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THE FLAMMABILITY OF COAL DUST-AIR MIXTURES

Lean Limits, Flame Temperatures, Ignition Energies,
and Particle Size Effects

by

Martin Hertzberg, 1 Kenneth L. Cashdollar, 2 and John J. Opferman3

\

\\ ABSTRACT BT
A : e

A comprehensive study of the flammability behavior of air-dispersed coal
dust was made using an 8-liter Bureau of Mines system which included the
following: (1) An optical probe to continuously monitor the dust concentra-
tion; (2) measurements of ignition energy requirements; (3) the use of several
narrow size distributions ranging from 3 to 65(5& .in average diameter; (4) mea=-
surements of the extent of flame propagation béEEh on pressure attained at con-
stant volume, residual Og content after combustion, and flame and dust surface
temperatures. e.oomo T

The measured lean limit for near-horizontal propagation of Pittsburgh
cecal dust was about 135 mg/l (milligrams per liter), virtually independent of
particle size. Required 1gnit10n energles were hundreds of joules and mea-
sured limit flame temperatures were 1, 450 to 1 600 K. Data on inerting
requirements with KHCOZ/, rock dust, and NaCh gave approximately the same
results as full-scale explosion tests. The good agreement suggests that the
cause of earlier discrepancies between small-scale laboratory data and full-
scale mine experiments may not have been the difference in size, but were
rather a problem of proper care in isolating and controlling the significant
experimental variables and in consistently defining the extent of flame propa-
gation at the limits. ~
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INTRODUCTION

An accurate knowledge of the flammability behavior of substances is essen-
tial for a realistic appraisal of the fire and explosion hazards involved in
their use. This concern has motivated numerous experimental and theoretical
studies of the flammability limits of matural substances or manufactured
chemicals. These chemical substances are of practical importance to mining
and manufacturing, in trade and transportation, to defense and space explora-
tion, in habitats, and in powerplants. The results of such studies have been
collected, reviewed, and summarized in a series of Bureau of Mines Bulletins
(8, 40).* The substances considered in those Bulletins were homogeneous mix-
tures of gases, and for such mixtures our state of knowledge is reasonably
satisfactory. The data are sufficiently accurate and reproducible to generate
a consensus among scientists concerning their validity. There remain some
subtle differences that relate to the direction of flame propagation, the
criteria to be chosen for defining the limit conditions, and the actual cause
of the existence of such limits (6, 19). However, few would quarrel with the
overwhelming weight of experimental data for those substances that have been
studied in detail. For example, for methane in air, the lean limit for upward
flame propagation is 5.0 percent methane at standard conditions, and that
value serves as a basis for internationally accepted regulations for the min~
ing industry (38).

By contrast, for heterogeneous mixtures of dusts dispersed in air, there
appears to be no such consensus. The data are often quite different from one
apparatus to another. Even within a given apparatus, there can be a lack of
reproducibility from day to day or from onme run to the next:. TFor example,
there is currently no accepted value for the lean-limit concentration for air-
dispersed Pittsburgh pulverized coal dust (or coal of similar rank)., Values
quoted in the early literature are as low as 5 mg/l (15), whereas some recent
data suggest values as high as 300 mg/l (27). Intermediate values that have
been reported are: 30 to 50 (34), 35 (13), 40 (24), 50 to 60 (10, 17, 30),
50 (16), 50 to 60 (9), 55 (17), 60 (32), 60 .to 100 (3-4), 30 to, 150 (18),

85 to 125 (39), 100 to 140 (36 37), TZ0 to 180 (2), and 240 to 310 mg/1 (27)-
Clearly, there appears to be no agreement concetrning which of these is the
correct value.

The main purpose of this report is to present a new and independent set
of measurements for the lean-limit concentrations, including their dependence
on particle size and ignition energy.

But what reason is there to believe that the uncertainties will be -
resolved by still another set of measurements? The differences referred to -
above clearly imply that there are enormous experimental difficulties in
obtaining accurate and reproducible measurements. A skeptic would justifiably:
question whether any new data could realistically resolve the many uncertain- -
ties and contradictions; after all, any given set of measurements will neces=
sarily differ from most of the data already reported in the literature. The

“Underlined numbers in parentheses refer to items in the list of references.
at the end of this report.



experimental methods and data of previous researchers need to be properly
reanalyzed and reevaluated, otherwise it is unlikely that any new data will
improve the chances at arriving at a valid consensus. Such a reevaluation
will he attempted as part of this report.

The data reported here were obtained with an 8-~liter apparatus and an
improved method that insured reliability and reproducibility. The modifica-
tions in apparatus and improvements in method were as follows:

1. An optical dust concentration probe (26) was used as an integral part
of the dust-dispersion chamber. The probe was used to countinuously monitor
the dust concentration by measuring the opacity within the explosion chamber.
In many previous studies using ailr-dispersed dusts, the concentration was
usually calculated from the total mass of dust dispersed into the total cham-
ber volume without any detailed measurements of the spatial or temporal uni-
formity of the air-dispersion process. This assumption of spatial uniformity
is known to be unrealistic, especially during the sarly stages of the disper-
sion process (12). Exploratory measurements were made with the optical dust
probe to determine the uniformity and effectiveness of air-dispersion in the
8-liter vessel, and those measurements did confirm that the assumption of
uniform and efficient dispersion could be grossly imaccurate. These explora-
tory measurements led to a redesign of the dispersion chamber and to an
improvement in the dispersion method. Measurements with dust probes at vari-
ous heights and radial positions were made to determine the time at whieh good
spatial uniformity was obtained. The ignition source was not energized until
this time was reached. 1In all flammability experiments to be reported here,

a dust probe continuously monitored the concentration from the instant of
dispersion tec the instant of ignition. The spatial uniformity of the disper-
sion, as measured by the optical dust probes, indicated that the actual concen-
trations were close to the nominal concentrations.

2. The question of a realistic choice of ignition energy for limit mea-
surements was explored in depth. While spark energies in the 100-millijoule
range are adequate for homogeneous gases, it was generally agreed that such
energies are far too low for heterogeneous dusts. The present studies indi-
cate that required energies are in the range of hundreds of joules, far higher
than the values generally anticipated or used in most previous laboratory-
scale studies.

3. Careful control was maintained on the particle size distributions of
the dust used. Narrow size distributions of centrifugally classified fines or
sieve-classified coarse dusts were used, and the results were compared with
data obtained from a very broad distribution. Nine size distributions were
studied, from centrifugally classified fines with an average particle diameter
of 2.7 um, to sieve-classified coarse dust of particle diameter of 65 um.



4. The "quality" or extent of flame propagation was carefully monitored.
In the data previously cited, there were substantial differences in the way
various researchers defined the limit criteria. For this report, limit crite-
ria were defined in terms of (1) the pressure attained in the constant=-volume
explosion chamber and its time-dependence, and (2) the residual oxygen concen=
tration after flame propagation was completed. Two additional criteria
studied were (1} the temperature of the gas flame and the dust particles, and
(2) the shape and continuity of the combustion wave as recorded by high-speed
motion pictures. Generally, these criteria correlated well with one another.

These improvements will be described in more detail in the various sec=
tions of this report. In sum, however, they provided for a careful control of
the significant experimental variables and thus allowed for a fullexr apprecia-
tion of their significance.

APPARATUS AND EXPERIMENTAL METHOD

The flammability chamber is a somewhat larger version (7.8 liters) of the
originally designed Hartmann apparatus (10, 12), which is commonly used for
dust explosibility studies and has gained general acceptance (31). A photo-
graph of the chamber is shown in figure 1 and a sketch of the chamber and the
air-dispersion tank is shown in figure 2. The vessel had previously been used
for various dust- and gas=-explosion studies (21, 30); however, after prelimi-
nary tests with the optical probe it was found necessary to modify the inte-
rior shape to improve the effectiveness of dust dispersion.

The procedure for dispersing dust was to first uniformly spread a known
mass of dust around the dispersion cone in the dust cup at the bottom of the
chamber. Pressurized air from the reserve-air tank was then ejected radially
from the disperser cone to lift the dust. In previous studies with this type
of apparatus, results were reported in terms of the nominal concentration--the
total mass of dust divided by the chamber volume. However, it was generally
realized that the dispersion was probably not uniform (10, 12). 1In these ear-
lier studies of minimum explosive concentration, a continuous ignition source
was continuously activated during the dust dispersion process.,

In the prese.t studies, optical dust probes and high-speed movies were
used to meassure the uniformity of the dust cloud and the effectiveness of
dispersion. The optical dust probe (consisting of a light-emitting diode and
a silicon photodetector) measures the transmission of light through a 3.8-cm-
long path in the dust cloud (26). The probe windows were kept free of dust
with narrow jets of air whose total flow was small compared with the total
flow of air in the dispersion pulse. Window transmissions were maintained at
more than 95 percent even for the heaviest dust loadings. The probe volume of
33 cm® occupies only 0.4 percent of the chamber volume. Preliminary measure-
ments with one or two probes at several heights and radial positions were used
to redesign the chamber geometry so that it contained a streamlining insert.
The original interior wall shape was cylindrical, 19.5 cm interior diameter,
and 33.5 cm high, with a dispersion cup in the bottom plate. The redesign con-
sisted of an inverted cone-shaped insert (the cross-hatched area in fig. 2)
which was added to the bottom half of the chamber to provide a smooth contour
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from the dispersion cup toc the side walls. This eliminated the ledge in the
bottom plate and the dead-air space in the peripheral regions above it. Dust
was previously observed to settle and accumulate on the ledge and thus impeded
effective dispersion. This insert reduced the chamber volume from 9.3 liters
to 7.8 liters, but significantly improved the effectiveness and reproducibil-
ity of the dust dispersion. With the improved chamber geometry the dust dis-
persion uniformity was studied as a function of time. During the dispersion
air pulse, the optical probes showed a somewhat higher dust concentration in
the upper half of the chamber due to the continuous dilution of dust in the
bottom of the chamber by inflowing ajir. Shortly after the end of the disper-
sion pulse, however, the cloud becomes fairly uniform at the several heights
studied. Radial uniformity of the dust cloud was also seen in high-speed
motion pictures as the dust dispersion was observed from the top of the cham-
ber through a 2.5-cm-thick plastic cover plate. With this redesigned chamber,
the opacity data showed that spatial uniformity in concentration was within
about 15 percent once the dispersion transient was over. This l5-percent
value also characterized the repeatability of the dust dispersion from run to
run. This spatial uniformity and repeatability of the dust dispersions justi-
fied the use of the nominal concentration values for the flammability data of
this report.

During most of the flammability tests a single probe was used and located
at a height of 18.5 cm above the cup, 3 cm from the chamber axis. The ignitiom
source was located along the axis at a height of 17 cm. The dust dispersion
method selected for these flammability studies was to first partially evacuate
the chamber to about 0.2 to 0.3 atm. The dust was dispersed with pressurized
air from the tank reservoir at 6 atm (atmospheres), with a 0.2-sec pulse
duration. The chamber pressure reached about 1 atm by the end of the pulse;
hence, the mass of air in the dispersion pulse was a factor of 3 to 5 larger
than the initial mass in the chamber.

The opacity readings became fairly constant by about 0.1 sec after the
end of the dispersion pulse, and remained fairly constant for at least several
tenths of a second. For the flammability studies, the ignition source was
activated at 0.1 sec after the end of the dispersion pulse, and the transmis-
sion reading at that time was used to characterize the dust concentration.

For each type and size of dust studied, a Coulter-Counter® size analysis was
obtained and a mean particle size was calculated from the Coulter size distri-
bution. The mean diameter used to characterize the dusts was the surface-area
weighted (E;) or volume-to~surface mean diameter (Eée), which is defined as

d =4 = _EEEE&EEQS_, (1)
s 32 nd*N(d)ad

where N(d) is the number of particles per size interval Ad, and d is the diam=-
eter in each size interval. Now the measured transmission of the dust probe
can be used to infer an effective particle size for conditions where disper-
sion is sufficiently uniform that the actual dust concentration can be ’

SReference to trade names or manufacturers is made for identification only and
does not imply endorsement by the Bureau of Mines.



considered equal to the nominal concentration. The Bouguer-Beer-Lambert law
for the transmission of light through a homogeneously dispersed mixture of
uniform spherical particles is
T =1 =exp (QAnt) =exp (- 2 RG2H, (2)
-

where T is the light transmission or the ratio of transmitted intensity I to
incident intensity I, , Q is a dimensionless extinction coefficient, A is the
cross sectional area of each spherical particle of diameter d, g is the path

length, n is the number density of particles, C, is the mass concentration of
dust, and p is the density of the solid particle.

