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ABSTRACT

The lean flammability limits of dust-air mixtures have })een investigated under
both constant volume and constant pressure conditions. The dust fuels used were
cornstarch dust and tvs;o different coal dust samples. A 180 litre cylindrical vessel
was used for experiments under constant volume, while a 53 litre 1vert'1cal tube, of
high'length to diameter ratio (L/ D), was used for experiments under both constant
volume and constant pressure. Both upward and downward propagation limits were
investigated in the closed vertical tube, whereas only upward limits were investi-
gated in the open tube. A different dust dispersion method was used for each vessel.
The criterion for self sustained flame propagation in the 1q80 litre vesse} was the
evidence of an explosion overpressure in excess of 20.7 kPa. A dust-air mixtu:re in
the vertical tube was taken to be flammable if the flame proi)agated at least three
quarters of the length of the tube. The measured lean limits in the 180 litre cylinder
were, 75 — 80g/m® for cornstarch dust and 40g/m? for both of the coal dust sam-
ples. 200g/m?® was the minimum concentration of cornstarch in which a sustained
flame propagation was detected in the closed vertical tube, for both the upward and .
downward propagation directions, whereas, 400g/m> was the lean lim‘it for corn-

starch obtained under constant pressure conditions. No sustained flame propagation

- was observed for either of the coal samples, under any tested conditions in the verti-

cal tube. Settling of coal dust particles, appears to hinder flame propagation in the
vertical tube by decreasing the burning rate and limiting the amount of coal dust
that has time to burn. It becomes evident that different apparatus and experimental
conditions coupled with arbitrarily set limit criteria, yield very subjective lamma-
bility limits. The lean flammability limit of a dust-air mixture does not appear to
be a fundamental property of the mixture, hence, prudence must be exercised in
assessing explosion hazards based on any given value for lean flammability limit.
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~Les ljmites de flammabilité imférieures de mélanges poussiéres-air ont été étudiées
da,I;s les deux conditions s:uiva‘ni;es: volume consta'nt et pression constante. Les
I;ax:ticules combustibles utilisées sont I’amidon de mais et deux diffé;entes sortes de
poussieres de charbon. Une enceinte cylindrique de 180 L a été utilisée pour les
expériences a volume constant, alors qu'un tube vertical de 53 L de grand rapport
L/D a été utilisé pour des expériences, aussi bien a volume constant qu’a pressibn
constante. Le tube vertical, lorsqu’il était fermé, a permis d’étudier les limites lors de
propagation a la fois montante et descendante. Dans le cas ol il était ouvert, seules
les limii:es de propagation montante ont été étudiées Pour chacune des chambres
une méthode différente de mise en suspension des poussieres a été utilisée. Qws le
cas de l’enceinte de 180 L, le critdre d’auto- propagation de la flamme correspond
& une limite arbitraire de surpression du mélange de 20.7 kPa, alors que pour le
tube vertical I'inflammation d’une suspension est qualifiée de réelle si la flamme se
propage jusqu’aux trois quarts de la longueur du tube. Les mesures donnent comme
limites inférieures pour le cylindre de 180 L 75 — 80 g/m® pour ’amidon de mais
et 40 g/m® pour les deux échantillons de poussieres de charbon. La concentration
minimale d’amidon, pour laquelle la propagation de la flamme a été observée dans
le tube vertical fermé, est 200 g/m3 dans le cas de la propagation montante et
descendante. Par contre, il faut un minimum de 400 g/m® pour les expériences 2
pression constante pour le méme appareil. ;

Aucunes conditions experimentales dans le tube vertical n’a permis 'observation
de la propagation d’une flamme auto- entretenue. La chute des particules de charbon
s’pemble retardes la propagation de la flamme en diminuent le tause de combustion et
en limitant la quantité de poussiéres de charbon qui peut briiler.

Il est donc évident que lutilisation d’appareils différents dans des conditions
expérimentales données associées z‘;. des crétéres de limitation s‘ubjectifs meénent & des

limites de lammabilité arbitraires.
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v La limite de flammabilité inferieure d’un mélange poussiere-air ne semble pas étre
. une propriété fondamentale du mélange; une grand prudence est donc de rigueur
quant & P'utilisation et & I"applitation de toute valeur de limite de flammabilité qui
puisse étre donnée.
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1 INTRODUCTION

v -

The minimum suspended dust concentration in air which can sustain flame propaga-
tion is referred to as the lean flammability limit. So many dusts, harmlessly handled
daily by millions of people or present in peoples’ daily rm;tines, have the poten-
tial of exploding if they become airborne for some duration of time. The lovx;er the
flammability limit of a substance, the more hazardous it is. An accurate knowledge
of the lean flammability limits of dust-air mixtures is of great practical importance
in assessing the fire and explosion hazards posed by dusts in mining, agricultural,
chemical, pharmaceutical, storage, transportation and other industrial environments.
Systematic reseaf}ch in dust explosions dates back to the lat‘e 19th century. The main
dust resea,rchediwas coal dust arising for the need to prevent coal mine explosions.
A main hazard in handling coal is its ability to form self-sustaining explosions. Typ-
ically, the source of an explosion in a coal mine is a pocket of lammable methane-air
mixture being ignited by a spark, hot surface or some other ignition source. The
pressure waves an>d resulting flow generated by such local explosions, entrain dust
from the floor and other surfaces and create a coal dust-air atmosphere. If the con-
centration of dust is high enough, the flame can propagate through the coal dust-air
mixture, continuously generating a flammable mixture in front of it and accelerat-
ing down the mine passageway. The result can be extensive damage to the mine,
equipment, and inevitably death or injury to miners at the site of flame passage.
Many other industries are characterized by the unavoidable intense production of
dusts. Aside from coal mines, some primary sites for dust explosions have been in the
food and textile industries. The United States Department of Agriculture reported
31 accidents under its jurisdiction, in 1977, resulting in 65 deaths and 876 injuries.
During the years 1970-1978 in Poland, there were more than 20 explosions in the food
and textile industries [1], while more than 400 dust explosions occurred in the Federal
Republic of Germany and its neighbouring countries, during the years 1960-1972 [2].

i

Over, the past fifty years, a lot of data on dust-air explosions in closed bombs of
' /
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various shapes and sizes, has been and continues to be accumulated. There has been
a practical need to ide(ntify parameters from dust-air combustion experiments, which
can be used for the explosibility classification of different dusts. Fivesuch parameters
a.re~ used in combination in the U.S. to determine the sensitivity of a sample dust to

ignition and the severity of its explrsion [3]. Some West European countries choose

the standard explosion pressure rise value to classify dust explosibility, while others,

including Poland, use the lean flam ability limit as the main parameter for explosive
.

hazard classification [4].

i

Confinements and barriers in the Wgmbustion region cause acceleration of the
flame front due to increased turbulence i{5,6] which causes better entrainment of
dust particles and consequently increased pressuré rise and explosion effect. On
the other hand, vent holes allow for relief of pressure build up, thus decreasing the
effects of the explosion. Since most potential sites of dust explosions are neither
totally confined (constant volume) nor totally unconfined (ba(lstant pressure), it
would be essential for industry to have an accurate knowledge of the lean flammabil-
ity limit(s) of a dust-air mixture, under both constant volume and constant pressure
conditions. Unfortunately, results from flammability limit investigations conducted
over the years, indicate that the lean flammability limit of a dust-air mixture does
not appear to be a fundamental property of the dust-air medium. Rather, it appears
to depend strongly on the test conditions and chosen flammability limit criterion,

uked for its determination.
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2 GENERAL CONSIDERATIONS AND PRESENT
OBJECTIVES

2.1 Determination of Flammability Limits

Flammability limits are usually referred to as the boundaries for the range of fuel-
oxidizer compositions which are capable of sustaining flame propagation. The min-
imum and maximum fuel concentrations in the oxidizer environment, which can
sustain flame propagation, are respectively known as the lean and rich flammabil-
ity limits. Fuel- oxidizer composition outside these limits, will not be combustible.
There exists no universal theory for predicting flammability limits.

Attempts have been made to link the minimum explosive concentration of fuel to
its heat of combustion or higher heating value [7]. However, very limited success can .
be claimed, other than at best, an approximation to the limits by such theoretical
means. It is necessary to have a good knowledge of the fuel compositicus in air which
can explode, so that any potential hazards can be accurately assessed. Hence, the
limits have to be determined experimentally. For gaseous fuels, the traditional ap-
paratus used is an open cylindrical tube mounted vertically, about 1.5 m long and at
least .1 m in diameter, with ignition electrodes at the bottom. Monitored streams of
gaseous fuel are flowed through the cylindrical tube until a desired concentration is
achieved, at which time the flow is stopped and a spark is provided for ignition. The
visual observation in a dark room (or with a photo multiplier), of flame propagation
at least three-quarters of the leng/t,h of the tube, establishes the upward propagation
limit. By placing the ignition electrodes at tile top and following a similar proce-
dure, the dowi';ward propagation limit can be determined. Similarly, the horizontal
limit can be determined by placing the cylindrical tube horizontally. As a result
of the effects of buoyancy at near limit compositions, i;he determined propagation
limits will generally be direction-dependent, with the flammability range for upward

propagation being somewhat wider than that for the downward direction. There

A
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is fairly good agreementl of reported results for flammability limits for gases. Data
for the flammability limits determined in various laboratories around the world, has
been accumulated by the U.S. Bureau of Mines and published by Coward and Jones
in Bulletin 503 [8] and later updated by Zabetakis in Bulletin 627 [9]. B

Flammability limits for dust fuels have been determined in a different way than
that for gaseous fuels. Rich flammability limits for dust fuels are not observed in
practice. No standard apparatus or procedure exist for the determination of dust
limits. The majority of experimentation on the field has been conducted in closed
bombs of spherical geometry or cylindrical vessels with L/D near unity. The amount
of dust necessary to achieve a desired concentration is placed in a bowl or digpersion
bed. A jet of pressurized air discharges into the dust receptacle, entraining and
dispersing the dust in the combustion chamber. Ignition by a spark or the more
powerful pyrotechnic igniter, follows a pre—setﬁ time delay after the onset of the dust
dispersion process. Diagnostics havg mainly consisted of the pressure-time history
inside the closed vessel as detected by a pressure transducer. -In some instances, in
addition to pressure measurements, any resulting flame propagation was detected by
optical means or by probés specifically desigl}ed for the purpose. v

A major part of the explosibility classification of dusts was undertaken by Hart-
mann et al [3,10-14] at the U.S. Bureau of Mines. The emphasis was the classification
of dusts on such explosibility parameters as: minimum ignition energy, minimum sur-
face ignit’ion temperafure, lean flammability limit, maximum oxygen céncentration
to prevent ignition, maximum overpressure and peak rate of pressure rise. Using the
earliest standard apparatus, the 1.23 litre Hartmann bomb, extensive dz;,ta. on lean
flammability limits has been accumulated [15-17].

About the late 1970’s, the scientific community replaced the 1.23 litre Hartmann
Eomb, first with a 7.8 litre modified Hartmann bomb a:t the U.S. Bureau of Mines

[18-21] and currently uses the 20 litre [22-24] and 1 m® vessels as the minimum

acceptable standards volumes for dust combustion research. There are several im-

portant considerations which led to the abandonment of the Hartmann bomb as a

4
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tool for scientific research in dust combustion. Most notably, the results from ex-

periments performed in the Hartmann apparatus did not correfate well witH those
produced from other larger vessels, and further, scaling to actual industrial appli-
cations from such results was not possible. The non- uniform dust distribution in
the vessel, the necessity of a weak ignition source due to the small vessel volume
[24], the cold wallquenching effects [26], the dust flame thickness compared to the
integrg.l vessel dimensions and a soft a.mi very specific flammability limit criterion,
are some of the major limitations of the Hartmann standard apparatus and pro-
cedures. As a result, any results for lean flammability limits of dust obtained in
the Hartmann bomb are apparatus dependent and have little fundamental signif-
icance. McGill University uses a 23 litre vertical tube and a 180 litre Hartmann
type cylindrical apparatus for lean flammability tests. Almost ail of the past lean
limit tests have been performed in closed bombs, otherlwise referred to as constant
volume conditions. Only recently have constant pressure lean limit determinatipns
been attempted. Veyssiere, Proust et al. [27,28] used a fluidized bed in an open‘
vertical glass t\ube to create a quasi-quiescent dust-air suspension, while Jarosinski
et al. [29] used tuxrbulent dust dispersion in an open-ended vertical tube for constant
pressure simulations.

A quick survey of the literature on the subject of lean flammability limits of
dust-air mixtures, obtained in di%nt investigations and under the different condi-
tions of constant volume and cons;ant pressure, will reveal significant discrepancies
for the same type of dust. Hertzberg [19] has reported lean flammability limits for
coal dusts ranging from 5 — 500 g/m3, whileTeports for the lean limit of cornstarch
dusts determined by d;fferent researchers or under different test conditions, vary
from 40 — 400 g/m>. The major reasons for large reported variations in lean limit
results obtained under constant volume, can be attributed to differences in dust par-
ticles themselves (size, volatile content, moisture), initial and boundary conditions,

experimental procedure, ignition source characteristics, and to a great extent, the

criteria used to establish the flammability limit.



Criteria for ascertaining flammability limits have been arbitrarily selected by dif-
ferent research teams, working in different labora}:ories, on a variety of test chambers
and following dissimilar experimentat procedures. The reci“uirement of a gas flame
to have been observed to travel a/given distance (3/4 of length of tube) before the
mixture cc;uld be deemed flammable; may not be adequate and other criteria have
been sought. In experiments under constant volume, the pressure inside the test
vessel increases with any combustion,_ so that a criterion based on pressure rise is
possible. A certain minimum measure of the degreesof burning, as indicated by the
peak explosion overpressure, Apmaz, or the peak rate of change of some parameter,
like pressure, tem;erature or burning velocity, have all been suggested as acceptable
] limit criteria. The breaking-of a pressure pre-calibrated diaphragm by the exploding
mixture, has been used as a criterion in the Hartmann bomb and other investigations
[17]. Hertzberg has used the normalized peak explosion overpressure, (Apmaz/Fs)
as the propagation criterion for the limit {19}, or in combination with the vessel
size normalized peak rate of pressure rise, K, [24]. Bartknecht found that the dust
explosion hazard in vessels with L/ D'near unity can be approximated by the “cubic.

law” [30],

Ky = (dp/dt)mazV ‘

It provides a measure of the maximum burning rate and is used to classify the
explosion severity of different dust in Europe.

Thus, it becomes evident that variations in reported flammability limits obtained
experimentally, may be a direct result of the different arbitrary criteria usgd to de-
termine these limits. At near limit co}mentrations, there exists a large departure of -
the combustion phenomena of the fuel from its normal features. It has been sug-
gested that apart from simply stating that a given fuel-air mixtureican sustain flame
propagation, it may be necessary to provide additional specifications on the “qual-
ity” of flarae propagation that is required, before one can establish if the mixture is

flammable or not. \
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2.2 Effects of Buoyancy ’ )

Buoyancy can severely limit the fraction of total fuel that cafi burn in a given vessel

‘near the limits of flammability. Since the burning velocity for near limit mixtures

is very low, an expanding flame kernel will rise much the same as a gas bubble in a
liquid. Buoyancy will disto;‘t the shape of the rising fireball, maintaining a roughly
spherical curvature for the top half while causing the bottom par# to flatten out or
even dimple in towards the flame, as a result of the low burning velocity. Flame
propagation in the downward direction is limited by the much higher buoyant rise
velocity compared to the burning velocity. Since the flame cannot burn downwards,
only the fraction of fuel within the conical volume traced out by the rising and
expanding fireball, will be able to burn. Consequently, the original point of ignition
finds itself in the-cold unburned mixture. When the flame reaches the top of the
combustion vessel, it will remain there, burning horizontally and getting cooled
total fuel is consumed by the flame, resulting in a much lower pressure rise in the
charﬁber compared to that which would be expected for all the fuel burning. If the
criterion for determining flammability limits is s;)lely based on a minimum pressure
rise in the vessel, it becomes evident that buoyancy will have a marked effect on the
actual values of flammability limits. Such limitations on the fuel burning are most
pronounced in vessels with central ignition and when flame propagation is limited to
the upward and horizontal directions only. In high L/D vertical tubes with ignition
at the bottom end, buoyancy will aid flame propagation and ?:he total fraction of fuel
consumed will tend to be significantly higher than that in a low L/D vessel, of the
same volume, with central ignition. Downwa’rd propaga’};on of near limit mixtures
should generally not be aided by buoyancy effecte. , ’

Buoyancy induced motions cause severe distortions to the flarfe. Resulting

changes in the flame curvature affect the cellular instability mechanisms. In general,

the fuel and oxygen will have different molecular weights and consequently, their .
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diffusivities will be different. This creates a preferential diffusion situation, where

therg is a local e-nrichmen‘t of fuel or oxygen at the curved.fiame front. A good ex-

L afr;ple of this selective diffusion mech:anism, is manifested in the upward propagating

lean hyarogen-air flame, where l;uoyancy ca‘usjes the distorted fireball to completely

br‘eak-‘up into small flamelets: Due to hy?ifogen’s very high mass diffusivity compared

to oxygen, any convex curvature of the flame, will allow the hydrogen molgcules to

diffuse preferentially and conseqﬁently enrich the flame locally. While there is no

continuous flame front inxlean upward hyarogen-air mixtures, propagation of the

b;lrning is allowed to continue nbeca.use of the distortions to flame curvature'caused

by buoyancy induced motions.

