusion flame, i.e. it mixed with air and burned simultaneously.
Considering firstly a stoichiometric resin-air mixture with inert dust, each
particle of fuel was associated with a volume of cold air just sufficient for
complete combustion of the fuel. . During combustion hot products would be
generated of greater volume than the oxygen that was consumed and, as the system
was at constant pressure, gases would move to the rear of the flame. As it is
unlikely that the exhausted gases would be combustion products only, Some air
would probably also be involved.: To maintain the oxygen balance, either fuel
would need to accompany the air or there would need to be some unburnt fuel behind
the flame front remaining from a previous removal of air., The presence of free

gen and unburnt fuel within the flame was shown in the experiments (Fig. 9 and
10{ On completion of combustion the volume originally occupied by cold air would
be filled with hot cambustion products. For a stoichiometric mixture the diameter
of this volume of products is of the same order as the original distance between
the fuel particles, which is proporticnal to the particle diameter, Hence the
transfer of heat to neighbouring fuel, which is necessary for flame propagationy
would be able to ocour. As the inert dust is believéd not to acoompany
movement of fuel vapour and combustion products, at least in the front of the
flame zone, it follows that to prevent flame propagation :the heat to be absorbed
by the inert dust at its initial concentration would be obtained from a volume of
hot products egual to that of the air initially associated with the fuel. The
conditions in the front of the flame zone, particularly with concentration of
inert dust, would .determine whether flame would propagate further or would be
extlngulshed.

For dust concentrations between stoichiometric and the lower explosible limit
a similar mechanism would apply, but the distance between fuel particles would
be greater, Ultimately, the ignition of neighbouring particles would be unable
to occur. Between stoichiometric and the upper limit excess fuel vapour would
be present, and would restrict the temperature rise on combustion, but otherwise
the situation would be similar to that for stoichlometric mixtures.
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If the inert dust acted solely as a thermal sink, two cases have to be
considered. TFirstly, when the fuel concentration was between the lower
flammable 1limit and stoichiometric, only the inert dust acted as a thermal sink.
Secondly, when the fuel concentration was between stoichiometric and the upper ./
flammable limit, the surplus fuel also acted as a thermal sink. The increase
in gas volume on volatilisation of the reain was neglected.

(1) %> XD x,
. where x is resin concentration (mass/unit volume)
x, is concentration at lower flammability limit
X is stoichiometric concentration
Heat absorbed by inert dust in attaining limit flame temperature = y s (T1 - To)
where y is concentration of inert dust (mass/unit volume)
c, is mean specific heat of inert dust
T4 is flame temperature at lower (or upper) flammability limit
T, is ambient temperature
Heat to be absorbed in attaining limiting temperature =% (x - x,l)
where H is heat of combustion/unit mass of resin dust

r 1is mean eXpansion ratio on combustion

For flame gquenching yco (T1 - To) = %r(x - x1)

H (x - x1)
y = rcz ,T1 — To) rENEO @ (3)

At the peak value
H ( x2 "~ X1) ELIXY RS (14-)

Y 5 TS (T - T,)
(11) x> Xy x,

where x, 1is resin concentration at upper flammability limit.

3
H
Heat to be absorbed = = (% ~ x;)

Heat absorbed by inert dust = yco (T, - Tg)

Heat absorbed by fuel vapour = ¢q (x - x2) (Tﬁ - T,)
r

where ©4 is mean specific heat of resin vapour, and neglecting heat
of vaporisation.
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For flame gquenching, .
i o : - H
yop (T = Tp) + 2L (x-3) (Ty = T,) =T (% - =)
.

H(p-x) | o
re, (T, - To) rep

y = (X_XZ) ;;..._.-(5)

When x = X, Equation (5) reduces to Equation (4).
Application of equations

Numerical values for the quantities in Equatien (3) - (5) have been
calculated as follows.

The chemical composition of the phenol formaldehyde resin was not known
recisely, but was assumed to be akin to that of phenol (06 Hg 0) or cresol
§67 Ho 0). For éither of these compounds the stoichiometric mixture in air

xp) 1s. 0.12 g/%. The heats of combustion were 7790 and 8150 cal/g
respectively(70); a mean value for H of 8000 cal/g was taken,

The lower flammability limit (x1) had been determined experimentally and
was 0,045 g/1l. Hence by enthalpy calculation(11§

T, = 1370°K when T = 300%K.