For particle clouds in which all particles do not have identical diam-
eters, d is replaced by the surface-area-weighted mean diameter d; . Similarly,
Q is replaced by Q which is defined as :

g = zggdgdzmgdgAd ) (3)
Td=N(d)ad

The extinction coefficient Q includes loss of light due to both absorption and
scattering. Theoretical values of Q were calculated from Mie theory based on
the wavelength of light of the dust probe (), = ¢.95 um), the complex refrac-
tive index of coal (1.8-0.1i), and variocus size distributions of the dust.
These calculations showed that Q decreased monotonically from a value of 2.5
at dg =3 um, to a value of 2.3 at d; = 10 um, to a value of 2.1 at 20 ym for
dust distributions similar to those studied in this report. For dys», Q
asymptotically approaches 2.0. However, these calculations are for the ideal,
‘perfectly collimated case such as a laser light source and a far field detec-
tor which does not collect any of the scattered light. If all of the scat-
tered light reached the detector and only the light absorbed by the particles
would be lost from the beam, then the coefficient § would be half the above
values, approaching a value of 1.0 for d»»). However, the optical dust probe
used in this report collects part of the scattered light and therefore has an
effective value of the coefficient Q that is intermediate between these
extremes. Based upon several independent studies of the probe's characteris-
tics in comparison with a laser light source and a far field detector with a
narrow half-angle view field of 0.3°, the effective extinction coefficient for
the probe was determined to be Q,,, = 1.5 * 0.1. Substituting this wvalue into

equation 2, setting £ = 3.8 cm and p = 1.34 g/em®, for Pittsburgh coal gives

%T = 100 exp [_6.4 X 10—2 Cm_(mg/l) (4)

dg (um) ’

where %T is now the percent transmission. The effective diameter measured by
the probe was generally observed to be at least equal to or larger than the
Coulter diameter. It was significantly larger if the particle tended to
agglomerate. Thus,

4 (effective) = od.(Coulter), (5)

where ¢ is an agglomeration factor (@=1).
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FIGURE 3. - Dispersion of Purple K dust in the B-liter ves- which is specially treated

se? measured with the optical dust .pro.be at e Lo be free-flowing, the data
height of 18.5 ¢m. A, Probe transmission ver- . .
show virtually perfect dis-

susoconcengufiin with Bhi;reticcla 1inde for d]s persion at comcentrations as

= 108 um, Q= L5 p=2 cem®,and g = I; -

B-C, agtual probe frﬁ;nsmissig: traces for two  Digh as 800 mg/l. There
concentrations. appears to be little or no

agglomeration (o = 1)},

although a careful inspection of the data points shows some slight upward cur-

vature in the semilog plot. The slight upward curvature is indicative of the

tendency to agglomerate at high dust loading.

Also shown in figure 3 are the actual recorder traces for the dust probe
at two different concentrations. These traces indicate that a steady-state
concentration is attained by the end of the 0.2-sec dispersion pulse, and this
steady-state condition lasts for at least 1 sec. Zero time on the scales
coincides with the beginning of the dispersion pulse.
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The data shown in figure &4 is for a Pocahontas seamcoal with d  (Coulter)
= 11.7 ym. The data points that are shown are for two probes that measured
the opacity at heights of 12 and 18.5 cm above the dispersion cup. These
distances correspond approximately to 1/3 and 2/3 of the way up the chamber
axis toward the top plate. The lack of any systematic difference in the opac-
ity readings is indicative of the spatial homogeneity of the dust dispersion.
The comparison of the data with the theory indicates little agglomeration of
the Pocahontas coal at concentrations of 200 mg/l and below, but significant
agglomeration to about o = 1.7 at concentrations of 600 mg/l. This trend,
which was barely discernible for the Purple K, is now quite significant for
coal. Also shown in figure 4 are the recorder traces for the dust probes view-
ing the dispersion at the two different heights. Note that the lower probe
becomes essentially opaque at 0.02 sec while the upper probe shows a minimum
transmission of 10 percent during this dispersion transient. This suggests
that the dust is initially lifted en masse, and passes through the central
regions as a very dense cloud before it begins to disperse uniformly through-
out the chamber. The final steady-state transmissions, after the initial
dispersion transient is over, are the same at the two heights, however. At
concentrations as low as 200 mg/l, the final opacities at both heights are
virtually identical to those predicted by equation 2.

The data shown in figure 5 is for Pittsburgh seamcoal with d¢ (Coulter)
= 6.6 ym. The data points shown are for measurements at three heights near
the axis of the chamber. These heights are roughly 1/3, 1/2, and 2/3 of the
way from the bottom to the top. Clearly, the final steady=-state opacities
were Independent of height, indicating good spatial homogeneity. The data
points are again compared with theoretical dashed lines from equation 2, and
the comparison now indicates a much larger degree of agglomeration, with the
higher concentrations approaching o = 3. The larger degree of agglomeration
in this case is partly attributable to the fact that the particle size is
smaller than the previous case, and partly caused by the intrinsic nature of
Pittsburgh seam coal to agglomerate more than Pocahontas seam ceal. Also
shown in figure 5 are the simultaneous probe traces at the lowest and uppermost
heights. ©Note again, the zero transmission in the lower probe at 0,02 to 0.03
sec after the onset of the air-dispersion pulse. This is characteristic of
the dust being lifted en masse during the early stage. WNote, however, that
this dense cloud is significantly diluted to near its steady-state concentra-
tion when its presence is detected at the uppermost probe at 0.13 sec after
the onset of the air-pulse.

A functional block diagram of the overall experimental time-sequence is
shown in figure 6. The figure is self-explanatory and indicates which measure-
ments were normal or routine and which were added for various purposes. The
figure also shows when the various measurements were made or recorded during
the main time sequence of a given experiment.,
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FIGURE 6. - Functional block diagram of experimental procedure and meosurements.

The entire apparatus, including the instrumentation console, is shown in
figure 7. The instrumentation rack contains the recording apparatus and the
control and timing circuits. Pressures were measured with a Viatran Model 218
pressure transducer. The listed speed of response of the pressure sensor is
1 msec (millisecond) for 90 percent of the full-scale reading. The data was
recorded with a Brush Model 260 strip chart recorder whose measured response
speed was 20 msec for 90 percent of full-scale response. These response times
were adequate for the time scale of the events that were recorded.

The data traces for a typical series of experimental runs are displayed
in figure 8. The pressure and dust opacity histories are shown for four dif-
ferent concentrations of 6.6 um Pittsburgh coal. The processes occurring
during the course of any given run are indicated in figures 8A and 8C. The
explosion chamber, containing a measured amount of the coal dust, is initially
evacuated to a pressure of approximately 1/3 atm. The dust dlSPEISlOH pulse
lasts for about 0.2 sec and raises the chamber pressure to about 1 atm. There
is then a 0.l-sec delay to allow the dust to disperse more evenly throughout
the chamber before the ignition source is energized. The probe transmission
measurement used to characterize the concentration is taken as the value just
prior to ignition. After the ignition source is activated, the resultant
ignition luminosity and dust flame radiation saturate the detector of the
optical probe. Transmission measurements are no longer possible since these
sources of radiance are much larger than the radiance of the light-emitting

diode in the optical probe,



FIGURE 7. - Flammability chamber and instrumentation console.

In figure 8A, only the electric match ignitor luminosity is involved and
it can be seen to decay rapidly. The probe transmission signal then recovers
to the value it displayed prior to ignition. This recovery demonstrates the
effectiveness and uniformity of dust dispersion and indicates that the uni-
formity is unaffected by the ignition source. The steady-state transmission
signal of 54 percent remains constant for at least an additional second. The
slight pressure rise seen in figure 8A is caused mainly by the match ignitors
and hence that concentration of 100 mg/l is well below the lean limit of
flammability.

In figure 8B, the nominal concentrationm of 125 mg/l is very close to the
lean flammability limit for upward propagation. The maximum pressure (about
2 atm) is close to the value taken to be the criteria for upward flame propaga-
tion. These criteria will be discussed in more detail shortly.
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FIGURE 8. - Actual recorder traces of absolute pressure and optical dust probe transmission
for four runs with different concentrations of 6.6-um Pittsburgh coal dust.

Figures 8C-8D are cases where the dust concentrations were significantly

above the lean=-limit values, as can be seen from their large pressure rises.
-For these cases of significant and strong flame propagation through the disper-
~sed dust, peak explosion pressures of 3.8 and 4.5 atm were attained. The out-
put signals from the dust probe detector saturate immediately at ignition and
remain saturated until combustion products cool and lose their luminosity.

For cases 8C-8D, the probe signals recover to higher transmission levels than
those observed prior to ignition. This is not surprising in view of the
marked changes in the nature of the coal particles themselves and in the flow
structure to be expected during the propagation of a combustion wave through
the dust cloud.

The residual oxygen concentration for each experiment is also shown in
figure 8. Residual oxygen contents were measured with an IBC Model 170 oxygen
analyzer which uses a polarographic method to measure the partial pressureof(,.
The analyzer was calibrated initially with the chamber containing ambient air
at atmospheric pressure (20.9 percent 0,). The sensor was then isolated from
the explosion chamber during the actual flammability tests. After the explo-
sion test was over and the product gases cooled to ambient temperatures, a
ball valve connecting the chamber to the probe was opened. Data indicated
that it required several minutes for mixing between the small dead-volume near
the sensor and the main chamber volume containing combustion products. The
intrinsic time response of the sensor is 20 sec for 95 percent of full-scale
response. Hence, the sensor reading after the mixing delay was close to the
final 0, reading. A small pressure correction was then accounted by opening a
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valve on the opposite side of the chamber. This allowed the final probe read-
ing to be made quickly at atmospheric pressure before any dilution by the out-
side air.

As seen from figure 8, the peak explosion pressure correlates well with
the percentage of oxygen consumed. Their correlation, for all the data
obtained in this study, will be presented in detail in the following section.
For example, a measured peak pressure ratio of 2.0 corresponds on the average
to the consumption of about 20 percent of the initial O; content of the explo-
sion chamber. If referenced to the ignition point at H = 17 em, the consump-
tion of 20 percent of the mixture would correspond in the ideal case to
propagation in the upward direction at a cone half-angle of about 30° from the
vertical. Such a situation would correspond approximately to the conventional
upwaxrd flame propagation limit, where only a fraction of the flammable mixture
in the chamber is consumed. Now, for a measured peak pressure ratio of 3.0,
about 40 percent of the initial O, content of the chamber is consumed. If
referenced to the ignition point, this would correspond in the ideal case to
propagation at a cone half-angle of about 50° from the vertical. Such a situa-
tion would correspond approximately to the conventional horizontal f£lame propa-
gation limit where almost half of the flammable mixture would be consumed.
This correspondence to upward and horizontal propagation is for the ideal pre-
mixed case where there is uniform propagation starting at the ignition source.
It is realized that the real case is much more complicated and that the high-
speed movies described later show patchy and streaked propagation, especially
near the lean limit. Therefore, "upward'" and "horizontal' are shown in quotes
to denote that this correspondence is for the ideal case.

Thus, flammability limit criteria are set in terms of the peak explosion
pressure ratio and this correlates well with both the fraction of mixture con-
sumed and the predominant direction of flame propagation. The peak explosion
pressure ratio, P.R., is defined as

pR. = Dar - AP (matches)

Pinitial

(6)

where F,,, 1s the maximum explosion pressure during an experiment, AP (matches)
is the pressure rise due to the electric match ignition source by itself, and
Pinst1a1 15 the pressure prior to ignition (~1 atm). Either the peak pressure
ratio or the fraction of O, consumed are equivalent measures of the "quality"
or extent of flame propagation. As will be seen subsequently, either param-
eter also correlates well with an independent measure of the "quality" of

flame propagation: the flame or explosion temperatures calculated from the
observed infrared radiance.

The gas flame and dust surface temperatures were measured with a Bureau
of Mines multichannel infrared radiation pyrometer (7) which measured the dust
explosion radiance simultaneously at six independent wavelengths: 1.57, 2.30,
3.46, 4.40, 4.67, and 5.19 um. The development of this six-channel pyrometer
was the outgrowth of earlier studies with a rapid scan spectrometer (21).
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The radiation emitted from an object is a function of the wavelength
observed, the emissivity of the object at that wavelength, and the temperature
of the object. The theoretical equation describing this radiatiom is Planck's
Law.

-1
H(CA, s,’f)=ng£Ei [exp(he/AkT)-1] 8

where H is the radiant power emitted per unit area per unit wavelength inter-
val, ¢ is the emissivity, h is Planck's comstant, 3 is the wavelength of light
observed, ¢ is the speed of light, and k is Boltzmann's constant. TFour of the
wavelengths (1.57, 2.30, 3.46, and 5.19 um) are used to characterize the
Planck continuum emission from the surfaces of the hot, reacting coal dust
particles in the flame or explosion. These wavelengths were chosen to avoid
the discrete emission bands of product gases. The remaining two wavelengths
(4.40 and 4.67 um) were chosen to be representative of the emission band of
the CO, product gas within the explosion fireball. This latter band has been
previously used to obtain accurate flame temperature from gas explosions (20).