_ Near limit flames are slow and have thick reaction zones. As a result (Sf buvbyancy .
and the unburned flow gradients, it is possible for diﬁ'ereni; portions of the flame -
surface to be convected along with difi'erent flow velocities causing the flame to

stretch. A flame may be qt?e\nc\hed in‘such a situation due to excessive convective

cooling of the stretched flame surface. Once again, one can see the very important

\
role played by buoyancy effects in determining if flame propagation can be sustained,

.

thus affecting the flammability limits. - -

2.3 Ignition Effects and Requirements

Before one ‘can determine if a given fuel-oxidizer mixture can sustain flame propaga-~
tion, there must be an initial coxrilbustion wave present. An adequate ignition kernel
will maintain the initial combustion wave and spread the flame to the unburned
mixture. —
For z;ny comhustible mixture at a finite temperature, there is always a ﬁnitelrate
of reaction. When the temperature of the combustible mixture is kgpt much below
, its adiabatic flame temperature, the heat losses from the volume of mixture exceed -

the heat produced by the reaction and keep the combustible volume stable. However,

. when the temperature of the combustible mixture is raised to nearly that of the adi-

Q
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abatic flame temperature, the rate of heat production in the.volume occupied by the
mixture, exceeds the rate at which heat is lost. The result is an unstable mixture,
characterized by an accelerating reaction rate, producir;g peak temperatures near, or
at, the adiabatic flame temperature. When this condition occurs, a sufficient flame
kernel can exist and spread&the flame through diﬁ"usj/c’)n of mass, energy.and momen-
tum, to the neighbouring unreacted mixture. Thus, the ignition problem reduces to
finding the smallest volume of hot combustible mixture at the adiabatic flame tem-
perature that can cause reaction to spread. This smallest volume is referred to as
the minimum flame kernel. Near the limits of flammability, the size of the minimum
flame kernel increases drastically, as a bigger volume of combustible mixture is nec-
esgary to produce sufficient energy from reaction and maintain the adiabatic flame
temperature. An explosive mixture which is kept stable at a given temperature, will

require an external energy source to bring about the onset of chemical reactions.

_This external energy has cften been provided by an electric spark produced by a dis-

chax\éing capacitor or exploding wire, or by a chemical igniter. The energy addition
by an electric spark is typically “of the order of microseconds while for a chemical
igniter it is of the order of milliseconds. Ignition energy has been found to play a
critical role in.the determination of flammability limits. Near limit mixtures require
very strong ignition sources to initiate the combustion process. |
The flammability range can be significantly enlarged by the provision of hxgher ig-
nition energies [19,24,31 32] Inadequate ignition energy may severgly underestimate
the potential hazard posed by some fuel-air mixtures since the flammability range
for that-fuel will appear to be narrower than it really is. Theoretically speaking, it
is always possible to provide a high enough ignition energy and of appropriate du-
ration so that the riecessary minimum ‘ﬂame kernel for flame propagation can exist.
Hov;ever, too large an ignition volume compared to the test vessel’s dimensions, can
overdrive the system by changing the initial conditions of the unreacted mixture. It
is unknown over what distances the lame can be said to be truly self propagating and

independent of the ignition conditions. Further, strong ignition sources can gé€nerate
/ 9
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large ignition kernels resulting in the creation of high overpressures caused by local-
ized burning, or from only marginal flame propagation. Such effects resulting frorg,.
strong ignition sources may lead to the misleading conclusion that a self-sustained
propagation is possible, whereas it would not be the case were it not for the ignition
source being excessive compared to the vessel’s dimensions.

There comes a point where it serves no practical purpose to determing flammabil-
ity limits by continuously increasing the ignition energy provided to the combustible
mixture, and using larger and larger test volumes to avoid overdriving effects. In
the determination of flammability limits, one must decide on an appropriate appa- |
ratus volume and geometry and then determine the ignition source characteristics
necessary. The ignition source must be of sufficient duration and energy so as to
enable a sufficient quantity of fuel to be ignited an maintained at a high eno:g“h
temperature to initiate any potential reaction. The ignition energy and duration are
most critical in the determination of flammability limits for dust fuel-air mixtures.
A high ignition energy is necessary to cause sufficient devolatilization of particles so
that combustion can predominantly be sustained in the facilitating gaseous phase.
The duration of the igniter is of paramount importance for successfully igniting a
dust-air mixture. In a relatively short duration spark, a large portion of the energy
is used for shock wave production, where the: motion ’of the air behind the shock
disperses the dust particles away from the hot spark center. This shock dispersion
of particles lowers the possibility of ignition of the dust- air mixture. On the other
hand, long lasting igniters enhance the probability that some dust particles will tra-
verse the ignition region, during the highly transient dust dispersion process, and

F

spread ignition centers to other regions of the bomb. =4

2.4 Effects of Turbulence

One of the most fundamental differences between the combustion experimentation

“of gases and dusts, is the need to have turbulence in the vessel at the time of
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ignition for dust fuels. Turbulence is necessar}b disperse and suspend the dust

in the bomb. Almost always, an air blast originating from a pressurized dispersion
cha;n’ber is directed into the dust placement contain,er,\en/training and dispersing
the dust throughout the combustion vessel. While the ::oncentration of a gas-air
mixture remains time-invariant, once premixed, there exist highly transient dust
concentration gradients throughout the vessel, as a result of the transient nature
of the decaigfling dispersion-induc\ed turbulence. Since turbulence controls the initial
dispersion process, it détermiﬂeé@tribution of 'dust and the uniformity of the

dust cloud in the vessel. As time elapses after the onset of dust dispersion, the

turbulence decays in its effectiveness to entrain and suspend dust particles within

. its eddies. Following a time delay after the onset of the dust dispersion process,

Rl

the ignition source is activated. Ignition will usually occur with a large amount

of turbulence stillhpresent in the vessel, so that most of the dust will still be in

suspension. It thus, becomes necessary to briefly look into some of the potential
‘ effects of turbulence, in the determination of flammability limits.

At concentrations near the limits of lammability, turbulence can be a very im-
portant parameter in deciding whether or not a sustained flame propagation can
exist. Turbulence inpfluences flame propagation by increasing the transport rates of
ﬁeat and mass and causing a dramatic change in the\ burning velocity. Turbulent
flows are characterized by eddies which move randomly in all directions. By rapid
mixing with the cold mixtures ahead of the flame front, it is possible for turbulence
to quench the flame. On the other hand, turbulence may promote flame propagation
by increasing the burning rate and allowing less time for heat losses to the walls of
the combustion vessel. As turbulent eddies are overtaken by the flame front and
begin to burn, they maintain their initial random motion and niay assist in flame
propagation, by spreading ’multip“le‘ignition points to the unreacted mixture ahead
of the average flow. Finally, turbulence may counteract some of the limitations to
burning imposed by buoyancy, by randomly distributing ignition sources through

the cambustion volume.
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2.5 Factors Influencing Dust Combustion

There are many unique features which distinguish the combustion of dust fuels in air
from that of premixed homogeneous gaseous fuels in air. Parameters which can affect
the initiation and propagation of dust-air flames are many and some of the major a

3

ones are summarized by Wolanski [7] in Fig. 1. The large variation in reported lean
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///hm®1ity limit for the same dust in air, is largely due to the numerous parameters

CErm e

¢
which affect dust combustion but are difficult to control between laboratories.
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One of the first problems encountered in the combustion of a dust is getting the

R BRI
e e

) dust to be suspended uniformly in air. The uniformity of-the suspension depends

PR

* H
| ) on the specific dispersion technique applied, the initial and boundary conditions s

| ) present in the combustion vessel, and the properties (size, shape, humidity, spegific
" gravity) of individual dust particles. While a premixed homogeneous gas mixt?ure
will maintain' its composition, agglomeration and segregation of particles due to sed-
imentation effects, as well as non-isotropic dispersion-induced turbulent phenomena,
make a perfectly homogeneous dust-air suspension very difficult, if not impossible, to

obtain. The non-uniform transient dust distribution after dispersion, coupled with

the timing of ignition after the onset of the dispersion process, are primary sources

for reported discrepancies in ﬂamrnabilﬁty limit results, since they differ widely for
/
/

different combustion vessels. .

There are many types of combustible dusts. Many are volatile- content organic

dusts, such as coal dust and cornstarch, while o{thers are inorganic and contain

volatile matter, such as iron and aluminum dusts. Appendix A de;scribes a typical

accepted m9del for the combustion process of volatile contlmt carbonaceous dusts.

The complexities associated with evolution of volatiles, heterogeneous surface reac-

tions, heat transfer phenomena, and relatively long particle burn-up times, makes

the burning of dust-air mixtures unique. Individual dust parti‘cle properties will in-

evitably affect the combustion behaviour of the dpst. The size, shape and density of
\/\Jndividual particles, their volatile content, the moisture present in the dgst mixture,
8 - ¥ \
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all can readily affect the flammability limits of dusts.

The effects of dust particle size and wetness to t\he flammability behaviouz, can-
not be overempha.s‘ized. Explosibility of a combustible dust increases substantially
as the particle size is decreased. If a cubic solid fuel is\yreduced to smaller particles
one-eighth of the original length, a 700% increase in surface area results [33]. Such
a larger surface area greatly facilitates the burning of the original amount of cubic
solid fuel particles. The burning rate has been found to depend on the surface area
to volume jratio, S/V, of the dust particle. Greater S/V of smaller partitles im-
plies that they may remain in suspension for a relatively long time, heat up faster,
and release volatiles at a faster rate? compared'to larger particles ,%f the same dust.
Any moisture contained in a dust sample may cause individual particles to agglom-
erate and form much larger particles, which settle at a faster rate and may often
be harder to burn. It is often necessary to dry the dust pr‘ior to experimenting
with it. However, there is no standard dust drying procedure followed by all labo-
ratories. The explosibility parameters have been shown to be affected by the dust
particle size and moisture content in the samplé. The peak explosion overpressure
and peak rate of pressure rise from the constant volume combustion of a dust-air
mixture, can increase with increasing S/V [30]. The minimum ignition energy for
a dry dust has been found to be a few times less than that which is necessary to
ignite a wet dust of the same sample {7]. Furthermore, the lean flammability limit,
quenching distance (related to flame thickness), and ignition temperature all have
been shown to increase with increasing particle size and wetness in the dust sam-

ple [7,19,24,29,34]. For very fine particles, rapid devolatilization can take place and

allow for homogeneous combustion reactions in the gaseous phase. On the other

hand, rapid and complete devolatilization for larger particles, is not always possible
in the finite time it takes the flame front to traverse a given region at the limit
burning velocity. In such a situation, the dust-air mixture is under devolatilization
rate coqtrol and a higher dust loading of large particles is necessary, so as to enable

the minimum amount of combustible volatiles necessary for flame propagation to be

}
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present. Consequently, the lean flammability limit will usually rise with increasing
partic!e size. Furthermore, measured lean limits for d,l'IStS have been shown to be
inversely related to the combustible volatile contents trapped within the particles
[19].

The existenceé of volatiles in dusts and the subsequent gaseous-phase reactions of
the released volatiles from the particles as they are heated up, has led to attempts of
enhancing the understanding of the dust flame propagation mechanism by drawing
analogies with relatively well understood gas flame phenomena. Limited ’éin:ilarities
have been established between two phase, dust-air, and single phase gaseous com-

bustion. Unlike experiments with gaseous fuels, experiments with many dust fuels

have a substantially lower repeatability. Nevertheless, experimental results show

that repeatability can be enhanced for very fine dust-air mixtures, whereby the lean

limit dust flame propagation mechanism is controlled by the gaseous pha’%/e reaction

rate {24].

2.6 Outline of Present Objectives :

After examining the large number, of factors which can affect the determination of
lean flammability limits of dust-air mixtures, it becomes apparent that the exper-
imentally determined lean flammability limit alone, is not expected to be defined
as a fundamental property of any particular dust-air mixture. Nevertheless, much
can be learned by comparing lean limit results obtained under different experimen-
tal éonditions and with different flame propagation criteria, if one can successfully
explain the physical phenomena involved in the different combustion scenaria. The

objectives of the present investigation can be outlined as follows:

A\
1) To inquire about any changes in the flammability behaviour of different dusts
that ‘may result from different test conditions, by comparing the Apnaz, Ko
and flammability limit results, obtained from the closed 53 litre vertical tube

of high L/D, to the corresponding ones obtaincd from the 180 litre Hartmann

{
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' . , type cylindrical vessel.

2) To determine the most appropriate ignition delay time after the onset of _dust
dispersion, for every test; dust in each vessel, so that a proper flammability

limit investigation may be conducted.

3) To develop appropriate criteria for each vessel, so that it is possible to establish

if a given fuel-air mixture can sustain flame propagation.

‘ 4) To determine the constant volume lean flammability limit of each test dust, in

the 180 litre cylindrical vessel and in the 53 litre closed vertical tube.

5) To examine the effects of direction of flame propagation on the flammability

L

limits, by investigating both upward and downward propagating dust-air flames

in the closed vertical tube.

6) To inquire if there are any changes in the lean flammability limit of a dust, if it is
determined under constant volume or under constant pressure conditions, by
either keeping the vertical tube closed or opening the bottom end of the tube
t; the atmosphere at ignition. \ ' ' -

7) To campare all lean flammability data from the present investigation, with rele-

vant benchmark data and attempt to explain any discrepancies.

8) Finally, to decide if the determined lean flammability limits have any fundamental

‘\
I |
signiiicance. ;
{
|
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3  'EXPERIMENTAL DETAILS

3.1 General Description

The present study was performed in two separate cylindrical apparatus of different
volume and geometry. Lean flammability behaviour of dust- air mixtures was inves-
tigated under both constant volume and constant pressure conditions. A 180 litre

test vessel with L/D ratio of 2 was used for the determination of lean flammability

limits under constant volume conditions, while a 52 litre vertical tube with L/D ratio -

near 10 was used to examine the flammability behaviour of lean dust-air mixtures
for both constant volume and constant pressure experimental conditions. While
there were not;ble similarities in the experimental procedure and initial conditions
of the tests in both the vegsels, the boundary conditions in the two vessels were very

different.

3.2 180 Litre Cylindrical Vessel and Instrumentation

The principal apparatus us&fggf"g; flammability limit determinations at constant vol-
ume has a volume of 180 litres and is cylindrical in shape with rounded dome-shaped
ends. The cylinder itself consists of a straight portion (48.2 ¢m inner diameter, with
a mean equivalent cylindrical length of approximately 22 em each. The entire con-
finement is made of thick steel. An overall view of the apparatus is illustrated in the
photograph in Fig. 2 and schematically in Fig. 3.

The mass of dust necessary to obtain any desired nominal composition of fuel-air
mixture in the 180 litre vessel, must be determined and weighed out. This amount
of dust is placed in a hemispherical stainless-steel receptable, located at the bottom
of the bomb. The bomb is then bolted tight and evacuated to .7 kPa (56 torr) below
atmospheric. Dispersion of the dust as well as the production of turbulence results
from a strong jet of air being discharged into the dust receptable. The’jet of air

originates in a 1 litre vessel, pressurized to 1.5 M Pa (200 psig), and is released by the
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activation of a solenoid :valve. With the addition of the air used for dust dispersion
into the test vessel, one ensures that ignition will occur at atmospheric pressyure.
Ignition is achieved centrally via a pyrotechnic electric match connected directly to
a 110 V AC line. The igniter itself, consists of a thin glow wire 'wrﬁapped with 1.2 ¢
of grounded black gun powder. The effective energy [35] (or VAp,,m) produced

by one such igniter in thls vessel, w?s found to be slightly over 3.6 kJ. Didgnostics

are composed solely of pressure tlme history mea,surements in the explosion vessel
via a PCB 113A24 plezoelectrlc transducer (~ 5 mV/psi sen51t1V1ty) coupled to
a Tektronix oscilloscope. A permanent record of the resulting combustion pressure
trace is achieved by taking a Polaroid photograph of the oscilloscope trace. A typical
record of the pressure-time history, as obtained by a Polaroid camera, is found in
Fig. 4. The vertical axis represents pressure while the horizontal one indicafﬁes time
evol}ltion. The pressure trace was produced from the combustion of 70 ¢/m® Lingan
10-E coal dust at an ignition delay time of 500 ms. From this trace the peak
explosion overpressure, Ap,,,, and the peak rate of pressure rise, (dp/dt)mq.z, are
readily; deducible. The vertical spike on the top beam indicates the time of ignition
of the dust-air mixture. A solid state delay generator is used to vary thg time
between the onset of dust dispersion and acqtﬁm@tmn of the ignition source. Ignition
delay time-dependent lean flammability lmﬁts of different dusts were determined in

this apparatus.

3.3 53 Litre Vertical Tube

3.3.1 Overall description
. _ )
A vertical steel combustion tube, made up of two smaller identical tubes bolted

together was employed to investigate lean dust-air flammability behaviour under
“constant volume” and constant pressure conditions. With an L/D near 10, this
vertical tube allows for distinct flame propagation. The total length of the tube is

1.86 m and has an inner diameter of .19 m, making up a test volume of 52.7 litres.
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The apparatus is shown in a photograph in Fig. 5 and schematically in Fig. 6.

’ The ends of the tube are initially closed by blind flanges. For experimentation
under constant pressure conditions, the bottom flange is freely floating. Depending
on the intended direction of flame propagation, the ignition source rests on either
the bottom or top flange. Each of the two segments of the tube contains its own
dust dispersion system and is essentially identical in construction as the other. The
dispersion system was developed by Pu et al. [6] {n another study in the same tube

and was found to produce a relatively uniform dust distribution.

3.3.2 Dust dispersion

The method of dust dispersion is essentially a linear version of the circular perforated/
tube used by Bartknecht in his standard 20 litre sphere or the 1 m3 vessel [30].
The linear dispersion tube in the present apparatus is 14 mm in diameter and,
910 mm long. It runs from top to bottom along one side of the inner wall of each
of the joined two sections making up the tube. Small holes were drilled along the
entire length of each dispersion tube, ranging in diameter from 1 mm to 2 mm.
The diameter of the holes near the middle of the dispersion tube are larger than
at the extremities of the tube because it was found [6] that a more uniform dust
B} distribution after dispersion, can be obtained in this manner. The dispersion tube
itself has an inner diameter of 14 rnm. Each dispersion tube is connected in series
with a small dust placement chamber (10 em?®), and through a solenoid valve to
a pressurized air reservoir (230 ¢m®). The air reservoir volume was pressurized
to 1.13 M Pa (150 psig) prior to dispersion. This level of pressurization in the

air reservoir has been found to be effective in entraining almost all the available

. dust when it flows through the dust placement chamber. As well, the pressure of
1.13 MPa is well within the operating range of the solenoid valves used for the
dispersion process. When the solenoid valves are activated, the high pressure air is

released and flows through the dust placement chambers, entraining the dust and
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dispersing it in the test vessel, through the linear array of holes in the dispersion *

tubes. The entire dust entrainment and dispersion process occurs under 100 ms. A
circular rod with .95 ¢m diameter is placed 4 mm away from the dispersion holes and
runs parallel to the dispersion tube along its entire length, in order to suppress the
 directed momentum of the dispersion jets. The rod serves as an obstacle to the dust-
air jet, breaking it up, and minimizing the amount of dust impactir;g the opposite
waull of the vessel, which would cause it to get stuck there or drop to the bottom.
In addition, a deflected jet can entrain and disperse dust more effectively, which in
turn enhances a more uniform dust concentration. Finally, to further improve the
dispersion process, the dust placement chamber is placed at the top of each tube
so that the dust-air mixture can flow downward along the dispergion tube and one
of the two test sections with its dispersion system is shown in Fig. 7, when ignition

!
occurs at the bottom.