The mean specific heats of phenol formaldehyde resin an m?gnesium oxide,
G4 and Cp, were taken as 0,35 and 0+28 cal/g/%K respectivelyl12),

T

The mean expansion ratio (r) was calculated from 1/&0 (= 4a6) and from ‘
experimental determinations of the maximum explosion pressure. The maximum =
pressure occurred with a resin-air mixture considerably richer than stoichiometri
and the effect of the surplus resin on the maximum pressure could not be estimated
readily by theoretical_means. From Table 1, the maximum absolute pressure
measured was 128 lb/in2 (= 107 + 6.5 + 1447). . The air used for the dispersion
of the.dust entered the pressure vessel before the explosion_ occurred. Herce :
the initial absolute pressure within the vessel was 21 1b/in® (= 14.7 + 6.5), and |
the expansion was 128/21 or 6.1. The mean expansion ratio was therefore

(6.1 + L4.6)/2.

i-ec = 51)4»

With the above numerical values, Equations (3) and (5) for the lean and rich .
side of stoichiometric respectively become:

Y = 4e9 (x - 0.045) cevees (6)
¥ = 0.37 - 023 (x - 0.12) evaeee (7).

The minimum amount of inert dust required to make a non-explosible dust
mixture is given by Equation (4):

y = 0437 &1

0,37 x 100 °

The t i i i = =
percentage of inert in the mixture (0.57 +‘0.12)

total dust concentration-of 0.49 g/l.

76 per cent, at a
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The results represented in Fig. 3-5 were plotted with 100y/(x + y) as
ordinate and (x + y) as abscissa for experimental convenienoce. Lines derived
from Equations (6) and {7) are included in Fig. 3-5. '

Comparison of equations with results

The tube arrangement in which explosions most readily occurred was that in
which flame propagated upwards from the closed end (Fig. 5). Comparison of the
equations derived above has been made with Fig. 5, which represented the worst
conditions.

The results in Figs. 5 were not corrected for the increase in concentration
at the flame front due to the downward movement of the dust particless
Consequently +the experimental points and lines should be shifted to the right’
to obtain a true comparison with the lines calculated from Equations (6) and
(7). The increase in the dust concentration can be gauged from Table 2 and
Fig. 8, and was about 50 per cent. Egquations (6) and (7) thus underestimated
the lower and upper flammability limits of resin/magnesium oxide mixtures, '
particularly at higher dust concentrations (Fig. 5). However, the resin in
the dust suspensions was not completely burnt (Fig. 9), and the percentage that
wa s burnt decreased as the dust concentration increased, At high
concentrations less than 50 per cent of the resin was burnt. This factor
reduces the extent to which Equations (6) and (7) underestimated the flammability
limitss

The proportion of magnesium oxide needed in the dust mixture te prevent
explosion was calculated as 76 per cent, and was in excellent agreement with
the experimental results (75 - 80 per cent). As it is this proportion of
magnesium oxide which determined whether or not the mixture would propagate
flame in the apparatus, it is of considerable importance in relation to the
Classification procedure (ses below). The composition of the dust mixtures
could be accurately controlled in advance, whereas the concentration of a
suspension was subject to wider variations, so the good agreement with
experiment gave increased support to the theory. Additional experiments are
in hand with dusts of different thermal characteristics to test the theory
further. A corollary of the theory is that if an inert gas were used instead
of an inert dust, the gas would disperse as the resin burned; and hence for
materials of the same mean specific heat a greater mass of inert gas than of
inert sclid would be required.

The importance of the type of ignition source would not be expected on
theoretical grounds to be great, provided that enough energy was released to
produce localised burning, This expectation agrees with the results given in
the Appendix, where both thermal and electrical igniters were investigated.
Insufficient results had been obtained for a clear and consistent picture of
the flammability 1limits in a narrow tube (Fig. 11 and 12) but theré were
indications that the lower flammability limits were greater than in the larger
scale tube. A detailed comparison could not be made.

Comparison between results and Classification

Explosions with flame propagation over at least a fraction of the tube
length were obtained with dust mixtures containing 75 per cent or less of
magnesium oxide. Mixtures containing 80 per cent, or more, did not propagate
flame, Tests in the small-scale apparatus, the results of which were given in
Table 1, showed that the Hartmann apparatus with spark ignition also yielded
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flames with mixtures containing .up to 75 per cent magnesium oxide. The
Modified Hartmann apparatus yielded. flames with the 80 per cent mixture, whereas
the Horizontal tube and the Inflammator only yielded flames with mixtures
containing up to 55 and 70 per cent magnesium oxide respectively. On the basis
of these results, dusts that:were marginally Class I, in the sense that flame
was obtained in.only some of .the small-scale tests, should be regarded as
explosible. Possible exceptions are dusts that give flame only in the Modified
Hartmann apparatus, but the extent to which this apparatus overestimated the
explosion hazard cannot be found exactly from the present results.