The relation between the measured voltage output of the pyrometer and the

b, V
radiation from the flame is H; =-4L§L, where W, is the radiation at each wave-

‘length, a is a scale factor independent of wavelength, bh is the sensitivity
factor for each wavelength, and V; is the measured voltage at each wavelength.
The sensitivity factor, bl’ for each channel or wavelength is determined by
calibration with a Planck blackbody standard radiation source of known tempera-
ture and unit emissivity. The scale factor, a, is dependent on factors such

as the fraction of the view field filled by the fireball and the attenuation

caused by dust coating on the windows; but these factors are wavelength .
independent.

A sketch of the pyrometer and the experimental arrangement used in these
studies is shown in figure 9. Calibration with the blackbody standard is done

8.
6x IR Gold mirror
pyrometer [F= =~ ——— - _ _ __ _ _ 1
' Lens and

A ' Ig window
5x LR pyrometer
|
g

. _Dust
Filter /detector 8 liter — 1 flame
flommability [
chamber

= ]

\)_,I4cm

FIGURE 9. - Six-channel infrared pyrometer used to measure temperatures of dust explosions.
: A, Pyrometer detector-amplifier box; B, optical configuration of pyrometer and
flammability chamber.
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with the same lens, window, and mirror configuration depicted in figure 9B.
The blackbody standard was manufactured by Land Pyrometers Ltd., and is a
type MT with a 31-cm-diam spherical cavity and a 7.4-cm-diam aperture.
Calibration was checked with the blackbody source over a temperature range of
1,000 to 1,500 °K. The linear response of the pyrometer permitted extrapola-
tion of this calibration to higher temperatures.

The pyrometer housing consisted of a 14~ by 14~ by 18-cm aluminum box,
depicted in figure 9A, that contained the filters, detectors, and amplifiers.
The infrared, interference filters restrict the wavelength of the radiation
reaching each detector. The detectors are lead selenide (PbSe) photoconduc-
tive devices, each in a bridge configuration that responds linearly to the
incident radiation within the wavelength band of each filter. As shown in
figure 9B, radiation from the dust flame passes through a sapphire window
(0.3 cm thick and 7.6 cm in diam) and an arsenic trisulfide lens (76 cm focal
length and 7.6 cm diam) that focuses the radiation onto the detectors. A
front surface gold mirror deflects the radiation from its upward direction
into the horizontal view field of the pyrometer. The aperture of the window=-
lens combination is 6.4 cm and this provides a 4.8° view field that is virtu-
ally common for each of the six detectors in the pyrometer. TFive of the
detectors and their respective filters are arranged in a b-cm~diam circle in
the faceplate of the housing, with the sixth detector and its filter in the
center of the circle.

A circuit diagram for two representative channels is shown in figure 10.
All six channels have essentially similar circuits with some variations in the
bridge resistors and amplifier gains. Each bridge circuit is composed of two
Optoelectronics OE=-10, lead selenide (PbSe) photoconductive detectors, two
fixed resistors, and one potentiometer. One of the detectors in each bridge
is always dark and provides temperature compensation for the detector that
actually views the infrared radiation. This compensation is necessary because
the dark resistance of the lead selenide detector changes with ambient tempera-
ture. Although the detectors are "matched pairs,'" the compensation is not
perfect, and a potentiometer in each bridge circuit is used for final balanc-
ing of the dark resistances. When the pyrometer receives infrared radiation,
the resistance of the exposed PbSe detector decreases and unbalances the
bridge. The signal is amplified in two stages by a Burr-Brown Model 3670
instrumentation amplifier and a Model 3500C operational amplifier. The final
output signal is linearly proportional to the radiation incident on the detec-
tor. The intrinsic time response of the PbSe detectors is about 2 usec
(microseconds), but the time response of the pyrometer is limited to about
20 to 30 usec by the frequency response of the amplifiers.
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Channel 2 Channel 4
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. Az Cperational amplifier
FIGURE 10. - Circuit diagram for two channels of the six-channel, infrared pyrometer.

FLAMMABILITY DATA

Ignition Energy Requirements

A series of experiments was performed to determine the ignition energies
required for true limit measurements in such phase-heterogeneous mixtures.
This question has never been adequately resolved in prior research. Prelimi-
nary experiments were performed with a capacitive discharge and a continuous
transformer discharge. As can be seen in figure 11, those sources were not
sufficiently energetic to give reliable ignitions as the lean limits were
approached. While they are adequate for premixed gases, the data for coal
dust-air mixtures indicated that typical electric discharges were not ener-
getic enough to overcome the enormously larger energy losses that are present
near the limits of flammability of the dust. This became obvious when a small
quantity of guncotton, attached to the ignition electrodes, markedly reduced
the minimum concentration that could be ignited. When it was felt that the
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FIGURE 11. - Effect of ignition energy for 6.6-um Pittsburgh coal dust; pressure ratio versus
concentration.

temperature of the guncotton source might be too low, some ammonium perchlo-
rate was tried. It was found that both of the ignition sources deposited
their energy too slowly to be efficient ignitors. Eventually, a high-
temperature electric match, Atlas M103, was found to be sufficiently energetic
and rapid to serve as a reliable ignition source.

The results of these preliminary experiments are summarized in figure 11.
The measured peak explosion pressure ratios from various ignition experiments
are plotted as a function of dust concentration for a Pittsburgh seam dust
with an average diameter of d = 7 um. The explosion pressure ratio shown in
figure 11 is defined as the ratioc of the peak explosion pressure measured dur-
ing any given run to the peak value measured from the ignition source by
itself in the absence of dust. For most of the experiments, the latter was
close to 1 atm, which was the initial pressure after dispersion and prior to
activation of the ignitor. For one match, the additional contribution from
the ignitor was from 0.04 to 0.05 atm. Thus, for example, in the experiments
that used seven matches, the peak pressure value measured from the ignition
source alone was 1.3 atm. Hence, the measured peak explosion pressure ratios
were calculated relative to this higher value of the "initial" pressure. This
pressure ratio differs only slightly from that of equation 6.

The data in figure 11 clearly shows that the required ignition energies
are far higher than the values typically available in spark discharges. The
transformer used to obtain the spark discharges had a rated output of 60 ma
(milliamperes) at 15,000 volts. The apparent output electrical energy for a
0.3=-sec spark duration would thus be about 270 joules. However, the data show
that only a small fraction of this input electrical energy can actually con-
%ribute to the ignition process in the dust-air mixture. For example, the mea-
sured pressure rise from the spark alone is less than 0.006 atm. This gives
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an upper limit of about 5 joules for the "effective' or VAp ignition energy,
where V is the chamber volume and Ap is the pressure rise from the ignition
source by itself,

For this transformer~discharge source, the large increase in the measured
peak explosion pressure ratio occurs in the range of 360 mg/l. Now, if one
were satisfied that such a source were sufficiently energetic (as it would be
for a premixed gas), it could erroneously be concluded that the lean~limit con-
centration was in that range. However, the data for the guncotton source
(70 mg wrapped around one of the electrodes) clearly indicate that 360 mg/l is
far too high. For the guncotton source, the large increase in the peak explo-
sion pressure ratio occurs near 230 mg/l. Nearly the same value is obtained
with one electric match as with the guncotton source. However, even these are
clearly not sufficiently energetic. It is not until four to seven electric
matches are used that the large increase in peak explosion pressure ratio
appears to become nearly invariant at a concentration near 140 mg/l. The Vip
energy deposited by the guncotton alone is about 90 joules, but the rate of
deposition is rather slow (about 0.5 sec). The pressure rise of 0.04 to 0.05

atm. per match gives a VAp

KEY energy of about 35 joules
Data Pressure Oxygen Propagation per match, and this energy
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to be the "true horizontal' limit, that is, the concentration that would be
self-propagating in the absence of any limitations on ignition energy. All
higher values are not true limits because they appear to be limited by the
ignition energy available.

The lower curve is for the less stringent criteria that has been associ-
ated with the "upward" propagation direction. It does not yet appear to have
reached its vertical asymptote even at seven matches; however, it is felt
that this propagation c¢riteria is too "soft" a condition for the system. Even
though the peak pressure ratic is corrected for the pressure rise caused by
the ignition source alone, there is always some additional combustion of the
coal in the volume surrounding the ignition source flame even at concentra-
tions well below the true limits. For low ignition energies, this is not
significant relative to the total chamber volume. However, for very large
ignition energy inputs, the volume around the ignition source becomes a signi-
ficant fraction of the total chamber volume. In such cases, local combustion
near the ignition source can readily generate a peak pressure ratio of 2.0,
even though there may be virtually no propagation beyond the region of igni-
tion. Thus, it is concluded that the less stringent criteria (P.R. = 2.0) is
too "soft" a conditiom when high ignition energies are used in the small
7.8-liter apparatus used in these studies. If the total volume of the appara--
tus were much larger, it is confidently felt that even the less stringent cri=-
teria would display a true asymptotic limit.

It should be noted from figure 12, that the 'true horizontal" limit con-
centration (obtained from the upper curve) is approximately the same as the
limit value from the lower curve at an ignition energy of four matches. To
avoid using very large numbers of matches (which would ideally require a much
larger apparatus), a practical compromise was reached between the required
ignition source energy and the propagation criteria. The standard ignition
source for lean-limit measurements was chosen to be four electric matches and
the propagation criteria was chosen to be a peak pressure ratio of 2, because
this combination gave a lean-limit value close to the "true horizontal" limit,
as shown in figure 12. As figure 12 illustrates, this compromise of using the
lower ignition energy and a ''softer" propagation criteria for the "horizontal"
limit is equivalent to using a virtually infinite ignition energy and the
"harder" criteria for the "horizontal" limit. In the data to be presented in
the following sections, four matches are used as the "standard" ignitor and
the "soft" criteria is used, but ascribed to the 'horizontal' propagatiom.

In addition to the data shown in figure 12, which are for Pittsburgh coal
dust with dg = 7 um, ignition energy requirements were measured for two other
distributions (d; = 3 um and d; = 22 um). The results were similar to those
shown in figure 12.

The ignition energy scale in figure 12 is shown in both number of matches
and in joules. The joule scale is the final result of a series of experiments
that were conducted to determine the effective energy output of the various
ignition sources used. One way to compare the ignition sources on an equal
basis was to measure the actual energy deposited in the gas in terms of the
pressure rise. This "effective' or VAp energy was based on the volume of the
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chamber, V, and the measured pressure rise, Ap, due to the ignition source.

As indicated earlier, the 15-kv(kilovolt) transformer at a rated current of

60 ma and a discharge of 0.3 sec duration would produce an apparent energy in
the secondary circuit of 270 joules. However, as also indicated earlier, the
fraction of this energy that appears in the burned mixture, at a sufficiently
high temperature to be effective in ignition, is undoubtedly much smaller.

The measured pressure rise from the discharge was less than 0.006 atm, and
therefore the VAp effective energy available to the gas was significantly less
than 5 joules. The use of 70 mg of guncotton appeared to deposit more energy
(about 90 joules) into the gas, but the recorder pressure trace for the gun-
cotton ignitor by itself revealed a very slow rate of combustion, requiring as
long as 0.5 sec for the pressure to rise to its maximum value of 0.12 atm
above ambient.

A single ICI Atlas M103 electric match was then tried and it was found to
be as effective as the guncotton. The rate of deposition of energy from the
match was, however, much more rapid. The measured pressure pulse from the
match, and the luminosity associated with its reaction (fig. 8A) indicated
that the energy was deposited in about 50 msec. From the measured pressure
rise of 0.04 to 0.05 atm per match, and the chamber volume of 7.8 liters, the
calculated VAp effective energy was about 35 joules per match. This value was
not inconsistent with the calculated combustion energy expected from the mass
of the pyrotechnic and its approximate heat of combustion. Observations of
the electric matches with high-speed motion pictures showed that the main lumi-
nosity was centered at the match position with an occasional small fragment of
a match thrown out to other parts of the vessel.

It was thus decided to standardize on the electric matches as ignition
sources, and a series of experiments were conducted to study their properties.
The multichannel infrared pyrometer was used to measure their continuum radia-
tion temperature. Two types of matches were available: The M100 with a mea-
sured continuum temperature of about 1,600 K, and the M103 with a measured
continuum temperature of about 2,000 K. To avoid any possible ignition temp-
erature limitations, the hotter M103 ignitor was chosemn.

Calorimetric measurements were made of the energy deposited by the match
ignitors. The result for the M103 was 170 joules per match in air and 60
joules per match when energized in nitrogen. The energy in terms of the mea-
sured VAp was in about the same ratio: 35 joules per match in air and about
10 joules per match in nitrxogen. The pyrotechnic mixture (including coating
and fuse wire) is fuel rich and the significant difference between air and
nitrogen ignition is probably caused by the excess fuel combustion with the
oxygen of the air in the chamber. Now the calorimeter measures the total
energy that is generated by the combustion of the matches. However, in an
actual ignition experiment some fraction of this total is lost by radiatiomn to
the chamber walls, or to the dust cloud far from the ignitor. This lost frac-
tion is not available in the ignition volume near the source. 1In the calori-
metric experiments there are no radiation losses. Thus, part of the difference
between the calorimetric energy and the 'prompt energy' may be due to the
energy lost by radiation. However, the fraction lost would have to be 75 to
80 percent to account for the total difference, and this is probably too large
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a value to expect. At most, the radiant fraction could approach 50 percent.
The remaining difference could be due to the presence of a slow, heat release
contribution that is present in the calorimetric measurements but which is too
slow to appear as prompt VAp energy. However, such a slow heat release contri-
bution would not be effective in the ignition process either. It would be as
ineffective as discharge energy dissipating as heat in the ignition electrodes.
It is beyond the scope of these studies to consider these detailed questions

of ignition dynamics. The data cited, together with the above reasoning, sug-
gests that the VAp "'prompt energy' measurement of 35 joules is probably close
to the effective ignition energy available from each match in air. Thus, the
four=- to seven- match requirement indicates that ignition energies in the

range of several hundred joules are necessary to obtain true limit measure-
ments for such coal dust-air mixtures. This, then, is the origin of the
energy scale shown in figure 12.