3.3.3 Ignition of the dust-air mixture

For all the flammability tests performed, ignition took place at atmospheric pressure.
The vessel was initially evacuated to 8.7 kPa (140 to;'r) ’below atmospheric pressure
such that Wit;l the introduction of the air used for dispersion, the pressure inside
the vessel would rise to atmospheric. Ignition follows the onset of dispersion after
a preset time delay of 60 ms. The igniter is identical to the pyrotechnic electric
matches used for experimentétion in the 180 litre vessel; it consists of a glow wire
wrapped with 1.2g grounkded black gun powder. The effective energy [35] (2V Apmaz)
produced by the igniter in the 53 litre vessel has been shown to vary from 4.2 kJ
to 4.9 kJ. Positioning of the igniter depends on the direction of the intended flame
propagation. When an upward propagating flame is to be investigated, the igniter
rests on the botton;1 flange and points up, whereas for a downward propagating flame,
the igniter rests on the top flange and points down.

Under constant pressure conditions, acoustic vibrations can be heard after igni-
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tion of the dust-air mixture. A damping section was built so as to damp out the
vibrations produced by the burning mixture, which can markedly distort the flame
“front”. The damping section was located at the very top of the test vessel and
was suspended by a steel rod (4 ¢cm long) fastened in a leak-proof manner to the
top flange. It consisted of pink fiberglass insulation separated via a porous metallic
circular plate (2 mm thick) from the remainder of the combustion volume of the
vessel. The circular plate was .19 m in diameter and had circular holes of 2 mm -
diameter uniformly distributed on the entire plate surface spaced 3 mm between
hole centers. The hole diameter of 2 mm was deemed to be less than the quenching
distance of the fuels used, so that an upward propagating dust-air lame would not

transmit past the circular plate and burn the fiberglass.

3.3.4 Experiments in the closed tube

For “constant volume” experiments, the reactants and products of combustion are
physically confined inside the bomb. After loading the mass of dust necessary to
achieve a desired concentration, the dust placement chambers are tightly shut. Both
the top and bottom flanges are bolted closed and remain so during the course of
the experiment. The dispersed dust particles are restricted to the following paths:
dropping to the bottom flange as a result of gravity, getting stuck on the walls or
obstacles of the combustion space, being blown around in the vessel as a result of
turbulent dispersion eddies or induced flow fields from combystion, or, entering the
combustion region and burning. Any burning will raise the pressure in the test vessel
above atmospheric. Since the vessel is closed (constant volume), the overpressure
produced by the igniter and any combustion of the mixture can be detected by a
pressure transducer. For all trials under constant volume conditions, the pressure-
time history during combustion was t\ransmitted via a PCB 113A24 piezoelectric

transducer to an oscilloscope for recording. A similar pressure trace is obtained as

in the 180 litre cylinder in (see Fig. 4). The peak explosion overpressure, Ap,.qz,
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and the répresentative rate of pressure rise, (dp/dt), were readily deduced. However,
pressure measurements of the combustion process alone are not the best indicators
of flammability behaviour in view of the high L/D of the vessel. If the combustible
mixture can sustain flame propagation, the flame “front” must travel along the axial
length of the tube. Clearly, the most appropriate diagnostic in this case would be
something which can detect flame passage at different locations along the axis of the
test vessel. The flame arrival is detected by four ionization probes biased at a 700
V DC poterntial and their signals are recorded on an oscilloscope. Both upward and
downward propagating dust-air flames, under constant volume, were investigated.
The direction of flame propagation was decided solely from which flange the igniter
was mounted on. For upward propagation, the igniter is mounted on the bottom
flange and the opposite is true for downward. The positions of the ionization probes
for both upwalid and downward directions of flame propagation are identified in
T_g.ble 1. After any constant volume trial, the dispersion system was purged of any

residue and the bomb was opened up and swept clean.

3.3.5 Experiments with the bottom end of the tube open

Performance of lammability tests under conditions of const:ant pressure was made
possible by releasing the bottom flange at ignition. Qnce the flange is released, the
pressure in the vessel remains constant at the atmospheric valu#. Initially, the pro-
cedure is the same as that for constant Volu'me: tests. The top and bottom flanges
are bolted to the corresponding ends of the vertical tube and the dust receptable
chambers are shut. However, after evacuating the bomb to 18.7 kPa below atmo-
spheric, the nut on each of the two bolts holding the bottom flange, is loosened to the
extremity of each bolt. The partial vacuun; inside the bomb is more than enough
to hold the flange up at its initial position. Once dispersion occurs, the pressure
within the vessel builds up and the flange is released. The falling flange holds the

igniter and rides on the two bolts as it drops down a distance of 5 em below its
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initial position. An illustration of the bottom flange resting on the nuts of the two
bolts after an experim;ant, can be found in Fig. 8a. A simple circuit was designed
and constructed which sent a signal to the oscilloscope, as soon as the flange began
to drop and open the circuit by breaking a wire joined across two leads (see Fig.
8b). The performance of this circuit construction was somewhat limited due to leads

taking time to bend before the connecting wire connected across them cag break-off

"and trigger the oscilloscope. Nevertheless, one was able to deducs that the flange

had dropped before 120 ms following the onset of the dispzrsion process. Ignition
occurred at the most, a few tens of milliseconds before the flange began to drop.

The falling flange was able to immediately telieve any pressure build up at the time

" of ignition, allowing any flame propagation to occur at atmospheric pressure. Once

the bottom of the test tube is open, combustion products as well as settling and

entrained particles near the opening can exit the tube, while any potential lameTafi—

propagate upward freely. For constant pressure tests, the combustion pressure-time
history is of no use in assessing flammability behaviour. The ionization probes used
for the constant volume experiments were the sole diagnostic for detecting any :us-
tained flame propagation up the open tube. Since dust and combustion products
vent to the atmosphere under experiments of this nature, ;ﬁltered containment was
built which totally enclosed the open section of the tube. After each trial, th‘e dis-
persion system was purged of any residue and the vessel with its ﬁltex:ed containment
region, were swept clean of any dust and combustion products.

The addition of the damping\‘secti@n decreased the axial length of the avaiiable
combustion space by 4 ¢m and thus reduced the effective combustion volume of
the vessel from 52.7 litres down to 51.6 litres. To determine the effectiveness of
the damping section, it was removed for several trials. The pressure time histories

.

of vibrations produced by combustion and recorded on the oscilloscope, with and

without damping section were compared. There was no noticeable difference in the

decay behaviour of the produced vibrations between the two cases. Considering

the fact that the pressure trace produced by vibrations diminishes totally in about
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200 ms, and constant pressure upward flame propa:gation takes roughly five times
that amount of time to reach only half way up the tube, vibration effects were
discarded and tﬂe damping section removed. Fig. 9 shows a typical oscilloscope
record indicating the pressure history produced by vibrations on the lower beam, and
the ignition signal on the upper beam, in a 500 g/m? cornstarch dust-air mixture.
Fig. 10 is the oscilloscope record for an upward propagating constant pressure flame
in a 500 g/m® cornstarch dust-air mixture, triggering three of the four ionization

probes positioned along the tube axis. -

- 4

3.3.6 Instrumentation for the vertical tube

r

Dust dispersion, ignition of the dust-air mixture and any resultant flame propaga-
tion collectively take no more than one second to be completed in the closed tube.
Given this short time for an experiment, it is essential to have all triggering devices
and instruments for obtaining diagnostics, connected in such a way, so as to require
minimum effort by the experimenter during the course of the test. Consequently,
the entire instrumentation set-up is electronically linked togeth_er. An overall instru-
mentation block diagram ios shown in Fig. 11.

Commencing of an experiment is effected by the manual pressing of @é button

on a hand held switch. This causes a short circuit in the condenser box and results

in capacitors discharging through a resistive load, the 120 V DC provided by the
Heathkit Rﬁgulated High Voltage Power Supply. The discharge activates the two
solenoid valves, causing dust dispersion in the combustion chamber, and simultane-

ously sends out a pulse to the Thyrotron unit. In turn the Thyrotron unit sends

out two pulses. A 17.5V pulse triggers the two channel non-storage Tektronix Os-

cilloscope (Oscilloscope 2), while a 5.5 V pulse is sent to the Dlgltal Time Delay-

Generator. Following a preset time delay of 60 mas, the delay generator sends out a
narrow 6 V output to be amplified by a Pulse Amplifier and to then trigger both the

ignition system and the four channel storage Tektronix Oscilloscope (Oscilloscope
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’ 1). The output from the delay generator alone cannot trigger the TM-11A module
of the ignition system and thus, it must be amplified in order w’hte/able to do so.

The ignition system begins with the TM-11A Module and ends with the py-

rotechnic igniter. A ‘block diagram of the ignition system is provided in Fig. 12a '

and a photograph of the ignition system without the igniter, is provided in Fig. 12b.

The TM-11A Module (30 kV DC) receives the amplified deldyed output and trig-

% gers a high voltage switch (12 — 24 kV' DC). A high voltage condenser discharges
"N\  across the switch the 20 kV, loaded from a Hipotronics High Voltage Power Supply
(0 — 60 kV DC). The discharge flows through a Pulse Current Transformer, across

a 6 {1 resistance and or-to the igniter. The resistance is necessary to decrease the in-

tensity of the initial shock at ignition, which can cause some of the black gunpowder
of the igniter as well as flammable dust particles surrounding the ignition source, to

be dispersed away and decrease the probability of the combustible mixture igniting.

Ky

A Pulse Current Transformer is used for sending a signal to Oscilloscope 2, which

_ manifests itself as a vertical gpike on the screen at the time of ignition (see Fig. 9).

g

Ignition takes place 60 ms following activation of the solenoid valves.

e i AT b o A %0 R TR LT

) Flan}e arrival at various positions along the axis of the test vessel is detected by
four ionization probes. The ionization probes are biased at a 700 V DC potential
by a Portable High Voltage Power Supply (0 — 12kV DC). Voltage across the probes
is a.ccura.’tely set by using a voltmeter (Avometer 8), connected in parallel to the
Power Supply across the terminals of the ionization probe box.. A block diagram
of the instrumentation for the ionization probes, can be seen in Fig. 13. Signals

. from the four ;;robes are recorded on the screen of Oscilloscope 1, which is triggered
at ignition.u A permanent record o.f the four probe signafs is obtained, by taking a

. Polaroid photograph of the stored recording on the oscilloscope screen. To measure
the average speed of the flame “front” with respect to laboratory coordinates, the
. distance between the location of any two ionization probes is divided by the time
interval between the initial signal at each of these probes\i:imilar procedure is

. followed for obtaifxing the flame speed between ignition source.and the jonization
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probe closestto-it. Most studies on the field appear to indicate that propagating
dust-air flames have a non- uniform flame “front”. Instead, streaky filaments of
flame follow regions where relatively rich concentrations of dust are present. Dust
deposition after dispersion may insulage the electrodes of each ionization probe and,
in extreme cases, cause no signal to be transmitted upon flame passage. On sev-
eral occasions, very weak signals were picked up by some probes, especially at the
ﬁnal‘stages of flame propagation. This would indicate weak or non-isotropic flame
propagation across the cross-section where the probe was located. On one trial, the
flame totally avoided beingﬁi&it'ected at one ion probe location while it was detected
at another position downstream of flame propagation. From these arguments, one
must use flame “front” speed measurements with some caution.

The pressure-time history inside the combustion vessel is detected by using a
fast-response piezoelectric pressure transducer (PCB 113A24). The transducer has
a 1 psec rise time and a 5 mV/psi nominal sensitivity, For the range of pressures
developed during the experiments of the present study, the appropriate pressure
transducer sensitivity used is 4.84 mV/psi. The transducer is DC cou;;led to one of
the two channels of Oscilloscope 2 (the other being for the ignition signal). Since this
oscilloscope is triggered as the solenoid valves are activated, the transducers register
the pressure-time history in the vessel from the very beginning of the dispersion
process. An open-shutter polaroid camera with al flash, must be used to obtain a
permanent record of the pressure-time history in the vessel, because Oscilloscope 2 is
non-storing. In the initial stages of this investigation, the oscilloscope channel used
by the pressure-transducer, was instead used to detect the bottom flange dropping
for constant pressure experiments (see Section 3.3.5).

0y
3.4 Dust Fuels and Properties .
Three different types of dust fuels were used for the present study. Primarily, the
lean flammability behaviour of cornstarch in the two test vessels was extensively

L4 -
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investigated. Following, samples of two different types of bituminous coal dust were
used in experiments, so that comparisons of the lean flammability belaviour of the

s
three dusts could be performed.
Cornstarch was selected as the main test dust in the dust-air flammability ex-

periments for numerous reasons:

"(a) It is readily-available as a consumer product in pure form and in large quantities -

at a reasonable cost.

(b) Its properties are relatively well known from previous investigations [36,37,38]

and its chemical composition is fairly simple. .

(c) Results from its flammability behaviour can be compared with available bench-

mark data.

(d) The particles have a regular shape and fairly narrow size distribution.

—

(e) It is a major constituent of grains and other agricultural dusts stored in si-
los, thus making it very representative of many agricultural and carbonaceous

A

dusts.

(f) It is relatively clean in its handling, readily dispersible and easily ignitable at

LY

fairly low concentrations. . -

Cornstarch is a natural polymer of the dextrose mole(;ule. Typically, between 300
and 400 dextrose molecules ’form a chain. The basic chemical formula is (CeH100¢)n.
Peraldi has obtained its heat of combustion and several other combustion parameters
[38]. Lewis [89] has shown that cornstarch has a very high volatile content (above
90%). The shapes of corngtarch particles are fairly regular; they are mostly spher-
ical in shape with some particles taking on ellipsoidal geometries. Fig. 14 shows a
scanning electron microéraph of a cornstarch particle. The mean particle size based
on a frequency average is 14.7 um, with particles ranging from just a few microns up

to 30 um. Such small particles are n(;rmally cohesive and tend to agglomerate and
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form larger particles. Commeré{ally available cornstarch ustially contains roughly
10% moisture by mass [6). This moisture between particles causes agglomeration,
as well. To reduce agglomeration and facilitate a more uniform dust dispersion pro-
cess, the dust was dried in an oven at 105°C), for 24 hours. Prior to being dried, the ~
dust was well mixed with 1% by mass of fumed silica (cab-o-sil), a fluidizing agént. )
This fluidizing agent reduces the weak electrostatic forces which cause particles to be
cohesive and thus reduces agglomeration. Smaller particles can remain suspended
for longer periods of time and provide a larger specific surface“area for volatiles
release, compared to agglomerations of particles. Fig. 15 shows the particle size
distribution of cornstarch particles for two‘ random dust samples, one with and one
without fluidizing agent. For the same concentration of dust-air mixture the peak
explosion overpressure was shown to be noticeably higher when the dust was dried
and admixed with fused silica than for the case when the dust was not dried and no
fluidizing agent was addf:d. The peak explosion overpressure is a relative measure of
the amount of dust fuel which participateﬁ in combustion. Inevitably, the particle
size of the dust cloud will determine the degree of burning. Table 2 summarizes the
properties of cornstarch that are relevant to its combustion behaviour.

Once various aspect‘ of the lean flammability behaviour& of cq{{nstarch dust were
investigated, a similar investigation was carried out for two bituminous coal dust
samples. The coal samples were provided by Energy, Mines and Resources, Canada,
thx_'ough their Cape Breton Coal Research Laboratory. Both dusts originate from
the same region of Cape Breton, but from different mines. One sample is from’ the
Devco No. 26 Colliery mine and the other is from the Devco Lingan 10-E minue. These
Devco coal samples are among the most reactive of Canadian coals [40]. It should
be noted that the Devco No. 26 mine is presently shut-down due to a destructive
ex;?iétsion that occurred at the site a few years ago. f} lean flammability investigation
was carried out for the W{o Devco coal samples, so that comparisons can be made

with the very different agricultural cornstarch dust, and so that a better assessment

of the relative explosion hazards presented by these two coals can be made possible.
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The Lingan coal dust consists of a sample passed through a 325 mesh screen,
containing a broad distribution of particle sizes with the maximum particle dimen-
sion being 44 pm. The No. 26 dust consists of a sample passed through a 200 mesh
(70um) screen and contains a somewhat broader distribution of particle sizes com-
pared to that of the Lingan coal. Select properties of both these coal samples, as
obtained by the Cape Breton Coal Research laboratory, are presented in Table 8.
From the proximate analysis data, one can see that the moisture content of the two
Devco coal éamples is below 1%, much lower than the estimated 10% for commer-
cially available cornstarch dust. As a result, the coal dust was heated overnight at
‘70°C only for experiments in the vertical tube where dust settling effects are more
pronounced due to the high L/D of the vessel and to the small scale dispersion-
in'ducec.l turbulence present to suspend the dust. Both Devco coals have a much

lower volatile matter composition, and a significantly larger percentage of fixed car- °

Y

bon compared to cornstarch dust. Unlike cornstarch dust, the shape of coal dust
particles is non-spherical. At different stages of this investigation, some limited com-
parisons of the flammability behaviour were made, between cornstarch dust and one

or both of the coal dust samples. P
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4 RESULTS FROM THE 180 LITRE CYLIN-
DER AND DISCUSSION |

4.1 General Description

Almost all ﬂammability limit investigations of dust-air mixtures, have been car-
ried out in confined pressure vessels of spherical or low L/D geometries and under
constant volume conditions. The initial dust loading, in grams, divided by the vol-
ume of the vessel, in cubic meters, determines the nominal dust fuel concentration.
The sample dust is placed in a receptable located within the vessel, is subsequently
dispersed by a high pressure air blast and ignited after a pre-set time delay at atmo-
spheric pressure. Dust dispersion and ignition cause a transient pressure rise within
the vessel. The pressure rise is a result of the following phenomena: the introduction
of the pressurized air which causes dust dispersion and raises the vessel’s pressure
to 1 atmosphere, the energy given-off by the igniter, and the energy released as a
result of any dust combustion. The pressure-time history vithin the vessel is usually,
as in this case, detected by a calibrated pressure transducer and transmitted to a
recording device, such as an oscilloscope. As the oscilloscope is triggered at the onéet
of dust dispersion, the initial rise in pressure is caused by the digpersion air while
a secondary discrete pressure rise results from the combination of ignition and any

flame propagation (see Fig. 4).