Marginally explesible dust mlxtures had a narrower range of flammable
concentrations than more vigorous mixtures (Fig. 3-5), and the maximum explosion
pressures and rates of pressure rise were also lower (Table 1). Thus the
likelihood of a severe explosion occurring with a marginal dust would be
considerably' less than with a dust which 'exploded in each of the small-scale
tests. The present system of Classification does not permit sub—division of
Class I dusts according to their explosibility.

No explosions were obtained in the large-scale apparatus with Class IT
mixtures. These mixtures contained more than 80 per cent of magnesium oxide
(Table 1), and were well separated from the explosible composition regions in
Fig. 3-5. In addition the magnesium oxide content was above the theoretical
maximum for flame propagation in air (76 per cent). In this scale of ducting
Class II dusts would not be expected to propagate explosion away from the
influence of the ignition source in air at atmospheric temperature.

Further indication of the behaviour of Class IT dusts may be obtained from
Equation (4)« The dust is dispersed into heated air in the Furnace apparatus,
but ‘theguantities’ H c -and T would be approximately independent of the air
temperature (T,). % is inbéreased, both (xo0 - %) and r will decrease,
approximately prpportlonately. The quantity (Ty - T,) will decrease
substantially as T, is increased over the range used 1n practice, and hernce y will
also increase substantially. The proportion of magnesium oxide required to
prevent explosion will be noticeably greater with elevated air temperatures, and
there will thus be a range of dust mixtures in Class II. These mixtures would
not be able to sustain flame propagation in air at atmospheric temperature. The
Furnace apparatus may be operated at temperatures up to 1000°C, but the air which
carries the dust into the Furnace is cold. The air temperature in the Furnace
apparatus during ‘a-test would therefore depend upon the initial pressure in the’
reservoir, the rate of release, the effectiveness of mixing, and the dimensions
of the Furnace. As a result the performance of the dust in the Furnace depends
substantially upon the design and operation of the apparatus. Hence the division
between Class IT and Class.TIT dusts is arbitrary, whereas that between Class I
and Class IT is fundamental.

Conclusions
1. MoSf'ﬁarginally éxplosibleldust mixtures that could be ignited by a small
source of ignition in the small-scale test apparatus would propagate explosion

on a larger scales

2+ Dust mlxtures that requlred a relatively large source of 1gn1t10n in
small-scale tests-did not prOpagate explosion on a larger scale.
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3¢« Marginally explosible dusts have a comparatively narrow range of flammable
concentrations, and gensrate only moderate explosion pressures. Marginal dusts
are thus relatively unlikely to cause severe explosions.

L. The calculated minimum amount of inert dust reguired to prevent
explosible mixtures agreed well with experiment on a large scale.

5+ The ekplosible limits of dust mixtures were .higher than the calculated
values, after allowing for the velocity of fall of the dust particles, but an
appreciable amount of the dust suspension remained unburnt.
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APPENDIX T

At the beginning of the investigation into the behaviour of dust mixtures
in apparatus of dimensions greater than bench size some experiments were carried
out by personnel at the Ministry of Power, Safety in Mines Research Establishment,
Harpur Hill, Buxton, Derbyshire.

The vertical explosion tube was 3.1 m long and 7.6 e¢m internal diameter,
and the dust clouds were formed with various mixtures of phenolformalddehyde resin
and magnesium oxide.

Dust delivery into the top of the explosion tube was effected by a
comuercial type feseder working in conjunction with a vibrating sisve. Various
aids to dust dispersion into the tube from the sieve were used and the dust was
allowed to fall through the air in the explosion tube, under gravity.

Four types of igniting source were used in the experiments as follows:-

(1) methane flame

(2) carbon arc

(3) furnace which ignited small quantity of dust as the latter was
blown through it into the falling dust cloud in the explosion
tube.

(4) electrically heated coil of chromium, aluminium and iron alloy
wire (20 S-W_-gn).

. Ignition took place near the bottom of the explosion tube which was either
closed or open thus allowing flame propagation either from a closed end to an
open end of the tube or from an open end to a closed end of the tube.

Five mixtures of phenolformaldehyde resin and magnesium oxide were used;
they contained the following percentages of resin by weight: 30, 32.5, 50, 60
and 75: In some experiments the dust clouds were of resin only.,

The results are shown in Figs. 11 and 12 and are plotted irrespective of

the igniter used. None of the igniters was noticeably more effective than others
in causing ignitions.
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