The data points shown in figure 12 include small variation in 0, content
of the air used and small differences in the configuration of the match heads.
Although the data points do not distinguish between these variables, the small
differences caused systematic variations. The 0, content of the "air" used
was as high as 21.5 and as low as 20.2. Preliminary data indicates that this
small decrease in the initial 0, content caused the lean limit to increase by
almost 10 mg/l. In addition, the match head configurations could be varied by
alining the match heads in a "facing" configuration or as a linear array.
Later, preliminary data indicate that the "'facing'" configuration is more effi=
cient in concentrating the combustion energy of the match heads into a single,
small ignition volume. However, the lean-limit flammability data presented in
this report were cbtained earlier with the linear array of four matches.

Lean-Limit Measurements

The complete set of flammability data for various sizes of Pittsburgh
seam coal dusts are shown in figures 13-30. The odd numbered figures show the
measured peak pressure ratios (equation 6) and the percent of initial oxygen
consumed by the explosions. Both parameters are measures of the extent of
flame propagation. Both are plotted as a function of the nominal dust concen-
tration, which is defined as the total mass of dispersed dust divided by the
volume of the combustion chamber. As a measure of the effectiveness of the
dust's dispersion, the even numbered figures show the simultaneously measured
dust probe transmissions just prior to igmnition.

All data are for Pittsburgh seam cocal with standaxrd ASTM volatility of
34.0 to 37.5 percent on a moisture-free basis and an ash content of 6 to 9 per-
cent. The data from Coulter-Counter size analyses of the nine different parti=-
cle size distributions are shown in table 1. The Coulter size analyses are
made with the dusts dispersed in isopropyl alcohol and therefore serve as a
basis for comparing the nine distributions in an unagglomerated state. When
the same dusts are dispersed in air, they will agglomerate to a larger average
particle size. The nine dusts range in surface mean diameter from 2.7 um to
65 um. The widths of the size distributions are indicated in the third cclumn
of the table., The quantity, d;g, is that diameter which contains 75 percent
of the cumulative distribution function, whereas 25 percent of the distribution
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is less than the d,, value. The ratio dy./d,. is thus a measure of the size distri-

bution. Six of the distributions (d; = 2.7, 3.2, 6.6, 15, 22, and 34 um) were size~

classified with a Donaldson centrifugal classifier and have rather narrow distributions.
The d, = 21 pm distribution is_an unclassified pulverized coal with a broad distribu-
tion. The two largest sizes (d, = 51 and 65 um) were sieve-classified and also have

narrow distribution widths; they also have lower ash contents of 5 and 2 percent

respectively.

TABLE 1. - Size distributions of coal used for lean flammability
limit studiest

Mean particle diam- | Mean diameter, dq, Distribution width
eter d, (surface- (mass-weighted), um Edﬁs/dasjs
area-weighted), ym {surface-areca~weighted)
2.7 3.4 2.3
3.2 4.1 2.3
6.6 9.2 2.9
15 19 2.2
21 (broad) 38 6.0
22 31 2.3
34 41 1.7
51 55 1.2
65 70 1.3

1Data based on Coulter-Counter size analyses.

The data in figures 13-30 serve as a basis for the summary of the lean-limit
measurements presented in table 2. As can be seen from the graphs, the onset of
significant flammability is virtually independent of particle size in the range of
sizes studied. The limit concentration or minimm explosive concentration averages
to be 135 * 8 mg/l. As indicated earlier, all measurements were made with an igni-
tion source of four matches, which corresponds to an effective ignition energy of
140 joules. 1t is the "standard' ignitor, which is somewhat weaker than the energy
needed to obtain a true asymptotic limit. However, this is compensated for in
table 2 by using the "soft" limit criteria of a pressure ratio of 2.0, and ascribing
that condition to the "horizoental' limit,

Algso shown in table 2 is the measured optical density per unit length at the
limit concentration. It is defined as D = % loglo(l%g), where T is the percent

‘transmission at the limit concentration and g is the dust probe path length.

TABLE 2. - Summary of lean-limit measurements

Particle size d; , Lean~limit Oxygen consumed Optical density |Agglomeration
um concentration, at limit, at limit D, factor at the
mg/1 percent of total en™l 1imit
2.7 152 32 0.20 1.9
3.2 143 23 .15 2.1
6.6 130 16 077 1.9
15 , 132 19 ‘ 046 1.4
21 (broad) 123 19 .038 1.1
22 137 26 _ »028 1.6
34 140 18 .021 1.4
51 126 22 .017 1.1
65 145 19 012 1.4
Mean and standard
deviation for all
S1ZES..eauivaanan 135 £ 8 22 £ 5 - 1.5 £ 0.4
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Dispersion-Agglomeration Effects: Lean-Limit Opacities

The effectiveness of the dust dispersion process (as measured by the dust
probe) for all the sizes studied is illustrated in the semilog plots of fig-
ures 14, 16, 18, 20, 22, 24, 26, 28, and 30. The dashed, theoretical lines
are calculated from equations 4 and 5. They show the expected transmission
versus concentration for perfect dispersion at an effective diameter equal to
the Coulter mean diameter (o = 1) and at twice the Coulter diameter (o = 2).
The solid curves are the smecothed measured values and they show that, in real-
ity, the dust agglomerates to a larger size with increasing dust concentration.
The opacity measurement, by itself, cannot distinguish this agglomeration
effect (ineffective dispersion on the microscopic scale) from ineffective dis~
persion on the macroscopic scale which may involve the inability of the air
jet to lift the entire mass of dust contained in the cup. The smoothed data
curves for all nine sizes studied are shown in figure 31. 1In the range of
limit concentrations (123 to 145 mg/l), the measured agglomeration factors are
generally between ¢ = 1 and @ = 2., This is illustrated most clearly in fig-
ure 32, where the probe transmissions for a fixed nominal concentration of
150 mg/1 are plotted as a function of 1/d, (Coulter). The comparison with equa-
tion 4 is also shown for two cases: mno agglomeration (o = 1) and for an
agglomeration factor of two (@ = 2). The results clearly indicate that the
coarser dusts show less agglomeration than the finer dusts. The finer dusts,
because of their larger surface area per unit mass, are more strongly influ-
enced by surface adhesion forces and thus show a more marked tendency to
disperse as agglomerates or to agglomerate by collisions after their initial
dispersion.

Figure 33 shows similar data for a higher coal dust concentration
(400 mg/l). As the particle diameters increase, the data curve approaches the
o = 2 dispersion line rather than the perfect dispersion line (¢ = 1) which
the data approached at the lower concentration. As before, the transmission
measurement cannot distinguish between the effect of agglomeration (ineffec-
ive microscopic dispersion) and inability of the air jet tc lift the entire
mass of dust from the dispersion cup (ineffective macroscopic dispersion).
However, figures 28 and 30 (for 51 and 65 um dust) show that the transmission
remains constant or rises slightly as the dust concentration increases above
200 mg/l. It is unlikely that these large particles would agglomerate this
much, and therefore it is concluded that the present air jet is unable to dis-
perse the larger dust loadings from the disperser cup for these large-size
coal dusts. The absence of surface forces may provide an opportunity for the
air jets to channel through the dust pile lifting only some fraction of the
dust placed in the bottom of the cup. The mass of deployed coal dust is more
easily lifted en masse if strong surface forces are present that can transmit
the air-drag impulse to the entire assembled mass. However, the presence of
such strong surface forces make it less likely that the individual particles
in the lifted mass will be separated from one another during the remainder of
the dispersion process. This is the case for the finer dusts. On the other
hand, for the coarser dusts, individual particles are more easily separated
once the mass is airborne; however, the absence of strong surface forces makes
it more difficult for the entire assembled mass to become airborne at high
dust loadings.
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FIGURE 33. - Optical probe transmission as
a function of reciprocal of par-
ticle diameter for a fixed con-
centration of 400 mg/I.

Whether this explanation is cor-
rect or not, this problem is not signi-
ficant at limit concentrations because
dust loadings are small at concentra=-
tions below 200 mg/l. The transmis-
sion data, even for the coarser dusts
studied, indicate that all the dust is
probably airborne at these lower con-
centrations. The data do indicate
somewhat different states of agglomera-
tion at limit concentration ranging
from almost no agglomeration for the
coarser dust to an agglomeration fac-
tor of 2 for the finer dusts. But
these differences in agglomeration are
not surprising, for the data span
nearly 2 orders of magnitude in parti~
cle sizes. Yet, the flammability data
show virtually no dependence of the
lean limit on particle sizes. Hence,
it appears unlikely that the small dif-
ferences in agglomeration can have a
significant influence on the flammabil-
ity behavior near the limits.

Recent measurements of the burn=-
ing velocities of coal-dust air mix-
tures had shown a strong dependence of
the peak burning velocity on particle
size (37). 1In fact, the peak burning
velocities (measured at high dust con-
gentrations) correlated quite well
with the surface area per unit volume.
If the flammability behavior at the
lean limit had also depended on the
surface area of the dust, then the
optical dust probe would have been val-
uable as a hazardous dust cloud monitor
because it also measures the cross-
sectional surface area of the dust
(equation 2). However, an inspection

of table 2 clearly shows that the lean limit of flammability depends mainly on
the mass concentration of dust in the air and not on the surface area of the

" dust.

measured by the dust probe varies significantly with particle size.

Figure 31 clearly shows that, at the lean limit, the transmission as

This 1is

also shown in table 2 where the optical density per unit length varies greatly

with particle size at the lean limit of flammability.

Therefore, it is con-

cluded that any hazardous dust cloud monitor should be based on a measurement
of the mass concentration of the airborme dust. :
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Pressure Development

An important factor in determining the explosibility hazard of a dust is
the rate of pressure rise during the explosion. The rate of pressure rise con-
trols the time interval available to suppress the explosion or to limit the
damage by venting the system. The pressure growth curves for two of the sizes
studied are shown in figures 34-35. These data are typical of all the sizes
studied. Both figures depict the pressure development in the combustion cham-
ber for eight different concentrations. The lowest concentration depicted,

150 mg/1l, is just above the lean limit. The highest concentration depicted,
500 mg/l, is near the maximum concentrations studied. Figure 34 is for the
2.7-um coal, which is the smallest size fraction studied and figure 35 is for
the 22-ym dust, which is an intermediate size fraction. Both peak pressure

and the maximum rate of pressure rise increase monotonically with increasing
concentration. The maximum values of these parameters appear to be attained

at 400 to 500 mg/l. The curves are analyzed in more detail in tables 3-4.

The analysis shows that pressure development does not depend too markedly on
the particle size, but.is a strong function of concentration. However, at
high dust concentrations, the peak pressure ratio and the maximum rate of pres-
sure rise are somewhat higher for the finer dust than for the coarser size.
This will be discussed in more detail in the next section. Despite these

small differences, tables 3-4 clearly show that the pressure development

curves and the calculated burning velocities are comparable for these two sizes.

dg= 2.7 um
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FIGURE 34. - Explosion pressure growth FIGURE 35. - Explosion pressure growth
curves for eight different curves for eight different
concentrations of Pitts- concentrations of Pitts-

burgh coal with d¢ = 2.7 pem. burghcoal with d_ - 22 ym.
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The burning velocities are rough estimates calculated in the following manner.
The average flame speed is obtained by dividing the "time to peak pressure"
into the maximum travel distance. The average flame speed, divided by a typi-
cal expansion ratio, p,/p, . gives the calculated average burning velocity
shown in the last ccolumn of the table. The expansion ratio is the density of
the unburned mixture (p,) divided by the density of the burned gas combustion
products (p,). The maximum travel distance was taken as 16.5 cm, which is the
distance from the ignitor source to the top plate of the chamber. The burning
velocity value shown is thus a crude estimate, uncorrected for the changes in
expansion ratio, ambient pressure, buoyancy, and gasflow velocity that occur
during the explesion process. However, the range of values are comparable to
those observed for methane-air mixtures in an essentially similar apparatus

(21).