4.2 Experimental Data Obtained on the 180 litre Cylindri-

cal Vessel

Prior to attempting the establishment of any ﬁammability limit criterion, it is nec-

essary to compare raw data results. The approach has been to carry out a broad

flammability study relating the results obtained from the present study to well-
\

. established benchmark data in the field, for all the particulate materials used. It is

9
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necessary to confirm the adequacy and reliability of the apparatus, dispersion sys-
tem, ignition source, diagnostic techniques and operating procedure. With L/D near
unity for the constant volume 180 litre vessel, the Appqz, and (dp/dt)maz values, are

readily deduced from the pressure-time record of an experiment. In order to compare

« the present data of (dp/dt) .. with those obtained from other vessels, it is necessary

to scale the rate of pressure rise with the apparatus size. The “cubic law” [30] is
used and the K, factor is introduced. For the cornstarch dust and the two Devco
coal dust samples, the Apm., and K, values are compared with pertinent bench-
mark data. However, it is unfortunate that most other investigations have not been
concerned with the flammability behaviour of the dusts near their lean limit. As a
result, some critical parameters that lean limits are very sensitive to, such as ignition
source characteristics and. moisture content, were given little or no consideration at
all by other researchers.

Primarily, a dust mixture well within the flammability limits (250 ¢/m? corn-
starch) was burned in the cylindrical vessel. The peak overpressure recorded was
5.6 bar. Nagy et al. (1961) obtained overpressures of 5.6 bar for the same dust con-
centration in a 1.23 litre Hartmann bomb [12]. Previous work performed in McGill
by Bond et al. [41] in a 333 litre sphere, and in the same 180 litre vessel used for

the present study, indicated overpressures of 5.4 bar and roughly 4.2 bar, respec-
o~

;tively. Cocks [42] reported a value of 3.6 bar for the same dust concentration in a

20 litre sphere. A relatively large scatter of results is expected for dust combustion
where the uniformity of the dust cloud varies with apparatus and dispersion system.
The discrepancy between results in the 180 litre vessel can be attributed to different
dust preparation methods, significantly weaker ignition source, and possibly differ-
ent dispersion pressure. Nevertheless, the result obtained in the present apparatus
compares very favorably with the other results previously mentioned. When it comes
to comparing dust combustion properties near the lean limits, very limited date. ex-

ists from other investigations. Despite this limitation, one can observe how the lean

flammability combustion data from this investigation appears in‘perspective to the
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few lean dust concentration regults available arid to the many results obtained from
investigations concerned with relative rich dust fuel-air mixtures. A comparison of
the present results for the normalized peak explosion overpressure, Apmaz /P,, the
peak rate of pressure rise, (dp/dt)maz, and the vessel size normalized peak rate of
pressure rise, K,;, in cornstarch dust-air mixture as a function of cornstarch concen-
tration, is shown in Figs. 16-18, respectively, with previous results obtained by other
researchers. The scales of both axes for all of the above three figures are magnified
nea;r the origin.

For mosf: other investigations, the emphasis was in cornstarch concentrations of
over 100 g/m?®, while in the present case 100 g/ m?® was one of the maximum concen-
trations usged. No particular attention was paid by others to the extremely sensitive
nature of the lean flammability behaviour of dust-air mixtures. In a previous in-
vestigation in the same 180 litre vessel conducted by Bond et al. [41], ignition was
effected by an exploding wire and the dust was not dried. Presently, the cornstarch
dust used was dried, causing a reduction of humidity between particles and a py-
rotechnic igniter of relatively higher energy and longer burn profile was used. As
a result, Bond observed negligible pressure rise in attempting to burn 150 g/m?®
cornstarch dust in air while normalized peak explosion overpressure values near 0.5
were observed in the present study for cornstarch concentrations below 100 g/m?.
Present results tend to be in reasonably good agreement with results obtained from
the 333 litre vessel in all of Figs. 16-18. The cornstarch data plotted was obtained
using a 500 ms delay between dispersion and ignition, for better comparison with
Fresko’s and Bond’s data which were obtained using the same time delay. Results
obtained in vessels with vblume significantly below 180 litres, indicate significantly
higher values for all three explosion parameters at cornstarch concentrations less
than or equal to 100 g/m®. This large difference between results obtained in the
1.23 litre vessel and the 180 litre cylinder, may be partly attributed to the difference
in the cornstarch used and t)he specific ignition-dispersion procedure followed for the

two different types of vessels. In the Hartmann 1.23 litre bomb {12] a continuous
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transformer spark discharge is activated before dispersion. The dust initially rises
as a dense cloud and is ignited prior to it being uniformly dispersed, resulting in
the ignition of a cloud whose real concentration is significantly above the nominal
dust concentration in the vessel. Using the identical pyrotechnic igniter and method
of dust preparation in the 53 litre vertical tube, (Apmaz/P,) values are higher for
cornstarch concentrations at, or under 100 g/m®. This is due mainly to magnified
ignition effects in the smaller 53 li.‘(cre vessel. The large difference in"combustion pa-
rameters between the 180 litre cylinder and the 1.23 litrefHartmann type vessel, as is
evident from Figs. 16 and 18, is expected due to the unsuitability of such small vefsel
volumes for reliable lean dust flammability research. Thus, the present combustion -
data for cornstarch dust in the 180 litre’vessel is consistent with relevant benchmark
data.

" To further establish the reliability of the data ohtained from the present vessel,

and to assess the relative flammability of the two different Devco coal dust gams

ples tested, comparisons are made with the “standard” Pittsburgh Searrbituminous
coal dust. Figs. 19 and 20, respectively compare the results of (Apmaez/po) and K,
obtained in the l/g; litre vessel for different cgal dust cqglcentrati;)ns, with results ob-
tained by Hertzberg [24] in a 20 litre vessel using the “standard” Pittsburgh coal dust.
Tle Hertzberg data used are obtained using pyrotechnic igniters of 5.0 kJ minimal
calorimetric energy, and effective energy [35] (e.ry = 2V App,;) of 2120220 J . The
effective energy of one of the pyrotechnic igniters used for the present experiments
was found to be over 3600 J, which should correspond to a nominal calorimetric
energy of more than 5 kJ. Hence, comparisons of the present results with Hertzberg
are most appropriately performed if one selects to compare those results which were
obtained uéing the 5.0 kJ igniter [24]. Despite the diﬂ'erencejz in chemical com-
position, size of apparatus, ignition source, dispersion system, of one temporarily
disregards the 5.3 litre coal dust results, Figs. 19 and 20 demonstrate reasonable

agreement in obtained combustion parameters as a function of concentration for all

three coal dusts. More particularly, the Devco No. 26 and Lingan 10-E coal dusts,
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behave in a very similar fashion for the leanest concentrations tested.

4.3 Criterion for Determining Lean Flammability Limits in

the 180 L Cylinder

After having confirmed the reliability of data obtained for the cornstarch Dust and
coal dusts tested in the 180 litre vessel, one can now attempt to establish criteria for
deciding lean flammability limits for this vessel. In selecting the flammability crite-
ria, the peak explosion overpressures were found to decrease rapidly with decreasing
concentration. Finally, at some point, the overpressvres levelled off and essentially
registered the overpressure generated by the pyrotechnic igniter itself. Peak over-
pressures generated by igniters alone, under iderftical test conditions (dispersion
turbulence) as when dust is placed, varied from about 5 to 10 kPa. A maximum
overpressure of 20.7 kPa was selected as the lean flammability limit criterion. This
value was chosen for two main reasons. First, this limit criterion is significantly
h;gher from the maximum observed overpressure generated by any igniter tested.
It provides a small buffer region whereby overpressures produced by marginal dust
burning nearest to the ignition source, would not be considered as a sign of a sus-
tained flame propagation. Second, this value was chosen because it corresponds to
the pressure generated by a quiescent mixture of 4.0% hydrogen in air in the present
vessel. Coward and Jones [8] reported 4.0% to be the lean upwarci propagation limit
of hydrogen in air. Very similar pressures were obtained for limit mixtures of 5.0%
methane in air. The lean flammability limit of a dust, at any particular jgnition
delay time after dispersion, is taken to be the minimum nominal dust concentration

where at least one trial produces a Ap,, . of at least 20.7 kPa.

%
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4.4 Effects of Ignition Delay in the 180 Litre Cylinder and

Lean Flammability Limit Results -

The parameters which can affect dust-air combustion, especially for compositions
near the lean limits, are numerous. For a given dust sample, given test vessel, dis-
persion system and dispersion pressure, and fixed initial thermodynamic state, there
remain two very important parameters to be decided upon. They are the time delay
between the onset of dispersion and ignition, and the ignition source energy and burn
profile. Hertzbe}g has performed systematic investigations to deterr;ine the influ-
ence of ignition source, on various aspects of the combustion behaviour of dusts and
gases, across the entire flammability range [24,35,43]. He has demonstrated that the
observed lean flammability limits of dusts can be lowered significantly by increasing
the energy content of the pyrotechnic igniters used. For the present investigation,

it was decided that it would be best to fix the ignition source and to look at some

effects in the combustion behaviour, of time delay between onset of dispersion and ,

ignition. After an examination of Hertzberg’s results, the level of ignition energy of
the pyrotechnic igniter used in the 180 litre vessel, was rendered to be adequate to
ensure a proper lean flammability investigation of the dust fuels used (as opposed to
the relative ignitability of a dust for a given ignition energy). As well, the relatively
long burn profile (> 25 ms) of these igniters [61, increases the probability that a
sufficient amount of randomly moving dust particles will traverse the ignition source
region and ignite, providing the necessary initial lame kernel. N\ -

As was discussed in section 2.4, 2.5, the ignition will affect the degree g;turbu-
lence present and may affect the concentration of dust suspended within the vessel,
at ignition. The dispersion of dust in the 180 litre vessel is a transient process and
takes a finite amount of time for a uniform dust distribution to be achieved. Thus,
prior to determining the lean flammability limit of a dust, it is necessary that the

dust-air mixture be ignited at the most appropriate time delay after dispersion. This

determination of “cptimum” time delay for each dust, was accomplished in one of
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two ways. In one way, a dust concentration near stoichiometric proportions, or ;',he
average concentration to be used in a set of experiments, was chosen. With this
chosen dust concentration, a set of experiments in which the time delay between
dispersion and ignition was varied, was conducted. The Apma: and (dp/dt)me. val-
ues were obtained at each time delay, and the “optimum” delay was selected to be
the delay where the maximum value of Apn.: was achieved. Delay time increments
of 100 ms were used. This optimum delay was then used in the determination of
the lean flammability limit of the dust, using the 20.7 kPa peak explosion over-
pressure criterion. In the other way, the “optimum” time delay was determined
indirectly. The lean flammability limit of a dust was determined for a set of time
delays, 100 ms apart. The time delay where the lowest lean flammability limit waos
observed, corresponded to the “optimum” time. Since this was the lowest nominal
dust concentration at which a Apn.. value of at least 20.7 kPa was obtfxined, it
implies that the time delay used must have been such as to have produced the best
turbulénce and dust distribution in air combination.

The maximum explosion overpressure developed in a given vessel should be a
funct}on of the energetics of the dust sample, its physical properties, such as particle
size distribution and moisture content, and thg initial thermodynamic state of the
mixture. Thus, for a fixed nominal dust concentration in a given vessel, any increase
in Appna. value should correspond to an improvement in the quality of dispersion.
It is then reasonable to assume that the highest Ap.... values are produced, when
ignition occurs at the time when the sample dust has been ;nost effectively dispersed
throughout the vessel. However, one must not forget the existence of turbulence
at the time of ignition of the dust-air mixture. As a result of dust dispersion via
an air blast, one introduces a certain amount of dispersion induced turbulence in
the vessel. After dispersion,“turbvulence is necessary to entrain and suspend the dust
particles within its eddies. Even though this turbulence immediately begins to decay
after the onset of dispersion, there exists a finite amount of it still present at ignition

which may affect the combustion process. The random motions of the turbulent
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eddies can serve as multiple points for ignition ahead of the main burning region,
effectively accelerating the combustion rate. Turbulence may reduce the heat losses
from the burning region(s) via a faster burning rate, while for near limit mixtures
it‘ counteracts buoyancy effects, resulting in more uniform combustion of, the given
volume. In the determinatioﬁ of “optimum” time delay, it is beyond the scope of
this investigation to quantify the interactions of turbulence, buoyancy and quality
of dust dispersion. Nevertheless, some limited qualitative observations on the effects
of time delay to the Appaz and (dp/dt)maes values for some dusts, are reported.

Bond et al. [41] investigated the influence of turbulence on cornstarch dust-air
explosions in the same 180 litre vessel used by this author as well as in a 333 litre
spherical vessel. Definite differences were reported in the Apmg; and (dp/dt)maz
values obtained as a function of time delay, for cases where there was turbulence
introduced in the_ vessel, in addition to the dispersion induced turbulence, and the
case of no additional turbulence introduced. It was found that for two cornstarch
dust concentrations tested of 300 g/m® and 600 g/m3, the general trend is that
increasing the level of additional turbulence, decreases both Apm., and (dp/dt)ma=
in the cy.lindrical vessel. The decrease in both Ap.... and (dp/dt)me= may bé due
to turbulent quenching. Opposite trends in results are obtained in the 333 litre
sphere. This may be partially a result of more severe heat losses to the walls in
the cylindrical bomb since the flame is already in contact with Fhe cylinder wall,
prior to the mixture near the ends of the vessel being consumed. It is thus, difficult
to generalize the effects of turbulence on the burning rate since it appears that
vessel geometry and details of the turbulent structure affect the burning rate. With
and without additional turlgulence, maximum values for Apmaz and (dp/dt)mez Were
observed for cornstarch, at time delays significantly below 1.0 s. The highest value
of Apmas for cornstarch dust, with no added turbulence other than the dispersion-
induced turbulence, appeared at a time delay of 400 m;, while the Devco No. 26
coal dust attained its highest value for Agma, at a 300 ms ignition delay.

In Figs. 21 and 22, App,; and {dp/ dt);m,z from the cylindrical bomb, are plot-

e
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ted as a function of ignition delay time fc(} concentrations of ?50 g/m® cornstarch
dust and 200 g/m? coal dust (Devco No. 26). Beyond the “optimum” delay time
of each dust, the App,. values appear to dé\ﬁcw in an almost linear fashion, with
increasing time and decreasing turbulence in 2‘; vessel. (dp/dt)maz values for coal
dust decrease linearly from about 7500 kPa/s at a’i few milliseconds ignition delay
after dispersion, d@own to under 1000 szf/ s when 1 sec has elapsed before ignition
occurs. In other words, the burning rate which is a direct reflection of (dp/dt)maz
appears to be dominated by the dispersion-induced turbulence present at ignition.
As the turbulence level decreases immediately after dispersion to a rﬁore quiescent
state with elapsed time, so does the burning rate for this coal dust sample. On
the other hand, the peak value of (dp/dt)maz for cornstarch dust appears at a igni-
tion delay time of 500 ms, after which time (dp/dt),... values quickly decay, with
decreasing dispersion-induced turbulence. Potential reasons for the decay in both
APumaz and (dp/dt) ma. values, are the decreasing level of turbulence in the vessel and
dust particle settling with elapsed time after dispe;sion. fiven though the burning
rate of the coal dust is decreasing steadily and linearly for all increasing time delays
between dispersiqn onset and ignition, the Ap,,., value attains its peak at 300 ms
delay. This indicates, that the level of dispersion-induced turbulence alone, cannpt
directly determine the appropriate conditions for the highest Appq, to be achieved.
The peak values for Ap,,,, and (dp/dt) ., are 100 ms apart. The optimum burning
conditions of a dust in the vessel are most likely determined from the coupling of
turbuience level present and the quality of available dust concentration suspended,
at ignition.

The qﬂ'ect{iveness of the air blast used for dispersion to entrain and swirl the
;lust around the vessel, decreases with time. The question of when the transient
dispersion-induced turbulence can no longer suspend the dust, is very complex to
answer. In contrast, it is relatively si \ple to estimate the free fall distance of individ-
ual particles with elapsed time, by ass;hming the typical séttling velocity of the dust

; particles to be equal to their stokes free fall velocity. The magnitude of this velocity
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can provide some indication of the amount of dust still in suspension at ignition. For

2

the largest cornstarch pérticle size of 30 um, this terminal velocity is roughly 4 crh /s.

Thus for time delays between dispérsior%‘ and ignition of under .5 sef:ond/s, almost all
the cornstarch i)a.'rticles should still be in suspension. Even though one can estimate
the free-fall velocity of individual dust particles, one cannot know the concentration
gradients available within the dust cloud, at ignition. Further, agglomerations of
particles can decrease the effective amount of dust suspended, at a faster rate than
could individual particles falling at their own free-fall velocity. Once ignition occurs
under these constant volume conditions, the expanding hot region will create a tur-,
bulent flow field ahead of the flame “front”, which will distort both the turbgle’nc%
and the suspended dust distribution that was present at ignition. It is not possible
to estimate the free-fall velocity of the highly non-spherical coal dust particles using
the Stokes free- fall assumption since it does not apply to non-spherical geometries.
However, based on the relatively large particle size of this coal dust (< 70 pm),
one would expect that if one waits too long after dispersion, the available coal dust
concentration at ignition may be significantly below the intended one. Intuitively, it
appears that the proper ignition delay time for the much larger coal dust (Devco No.