TABLE 3. - Pressure development, residual 0, , and calculated burning
velocities for Pittsburgh coal dust with dg = 2.7 um

Concentra- Peak Maximum rate |Residual { Time to | Assumed | Calculated
tion, G , pressure | of pressure 0, » peak, pu/pb average burn-

mg/1 ratio rise, atm/sec | percent sec ing velocity,

cm/sec

150 2.6 2 12.2 0.90 5.0 3.7

175 4.1 10 10.2 Gh 5.3 7.1

200 4.3 14 8.1 .39 5.5 7.7

250 5.6 42 5.2 «25 5.6 12

300 6.1 52 3.1 .22 5.7 13

350 6.4 70 2.9 .17 5.8 17

400 6.4 83 3.9 s 17 5.9 16

500 6.6 105 .2 .15 5.0 18

TABLE 4. - Pressure development, residual 02, and calculated burning
velocities for Pittsburgh coal dust with dg = 22 um

Concentra- Peak Maximum rate Residual | Time to | Assumed | Calculated
tion, C , pressure |of pressure- 0, peak, ou /op average burn~

mg/1 © ratio rise, atm/sec !percent sec ing velocity,

cm/sec

150 2.6 6 14.0 0.55 5.0 6.0

175 3.8 11 10.1 40 5.3 7.8

200 4,2 18 8.8 .33 5.5 9.1

250 5.1 34 4.4 24 5.6 12

300 5.5 54 2.1 .23 5.7 13

350 5.8 70 1.0 .17 5.8 17

400 5.8 75 .3 .16 5.9 17

500 5.9 97 1,0 .16 6.0 17

The measured rates of pressure rise from tables 3-4 are for the approxi-
mately spherical propagation in the 8-liter vessel. 1In other vessels with
higher turbulence, the rates of pressure rise are expected to be higher (ll).
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To obtain reliable and reproducible pressure rise rates, it is, of course,

necessary to use adequate ignition energies.

For the data indicated in fig-

ures 34-35 and tables 3-4, four matches were used for the concentrations
between 150 and 250 mg/l, three matches for the concentrations between 300 and

400 mg/l, and two matches at 500 mg/l.

As can be seen from figure 12, except

for the lowest concentration at 150 mg/l, these ignition energies are well
into the propagation domain and thus represent adequate ignition energies.
As indicated earlier, four matches were chosen as the standard ignitor for
limit measurements, even though this may be a somewhat weaker source than that
required to obtain true limit values.

The extent to which marginal ignition can influence the rate of pressure
rise is illustrated by the data shown in table 5 which shows the effect of
various ignitor energies and match configurations on the peak pressure ratio
If one uses the '"soft"
condition for four matches or less and the “hard" condition for more than
four matches, then all cases in table 5 correspond to a flammable concentra-

and the time to peak pressure for the 22-um dust.

tion.

(As defined previously, the "soft" condition refers to a maximum pres-

sure ratio of 2.0 as a flammability criteria and the "hard" condition refers
to a4 maximum pressure ratio of 3.0.) Nevertheless, there is considerable vari-
ability in the peak pressure ratio and the time to peak even though the concen-

tration is fixed at 150 mg/l.

This variability tends to disappear as one moves

from the marginal ignition conditions of less than four matches to the ade-
The data at four matches
seem to indicate that the '"facing" configuration is more efficient than the

quate ignition conditions of five to six matches.

linear array.

TABLE 5. - Effect of ignition emergy and match head confipuration on pressure

development at a fixed concentration of 150 mg/1!

Peak pressure

Maximum rate

Time to peak,

Number of matches | Configuration ratio of pressure sec
rise, atm/sec
2000!!..1!000.0!! Facing!.ll.il 4!0 19 0'34
2 ittt . seeeedOennnns 2.9 6 .65
3II ] L ] ® 8 = & s PP -ono:dOnnooon 3‘7 20 l29
3-- R RN IIlIDdOllllic 3-7 20 -34
feeiesrssnsenansss | Linear array. 2.4 5 .55
bGevreinnannanas co | eseeedoeean, 3.4 14 42
deesivncevsrensess | Facing.ovuues 3.8 22 .33
4.0 . .. D N IR ) ..-n.dOo ----- 4-1 32 -24
5‘! . L ] a LN I T B ..l.ldollll'. 4.0 45 l20
S.ee Geesenena N Y s [« I 3.7 28 .27
6loocol'l0 S es sty .....do...... 3-5 32 -24
Boverennnnns ceene ] veosedBeranen 3.4 23 .26

' Pittsburgh coal, d; = 22 um and initial 0, = 21.5 percent.
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Similar data on the effect of various ignition energies at a somewhat
higher concentration of 175 mg/l for the 6.6-uym coal is shown in table 6.
As in table 5, the two-match ignition source is marginal and gives a slow
pressure rise for the dust explosion. The four- and six-match ignitors are
both adequate and produce similar rates of pressure rise.

TABLE 6. - Effect of ignition energy on the pressure development
at a fixed concentration of 175 mg/L

Number of Peak pressure | Maximum rate of | Time to peak,
matches® ratio pressure rise, sec
atm/sec

Zeeearanana vee 2.0 3 0.48
2etasnecarnrena 2.4 5 .49
fereeiiaanans .. 4.1 31 .28
bvesennasnornns 4.1 28 .28
Beeinnnn creeeas 3.8 36 .23
Bravannanns v 4.0 38 .20
1 Pittsburgh coal, d; = 6.6 um and initial O, = 20.2 or 20.6

percent.

211 configurations facing.

Correlation of Peak Pressure Ratios with Residual Oxygen Contents

As indicated earlier, there is very good correlation between the peak
pressure ratio generated and the percent of initial O, consumed by the explo-
sions in the 8~liter vessel. This is readily apparent from the similarity of
the two curves plotted in figures 13, 15, 17, 19, 21, 23, 25, 27, and 29.

The correlation between these two parameters for all the particle sizes stud-
ied is shown in figure 36. The correlation coefficient between the peak pres-
sure ratio and the fraction of initial oxygen consumed by the explosions for
all the points indicated in figure 36 was 0.987. Clearly, this good correla-
tion indicates that either parameter 1s equally satisfactory in determining
the completeness of combustion. The scatter of the points at high pressures
is not completely random, but varies systematically with particle size. The
dashed lines shown in figure 36 are for dusts with average diameters of about
3um (&, = 2.7 and 3.2 um) and 34 um, respectively. At the higher dust con-
centrations, for a given fraction of initial oxygen consumed, the finer dusts
attain a higher peak explosion pressure than the coarser dusts.

Although there is no particle size dependence at the lean-limit concentra-
tion (for the range of sizes studied here), there is clearly a significant
particle size dependence in the flammability behavior at higher concentrations.
Indeed, this particle-size dependence would probably have been mere marked had
it been possible to disperse the 51- and 65-um dusts at higher concentrations.
The data in figure 36 contain points for these two coarsest coals only at
lower concentrations (where the fraction of oxygen consumed was generally
below 0.60) because it was not possible to disperse the assembled mass of
these coarse coals at concentrations in excess of 300 to 350 mg/l (figs. 28, 30).
Based on the data trends for the intermediate sizes, it is expected that for
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higher fractions of oxygen consumed,
these coarsest coals would have given
significantly lower peak pressure
ratios than the 34-um coal curve
depicted in figure .36.

The corigin of this particle~size
dependence at higher pressures 1s prob-
ably related to the higher peak burn-
ing velocities of the finer dusts (37)
and the fact that those higher burning
velocities result in lower heat losses
to the surroundings during the develop-
ment of the explosions. Those measure-
ments of laminar-burning velocities
for coal dust-air flames show a strong
dependence of the maximum burning
velocity with particle size. The
finer dusts are characterized by maxi-
mum velocities in the range of 30 to

02 04 06 08 0 35 cm/sec, whereas the very coarse
FRACTION OF OXYGEN CONSUMED dusts are characterized by maximum
FIGURE 36. - Correlation between peak pres- ve10c1i.::|_es as low as 10 cm/set.:. The
. explosion process for the rapidly prop=-
sure ratio and axygen consump- - . . . .
, i agating flames is more adiabatic sim=-
tion forall the coal dust sizes ply because there is less time
and concentrations studied. available for heat losses by radiation
and convection to the surroundings. In the present study, for the finer dusts
at high concentrations, the time to reach peak pressure is in the range of
150 msec; whereas, for the coarser dusts at comparable concentrations, the
time to peak pressure is in the range of 300 to 400 msec. Thus, there is more
time available for heat losses and these higher heat losses to the surround-
ings result in lower peak pressures for the coarser dusts.

PEAK PRESSURE RATID

In addition, the coarse dusts have a lower opacity. More of the energy
radiated by the fireball is transmitted through the unburned mixture and can
be absorbed by the walls. The finer dispersed dusts are more opaque and there-
fore the unburned mixture absorbs the radiating energy. This absorbed frac~-
tion is retained in the unburned mixture rather than being lost to the walls
and is then returned to the fireball as the wave advances.

Flame Temperatures

Dust particle and gas flame temperatures were measured for explosions of
6.6-um Pittsburgh coal dust in the 8-liter chamber by using the six-channel
infrared pyrometer described earlier in this report. Four of the wavelengths
are used to characterize the continuum radiation from the hot dust particles.
These four wavelengths (1.37, 2,30, 3.46, and 5.19 um) were chosen to avoid
the emission bands of gases that would be present in the flame. Figure 37
shows typical gas band emission from a methane-air flame (21). Note that the
four dust wavelengths correspond to minima in the gas flame radiation. The
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02 1 | [ : remaining twowavelengths (4.40 and

F KEY 4.67 um) of the pyrometer are used to
- -——- 2000 K Planck curve characterize the gas flame temperature
[ —— Gos flome rodiation by measuring radiation from the hot CO2
N == Pyrometer wavelengths product gas. Note the strong gas emis~
r sion band at these later two wavelengths

b in figure 37.

A cloud of hot dust particles emits
continuum radiation similar to the
dashed line Planck curve in figure 37.
An individual dust particle emits con-
tinuum radiation but with anemissivity
less than unity. However, the combined
emitted and scattered radiation from
an optically thick cloud of dust parti-
cles has an emissivity close to unity
at all four of the dust wavelengths of
the pyrometer. Similarly, an optically
thick cloud of gas molecules will have

f an integrated emissivity of close to 1

I at the two gas wavelengths. The gas

| flame shown in figure 37 is optically
10! L [ thick at the 4.40-um wavelength but
) 1 2 3 4 not at the 4.67-um wavelength. An opti-

WAVELENGTH, pem cally thick flame that includes both

hot particles and gases will show a
Planck continuum from the dust parti-
cles and either emission or absorption
bands from the gases depending on
whether the gases are hotter or cooler
than the dust particles (21).

o
IITIIT

RADIANT FLUX, w/cm2 um

o

|
|
|
|
|
|

FIGURE 37. - Infrared spectrum of a 2,000 K
methane-air flame at 2 atm pressure {adapted
from figs 1, BuMines Rl 7779, p. 5)» Vertical
dashed lines show the wavelengths of the six-
channel pyrometer for comparison

The data from the optical dust probe can be used to determine the optical
thickness of the dust explosions if we assume that the emissivity of the hot
dust is related to the transmission by the equation ¢ = 1 - T, where T is the
measured transmission. The dust probe has a path length, £ = 3.8 cm, and an
effective extinction coefficient, Q = 1.5, 1In calculating the emissivity of
the dust, the extinction coefficient is closer to 1.0 because both emitted and
scattered radiation contribute to the integrated emissivity. Using the data
from figure 18 and equation 2, the optical path length necessary to give an
emissivity ¢ = 0.95 can be calculated for the 6.6<um coal dust. At a dust ¢on-
centration of 150 mg/l, an optical path length of about 23 cm would give
e =0.95. At 400 mg/l, an optical path length of about 13 cm would give
e =0.95. Although these calculations are based on the transmission of the
dust probe at a wavelength of 0.95 um, they are also approximately correct for
the four dust wavelengths of the pyrometer. The reason is that the dust parti-
cle size is larger than the wavelength of light so that the extinction coeffi-
cient Q is relatively constant with wavelength. Since the actual optical path
length through the dust cloud in the explosion chamber is 33.5 cm, the emis-
sive cloud is optically thick and its emissivity is near unity for flames that
£11l at least the top half of the chamber.
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For the carbon dioxide gas, the path length necessary to obtain an emis=-
sivity of 0.95 can also be calculated from the extinction values of Ferriso
(13) at 2,000° K and an estimated CO, gas content of about 10 percent. For the
4.40-um wavelength, a total optical path length of about 15 em at 1 atm would
give ¢ = 0.95. For the 4.67-um wavelength, an optical path length of about
100 cm at 1 atm would give ¢ = 0.95. For the dimensions of the 8~liter appa-
ratus, and the peak pressures observed, the total optical depth of the explo-
sion fireballs are in the range of 70 to 200 cm-atm. Therefore, the 4.40-um
wavelength should always be optically thick, whereas the 4.67-im wavelength
should be thick only at the higher peak pressure ratios.

Since the previous discussion shows that the dust flames are optically
thick, the dust temperatures can be calculated in the following manner. The
relative radiation at each of the six wavelengths of the pyrometer is obtained
by multiplying the measured voltage, V), by the semsitivity factor, by, at
each wavelength. As described earlier in the apparatus section of this paper,
the wavelength sensitivity factor, b , is determined for each wavelength by a
calibration of the pyrometer with the blackbody radiation standard. Equation7
can be rewritten for the dust wavelengths as

2 -1
bV = L“:g@_ [exp(he/\KT)~1] . (8)

The only unknowns are a, ¢, and T. 8ince observations are restricted to opti-
cally thick clouds, the emissivity, ¢, is close to unity and is independent of
wavelength. The value, a, is also independent of wavelength and therefore the
two can be combined into ome scale factor, as. The dust temperature and scale
factor are calculated by a nonlinear least squares fit to the above equation
using the four experimental data points (relative radiation at each of the
four dust wavelengths). An approximate calculation can be made with a small,
portable, programmable calculator, or a more exact calculation with a large
FORTRAN computer program. An example of a computer plot of the data is shown
in figure 38. The radiation at the four dust particle continuum wavelengths
is shown along with the best fit Planck curve through these points.

After the scale factor, ag, has been calculated using the radiation at
the four dust wavelengths, the gas temperatures can be calculated at 4.40 and
4.67 um by assuming the same scale factor to be applicable to those wave-
lengths. This assumption is generally valid for optically thick flames.
However , the flame may be optically thin in the gas at 4.67 Um for some of the
explosions. Therefore, that wavelength may see more radiation from the dust
than from the gas and the temperature calculated would then be closer to the
dust temperature than to the gas temperature. The radiation values at 4.40
and 4.67 um are also shown in figure 38. The fact that these points lie ahove
the best fit Planck curve for the dust particles means that the gas is at a
higher temperature than the dust. For this explosion, both of the gas wave-
lengths appear to be optically thick.

The six-channel, infrared pyrometer was used to measure infrared radia-
tion from explosions at several concentrations of 6.6=um coal dust. The cham=
ber pressure during the explosion was recorded continuously along with the
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radiance at the six wavelengths. The maximum radiance occurred at approx-
imately the same time for all six wavelengths. This would correspond to the
time the flame reached the window on the top of the 8-liter chamber, with the
peak pressure occurring slightly later. Due to buoyancy, the flame front
would reach the top flange before reaching the bottom of the chamber. The
additional, later burning in the bottom part of the chamber causes the peak
in the pressure trace to occur later than the peak radiance.

Figure 39 shows preliminary infrared temperature data obtained with the
six=-channel pyrometer for the 6.6-um coal dust. For each explosion, the dust
particle and gas flame temperatures were calculated from the measured radiance
data at the time of maximum radiance. As described earlier, the dust tempera-
ture was calculated by the best fit to a Planck curve of the measured radia-
tion at the four dust wavelengths. The gas temperature for each test is an
average of the gas temperatures at the two gas wavelengths except for the
150 mg/1 temperature which was based on the 4.4-ym wavelength only. The pres-
sure ratios plotted in figure 39 are for the peak pressure that occurred slightly
later than the time of maximum radiation which is when the temperatures were
calculated.

The maximum measured value for the gas temperature in these dust-air
explosions is about 2,400° K at a concentration of 300 mg/l, when the peak
pressure ratio was 6.5. This temperature value is quite consistent with
recent explosion temperatures of CH, -air mixtures obtained from absolute radi-
ance measurements in the 4.4~ to 4.6-~um band (20) at comparable peak pressures.
These maximum measured temperatures for both experiments are quite close to
the calculated adiabatic values for the constant-volume combustion of stoichio-
metric hydrocarbon=-alr mixtures. For the 6.6-um coal dust, the maximum in gas
temperature occurs at C = 300 mg/l and this concentration is quite close to
the value at which the burning velocity is a maximum for dust in this size
range (37). It is also close to the concentration at which the ratio of com-
bustible volatiles to air is effectively stoichiometric.

The dust surface temperatures are some 250 to 500° K cooler than the gas
or flame temperatures. The largest difference occurs near this same concentra-
tion of 300 mg/l. These data tend to confirm a combustion mechanism which
involves the devolatilization of coal particles to generate hydrocarbon gases
which then combust 1in the gas phase. Gas phase temperatures are comparable
to those obtained in premixed hydrocarbon gas combustion. The dust particles
remain substantially cooler because of their larger density, their continuing
pyrolysis, and the fact that the seat of the exothermic reaction is in the gas
phase at a significant distance from the particle.

There are two effects reflected in the shapes of the temperature curves
shown in figure 39; one is the effect of adiabatic compression, the other is
the effect of dust concentration. The comparison of the temperature curves
with the peak pressure ratio curve shows how adiabatic compression increases
the temperature of both gas and dust. But it is difficult to ascribe the
temperature variations to this effect alone without an independent measurement
of how the temperature would vary as a function of concentration if the pres-
sure were held constant. Both effects are superimposed in the data and it is
difficult to separate them in these experiments. At the lowest concentrations
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studied (150 mg/l), the effect of adiabatic compression is at its minimum, and
the flame temperature measured at that concentration was 1,600 to 1,700° K
while the dust particle temperature was about 1,400° K. These values are only
slightly higher than the values obtained with the six~-channel pyrometer in
recent mine experiments (33). 1In these full-scale mine explosion tests, flame
zone pressures did not exceed 2 atm absolute and conditions were near the
flammability limits. If the gas temperature curve in figure 39 is extrapo-
lated to the lean-limit concentration of 135 mg/l, a value of 1,500° K is
obtained for the limit flame temperature of a coal-dust air mixture. This
value 1s nearly identical to the generally recognized limit flame temperature
for premixed hydrocarbon gas combustion (6, 19). This is additional evidence
to support the gas-phase hydrocarbon combustion mechanism as the driving force
in ceoal dust explosions. The temperature data in figure 39 are preliminary
data, and more detailed measurements for different sizes of dusts are in
progress.

Inerting Requirements

Preliminary studies were made of the inerting requirements for coal dust
with several additives: Purple K (KHCO,;), rock dust (CaC0O,), and salt (NaCl).
The Purple K and salt have additives to make them free-flowing and nonhygro=
scopic. The coal dust used for these tests was the broad distribution with
dy = 21 um. Some typical results are shown in figures 40-41 where the peak

KEY
KEY Incombustible
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43

pressure ratios and the percent oxygen consumed are plotted as a function of
the coal dust concentration of the various coal-inert mixtures studied. The
listed percent incombustible includes the 8 percent ash content of the coal in
addition to the percent inert. For example, a coal dust concentration of

200 mg/l with 40 percent incombustible would include the 200 mg/l of coal and
106 mg/l of inert giving a total dust concentration of 306 mg/l. The incombus-
tible fraction includes the 106 mg/l of inert and 16 mg/l of ash from the coal
giving a total of 122 mg/l, or 40 percent of the total.

Figure 40 shows the results for 40 percent incombustible mixtures of the
three coal-inert combinations studied. In figure 41, a coal-salt mixture with
50 percent incombustible is compared with coal-rock dust and coal-Purple K mix-
tures with 60 percent incombustible. Note that the horizontal axis includes
only the coal dust portion of the total dust dispersed. Figure 40 shows that
a 40 percent incombustible mixture of coal-Purple K has a lean limit of about
150 mg/1l, only slightly above the lean limit (123 mg/l) for pure coal dust.
Rock dust is somewhat more effective and raises the lean limit to about
220 mg/l. The NaCl salt is most effective and raises the limit to about
280 mg/l. Figure 41 shows that a 50 percent incombustible mixture of cocal-
salt or a 60 percent incombustible mixture of coal-rock dust were effective in
inerting the mixture up to the highest concentrations studied (400 mg/l coal
dust). However, a 60 percent Iincombustible mixture of Purple K-coal dust is
only effective in inerting the mixture up to 240 mg/l coal dust. It should be
noted that, at the highest coal dust concentration (400 mg/l), the total dust
would be 920 mg/l; and it is quite possible that the disperser air jet is not
able to 1ift and disperse this amount of dust. Therefore, the data for the
highest coal dust concentrations in figure 41 should be viewed with caution.

Table 7 is a summary of the results for the three coal-inert mixtures.
The listed lean limits are based on the criteria of a pressure rise ratio of
2 (from equation 6). As on figures 40-41, the lean-limit values include only
the coal dust concentration fraction of the total coal dust-inert mixture.
Table 7 includes the data from figures 40-41 along with additional data for
20 percent incombustible mixtures.

TABLE 7. - Lean-limit coal dust concentrations for three inerting ageunts

Lean-1limit coal dust concentrations, mg/l1}
Incombustible inmixture..percent.. 20 40 50 60
Purple Koot viisinnetnnaonennssnns 180 150 - 240
Rock duSteceeescroisnaonnas [ 150 220 - >400
R T T T T T TR 180 280 >400 -

1Milligrams per liter of coal dust in mixture.

Comparison of these lean~limit values for the three inerting agents
clearly shows the following order of effectiveness:

NaCl Salt > Rock Dust > Purple K.
The NaCl salt performed the best, rock dust was intermediate, and Purple K was

least effective. However, at the lowest inerting level (20 percent incombus-
tible) studied, Purple K seemed to be about as effective as the salt.
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Both the NaCl and KHCO, contained free-flowing agents whereas the rock
dust did not. The probe transmission data showed clearly that the mixtures
containing these two additives were dispersed more effectively than the rock
dust mixtures. Accordingly, the rock-dust's better effectiveness than Purple K
may be partly related to the reduced dispersibility of the rock-dust mixtures.
The NaCl mixtures were dispersed as readily as the Purple K mixtures, and
therefore its markedly superior effectiveness is probably related to its supe-
riority as a chemical inhibiting agent in coal-dust explosions.

The data reported here corroborate results obtained in the Bruceton Exper-
imental Mine and in a 6-ft-diam gallery (33). Such full-scale experiments
require larger amounts of Purple K than rock dust to suppress explosions. The
laboratory=-scale results in this report and the full-scale studies are in
marked contrast tc some laboratory studies in ducts and burners that have
reported effective inerting with Purple K concentrations as low as 10 percent
(14, 36). The free-flowing salt was also tested in the 6-ft-diam gallery and
its effectiveness was comparable to the laboratory-scale results reported here
in figures 40-41 and in table 7. This is believed to be one of the first
instances where laboratory-scale test data on inerting requirements gave compa-
rable results to full-scale explosion tests.

Sampling Data and Photomicrographs

Post-explosion, dust-residue samples were taken after several of the
experimental runs. These were studied by proximate analysis, ultimate analy-
sis, and electron microscopy. Comparison of these dust residues with the orig-
inal coal samples provided additional insight into the nature of the combustion
process. The results of the proximate and ultimate analysis data for the '
6.6=-uym coal at several initial concentrations are shown in table 8. The orig-
inal coal sample is compared with the post-explosion dust residues for the
three concentrations. In the explosion runs, peak pressures were in the range
of 6.0 to 6.5 atm, and maximum particle temperatures were 1,800 to 2,000° K.
The data in table 8 are used only to show general trends and may not be exact
representations of the entire dust residue from each test. The small size of
the initial dust loadings, especially for the lower concentrations, made it
difficult to collect enough residual dust for accurate analysis.

TABLE 8. - Proximate and ultimate analyses of post-explosion dust residues
compared with the original coal d; = 6.6 um

, As received Moisture, ash free
Sample Moisture,| Volatile| Fixed Ash, Volatile| Fixed | C:H
percent matter, |carbon, | percent ;| matter, (carbon,|ratio
percent [percent ercent |percent
Original coal.... 2. 33 56 9 37 63 1.3
Dust residue from
300 mg/1 run.... 5 - - 22 - - 1.8
Dust residue from
400 mg/l run.... 3 20 60 16 25 75 -
Dust residue from
800 mg/l run.... 4 17 66 13 21 79 2.0
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The data in table 8 show a significant reduction in the volatile content
of the dust residues remaining after the explosions. The C:H ratio of the
dust residues is significantly higher than its initial value in the unburned
coal, This indicates that the volatiles that are consumed by the explosion
are richer in hydrogen than the original ccal from which they were generated.
These data are consistent with probe data obtained from laminar flame studies
(29, 36). They tend to confirm the general picture of dust explosions as
involving the generation of hydrocarbon volatiles from coal and their subse~
quent gas-phase ceombustion. It is difficult to judge whether the remaining
volatile matter in the dust residues represents volatileg that were never
vaporized or volatiles that were vaporized and then recondensed on the dust
after cooling.

The residue samples were also photomicrographed with a scanning electron
microscope. The results are shown in figure 42. Although the particles
chosen for the figure are larger than the average (7 um) for the dust used in
the tests, their appearance is fairly representative of all the burned parti-
cles observed. The post-explosion dust particles show the characteristic
blowhole appearance that is associated with the rapid evolution of volatiles.
Their appearance is somewhat similar to that of coal particles that have tra=-
versed through laminar flames (37); however, there are some differemces. For
particles traversing through laminar flames, it appears that the entire parti-
cle becomes plastic and more spherical as pyrolysis occurs. The small differ-
ence in appearance between the two cases may be a reflection of the higher
heating rate, higher final temperature, and shorter exposure time £for the con-
fined explosions studied in this report. Nonisothermal behavior for the larger
particles is probably more likely under the conditions of these studies than
in the laminar flame studies.