26) particles of roughly the same specific gravity (1.35) as cornstarch (1.5), should

be less than that Tor cornstarch particles. This is demonstrated by the determined

“optimum” delay times.
As mentioned earlier, the “optimum” time delay between dispersion and ignition
for some dusts in the 180 litre vessel, was determined to be the delay at which a

peak explosion overpressure of at least 20.7 kPa was produced, by burning of the

" lowest con¢entration of the particular dust. Using this approach, the “optimum” ig-

nition delay for the Lingan 10-E coal dust was found to be 100 mes after dispersion.
Considering that most of the particles for t};is sample of coal dust (< 4"-‘1 pm) should
be larger than the biggest observed cornstarch particles (30 um), oﬂe expects its
“optimum” time delay to be below that found for cornstarch. Questions arise about

the applicabﬁity of “optimuﬁf’ delays obtained from the method of using relatively
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rich dust mixtures, to lean flammability limit investigations. In attempting to re-
solve such questions, the “optimum” tp for cornstarch was determined using both of
the described methods for its determination. The lowest dust coricentration which
produced a Ap,.,. of at least 20.7 kPa was found to be at a tp of 200 ms. This ¢p of
200 ms was 200 ms shorter than the “optimum® ¢p that was obtained by its corre-
spondence to the peak value of Apmgs, from the combustio%of 200 g/m?® cornstarch
dust in air, over a range of time delays. It must be noted that reproducibility of
results for lean mixtureg, has been shown to be inferior to that of non-lean mixtures.
Hence, obtaining the “optimum” ¢p from the method of lowest lean flammability
limit of a particular dust, is subject to a certain extent to the fluctuations in Apmaz,
resulting from the number of trials at the nominal concentrations att;ampted at each
tp. It may be worthwhile to determine the optimum “tp” for all dusts used in a
lean limit investigation by both methods and then compare the results to decide the
final tp to be used. The “optimum” tp selected for lean flammability im:estigations
of cornstarch‘“i'ri) the 180 litre vessel is 200 ms. One should take note, however, that
the lean limit for cornstarch at a tp of 400 ms is only 5 g/m> higher which is not
very significant if one considers the large scatter observed in Ap,,mz results. The
optimum “tp” of all the dust fuels used are tabulated in Table 3. The apparent
lean flammability limits of cornstarch dust and Lingan 10-E coal dust, as a function
of \ignition delay, tp, are tabulated in Table 4 and plotted in Fig. 23. From 100
1:,0 \400 ms ignition delay, the lean limit concentration for copsta\;ch dust is fairly
constant rising from 75 gm/m® at 100 ms and femaining” at 80 g/m® until 400 ms
ignition delay. With increasing tp past 400 ms, the lean limit of cornstarch appears
to increase fairly rapidly to 95 g/m3, at the 600 ms delay tested. On the other
hand, there is almost a linear increase in lean limit concentration for coal dust (Lin-
gan 10-E) with increasing time delay for ignition, from 100 ms to 600 ms. Due to
the unsatisfactory reproducibility of resuI—tQ;Lin this vessel for the combustion of lean
dust-air mixtures, it may not always be meaningful to quote a si.ngle number as the

absolute lean flammability limit of a dust. Rather, an interval of concentrations for
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the lean limit would be preferable. ’],:‘0 be conservative, however, the stated value
(or range) of lean flammability limit must incorporate the minimum nominal,con-
centration of dust observed, at any tp, which satisfied the 20.7 kPa Appma; criteri&l. )
Consequently, the lean flammability limits in air, of cornstarch dust and Lingan 10-
E coal dust, as obtained from the 180 litre vessel, are 75 — 80 g/n:z3 and 40 g/m?®,
respectively.

In order to establish if the criterion used for determining lean ﬂammabilit,y limits
of dust fuels in the 180 litre cylinder is adequate, one must further examine the
results obtained. As the lean flammability limit is approached with decreasing fuel
concentrations, the observe@ values for Apya, and (dp/dt)ma. should rapidly decline
and attain values near those produced by the igniter itself. The results are displaced
numerically for,cornstarch in Tables 5a through e, and for Devco Lingan 10-E coal
dust in Tables 6a through 6f. The tabulated results show the App,, and (dp/dt)mez
values for giveﬁ nominal dust-air mixtures, at particular ignition delay times. If one
plots the App,; and (dp/dt)ma; at the “optimum” tp as a function of nominal dust
concentration, the typical trends are illustrated for cornstarch dust-air mixtures in
Fig. 24 and 25, respectively, and for coal dust-air mixtures (Lingan 10-E) in Figs.
26 and 27, respectively. Looking at Apaz versus concentration fo;' cornstarch dust
in Fig. 24, and for coal dust (Lingan 10-E) in Fig. 26, one sees that Apy,,, increases’
with increasing dust concentration. Hertzberg et al. [24] observed the identical
tregds in their study of pulverized coal dust flammability limits. A drastic change
of slope of the curves, in the vicinity of the flammability criterion (20.7 kPa) is
clearly evident. At concentrations near the flammability limit, one expects sudden
changes in the energy released from combustion. A much higher Apmqz is exp;ected

for flammable mixtures where a self sustained flame is present, compared to that ob-

tained from a mixture where concentration is below the lean flammability limit and—"

where there is no self-sustained flame propagation. For cornstarch dust at its “opti-
mum” ignition delay of 200 ms, the maximum rate of change in Ap,,,, is displayed

at around 75 g/m® dust concentration. As indicated earlier, 75 g/m?> is the mini-

|
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mum concentration of cornstarch dust which satisfies the lean flammability criterion
of é0.7 kPa peak explosion overpressure. The intersection of the curve in Fig. 24
with the limit criterion very near 75 g/m? cornstarch dust concenj;ration, indicates
remarkable consistency\ of the criterion used to expected combustion behaviour. Fig.
25 indicates a drastic change i;l slope for (dp/dt)maz, at a cornstarch concentration
of 75 g/m3. Recall, however that the ;:riterion for detefmining the lean flammability
limit is based on App,,, and not on (dp/ gt)maz. Fig. 26 indicates a drastic change in
slope for Ap,... at a coal dust (Ling&in’IO—E) concentration of 40 g/m3. In Fig. 26,
the Apme: curve inbersects the 20.7 kPa Apma; criterion very near 40 g/m®. Once
again, this demonstrates very good agreement between the criterion used to estab-
lish lean flammability limits and the actual combustion behaviour. The (dp/dt)maz
curve (Fig. 27) for the Lingan coal dust, indicates an increase in the burning rate
with increasing concentration but due to the large scatter in results, no discernible
drastic ch?mge in slope is evident at the limit of 40 g/m?.

To further appraise the method for determination of lean flammability limits of
dust-air mixtures, in the present investigation, one must compare the present results
with those obtained from other studies. The cornstarch results are compared in Table
7 with flammability limit data measured in the 1.23 litre Hartmann bomb [30], the
5 m® explosion vessel [36] and with a first approximation for the lean flammability
limit concentration based solely on the higher heating value [7]. Results from the
Hartmann bomb can be dismissed immediately due to a soft lammability criterion,
inadequate procedure for the tests, and the general inapplicability of such small
vessels in studying dust air combustion. The very good agreement between the 180
litre vessel results and the 5 m? results is to be noted. The theoretical estimate for
the lean ﬁammability limit of cornstarch based on higher heating value ?nformation
is 103 g/m?3; it appears to be a éatisfactory first approximation considering all the
qther fa‘ctors which can affect lean limits for dusts such as particle size, volatile
matter, ignition energy, and so on.

Filammability limit data from constant volume combustion, along with some se-
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lected properties (particle size, proximate analysis, heating value) of different coal
dust samples are compared in Table 8. The lean flammability limit of 40 g/m?
for the two Devco coal dust samples tested in the 180 litre cylinder, appears to be
the lowest from all the other reported coal dust lean limits. Both the Devco Lin-
gen 10-E and Devco No. 26 coal dust samples, were obtair}ed from the same CaPe
Breton region of Nova 'Scotia. Proximate analysis data (Table 8) demonstrate the
many similarities in the composition of these two coal dust samples. The higher
limit concentration of 67 g/m?® obtained by Feng [40] in a 1.2 litre cylinder for the
No. 26 coal dust can be partly attributed to a different ignition source and drying
procedure used, and once again, to the inapplicability of such small test vessels for
dust combustion. Hertzberg et al. [19,24], determined the lean limits of several coal
samples in smaller 7.8 litre and 20 litre vessels. Hertzberg’s criteria for the lim-
its of flammability differ from the criterion used in the 180 litre cylinder. A large
variation in the proximate analysis data is evident for the variety of coal samples
tabulated. Hertzberg reports that the lean limits of the coal samples tested in the
7.8 litre vessel, are inversely proportional to the volatile matter in the samples [19].
: Equivalently, samples with the highest combined percentage of fixed carbon and ash,
have the highest lean limits, since ﬂarx\xe propagation is not facilitated as a result of
the small content of volatile matter present. The reported lean limit for the most
volatile Gilsonite is 65 g/m3, compared to the 450 g/m?® limit reported for the least
volatile Reading coal. The Devco coal samples have much higher volatile matter
and lower fixed carbon compared to Pocahontas and Reading coal samples, which
exolains the lower lean flammability limits observed in the present investigation.
The volatile matter and fixed carbon in the Devco coal samples and the Pittsburgh
“standard” coal dust, are not very different. Therefore, the significant difference in
the repo;ted limit concentrations must be largely due to the different apparatus, test
procedure, ignition source, and propagation criteria, used by Hertzberg and in this
investigation. Furthermore, Hertzberg reports that for the lower volatile coals, Poc-

ahontas and Reading, more energetic igniters are necessary and larger test vessels
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are to be utilized in order to avoid overdriving effects of the combustible mixture. If
these recommendations were to be implemented, the lean limits for such coal dusts

should be lowered and would approach the lean limit of the Devco ¢oal samples. The

theoretical lean limit estimated by the higher heating value for each dust sample, -

gives comparable results to the measured lean limits, except for the least volatile
dusts, Pocahontas and Reading. ‘

In short summary, it appears that the criterion used for the present investigation
i;l the 180 litre vessel to determine lean flammability limits, produces comparable
results to other ve;sels. There is very good agreement for the flammability limit of
cornstarch dust air mixtures, in the 180 litre (75 — 80 g/m?3) and the 5 m® cylinders.
Less satisfactorz}g{erement was observed between the two Devco coal dusts in the
180 litre cylinder, and other coal samples in smaller vessels. Lean flammability
limits of Lingan 10-E and No. 26 coal dusts (40 g/m?®), were significantly below
other coal dust results obtained from other investigations (65—450 g/m?). However,
the aéequa’cy of the 20.7 kPa Apy.. criterion for the 180 litre cylinder, appears to
be supported by the actual combustion behaviour which was deduced from Apnaz
data, as a function of dust concentration at the “optimum” ignition delay time. The
greatest rate of change in App,, with dust concentration at the “optimum” tp, was

observed to intersect with the flammability limit criterion very near the determined

lean limit.
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5 RESULTS FROM THE 53 LITRE VERTICAL
TUBE AND DISCUSSION

5.1 General Considerations

The standard apparatus used to study dust explosions is usually the constant vol-
ume bomb of spherical, or low L/D geometry, such as the 180 litre cylinder. In such

vessels, ignition takes place centrally and the combustible mixture is consumed volu-

" metrically. More often, the standard or sole diagnostic used, is the pressure-time his-

tory developed by the combustion process. For the second part of this investigation,
a 52.7 litre vertical tube with L/D near 10 is used to investigate lean flammability
limits of some dust-air mixtures, under both constant volume and constant pressure
conditions. Ignition occurs either at the top or bottom cover flange, depending on
the intended direction of flame propagation. Unlike the 180 litre cylinder, this ver-
tical tube allows for distinct flame propagation along the vertical axis of the vessel.
Due to the geometry of the apparatus, an effective dust dispersion throughout the
vessel cannot be achieved by the usual air blast into a dust receptable. As a result,
a very different dispersion system is used (see section 3.3.2) whereby pressurizged air
disperses the dust through fine holes from a small diameter vertical tube, running
along the entire wall height of the apparatus.

Since the combustion tube can be operated closed or open and has a large value

Kif L/ D, one must decide on the method to use for determining if the combustible

mixture can sustain flame propagation. In view of the large L /D of this tube com-
pared to the 180 litre cylinder, and the fact that dust lammability investigations
under constant pressure are to be conducted, pressure measurements of the combus-
tion process are clearly inadeqlllate as the sole diagnostic means.m Subsequently, the
main diagnostic in the dust flame tube consists of ionizationgprobes which detect the

passaée of the combustion front. Four such probes have been installed in the present

experiments, at different locations aldng the tube axis. Traditionally, the criterion
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used for determining whethér or not a sustained flame propagation has occurred in a

given experiment, is the visual oﬁﬁarvation in a darkened room (or with a photo mul-
tiplier) of upward flame propagation in a tube over a distance of 1 to 2 meters from
the ignition source, under constant pressure conditiens. Flammability limits are not
necessarily restricted to the upward direction, but to the downward and horizontal
directions, as well. In the present investigation, only upward propagation limits are
investigated under constant pressure, while both upward and downward limits are
examined under “constant volume” conditions. It was not practical to investigate
horizontal ﬁropagation limits. The criterion for inflammation is when the dust-air
flame propagates along the tube and ftriggers the ionization probes. A mixture is
judged to burn when the flame has managed to propagate at least three quarters of
the length of the tube; this is roughly when it rea@kﬁ{%third ionization probe in
the upward direction, and beyond the third probe for the downward direction. Even
though the flammability criterion is based on the distance of flame tra.v;:_l along the
tube, the pressure-time history in the vessel was detected by a piezoelectric pressure

transducer and recorded on an oscilloscope.

5.2 Experimental Data Obtained in the Closed 53 Litre Ver-
tical Tube #

Before attempting to determine flammability limits for the dust-air mixtures in this
high L/D vertical tube, it is necessary to verify the effectiveness of the apparat/us
and dispersion system used, in yielding results that are valid and reproducible. This
is achieved by demonstrating that the present results are compatible with those of
other recearchers doing similar work. Ap,..z/p, results from the present study are
placed side by side with those of others [17,41,42,44,45], in Figs. 16 and 28, for
cornstarch dust-air mixture under constant volume conditions. The present data
is compared with data from a spherical .333 m® bomb, a .180 m® cylinder [41], a

.156 m® horizontal tube (L/D = 7) [44], and a .025m3 vertical tube (L/D = 5)(
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[45], all previously obtained at McGill using the same cornstarch and similar dust
preparation procedures before experimentation. One would expect that there should
exist significant differences in the Ap,,., data obtained from such very different vessel
geometries, dispersion systems, turbulence intensities, and distributions of dust in
the vessel. However, there appears to be quite good agreement for all the data shown
in both Figs. 16 and 28. The present vertical tube is essentially a cascade of two
identical tubes as the one used by Pu et al. [45]. In Pu’s results, it is uncertain if
the Apma. data is fer nominal dust concentrations or actual dust participating in
combustion (corrected for the amount of dust that has been shown to stick to the
walls, or left behind in the dispersion system). In addition, it is very likely that a
higher more effective dust dispersion pressure was used which can better break-up
-and suspend dust particles, resﬁlting in slightly higher Apn.., values compared to
the present data.

The Apmas: values obtained from the .180 m3 cylindrical, .333 m® spherical and
156 m® (L/D = 7) vessels, are all higher than those obtained from the present ver-
tical tube. This may be simply an indication of the higher heat losses prevalent in
the present test tube which has the highest L/D from all the other vessels. For the
dust concentrations tested in the present apparatus,-there appears to be no discern-
able deviations in the App,, data obtained from upward and downward propagating
flames. WhileQ it is difficult to compare results from different laboratories since the
particle size and other properties of the cornstarch used would generally be different,
remarkable agreement in results is demonstrated between the present vertical tube
and Cocks’ 20 litre vessel. 7

It is worthwhile to compare the burning rates as characterized by the rates of
pressure rise dp/dt, obtained in the present experiments with those obtained in
other McGill vessels. Due to the high L/D for the vertical tube, the dp/dt chosen
is a representative value of the combustion pressure-time history. It is neither a
maximum Jor an average. One does not understand local fluctuations in dp/dt well

enough to properly interpret the results, so a representative value of dp/dt is chosen
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after a global assessment of the pressure-time history. Fig. 29 shows a serigs of
typical pressure-time curves and the manner in which the representative value for
the'burning rate is chosen. dp/dt data for both upward and downward propagating
cornstarch dust-air flames, are plotted in Fig. 17 along with (dp/dt)m., data from
the .180 m? and .333 m® vessels. Higher values of dp/dt are observed for the present
'investigation up to 175 g/m?® dust concentration, compared to the (dp/dt) .. values
from other investigations. Between 200 g/m?> and 400 g/m3, the rate of increase in
dp/dt with increasing dust concentration appears to follow the general trend and
decreases, attaining values below those from the other vessels. In order to better
compare the present dp/dt data with those from other bombs, it is necessary to use
the K,; factor. The K, factor is defined as K, = (dp/dt)maz V3. It was developed
for spherical bombs or cylindrical bombs with L/D near unity. The scale factor
V1/3 is characteristic of the length of flame travel. Thus, V/3 is not applicable for
long tubes and this factor should be replaced by the distance between the ignition
source and opposite end of the tube (1.86 m). In Fig. 18, the modified K,; values
for the present vertical tube for both upward and downward propagating flames, are
plotted as a function of corpstarch dust concentration, along with K, values from
several other vessels. For all cornstarch dust concentrations up to 400I g/m®, the
K,: increases sharply for the vertical tube and takes on higher values than tho.se
from the .333 m® sphere and the .180 m® cylinder. The larger values in K, for
the vertical tube are due to the large value for length of flame travel in this vessel.
Between 200 g/m® and 400 g/m®, the K,, curves for the vertical tube, the 1.23
litre Hartmann type of apparatus, and the .180 m® cylinder, approach each other
and injtgrsect one another in some cases. A quick observation of Figs. 16 and 18,
reveals the existence of a larger scatter in K,, factor than Ap,,,../P,, as a function
of cornstarch dust concentration. It is difficult to come up with any representative
value of the K,, factor for cornstarch from ;&he scatter in data that results from
all the different apparatus sizes and geometries, dispersion methods, ignition sources

and dust samples used by different researchers. The larger K, values for the vertical
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tube are due to the replacement of the scale factor, V/?, by the maximum length
of flame travel in the tube. This length of flame travel for such a high L/D vessel is
significantly larger than the cube roofkof the volume in the spherical or cylindrical
vessels, with L/D near one. Hence, larger K,; factors are expected for the vertical
tube, especially for the lean concﬁentra,tions where the flame actually propagates a
fraction of the total length of the tube.