High-Speed Motion Pictures

Photographic observations of the shape and continuity of the combustion
waves propagating in the 8-liter chamber were made with a high-speed motion
picture camera. As described earlier in the paper, high-speed motion pictures
were alsc taken of the dust dispersion process without ignition and of the
electric match luminosity in the absence of dust. The movies of flame propaga-
tion were taken at 300 frames per second and the explosion was viewed from the
top through a 2.5-em-thick plastic cover plate. Some typical frames from two
separate experiments at two different dust concentrations are shown in fig-
ures 43-44. Figure 43A is a still photograph showing a top view of the cham~
ber with the cover plate removed. The dust probe, electric match array, and
pile of dust in the dispersion cup are clearly visible. Frames B-L of fig-
ure 43 show the luminosity pattern generated during the course of a dust explo-
sion of the 6.6-um coal at a concentration of 150 mg/l. The time after
ignition is indicated for each frame as well as the corresponding pressure at
that time. Zero time corresponds to the instant of electrical initiation of
the electric match ignitor array. Since the perspective is a top view of the
chamber, any information on the shape and speed of the combustiocn wave applies
only to the horizontal component of flame propagation. Information on the
vertical component can be obtained only indirectly.
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FIGURE 42. - Scanning electron microscope photogrcphls of unburned and burned
Pittsburgh coal dust.
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FIGURE 43. - Frames from a high-speed motion picture of a coal dust explesicn at a dust con-
centration of 150 mg/l in the 8-liter flammability chamber. Note: The relative
brightness on individual frames of the original movie film was not maintained on
these prints of the frames.

In frame B of figure 43, 10 msec after the electric current energizes the
ignitor, the match luminosity has just begun to appear. By frame C, the igni-
tor luminosity has increased markedly, and there may even be some localized
¢coal dust combustion, but the pressure is still essentially atmospheric. This
luminosity is no doubt partially obscured and diffused by the unburned dust
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between the match and the camera. By frame D, the overall ignitor luminosity
appears to be decreasing, although a very bright fragment which was probably
ejected upward is clearly visible. These ignitor fragments appear much
brighter than the dust flame luminosity because of their higher temperature
and because fragments thrown upward are seen without attenuation from the
intervening dust cloud. By frame E, the ignitor luminosity is nearly gone,
and a contiguous zone of dust combustion appears in the northern quadrant of
the view field (north being defined as the top of the page). At this time,
the chamber pressure is 1.7 atm. By frame F, the contiguous zone of coal dust
combustion appears to have grown somewhat in size and another very bright
ignitor fragment appears again temporarily. By frame G, the contiguous zone
of dust combustion is the only feature left. It has grown in size so that it
occupies most of the northern hemisphere in this top view of the chamber, and
the pressure has risen to 2.2 atm. Frames G-K show the outward propagation of
this contiguous zone until the flame front either reaches the chamber walls or
spreads into the opposite side of the chamber. By frame K, the wave appears
to have reached the wall nearly everywhere within the top view field of the
chamber. The pressure at frame K is 3.8 atm and is nearly at its maximum
value. Again, since the view is from the top, only horizontal components of
the fireball motion are directly observable. However, note that from frame K
to frame L, even though the luminosity has decayed significantly because of
cooling of the fireball by contact with the walls, the pressure continued to
increase until it reached the peak value of 4.1 atm at frame L. This is con-
sistent with the six-channel pyrometer observations of the infrared radiation.
When viewed from the top of the chamber, the maximum of the infrared radiation
occurs before maximum pressure. Maximum radiation occurs when the fireball
reaches the top window, and buoyancy causes the fireball to reach the top win-
dow before reaching the bottom of the chamber (20). The additional burning in
the bottom parts of the chamber causes the additional pressure rise that
occurs after the maximum in top-viewed radiation.

Note the patchy or streaked appearance of the luminosity from the sur-
faces of the dust particles in the outer regions of the fireball. The patchy
appearance is most marked as the fireball approaches the top of the chamber so
that it is unobscured by an intervening, unburned, dust cloud. This patchy or
streaked appearance suggests localized variatioms in dust concentration and/or
localized eddies in the residual turbulence from the dispersion pulse. These
variations are most significant at the lower concentration. For example, if
the spatial uniformity of the cloud is characterized as *15 percent of its
average value, then, although the average concentration is 150 mg/l, there
would be regions where the concentration can be as low as 128 mg/l or as high
as 172 mg/l. Propagation is not possible in the lower concentration regions
since they are below the lean limit. Hence, flame propagation would be
restricted to those regions where the concentrations were above about 130 mg/I1,
leading to the observed patchiness or streaked appearance. Similarly, resid-
ual velocity gradients from the dispersion pulse can either aid or guench the
propagation of a near~limit wave depending upon the sign of the gradient rela-
tive to the propagation direction. This would again lead to a patchy or
streaked appearance of the fireball.
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Despite this uncertainty, there is a distinguishable leading edge of the
fireball which, from frames H-K is propagating from the northern to the south-
ern hemisphere of the view field. 1Its average horizontal component of flame
speed is about 60 cm/sec which, for an expansion ratio of 5.0, would corre-
spond to a horizontal burning velocity of 12 cm/sec. This value  of burning
velocity is consistent with measured values in a laminar flame at near-limit
concentrations of 150 mg/l (37). These photographic burning velocity values
are probably much more accurate than the crude calculations in tables 3-4
which were based on the time to reach peak pressure.

The data shown in figure 44 are for a much more rapidly propagating flame,
at a dust concentration of 300 mg/l, which reaches a peak explosion pressure
of 5.5 atm. Frame A of figure 44 is a view some 20 msec after the ignitor is
energized. It shows the ignitor luminosity somewhat obscured and diffused by
the dense, suspended dust cloud between the ignitor and the observer. Some
bright fragments, that were probably ejected upward and toward the chamber
walls, are also seen. 1In frame B a more general combustion luminosity appears
in several regions, but is most intense in the central region of the chamber
at the initial position of the ignitor. By frame C, two main, small fireballs
appear to dominate in the center of the view field near the ignition point and
the pressure has risen to 1.3 atm. Some of the ignitor fragments that were
ejected away from the main ignition zone appear to be generating separate,
localized zones of dust combustion. By frame D, the two central fireballs
have merped into a single oval-~shaped fireball. From frame D through frame J,
this central, contiguous fireball propagates outward preserving its initial
shape, until its extremities actually contact the chamber wall. By frame J,
the fireball has enveloped the entire view field and the chamber pressure is
rising at a very rapid rate. Some upward propagation into the cornmer regions
of the chamber, and downward propagation toward the dust cup at the bottom,
probably continues until frame K, where the pressure peaks at 5.5 atm. Some
wall-cooling of the outer regions of the fireball is apparent even at the peak
pressure in frame K. This cooling is more pronounced in frame L, where it has
caused the pressure to drep to 4.8 atm.

In frames D-G of figure 44, the central fireball expands outward at a
propagation rate of 250 to 350 cm/sec. This horizontal component of flame
speed, if divided by an expected expansion ratio of about 6.5, corresponds to
a burning velocity of 40 to 50 em/sec. This value is somewhat higher than the
maximum values of 30 to 40 c¢cm/sec measured for laminar burner flames at compa=-
rable concentrations (37). It is uncertain whether this difference is due to
residual turbulence in the 8-liter vessel or could be accounted for by the
inherent errors in both experimental measurements.
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FIGURE 44. - Frames from a high-speed motion picture of a coal dust explesion at a dust con-
centration of 300 mg/l in the 8-liter flammability chamber. Note: The relative
brightness on individual frames of the original movie film was not maintained an
these prints of the frames.
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DISCUSSION AND INTERPRETATION

The measured lean limit for near horizontal propagation of Pittsburgh
seam coal dust is here reported to be 135 mg/l and to be size invariant for
the nine size distributions studied (table 2). The values reported in the
literature vary almost continuously from below 30 mg/l to above 300 mg/l, and
therefore many of the reported values differ significantly from the values in
table 2, For example, the "accepted" or Handbook value (31) is 55 mg/l. An
attempt will be made here to compare these various reported values of lean
limits and to evaluate the dispersion methods, ignition energies, and limit
criteria of the various researchers. Clearly, if the different experimental
methods are described in sufficient detail, a judgment can be made as to which
data are more accurate and reliable.

The variously reported values for Pittsburgh seam coal dust (or coal of
similar rank and volatility) are tabulated and categorized in table 9. The
lean~-limit value from this report and 14 previously reported values are listed.
The tabulation is not meant to be comprehensive, but it does cover the range
of reported data. In most instances, the tabulated lean-limit values are
those recommended by the authors, although in a few instances they are esti-
mates, inferred from the data or read from the published graphs.

TABLF 9. - Evaluation of previocus lean~limit measurements

Lean limit, Reference Dispersion Ignition | Propagation | Concentration
mg/1 method energy criteria measurement
123-1453 Present v a By, h N, T, g

5 (lé_) v m Pys S N, p
35 (15) v i Pys S N, p
30-50 (34) F a 1, s M, g
40 (24) T a 2, 7 M, T, g
50-60 (10, 17, Y i P, S N, p

30, 31)
50 (16) M a l1,h L, p
50-60 €D M a 1, h L, p
60 ' (32) M a 1, h L, p
60-100 (3-4) v m~a P, I N, ?
50~150 (18) v a Pes D N, ?
85-125 (39) F a 1, m M, g
100-140 (36-37) F a b, m M, g
140-180 (2) F il 1, h M ?, T, ?
240-310 (27) F m-a 1, m M, T, ?

Each listed walue in table 9 is categorized in terms of the method of
dust dispersion, the strength and adequacy of the ignition energy, the chosen
criteria for flame propagation, the method of measuring dust concentration,
and the uniformity of dust dispersion.

J‘
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For the first category, there are four basic methods of dust dispersion
as fcllows.

V = air jet, impulse dispersion of a known mass of dust in a fixed volume
(Hartmann or similar type apparatus).

F = gravity and/or airflow dispersion in an open tube.

M = open, large-scale mine gallery with flow induced, self-dispersion by
an expanding turbulent flame.

T = gravity-tumbler dispersion of some fraction of the dust in a fixed

volume.

For the second category, the strength or adequacy of the ignition energy
used by the various researchers is evaluated as

a = adequate.
m = marginal.
i = inadequate.

The tabulated data are so categorized according to the type of source used and
whether the available energy from the various ignition sources could he
expected to satisfy the measured ignition energy requirements shown in fig-
ures 11-12. An "adequate' ignition source would correspond to the energy of
at least several electric matches. An "inadequate' ignition source would
correspond to the energy of the transformer spark discharge of figure 1l.

The third category relates to the flame propagation criteria chosen by
the various investigators; that is, the extent or quality of flame propagation
that was considered necessary to have exceeded the limit conditien. There are
two elements in this category: The observational method itself and a rating
of the criteria chosen. The observational methods include the fellowing:

p, = Pressure attained at constant volume.

ﬁv = rate of pressure rise at constant volume.

1 = length of flame travel.

b = ability to stabilize a burner flame in steady-state.

? unknown, not specified.

The rating of these methods and criteria are as follows:
h = hard.

m

I

moderate.

soft.

;]
[}
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The methods are rated according to whether the criteria chosen is realistic

in relation to the normally accepted criteria for premixed gases (6, 8, 19, 40).
A "hard" criteria would be at least as strict as that chosen to characterize
the limit for horizontal flame propagation in a premixed gas. A "moderate"
criteria would be comparable to the normal upward limit criteria. A '"soft"
criteria would be one that would not normally be acceptable in the convent10na1
apparatus even as an upward limit.

The final category relates to the method of measuring or inferring the
dust concentration. There are two elements in this category, a description of
the method of measurement and an estimate of the uniformity of the dust disper=~
sion. The measuring methods are as follows:

N = nominal concentration (known mass dispersed in a known constant
volume).
L = nominal loading (known mass per unit volume desposited along a fixed

linear dimension in an open-ended gallery or mine entry of constant
cross section).

M, = measured mass collected in a known airflow during a known time.

M = measured mass collected in a known volume independent of velocity or
travel time.
T = relative concentration and/or uniformity monitored by light

transmission.

The estimates of dust cloud uniformity (based mainly on the investigators' pub-
lished evaluations) are

g = good,
P = poor,
? = unknowm,

where "good'" refers to a fairly uniform dust dispersion and '"poor" refers to
dispersions where the concentration varies by a factor of 2 or more in various
regions of the dust cloud.