The adequacy gf the present vertical tube and its dispersion system has been
demonstrated, by the reasonable agreement in Apme./P, results obtained for the
constant volume combustion of cornstarch dust- air mixtures with results from other
very different vessels and dispersion systems. It must be noted, that in comparing
dust-air combustion results, the dust concentrations quoted are usually based on
the nominal loading, that is the mass of dust placed in the apparatus divided by
the vessel’s volume. In general, however, for each apparatus and dispersion system,
the actual dust concentration suspended at the time of ignition will be less than
the nominal dust concentration. Thus, one should not expect identical combustion
results (Apmaz, (dp/dt)maz) for a given nominal dust concentratiof{ tested in different

N

vessels.

5.3 Effects of Ignition Delay in the Vertical Tube

The time delay for ignition to occur after the solenoid valves have been activated-
to initiate dust dispersion, is most critical for this high L/D vertical tube. While
the initial pressure in the discharge vessel decides the initial dispersion turbulence
intensity, the delay time for ignitipn after dispersion will reflect the residual turbu-
lence level at the time of ignition. One would expect a rapid decay in the turbulence
intensity produc:;d by the pressurized air leaving the fine holes (order of 1 mm) of
the present dispersion system. On the other hand, the air blast used to disperse the

dust in the 180 litre cylinder, produces relatively larger scale turbulence which is

not as easily dissipated as the fine scale turbulence in the vertical tube. The effec-
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tiveness of the dispersion-induced turbulence in entraining dust particles within its
eddies, decreases rafpidly/ following the onset of the dispersion process. Furthermore,
the probability increases/ that dust particles will hit walls and other obstacles of the
combustion volume, with elapsed time after dispersion, and get stuck there or drop
to the bottom. These potential phenomena, together with the ever present sedi-
mentations of particles as a result of gravity, cause the concentration of the dust-air
I;lixture to be highly transient in this vertical tube. If enough particles have dropped
out of suspension in some region of the tube, the available dust concentration may

be significantly below the nominal dust concentration. Such an occurrence takes

on additional significance for lean flammability investigations and relatively slow

moving constant pressure flames. In such cases, the available dust concentration at:
points in the tube furthest from the ignition source may not be sufficient to sustain
flame ‘propagation and hence, will cause the flame to quench. In effect, this may
give the false impression that a flame cannot propagate for a certain nominal dust
concentration, whereas, the flame could have propagated if ignition had taken place
sooner after dust dispersion.

Once again, it becomes very important to determine the “optimum?” ¢p at whit':h
the suspended dust concentrat\ion in the tube will be closest to the nominal condi-
tion. It is expected that highest values for Ap,,., will be observed, wh?’n all or most
of the dust has been effectively dispersed throughout the tube, and participates in
combustion. Given the high L/D of the vertical tube and its particular dispersion
system, one would expect the optimum “tp” t& be significantiy lower than that for
the same dust in the 180 litre cylinder with L/D near unity. Pu, and Lee [6,45) have
conducted some extensive investiga\ti?ns on the effects of turbulence on constant vo’l_-
ume explosions of cornstarch dust-a{r mixture. Their experiments were performed
in one of the two identical x;ertical sections placed in cascade, to make up the present
vertical tube. Much can b_e learned from the two investigati‘ons, §ince the same dis<"

persion system, initial dispersion pressure and similar dust preparation techniques,

were used as for the present study. Observations indicate that éhe amount of dust
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unavailable for com;m.\stlon strongly depends on ignition delay time, tp. It was found
that for a tp below 100 ms, a very small mass of dust particled got stuck to the wall
or got a chance to drop to’the bottom (about .5 g for one vertical section). In
addition, the amount of dust which remained trapped in the dispersion system, was
found to be about 1 g for the highest cornstarch dust concentrations tested in the
present study. The discharge time of the compressed air from the dispersion bottle is
about 100 ms (most of the dust dispersion occurs in the first 50 ms). Dust explosion
characteristics will inevitably depend on the actual amount of dust that participates
in combustion and the dispersion-induced turbulence present at ignition. N
Lee et al. [45] have demonstrated that for ignition delay times larger than the
dust dispersion time of 100 ms, the burning rate, as indicated by (dp/dt)maz, drops
sharply with the increasing decay rate of thé dispersion induced turbulence. Since
turbulence affects the burning rate, it can drastically accelerate the rate at which
an explosion develops. For convenience, plots of (dp/dt)mst and Apm,. for different
cornstarch dust concentrations as a function of ¢p, have been replotted in Figs. 30 and
31, respectively. The same dispersion bottle gauge pressure of about 10 atm is used
throughout and the dust concentrations given are obtained by subtractir;g the dust
left in the dispersion system after an experiment. For different dust concentrations,
peak values for (dp/dt)ma, are obtained at a tp of about 75 ms, For too short a
delay, insufficient amount of dust has been dispersed into the combustion volume to
provide a strong ignition flame kernel for subsequent flame propagation. In general,
higher burning rates are observed with increasing dust concentratioi at the same
tp. Fig. 31 indicates that peak values for Ap,,.. are obtainsd at ignition delay times
between 75 —100 ms. The decay of App,. With increasing tp (decreasing turbulence

intensity) is not as severe as the decay of (dp/dt)ma; (Fig. 30). For the leanest case

(of 276 g/m?®) there is hardly any decay in the App,e; and (dp/dt)maer With increasing™

tp. Higher decay rates are observed for higher dust concentrations which would
imply that dust settling plays a dominant role. It is suspected that for higher dust

concentrations, the dust dispersion process is not as effective in breaking up the
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dust, and thus, the dust discharged into the chamber is in large agglomerafte forms
which settle quickly. When the dust is fully broken up to its nominal particle size
of 15 um without agglomeration, it will settle slowly at its Stokes free fall velocity
(1 — 2 em/s) and the amount burned will be practically independent on the delay
time or turbulence level. The observations of Lee and Pu indicate an “optimum” ¢p
of about 75 ms for cornstarch dust-air mix:‘.ure in their single vertical tube.

One would now like to know thg most appropriate, or “optimum”, tp to be used
for the present investigation where the vertical tube consists of two identical sect:ions
as to the ones used by Pu and Lee. In some of her investigations, Pu [6] performed
experiments in the identical 1.86 meter vertical tube used in the present study.
It was determined that flame propagation velocities in the 1.86 meter tube were
higher than those in the .93 meter (single section) tube. Consequently, the time
of combustion, or flame propagation along the entire tube length, is only slightly
longer for the 1.86 meter tube compared to the .93 meter tube. If the time a flame
takes to propagate throughout the entire vessel volume is far less than the time dust
particles, anywhere in the ¥essel, will take to drop any significant distance compared
to the vessel’s dimensions, sedimeptation effects can be ignored. Of course, fhe
flame speed will depend on the type and concentration of dust to be used. Flame
speeds for both upward and downward propagating cornstarch dust-air flames under

constant volume conditions, are typically of the order of several meters per second

(4 — 20 m/s). The entire flame propagation duration for cornstarch is under half

a second, as detected by the ionization probes. For the largest nominal cornstarch
particle size of 30 “p,m, the Stokes free fall velocity is roughly 4 em/s. Thus, it
would appear that for constant volume cornstarch dust-air flames, sedimentation
effects can be neglected for any tp under, say, .5 seconds. However, it is essential to
recall that the rate at which dust adheres to the walls of the combustion chamber,
has been shown to increase significantly with increasingg tp [6]. Furthermore, dust
particles tend to form agglomerations which fall far faster than a few ¢m/s. Since

the optimum tp for the .93 fneter tube was shown to be about 75 mas, and the time

-
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for flame propagation along the entire 1.86 meter tube length is slightly larger than
in the .93 meter tube, the most appropriate ip fo;' the 1.86 meter tube should be
slightly less than 75 ms. An “optimum” tp of 60 ms was chosen for the presér;t
investigation.

Sedimentation effects are more significant for constant pressure cornstarch dust-
air flames, where the flame speeds can be near or below 1 m/s. Different ignition
delay; were used for a nominal cornstarch dust concentration of 400 g/m?®, to provide '
some indication of the effects of tp on flame propagation under constant pressure
conditions (Table 9). Results from Table 9 indicate that the ¢p should be no larger

than 150 ms. No conclusive differences are evident for tp’s of 60, 100, and 150 ms,

where the flame propagated roughly three quarters of the length of the tube. Nev- ,

ertheless, in order to ensure a high degree of dispersion-induced turbulence which is
desirable for dust entrainment, the same “optimum” tp of 60 ms used for the con-
stant volume experiments of cornstarch dust-air mixtures was used for the constant
pressure experiments of cornstarch.

The average particle sizes of the Deyco coal dust samples are much larger than
for cornstarch dust, and any agglomerates of the coal dust particles will tend to bg

even larger. Consequently, coal dust particles would tend to drop at a faster rate

than cornstarch particles and may adhere to the walls of the combustion volume -

in larger amounts compared to cornstarch, with elapsed time after dispersion. The
minimum acceptable tp to be used is about 60 ms for sufficient dust dispersion in the
combustion volume. Therefore, in experimentation with both cornstarch dust and

coal dust, under both constant volume and constant pressure conditions, a 60 ms tp

was used. »




5.4 sExperimental Results of flame Propagation in the Closed

Tube :

-

Using the flammability limit criterion previously established for the vertical tube
(flame travel of at least 3/4 of the length of the tﬁbe) , one attempted to determine the
lean lammability limits, under constant volume, for cornstarch dust-air mixture and
Lingan coal dust-air mixture. Both upward and downward propagating flames were
investigated. Flarme detection along the tube was made possible by the triggering
of the ionization probes: Having a knowledge of the location of all four probes,
the arrival of the flame “front” at different positions in the gertical tube can be
determined. As well, by dividing the distance between i)robes (and between the
igniter and first probe), with the time the flame takes to travel that distance, one
obtains average flame “front” speeds for specific regioné in the tube. Since the
tu})e is kept closed for the duration of the experiment, it is possible to obtain the
pressure-time history in the vessel during the combustion process.

Tables 10 to 13 summarize the results for Ap,,.z, dp/dt and flame speeds achieved
for the cornstarch and Lingan 10-E coal dust in the closed vertical tube for ﬁpWa.rd
and downward flame propagation. The leian flammability limit of cornstarch dust-air
mixture for both upward and downward propagating flames in the closed tube, is
200 g/m?® dust concentration in air, as is evident from Tables 10 and il, respectively.
The criterion for flammability is 1~40 ¢m of flame travel from the ignition end. For'
the upward direction three probes were triggered, corresponding to 132 ¢cm of flame
travel from the bottom, at a minimum concentration of 200 g/m3. On the other
hand, for the ds\vnward direction, three probes of flame travel/(102 ¢m) is too short
according to thg}’S /4 tube length criterion. Subsequently, the flammability limit for
the downward'airec‘tion is decided by the minimum dust concentration in air for
which all four probes are triggered, corresponding to a flame travel of 147 ¢cm down
the tube. Considering the non-uniform flame “front” of lean dust-air niixtures, and

the arbitra.ziy nature of the flammability limit criterion, the described method for
53 1
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deciding flammability limits in the upward and downwagd directions, was deemed
atiequate. At the 200 ¢g/m3 flammability limit for cornstarch, Ap,,m and dp/dt for
the upward direction are 299 kPa and 13.2 bar/s, respectively, while for the down-
ward direction Apq; and dp/dt are 284 kPa and 14.] bar /s, respectively. There.
appears to be remarkable agreement in the combustion characteristics of cornstarch
dust-air mixture in the closed tube, for both directions of flime propagation. In a
previous investigation in the same closed tube, J arosinski et al. [29] observed .that a
flame was able to propagateoup the length of the tube, at a cornstarch dust concen-
tration in air of 200 g/m®. Craft [44] found 200 g/m* to be the minimum cornstarch
dust concentration in air for which a flame could propagate most of the length in
his horizontal tube. He observed a Apy,. of about 450 kPa. The higher heat losses
from the present tube and the different dispersion s}ifstem used, can account for some
of the deviation in Apmns;. However, within experimental uncertainties, it appears
that the lean flammability fimit of cornstarch dust in air in a closed tube, is about
200 g/m® and is Ipdependent of direction of flame propagation, if one uses flame
propagation over three-quarters of the length of the tube as the flammability limit
criterion. For Lingan coal dust-air mixture in the closed vertical tubé, the maximum
flame “front” travel detected was 82.5 ¢m in the upward direction, corresponding
to the position of the second probe (Table 12). Only 52.5 c¢cm of flame travel was
detected for downwa.rd7propaga,ting coal dust-air flames in the closed tube. In both
ﬁamg propagation directions, the maximum distance travelled by the flame in coal
dust-air mixture, was far below the flammability criterion of 140 cm. As a result,
it was not poésible to determine any lean flammability limit for the Lingan 10-E
coal dgst in this vertical tube with the present flammability criterion. A Apmaz of
207 kPa was observed for a coal dust concentration of 350 g/m3, which is ‘é’f‘whole
order of n%agnitude larger than the 20.7 kPa flammability limit criterion used in the
180 litre cylinder. Despite this significant Ap,,.., coal dust-air flames were not even
able to propagate ixalf the tube length, for the concentrations tested. This result

is not what one would expect if one recalls that in the 180 litre cylinder, the lean
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flammability limit for coal dust was 4'0 g/m®, much lower than that for cornstarch
dust which was annt 70 — 75 g/m?>.

For a better understanding of the lean flammability behaviour of each dust in
air, it may be worthwhile to conduct a closer comparative examination of the results
obtained in the vertical tube. If one plots the Ap,,,. and dp/dt data as a function of
cornstarch concentration, for lean dust-air mixtures (less than or equal to 200 g/m?
cornstarch), the results are shown in Figs. 32 and 33, respectively. The Apmaz
results appear to be independent of direction of flame propagation, while a marginally
higher burning rate is observed for downward propagating cornstarch dus;,t-air flames.

One would expect upward flame propagation to be more vigorous since the flame’s

rate of ascent will be enhanced by the rising and expanding product gases. Any

‘dust settling, produces a downward flow in the tube. This downward flow is a

functlon of many parameters, but most notably the size and weight of the falling
parhcles One possible explanation for the slightly lower burning rates observed
for upward propa.gatmg cornstarch dust-air flames, is the hindering of the bu\(\nmg
rate as the unredcted downward flow encounters the rising hot flame. The hxgh
Yolatlle-content cornstarch dust particles readily release their volatile matter as the;{
are approached and preheated by radiation and other heat transfer modes from
the downward propagating flame. The insensitivity of Apna. to direction of flame
propagation may be attributed to the relatively high flammability of the cornstarch
dust. Flame propagation velocities must be significantly above the buoyant rise
velocity of the hot gases for Ap,.., to be direction independent. In both Figs.
32 and 33, the same trend of decreasing Appq: and dp/dt with decreasing dust
concentration is evident, as was the case for lean mixtures in the 180 litre cylinder

-

and in Hertzberg’s léan coal dust-air results [24]. .
- /

Figs. 34 and 35 display the variations in Apm,, and dp/dt, respectively, as a func-
j

-

tion of coal dust (lingan 10-E) concentration. The Apj,,, for coahdust (Lingan 10-E)

rises slowly with increasing dust concentrations, for both flame propagation direc-

tions, and stays at a low level, reflecting of course that only a part of the dispersed
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dust was buried (less than half the tube length), as contrasted with the cornstarch
dust where APmaz is steep and the maximum level is much higher. Fig. 34 indicates
that upward flame propagation for coal dusts is slightly more effective than down-
ward propagation. This could possibly' be due to the downward settling of the coal
ﬁi:s?into the upward advancing flame, thereby enriching the effective concentration
that the flame sees compared to a downward flame. As particles approach the rising
hot flame, they will begin to emit volatile matter which will react with oxygen. Only
after devolatilization can the homogeneous gas-phase combustion reactions proceed
[19]. For downward flame propagation, the flame chases the settling particles which
may drop to the bottom or stick to the vessel’s walls, prior"to the hot flame reaching
them. In effect, less particles will be available to react 11‘1 such a situgé:ion, which ex-
plains the lower Ap,,,, observed for downward propagating flames. As the coal dust
concentration increases, Apmq: attains a steady level for both directions of flame
propagation. One possible explanation for this phenomene—m,\ig that the devolatiliza-
tion rate has become too slow compgred to the rate of ~ombustion reactions in the
gas phase, thereby limiting the amount of fuel which actually reacts. Sharp differ-
ences in the dp/dt behaviour as a function of coal dust concentration are exhibited in
Fig. 35, with changes in the direction of flame propagation. While Ap., increases
and attains a steady level with increasing dust concentration for upward propagating
coal dust-air flames, dp/dt appears to decay in an exponential manner with increas-
ing dust concentration. The immediate decrease in burning rate with intreasing coal
dust concentration for upward ﬂam(i propagation, is believed to be largely due to the
adverse downward induced flow caag;ed by the increasing mass of falling dust par-
ticles. While the amount of coal dust burned with increasing concentrations tested
appears to approach a fixed level, the rate at which this amount burns decreases as
the increasing mass of excess unreacting dust travels through the burning Q1'egion,
providing a heat sink. For downward propagating flames dp/dt increases with in-
creasing dust concentration, reaching a maximum level between 200 — 300 g/m* coa,l~

. dust, and decreases rapidly with further increases in dust concentration. Settling
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dust particles do not affect downward propagating flames in the same way as upward

propagating flames. With increasing coal dust concentration up to 300 g/m?, more
fuel reacts in downward propagation, producing higher Ap,. and dp/dt values. For
the concentrations tested above 300 g/m>, Apmaz remains constant while the burn-
ing rate, or dp/dt, drastically decreases for downward coal dust-air flames. Once
again, excess amoqx}t/of unreacting dust at the highe; concentrations behaves like a
heat sink and coqég the flame, reducing the burning rate. \

To compare the present coaff{iust results with coal dust results obtained from
other investigations, the Apnas/p, and K,, data obtained in the vertical tube are
plotted in Figs. 19 and 20, respectively. Once again, K, for the vertical tubfe is
defined as the product of the representative dp/dt with the characteristic length
of flame 1;ravel. It is evident that the high L/D vertical tube results behave very
differently compared to coal dust results from vessels with L/D nez;,r one. Other
than the leanest of concentrations tested, the Apn,., and K,; data from the vertical
tube, are significantly below other coal dust results. The very different geometr& in
the high L/D vertical tube compared to the 180 Jitre cylinder and Hertzberg’s [24]
20 litre vessel, gives rise to a different type of burning. A distinct flame propagation
is possible in the vertical tube where ignition takes place at one end, whereas a
volumetric type of burning occurs in the low L/D vessels with central ignition. The

higher (S/V) of the vertical tube allows for more heat losses from the burning region

to the cold walls. Small scale easily dissipated dispersion-induced turbulence is —

-

gvailable for dispersing and entraining the dust in the vertical tube, compared to the
large sc/ale turbulence introduced for ?Q\ dispersion in the 180 litre cylinder and
Hertzbti_rg’s vessel. Fir)ally, dustf settling and flame inhibiting downward induced
flows, appear to play dominagt roles in the combustion c};aracteristics of coal dust-
air mixtures in the vertical tube. As a result, the determination of lean flammability

limits of the dust-air mixtures in the present tube is subject to many adverse effects,

‘eminating from the geometry and dispersion system of the vessel. The App., and

K,; data from the vertical tube, are significantly below other coal dust results.
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It would be ir/lteresting to directly compare the Apms: and dp/dt data for the
Lingan coal dust and cornstarch dust, since all data was obtained in the same ical
tube with identical experimental procedure. Figs. 36 and 37, respectively show the
variations in Apmaz and dp/dt as a function of dust concentration, for both cornstarch
dust and Lingan coal dust and for both directions of flame propagation. Cornstarch
dust is almost entirely composed of volatile matter with very little fixed carbon and
ash and the nominal size is about 15 pum. The Lingan coal dust is specified at
325 mesh (< 44 pm)), has a relatively high content of fixed carbon and ash, and has
far less volatile matter than cornstarch dust. As a result, the release of volatiles for
reaction with oxygen in the gaseous phase, is better facilitated by the highly volatile
and relatively small cornstarch dust particles. Furthermore, dust settling effects
which appear to play a dominant role in inhibiting the combustion of coal dust-air
mixtures in the vertical tube, are not as evident for cornstarch dust-air mixture.
More dust burns with rising cornstarch concentrations resulting in increasing A ppaz
values for cornstarch, whereas the amount of coal dust that burns remains at a
rélatively low level, a: indicated fromn the App,; record. The lowest Apna- are
obtained for downward propzlgating coal dust-air flames. As might be expected, the
dp/dt behayigur for cornstarch dust is very di?(erent from that of coal dust (see Fig.
37). Tl}e burning rates for cornstarch dust-air mixture are generally much higher
than for coal dust-air mixture in the same tube. As explained earliér, this is probably
due to the cooling phenomenon caused by the non-reacting mass of coal dust and
downward flow which inhibit flame propagation by lowering the burning rate.

The trajectories in the closed{r vertical tube for upward and downward directions
of flame propagation, are shown in Figs. 38a and 38b, respectively for ceznstarch dust
and Figs. 39a and 39b, respectively, for Lingan 10-E coal dust. The corresponding
flame speed versus position traces are silown in Fig.s 40a and 40b for cornstarch
dust and Figs. 41a and 41b for coal dust. It should be noted that in all of Figs.
39 to 41, data has not been plbtted for the dust concentrations that triggered only

. one probe. The trajectories of the flame for cornstarch dust-air mixture (Figs. 38a
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and 38b), indicate that propagation for the full length of the tube could readily
be achieved for all but the leanest (below 200 g/m®) dust concentrations. Within
experimental scatter, there does not appear to be any consistent pattern in the

variation of flame speed as a function of cornstarch dust concentration or direction of

flame propagation. Figs. 40a and 40b demonstrate that cornstarch flames accelerate

to a maximum at about the middle of the tube length, attaining speeds of about
10m /s and higher, and quickly decelerate beyond this point as the flame approaches
the blind end flange opposite the ignition source. Typical flame speeds in a closed

tube with diameter beyond a few centimeters create a turbulent flow ahead of the

™ combustion wave. The expanding hot gases compress the unreacted mlxtﬁre in

the closed tube. As the flame propagates into the precompressed turbulent region of

reactants, it accelerates and increases the flow velocity ahead of it which creates more

turbulence, further accelerating the flame “front” and so forth. The turbulent eddies
-

?
of combustible mixture maintain their initial random motions as they are overtaken

/ by the flame. Burned gas eddies which project ahead of the main burning region

serve as multiple ignition sources for the unreacted mixture, and thus, accelerate the
combustion rate. In a short tube fuch as the present vertical tube, the combustion
“front” quickly approaches the end of the tube, ax‘xd the precompressed reactants
oﬁer increasing resistance to the expanding hot gases. This is believed to caﬁse the
observed deceleration in the flame speed near the end of the tube, while the burning
velocity for the highly volatile cornstarch dust should remain constant. The flame
trajectories for Lingar{ 10-E coal dust (Figs. 39a and 39b) indicate that for most
dust-air concentrations the flame can propagat;e to roughly half the tube length. For
no coal dust concentration was there a sustained flame propagation detected beyond
half the tube length. As with cornstarch dust-air mixture, there does not appear
to be any definite trend in the variation of flame speed as a function of coal dust
concentration. However, some of the data indicates that the arrival time of the flame

at the probe locations tended to be shorter for richer coal dust-air mixtures. A large

scatter in flame speeds between f)robes is evident for both cornstarch dust ‘dnd coal

N
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After a careful examination of the results obtained m the closed vertical tube
for cornstarch dust and Lingan 10-E coal dust, one realizes that the flammability
behaviour for the two dusts is very different. The differences in the physical and
chemical properties of these two types of dust cause pronounced dissimilarities in
flame propagation characteristics. Determination of lean flammability limits under
constant volume has been sth;vn to be highly aependent on the apparatus and
criterion used. If the 20.7 kPa Apm,; criterion is used to determine lean flammability
limits in the vertical tube, very lean dust-air mixtures appear to be able to sustain
flame propagat;ion, compared to the 180 litre Hartmann type vessel. In the vertical

- tube, over 20.7 kPa is observed for the App,; of 50 g/m3 cornstarch dust in air and
o 15¢/m® Lingan 10-E coal dust in air. Both these concentrations are far below the
lean limit concentrations for cornstarch dust and coal dust of 75 g/m? and 40 g/m3,
respecftively, obtained in the 180 litre vessel. The Apn,, created by the igniter alone
in the vertical tube has been shown to be signiﬁcantlymore than 20 kPa. Since the

(

same igniter energy is introduced in both vessels, itis expected that higher Apmaz
will be observed in the vertical tube which has less than one third the volume of the
180 litre cylinder. Therefore, the 20.7 kPa criterion is not really meaningful for the
53 litre vertical flame tube which as a high L/D ratio. On the other hand, the length
- of flame travel criterion used for determining flammability limits in the vertical tube,

yields very different results compared to the 180 litre vessel. It is 1mportant to recall

that o coal dust-air flame could propagate 3/4 of the length of the tube while the

; lean ﬂammablhty limit for cornstarch dust in the same test tube was determined

[ - to be 200 g/m®, much higher than the 75 g/m?® limit determined in the 180 litre
) cyfinder.

A self-sustained flame propagation in dust-e’xir mixtures appears to take on very
particular meanings, depending on the apparatus and procedure used to determine
flammability limits. Choosing a propagation criterion must be consistent with the

’ P purposes for which the limit is being determined. From the present investigation, it

3
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is evident that the lean flammability limit of a dust-air mixture is not a fundamental

property of the mixture.

5.5 Experimental Results of Flame Propagation in the Ver-

tical Tube with One Open End

The ﬂammabilit& limits of dust-air mixtures under constant volume conditions, have
been studied in the 180 litre cylinder and the 53 litre closed vertical tube. It is now
necessary to determine if any changes arise in the lean flammability behaviour of
the same dust-air mixtures, when the test vessel is open to the atmosphere at one
end. The bottom flange of the 53 litre vertical tube is freely floating and begins to
drop immediately after the onset of dust dispersion. The displaced flange effectively
opens /the bottom end of the tube to atmospheric pressure and thus, disallows any
pressure build-up within the vessel during combustion The time scale of combustion
in open tube experiments is approximately an order of magnitude longer than that
in a closed tube. This i.s a direct result of the role played by the expansion of the
hot combustion gases in flame propagation under constant volume conditions. The
compregsive effects of the expanding combustion products are relieved through the.
open end of the tube in the constant pressure experiments. For a ﬁammzjtble\dust-
air mixture, the flame will propagate up the tube after ignition at the bottom and
trigger all the ionization probes in its ‘path.° Using a tp of 60 ms in this vertical
tube, one will attempt to determine thelean flamnmability limits of different dusts
in air under constant pressure conditions.

* The leanest cornstarch dust concentration which could sustain flame propagation
for at least three quarters of the open flame tube corresponds to 400 g¢/m3: This is
in very good agreement with a previous study conducted by Jarosinski et al. [29],
in which a value: of 380 g/m® was quoted as the ﬁammz}bility limit for -cornstarch
dust in the same vertical tube under constant pressure conditions. There are numer-

ous reasons for this small discrepancy in flaramability limits reported for the same
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duct, in the same apparatus with identical dispersion system. The calculated tube
volume of 53.3 litres used in the Jarosinski et al. paper is slightly larger than the
more accurately measured value of 52.7 litres in the present experiments, making
Jarosinski’s: actual lean limit for cornstarch to correspond to 385 g/m3. Another
source for the discrepancy rests with the criterion used to decide a sustained flame
propagation. A flame travel of only 115.5 ¢m would trngger the last of three ion-
ization probes mounted on Jarosinski’s tube, while the flame would be required to
tr.a.vel an additional 16.5 cm in the present inyestigation, to trigger the third out of a
E:otal of four ionization probes mounted on the tube. Further, Jarosinski used much
¥hger electrodes for his ionization probes, which can be triggered ea!sier than the
present ones used, by the highly non-contiguous lean dust flame “front”. As a result
of the above differences betweenthe two investigations, one would expect Jarosinski
et al. to report lower lean flammability limits for dusgg-a.ir mixtures. It sl@wuld also
be noted that Jarosinski dried his cornstarch dust overnight at 40°C, while for the
present investigation cornsterch was dried for 24 hours at a much higher tempera-
ture of 105°C. However, for both these investigations, the lean flarnmability limit of
cornstarch dust-air mixture is very different when determined in the constant volume
cylinder (70 — 75 g/m?), the closed vertical tube (200 g/m3), and the open vertical
tube. The differences in lean limit concentration for cornstarch in the vertical tube at
constant volume and constant pressure, could be explained, by the observation that
when a flame is pushed by hot gases, it can propagate wﬂlja lower burning velocity
[46]. In sharp contrast, Proust (28] reports a lean ﬁamma.blhty limit of 70 g/m?® for
cornstarch dust obtained in an open tube, using a fluidized bed for dust suspension.
This is the identical result for flammability limit obtained under constant volume,
in the 5 m® vessel [36] and very near the 75 g/m?® limit for the 180 litre cylinder.
The method used i)y Proust to assess flammability, is the visual observation of any
dust burning past the half way point (1.5 m) of his vertical tube and not the usual
three quarters of tube length travel by the flame "front”. From visual records pro-

vided, it is apparent that the quality of flame propagalion is very poor for some
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dust-air cocncentrations above 70 g/m3, which he considers as being able to sustain
flame propagation. If Proust’s flammability criterion is to be used for the present
in\:estigation, the lean limit for cornstarch in the open tube would undoubtedly be
lower. A propagating flame was readily detected by the second ionization probe,
corresponding to roughly half the tube length, for the tested dust concentrations as
low as 350 g/m® cornstarch. It is possible that limited dust burning may exist at:
the half tube level even for dust concentrations below 350 g/m®. However, based
on constant volume results (Table 10) where flame propdgation is facilitated by the
expanding hot gases, it is very unlikely that any dust burning will occur in the open
tube above the half tube level, at 70 ¢/m3. There must exist fundamental differences
in the dust-air environment in the two different vessels for such a large discrepancy
in dust flame propagation. One obvious difference is the turbulence level at the time
of ignition. Dust suspension by the fluidized bed technique introduces far less tur-
bulence in the vessel than do jets of pressurized air used for dust dispersion in the
present vertical tube. The dramatic differences in cornstarch dust flame propagation
in the two vertical tubes may be attrxbuted to the quenching effects resulting from
the high level of dlspersmn-mduced turbulence in the present tube. However, further
study is necessary to accurately determine the causes for such a large discrepancy
in report;d flammability limits for cornstarch in open tubes.

The flame speeds as a functjon of the tube length are plotted in Fig. 42, for differ-
ent cornstarch dust concentrations. There is no evident pattern to flame speed with
dust concentration and for almost all cases, the flame tends to accelerate marginally
in the first section of uthe tube and then decelerateslas it reaches its limit of propaga-
tion and quenches. Flame speeds vary around 1 m/s with minimum and maximum
observed.speeds of 0.5 m/s and 2 m/s, respectively. The closed tube results for
cornstarch dust flame speeds are a whole order of maénitude faster and the flame

accelerations more conspicuous, as the expanding hot gases compress the reactants

W

" under the constant volume conditions. Proust observed flame propagation vel Lies

in the vicinity of 0.5 m/s for laminar conditions. When air, in excess of that néces-

-
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o
sary to create the dust suspension was added in the tube, the lame speeds observed

by Proust were of the order of 1 m/s, similar to those from the present investigation.

Determination of the lean ﬁamn}ability limit of each of the two Devco coal dusts, -
Lingan 10-E and No. 26, was then ‘tried under constant pressure conditions in the
vertical flame tube. No sustained flame propagation in either of the coal dusts
could be achieved, regardless of the concentration tried. While there was ignition
and acoustic vibrations could be heard, the flame did not even trigger the first
probe located 37 .5 ¢cm above the ignition source. In retrospect, this behaviour by
the two Deyco coal dusts in the vgrtical tube under constant pressure, was not
entirely unexpected. Recall that no sustained flame propagation past the half way
point of the tube length was observed for the Lingan coal dust in the closed tube.
For the more flammable cornstarch, sustained flame propagation was only observed‘
at 400 g/m3, v‘vhich is twice its closed tube lean flammability limit. Without the
expanding combustion pf‘é)ducts assisting flame propagation, under constant pressixre

conditions, one would not anticipate coal dust flames to travel three-quarters of the

length of the tube. The results of experiments conducted by Jarosinski et al. [29]

‘with finer, (5 pm), Devco No. 26 coal dust pafticles, indicate a lean flammability

limit of 280 g/m® in the same open tube. Smoot and co-workers [47] found that
the rate of flime propagation in fine coal dust-air mixtures is controlled by the
rate of streamwise molecular diffusion of oxygen and volatiles, together with heat
conduction from the hot gas to the particles. Unlike cornstarch dust which”has over
90% volatile content, the two coal dust samples used have a relatively small content
of volatile matter and comparatively large amounts of ﬁ}::.ed c;mrbon and ash. Heat
conduction from theg{hot gas to the dust particles cause volatiles to be released. As
the falling coal dust particles encounter the rising hot flame, they absorb heat from
the flame. If the volatile release rate‘ from the dust particles approaching the flame ;s
insufficient, the burning velocity wilI drop below) t’he limit burning' velecity and the

flame will quench. For the same dust concentration, fine particles provide a much

larger specific surface area for volatiles release than do coarse particles. In addition
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. ~ to the lower volatile yield, coarse particle§ induce a far more eﬁectivg downward
' ‘ draft to hinder the rising flame than do fine {;\articles. ’

* These arguments may explain why no flame propagation was detectefi for the
coarse coal dust-air mixtures investigated. Note that the lean flammability limit of
the fine ‘cogl dust, obtained in the open tube, is below that of éornstarch dust even

- though cornstarch has a much higher volatile content. .This is consistent with the
- lower leah limit than cornstarch dust observed for both the coarse Devco coal dusts
in the closed 180 litre vessel. It then appears, that the downward flow induced by
the settling of large coal dust particles in the vertical tube, plays the dominant role”
in determining why no flame was able to propagate more than half the tube length
under any tested conditions, in coarse coal dust:air mixtures. Such adve;'se effects

. ,“ of dust settling do not appear to be as prevalent in the very different geometry of

the low L/D 180 litre cylinder. ) L
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6 SUMMARY AND CONCLUSIONS

6.1 Synthesis of experimental results /

[ 4
A systematic investigation has been carried out in a 180 litre cylindrical Hartmann-

type dust explosion vessel and in a high LYD 53 litre vertical flame tube, to determine
the lean flammability limits of different dust-air mixtures. An accurate and reliable
knowledge of the flammability limits of fuel-air mixtures can provide a better assess-
ment of theif fire and explosion hazard in mining and other industrial environments.
For this reason, the high volatile-content fcornstarch dust, representative of many
agricultural dusts processed in mills or stored in silos, and two samples of the most
hazardotis of Canadian coal dusts, Devco No. 26 and Devco Lingan 10-E, were used
"as the fuels for the present investigation., The 180 litre cylindriczil vessel and the 53
litre closed vertical tube, were used t;,o determine lean flammability limits under con-
stant volume conditions. The high L/D of the vertical tube allowed for distinct ﬂ§me
propagation, and permitted the study of both upward and downward propagation
limits of dust-air mixtures. Furthermore, by opening the bottom end of the vertical
tube to the environment at ignition, it was possible to study the lean flammability
limits of upward propagating dust-air flames under constant pressure conditions.
Unlike homogeneous gases which can readily diffuse and mix with gheir oxidizer
environment, a dust remains concentrated in its initial placement c‘ontainer and
hence, must be dispersed prior to ignition of the combustible mixture. An air blast
into the dust receptable located at the bottom of the cylinder disperses the placed
dust throughout the 180 litre vessel, while in the vertical tube, the dust is entrained
from its placement chamber by pressurized air and dispersed effectively in the 53
litre volume, through jets emitting from fine holes of a hollow pipe running along the
entire length of the tube. The creation of the dust suspension is a highly transient
process. As the dispersion-induced turbulence begins to be rapidly dissipated imme-

diately after the onset of the dust dispersion process, its effectiveness in entraining
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dust particles and maintaininy them in suspension is quickly decreased. As a re-

sult; individual particles and relatively large agglomerations of particles will begin "
to settle to the bottom or stick tc; the walls of the vessel. It is necessary to effect
ignition at the time when the dust has been most effectively dispersed throughoutv
the vessel. The effects of time delay must thus be considered in any dust-air flamma-
bility investigation. It is inevitable that the effects of time delay between dispersion
and ignition will be };ighly dependent on the dust properties and the initial and
boundary conditions, which determine to some degree the dispersion-induced turbu-
lence intensities and its degay rate. The most appropriate, or “oi)timﬁm” ignition
delay for each dust in the 180 litre cylinder, was determined to be the ignition delay
time where the highest peak explosién overpressure, Ap,., was obtained from the
comi)ustion of a given concentration of dust in air, over a range of time delays. Al
ternately, the “optimum” delay was the delay at which the lowest concentration of
dust-air mixture was able to produce a Appqz of at least 20.7 kPa. The “optimum”

ignition delays used in the 180 litre cylinder for the three different dusts ranged

-

fform 100 to 400 ms. The ignition delay used for all experiments in the vertical tube

was 60 ms, shorter than any ignition delay used in the cylindrical vessel, due to the

quicker dissipation of the small scale dispersion-induced turbulence in the vertical

N\

tube and to its rélatively high L/D. A pyrotechnic igniter with relatively long bur:j

time and of high calorimetric energy, was used for igniting the dust-air m/i;tures i
both vessels. Having examined Hertzberg’s [24] resylts\where the lean flammability
iimits of dusts in air were lowered siéniﬁcantly by increasing the energy content of
the pyrotechnic ign‘iters used, the level of ignition energy of th; present pyrotechnic
igniter was rendered adequate to ensure a proper lean flammability investigation of
the dust fuels tested (as opposed to the relative ignitability of a dust for a given
ignition energy). ‘ l
Prior to the detérmination of lean flammability limits, it was necessary to es-
tablish appropriate limﬁt criteria. A Appe, of 20.7 kPa in the 180 litre low L/D

cylindrical vessel, was deemed to be a reasonable criterion for assessing a sustained
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flame propagation in a dust-air mixture. The lean ﬂammabilit}'r limit at constant
volyme for cornstarch deten:nined in this way, was fg}lnd to be 7580 g/m3, which is
in very good agreement with earlier measurements’in a larger scale 5 m> vessel. This
appears to confirm the suitability of the 180 litre explosion vessel for ﬁammab?lity
limit studies. On the other hand, the much lower lean limit of 40 g/m? obtained in
the 1.23 litre Hartmann apparatus, is misleading due to the approach of the dust
flame thickness to the integral vessel dimension, a softer propagation criterion, and
the overall unsuitability of such small vesseis for dust combustion research. The
flammability limit under constant volume for the Deveo No. 26 and Lingan 10-E
coal dust samples was deterrflined to be 40 g/m?® 'in the 180 litre cylinder. It should
be noted that 40 g/m?® was the lowest lean limit reported compared to some other
coal dust samples found in the literature [19,24].

The criterion used to establish ﬂammabili'ty limits in the 53 litre high L /D vertic%\xl
tube, was the detection of a propagating flame by ionization probes located roughl‘\y
at three quarters of the length of the tube, in both upward and downward directions
of flame propagation. Under these conditions, the lean flammability limit for corn-
starch dust in the closed tube for both directions of flame propagation, was found to
be 200 g/m? and in the open tube, the upward propagation limit was 400 g/m3. The
closed tube results for cornstarch, compare favorably with those obtained in other
relatively high L/D vessels, including a horizontal tube (L/D of 7) {44], if the same
limit criterion is used. The series of experiments made in the same apparatus, but
in the different conditions of constant volume and constant pressure, confirm the
existence of two different lean flammability limits. Using the less turbulent fluidized
be’c‘l technique to create the dust suspension and with the limit criterion being the
observation of any dust burning past half the tube length, Proust [28] reports a much

lower constant pressure lean flammability limit for cornstarch dust, of only 70 g/m3.

It is difficult to account for the evidently large discrepancy in results. No dust-air'’

mixture was detected to have sustained flame propagation past half the tube length

in the closed tube and past a quarter of the tube length in the open tube, for the
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Devco Lingan 10-E coal dust concentrations tested. Similar results were obtained
for the Devco No. 26 coal dust in the vertical tube.
A comparative examination of the Apmaz and dp/dt results for the Lingan 10-E

coal dust i the high L/D vertical tube, with cornstarch in the same tube and other

coal dust samples in vessels of almost spherical geometries, displayed significant -

deviations in ;esults. Despite the lower lean limit compared to cornstarch dust
observed for both Devco coal samples in the low L /D cylindrical vessel, one was not
able to determine any flammability limits for coal dust in the vertical tube using the
3/4 of the length of the tube flame travel criterion, even though it was possible to do
so for cornstarch. The Ap,,,; results indicate that only a limited amount of coal dust
burns for the concentrations tested, and the burning rate, as is evident from dp/dt
and K,; data, decrecses drastically with the higher concent’na.tions. This is believed
to be a direct result of the large downward induced ﬂov»;g‘/in the long vertica.i tube,
created by the relatively large coal dust particles seb‘tiing.? The coal dust samples
tested have much lower volatile matter and a mu&h higher fixed -carbon content,
compared to cornstarch. The induced downward flow together with the unrea.cted
(or s)owly devolatilizing) mass of coal dust, may cool the flame, slowing down the

1

buri‘xing rate and hindefing further flame propagation. It appears reasonable, that

A

lean flammability limit determination in high L /D vertical tubes, is limited to dusts

with a large content of volatile matter or very small easily devolatilizable and slowly‘

settling particles.

6.2 General concluding remarks

The lean flammability limit of a dust-air mixture has been shown to take on several

very different values. 1t has been found to be highly dependent on the.experimental
oy S
conditions used in its determination as they pertain to 1‘%he volume and degree of
A
confinement of the apparatus, the method of dust dispersion, the ignition delay

time, and ignition source characteristics. Further, the flammability behaviour of the
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dust will ultimately be decided by the physical and chemical properties of individual
particles and their dynamic behaviour as they approach the flame.

Experimental measurements of flammability limits, are to a large degree arbi-
trary because of the criteria used to determine them. Instead of a simple statement
as to whether or not a mixture can sustain flame propagation, it may be neceséary
to specify the quality of the sustained flame propagation. Choosing a propaga-
tion criterion must be consistent with the purposes for which the limit is /being
determined. The different experime‘ntal conditions of constant volume and constant
pressure have been shown to yield dra.sticaﬂi\i.different[results for lean flarnmabil-
ity limit of the same dust. While the direction of flame propagation did ﬁot seem
to affect the lean flammability limit in the closed vertical tube, buoyancy/ together

_with large scale effects may play more active roles in actual explosion scenaria. The
direction of flame propagation in a large scale industrial site, will most” i@ affect
the amount of dust necessary to be initially suspended for a éelf-sustai ed flame to
exist. A flame travelling in a horizontal channel may entrain settled dust, in addition

to the one already suspended, enriching the effective dust concentration the flame

encounters and allowing the flame to propagate in an environment/which initially
may have not been able to sustain flame propagation. One is led to conclude that
the le;n flammability limit of a dust-air mixture cannot be defined/as a fundamental
property of the dust-aif mixture itself.

Furthermore, due to the very subjective angl arbitrary nature of the determination
of lean flammability limits, it would be unwise and potentially hazardous to rely on
any single value quoted from the literature, in accurately assessing the danger posed

by a specific dust-air environment.
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APPENDIX
' A

-~ TYPICAL COMBUSTION PROCESS

P
N
, While the exact combustion process of all dust particles is not yet fully known, the
following steps have been accepted as describing, in part or in full, the combustion
pfocess of carbonaceous dusts [4%]: S i
4
\ . . .
1) Evolution of Volatiles: Volatile gases are driven away from the particles by heat
VI .
from thé ignition source or other burning particles. .
N ¢ ., -
2) Surface Melting: The particle surface softens, melts, vaporizes and boils sur-
’ rounding itself with a boundary layer of combustible vapor.
e

e
3) Pyrolysis: Additional heating pyrolyses the particle to drive off decomposition

products; themselves often combustible.

4) Gas Phase Ignition and Burning: When the vapors around the particle are pro-
duced at a sufficient rate to maintain a flammable mixture, they will ignite by
autoignition or by pilot ignition from a nearby flame. A diffusion flame will

stabilize around the particle and/accelerate its vaporization and decomposition.
1

The flame will extinguish wheyt the rate of vapor evolution or oxygen diﬁ'usign

into the boundary layer is insufficient to maintain a flammable mixture. This

process eventually leads to the final stage. J

4
!
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TABLE 1

Relative position of ionization probes with direction of flame propagation

Distance between probes (cm)\

ignitor to Istto 2nd to 3rd to
Istprobe | 2nd probe 3rd probe | 4th probe
UPWARD '
DIRECTION 37.5 45.0 49.5 33,5
DOWNWARD 19. 33.5 49.5 45.0
DIRECTION 20

L
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"TABLE 2
Properties of cornstarch dust

Chemical formula

(C6HypO0s)y

Mole weight of monomer

162

Density 1.5x 103 kg/ m3
Particle size (1;;, t  stamdard dev.)
Voiatilc content 90% or above
Theoretical stoichiometric 253.7 kg/m
concentration

Heat of combustion 2.64 x 10 3kJ/mole
Heat of formation 928 kJ/mole

Higher heating value 2.84x 106 kJ/n;olc
Ignition temperature 650 - 750 'K

=)

€3



TABLE 3

Optimum-ignitiomrdelay tme for each dust
fuel tested in the 180 L cylinder

Dust fuel _ Op?ﬁ:)m 'p
cornstarch dust 200
Devco Lingan 10-E
coal dust 100
dDevc:o No. 26 coal 300

ust




o)

TABLE 4

Constant volume lean flammability limits of cornstarch dust
and Lingan 10-E coal dust for different ignition delay times

Ignition delay time | Comstarch dust-air | Lingan 10-E coal
(ms) lean limit dust-air lean limit
(g/m3) (g/m3)
. 100 - 40
(\
200 75 50
300 80
400 80
500 80 70
600 95 90
4




TABLE 5A)

Lean comstarch dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 200 ms)

Concentration APmax (dp/dt)max

(g/m3.) (kPa) (kPa{s)
70 10.7 96
75 18.8 179
75 33.8 146
75 57.9 106
75 9.6 73
80 47.5 101
80 “>67.5 257
80 14.5 118 -
90 >67.2 403

(4
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TABLE 5B)

Lean comstarch dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 300 ms)

—
Concentration APmax (dp/dt)max

I(g/m3 ) (kPa) (kPa/s)

70 16.1 149

75 14.5 112

N

80 22.0 134

80 >27.0 224

80 18.7 179

20 >37.6 112

.80 17.5 134

85 25.5 158

90 242 \ 149

00 11.4 81

90 16.1 154

90 18.6 121

95 >48 246

100 >48 336




TABLE 5C)

Lean cornstarch dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 400 ms)

Concentration APmax (dp/dt)max
(g/md) (kPa) (kPa/s)
| 60 14.5 189
65 12.4 134
70 17.0 269
80 22.7 134
80 13.1 137
90 15.2 96
95 . 20.7 269
ry
100 >43.0 149

3"




TABLE 5D)

Lean comstarch dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 500 ms)

o

Concentration APmax (dp/dt)max

(g/m3 ) + (kPa) (kPa/s)
80 28.0 298

80 49.0 336

- 80 14.7 168

85 ___2\5{ , ,f\ 298

85 15.{ \) " 168

90 28.3 224

90 21.5 192

95 49.7 269




TABLE SE)

Lean cornstarch dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 600 ms)

Concentration’ APmax (dp/dt)max
(¢/m3) (kPa) (kPa/s)
80 14.8 101
90 134 101
95 56.4 101 ~ .
95 17.5 76
100 39.3 ) 112




TABLE 6A)

Lean Lingan 10-E dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 100 ms)

Concentration AP max (dp/dt)max
(g/m3) (kPa) (kPa/s)
30 12.1 134
30 18.8 27
40 24.2 ‘ 217
0 2.7 348
50 52.4 361




TABLE 6B)

Lean Lingan 10-E dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 200 ms)

Concentration APmax (dp/dt)max
(g/m3 ) (kPa) (kPa/s)
40 14.8 8 137
45 14.8 156
50 30.3 192 .
. 50 36.5 242
5 53.1 228
> <
60 21.5 201 s




Lean Lingan 10-E dust-air results in the 180 L cylinder at

TABLE 6C)

different ignition delays (ignition delay : 300 ms)

Y

N

Concentration APmax (dp/&t)max
(g/m3) (kPa) (kPa/s)
50 16.1 122
50 17.9 168
60 25.5 235
60 17.2 154
60 24.2 242

.




TABLE 6D)

Lean Lingan 10-E dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 400 ms)

Concentration APmax (dp/dt)max *

(g/m3 ) (kPa) (kPa/s)
55 18.9 112

60 22.7 18

A
70 - 34.5 142
-
120 >83.0 285
K//“-
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TABLE 6E)

Lean Lingan 10-E dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 500 ms)

»

Concentration AP max (dp/dt)max
(g/m3) (kPa) ‘ (kPa/s)
50 14.8 101
60 16.5 8
70 21.5 168
70 ¥ 31 78
70 21.5 %0




TABLE 6F)

Lean Lingan 10-E dust-air results in the 180 L cylinder at
different ignition delays (ignition delay : 600 ms)

Concentration APmax (dp/dt)max
(g/m3) (kPa) (kPa/s)
70 16.1 \} 192
%
70 20.1 192
80 18.8 269
90 20.7 299
90 16.1 189
90 18.8 224




TABLE "7

Lean flammability limits in cornstarch dust-air
.mixturc under constant volume

Lean fl bility limit
Source af(‘;f/’z:;) ty
Present 180 L 75-80
Gaug et al. 500 L [36] 70
Jacobson et al. 1.2 L [3] - 40
Theoretical [7] (based on 103
estimated heating value)




“
Select properties und lean flammability limit data of different coal dust samples

1 3

TABLE 8

codl duc m Pr.oximatc analysis (%) Heating }\::nasurcd W
~ sample (Sxtm Moisture !;:{:;l“ l;u;;gn Ash Z';;Jufkg) %3) n(;,i:,h
mtﬁinagaf) as” 0.84 32.73 52.99 13.44 30.7 40 59,
oo, m° 0.70 32.09 62.74 4.47 26.5 40 - 68
?13’?;’ oy | mw° 0.70 32.09 62.74 4.47 26.5 61 68
:’.;fﬁ“f%g] y | 79 1.4 33.6 55.8 9.2 30.6 130 59
ggﬂ;ﬁ*} N 79 1.4 33.6 55.8 9.2 30.6 9 59
8‘,‘;1‘}‘[‘%9] y | 2226 0.5 /5.4 14.0 0.2 413 65 44
oerney | 2040 1.2 16.2 75.4 7.2 33.4 230 54
?z‘fgd[i,n[gm) 3.5 0.9 6.6 83.3 .9.2 30.7 450 - 59

* largest particle size




" TABLE 9

Constant pressure up;ward propagation in a comnstarch dust-air mixture
(400 g/m 3) at different ignition delays

Flame speed between probes (m/s)

Time delay between -

dispersion & ignition ignitor to Istto 2nd to 3rd to
(ms) 1st probe 2nd probe 3rd probe | 4th probe
60 1.3 1.5 0.4 -
100 1.2 0.5 1.2 -
100 0.7 1.3 0.8 -
150 0.8 22 0.8 -
200 1.1 1.6 - -




TABLE 10

Constant volume upward propagation results in the vertical tube for cornstarch dust-air mixture

P

Flame speed between probes (m/s)
concentration| ' APmax (dp/dt)
(g/m3) (kPa) (kPa/s) ignitorto | 1stto 2nd to 3rd to
1st probe %nd probe 3rd probe 4th probe
50 36 262 _ - _ -
75 54 420 6.0 _ _ =
100 >48 517 4.7 _ _ -
100 85 572 3.4 _ _ -
200 299 1316 5.0 12.8 7.6 -
250 356 1743 4.2 12.8 % 1.0 3.4 R
300 399 1640 5.0 12.8 9.0 4.0
400 526 2564 3.8 9.0 10.0 6.6
400 513 2756 4.7 11.3 19.5 6.6
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TABLE 11

Constant volume downward propagation results in the vertical tube for cornstarch

!

dust-air mixture

LN

Flame speed between probes (m/s)
concentration| . APmax (dp/dt) —
(g/m3) (kPa) (kPa/s) _ignitor to Istto 2nd to 3rd to
1st probe 2nd probe 3rd probe 4th prob=

75 59 572 3.8 4.8 - -
150 188 1564 4.2 9.6 9.0 -
175 252 1723 4.2 11.3 19.8 -
200 284 1413 3.8 11.3 12.4 7.5
275 406 1978 3.2 22.5 11.0 75
3m ‘ >324 - 3.2 3.8 33‘0 R 2-2




TABLE 12

Constant volume upward propagation results in the vertical tube for Lingan 10-E coal
* dust-air mixture

Flame speed between probes (m/s)
concentration APmax (dp/dy)
(g/m3) (kPa) (kPa/s) ignitor to Ist to 2nd to 3rd to
1st probe 2nd probe 3rdprobe | 4th probe

15 45 55 - - - -

25 59 482 - - - -

40 61 448 1.9 - - _

40 71 682 5.0 - - -
150 57 283 5.4 _ - _

150 57 407 4.7 - - _
250 158 165 2.0 1.9 - -
350 207 234 47 2.8 - -
400 90 152 3.0 2.3 - -
450 179 193. 3.8 2.8 - -
600 ) 143 131 0.67 0.67 - -

N\




TABLE 13

Constant volume downward propagation results in the vertical tube for Lingan 10-E coal
dust-air mixture

Flame speed between probes (m/s)
concentration|  APmax (dp/dr) —
(g/m3) (kPa) (kPa/s) ignitorto | 1Istto 2nd to 3rd to
Ist probe | 2nd probe 3rd probe | 4th probe

40 44 365 3.8 - - -
40 54 620 . 3.8 - - -
100 79 792 3.8 11.2 - -
200 86 951 3.1 17.0 B _
300 85 565 3.8 ~ - -
450 114 - 469 3.8 - - -
500 79 83 . 3.8 4.8 - ~