These evaluations relating to the adequacy of ignition energy, stringency
of the propagation criteria, and uniformity of dust dispersion require a
detailed justification. The following discussion contains the justification
for the judgments made in the last three columns of table 9. Included is an
overall evaluation of the experimental and observational methods used by the
various researchers and a discussion of the causes for the apparent differ-
ences in the reported lean-limit values. Also included is a discussion of the
value reported here (135 mg/l) and an estimate of the uncertainties and system-
atic errors in the data.
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First, consider the large~scale mine gallery results listed as method M.
The three reports (9, 16, 32) list a lean limit of 50 to 60 mg/l. In these
studies the concentration refers to a nominal dust loading on the walls and
floor of the mine. The listed nominal concentration assumes that the dust,
when dispersed, is distributed uniformly throughout the cross section and is
confined to the length of dusted zone. In such experiments the strength of
the ignition source is usually quite adequate, a large explosive charge or a
large, premixed methane-air volume. The propagation criteria involves propa-
gation to a length at least equal to the length of the zone dusted, or in the
Bureau studies, the criteria is that the pressure at or behind the flame front
be maintained or continue to rise as the wave advances through the length of
zone dusted. These are considered "hard" conditions for any zone whose length
is a reasonable multiple of the diameter (a factor of 10 or so larger). 1In
these studies, the dust is lifted off the confining surfaces (or shelves) by
the turbulent airflows that develop ahead of an expanding flame front, which
is also turbulent. Thus, the dust dispersion and flame propagation processes
are mutually coupled and are occurring simultaneously. Most observations indi-
cate that the dust is not homogeneously distributed throughout the entry, and
this is certainly true during the early stages of flame development. Recent
studies with the optical dust probe in the Bruceton Experimental Mine also
show clearly that actual dust concentrations at the time of flame arrival
increase continuously as the explosion propagates down the mine gallery
(26, 32). Such a result is quite consistent with a flame front whose speed
is continuously accelerated by turbulence. Dust near the flame front advances
at an increasing velocity and overtakes the dust ahead of it, causing an effec-
tive increase in concentration as the wave moves down the entry. The actual
concentration levels attained may be far in excess of the nominal dust load-
ings. Those data, together with our current concepts of the mechanism by
which the dust is lifted (35), clearly indicate that the nominal dust loading
is not a realistic measure of the actual dust concentration in the mine gal-
lery. Actual concentrations immediately ahead of the flame front vary mark-
edly both spatially and temporally.

Because of this complexity, it is difficult to relate the minimum nominal
mine loading of 50 to 60 mg/l with our lean-limit value of 135 mg/l. The
former is a nominal dust loading, the latter is a concentration of uniformly
dispersed, airborne dust. It is important to recognize the difference between
these two quantities. For the practical application of determining whether
the dust loading in a mine is hazardous, the 50~ to 60-mg/l value is appropri-
ate. For the practical situation where an airborne cloud of dust already
exists, and its concentration can be measured, the higher value of 135 mg/1 is
applicable. 1In any case, it is this latter value which is more fundamental.
It corresponds to a real limit concentration for the conventional premixed
system.

Now, consider the previous work with the 1l.2-liter Hartmann apparatus
(10, 15, 17, 30, gl). Although the dispersion method is the same as that used
in the present study, there are differences in the uniformity of the dust
cloud at the time of ignition, the adequacy of the ignition source, and the
stringency of the propagation criteria., The lean-limit values for Pittsburgh
coal reported by earlier researchers using the Hartmann apparatus are 5, 35,
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and 50 to 60 mg/l. The apparatus and method are described in reference 10.

A continuous electrical discharge is activated before the dust is dispersed by
an air jet. The dust cloud is ignited as it is rising between the electrodes.
The flame propagation or limit criteria is the rupture of a paper diaphragm on
the top of the chamber at an overpressure of 0.1 to 0.2 atm. In the notation
of the present report, this would correspond to a pressure ratio of 1.1 to 1.2.
This is a much softer criteria than the pressure ratio of 2.0 used in the pres-
ent report.

The concentrations quoted in the previous Hartmann work are nominal,
although it is indicated that the actual concentrations in the chamber were
not uniform (10). Photographic evidence from independent investigators (12)
shows that less than half ¢f the chamber volume is filled with dust when the
cloud is ignited. The optical dust probe data in figures 4-5 also show that
the dust is initially lifted en masse by the airblast dispersion impulse and
that about 0.2 sec is required for a relatively uniform dust cloud to be estab-
lished. Therefore, if the ignition source is activated before the dispersion
pulse is turmed omn, then a very high dust concentration passes momentarily
through the continuous spark discharge. Even though this continuous trans-
former discharge is inadequate for ignition of low concentrations of uniformly
dispersed dust (fig. l1), it is adequate for igniting the momentarily high
concentrations that are present as the dust is initially lifted. The inade-
quacy of the ignition source is compensated for by supplying a high dust con-
centration during the dispersion transient. In the previocus Hartmann work,
the ignition, dispersion, and flame propagation events are overlapping in time.
Also, the propagation criteria of a pressure ratio of 1.1 to 1.2 is a very
soft criteria. The previous investigators realized these problems, but had
designed the experimental method of the 1.2-liter Hartmann chamber so that the
lean-limit values would correspond to the results obtained in the Experimental
Mine (10, 31). Therefore, it is not surprising that the reported lean-limit
value of 50 to 60 mg/l from the previous Hartmann chamber reports (10, 30-31)
agrees with the 50 mg/l minimum nominal loading for the mine (16). The lowest
reported values with the 1.2-liter Hartmann vessel were 35 mg/l for an elec-
tric spark discharge and 5 mg/l for an ignition with guncotton. The latter
value probably represents an extreme case. A nonuniform dust concentration of
momentarily high concentration is ignited as it passes through the ignition
volume and the slight overpressure created is sufficient to rupture the paper
diaphragm.

The above argument may be presented in a more concrete form as follows.
Consider a l-liter explosion chamber into which a charge of 50 mg of dust has
been placed to give a nominal concentration of 50 mg/l. Dispersion causes the
dust to be lifted en masse, and let us assume that during its initial traverse
through the ignition electrodes, the cloud occupies only one-eighth of the cham-
ber volume. Thus, its momentary concentration is 400 mg/l. If the continuous
transformer discharge is on, this high concentration is readily ignited
(fig. 11). Since the propagation rate is relatively rapid at this high concen-
tration, it can be assumed that the dust cloud is consumed rapidly by the flame.
It is plausibly assumed that it would have dispersed to occupy one-fourth of
the chamber volume during the time of flame propagation. For an expansion
ratio (ratio of unburned to burned gas density) of six, a peak explosion
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pressure of (3/4) 1 + (1/4) 6 = 2.2 atm would be obtained. This would cer-
tainly be sufficient to rupture the paper diaphragm and it would thus errone-
ously be concluded that the mixture containing 50 mg/l was flammable. The
above calculation, however, shows that the propagation process could actually
have occurred in a dust cloud whose concentration was 400 mg/l at ignition,
and was decreasing to 200 mg/l during propagation. The above calculation is
only meant as a plausibility argument for the 50-mg/l value in the l.2-liter
Hartmann chamber. It is not meant to be an exact analysis of those experiments.

Clearly, the apparent lean limit that would be obtained in a system in
which the ignition discharge is activated before the dust is effectively
dispersed would depend on many uncontrollable factors. It would be sensitive
to the strength of the ignition source and the extent to which an inadequate
ignition energy could be compensated for by a momentarily high dust concentra-
tion. It would therefore also be highly sensitive to the transitory nature of
the dust dispersion process and to the stringency of the propagation criteria.

Ishihama and Enomoto (24) report a 40-mg/l lean-limit value for a gravity-
tumbler type dispersion system. The experimental method (23-24) involves the
dispersion of some fraction (about 1/3) of the dust in a fixed volume by rotat-
ing a cylindrical combustion chamber about its axis. Dust, falling from the
top, collects at the bottom and is redispersed when the bottom rotates upward
to become the top. It is difficult to evaluate the 40-mg/l value because the
propagation criteria is not given. However, by comparison with the peak pres-
sure data obtained by the same investigators, it would appear that anextremely
soft propagation criteria must have been used. The reported pressure rise
values for a coal of volatility comparable to Pittsburgh seam show that concen-
trations of approximately 250 mg/l are required to obtain a peak explosion )
pressure of 3 atm. The extrapolation of these pressure curves, to find a lean
limit at a peak explosion pressure of 2 atm, appears to be inconsistent with
the 40-mg/1 value mentioned in the discussion section of the report.

The ignition source for this system was 100 mg of guncotton plus an elec=-
tric detonator fusehead. The ignition energy is probably equivalent to the
energy of several electric matches and therefore is considered adequate. Con-
centrations were measured by the rapid insertion of a dust-collecting cylinder
of known volume into the center of the tumbling chamber and then weighing the
mass of dust collected. The uniformity of the dust dispersion was evaluated
through light transmission measurements and it was reported to be relatively
uniform near the center of the vessel (23). The actual quantity of dust that
is airborne at any instant of time is only about 1/3 of the dust initially
charged into the tumbler. The remaining 2/3 is collecting on the '"teeth' of
the chamber wall, or is in various stages of dispersion and collection.

Extrapolation of the pressure curves for this gravity-tumbler system
(23-24) appears to give a lean-limit value of 150 to 200 mg/l based on the
propagation criteria of a2 pressure rise of 1 atm or equivalently, a pressure
ratic of 2. Based on the large uncertainty in the extrapolation, these data
do not seem to be inconsistent with the lean-limit values of the present
report. The gravity-tumbler data do agree with the present report regarding
the lack of particle-size dependence near the lean limit. For the more
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volatile coals studied in references 23-24, explosion pressures tend to con-
verge to the same values at lower concentrations independent of particle size.

In the gravity-tumbler, the maximum pressures at higher concentrations
are lower than the values reported in this report. For a coal of similar
volatility to Pittsburgh coal, the maximum pressure rise is about 3.7 atm
(or a pressure ratio of 4.7) at a concentration of about 1,000 mg/l. In the
present report, pressure ratios greater than 6 were measured at much lower
concentrations (400 to 600 mg/l).

Bartknecht (3-4) has studied dust explosions in several large closed
vessels. He does not specifically list lean-limit values, but approximate
limits can be determined from the graphs of explosion pressure versus concen-
tration. The lowest concentrations for which there are significant pressure
rises are 60 to 100 mg/l. The volatility of the coal dust used was not
reported. The vessels used are 10 and 1,000 liters and the dust is dispersed
by air jets. Ignition occurs after dispersion and the ignition source is a
chemical igniter, perhaps similar to the electric matches used in the present
report. The reported concentrations are apparently nominal values, a measured
mass of dust in the volume of the chamber. The uniformity of the dispersion
was not reported. Due to the lack of details regarding the uniformity of the
dispersion, the volatility of the coal, and the strength of the ignition
source, it is difficult to evaluate the data. The lean limit is perhaps lower
than those of the present report due to a less uniform dust cloud; however,
this is only speculation. It is also possible that there are effects due to
. the size of the explosion chamber and that these lower values for the lean
limit are real. The maximum explosion pressure rise for coal dust in the
1,000~1iter vessel was about 7.8 atm, significantly larger than the pressures
attained in the 8-liter vessel of the present report. The maximum rates of
pressure rise are also considerably larger than those of the present report,
probably due to a higher turbulence in the dust cloud at the time of ignition

(11).

Helwig (18) has also studied coal dust explosions in large closed vessels.
The dust dispersion method involves the use of very high air flows (high
Froude numbers) in a 1l5~«liter chamber. Dust is fed into a turbulence chamber
and is then dispersed throughout the main chamber by an array of internal
nozzles. Dispersion is accomplished apparently by a very intense air jet
impulse, a '"whirling up air shock." Although detailed measurements of spatial
or temporal dust concentration distributions are not reported in reference 18,
it is probable that concentrations were reasonably homogeneous. The concentra-
tions reported are presumably nominal, Ignition was achieved when 1.2 g of a
pyrotechnic mixture of zirconium~barium nitrate, triggered by a primer, was
propelled into the explosion chamber. This ignition system is categorized as
adequate.

The coal dust used had a volatility of 28 percent. Helwig lists two lean-
limit values: a "lower ignition limit'" of 50 mg/l and a '"lower limit of explo-
sion propagation' of 150 mg/l. The criteria for the "lower ignition limit"
are not specifically reported. The 'lower limit of explosion propagation' is
based on an explosion index, which is the product of the mean and maximum
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pressure rise rates. Using the pressure versus concentration graphs of refer-
ence 18 and a pressure ratioc of 2 to 3 as the limit criteria, a lean limit of
100 to 120 mg/l is obtained. Considering the lower volatility of the coal
used, this 1limit value would have to be considered significantly lower than
the limit values of the present report. A possible reason for this lower
value for the lean limit is the unknown spatial distribution of the dust in
the vessel. Another possibility, as with Bartknecht's results, is that the
lean 1limit is actually lower in the very large vessels than in the 8-liter
vessel of this report.

The rates of pressure rise are larger in Helwig's 115-liter chamber, prob-
ably due to the higher turbulence. The general shape of the pressure versus
concentration curve is similar to those of figures 13, 15, 17, 19, 21, 23, 25,
27, and 29, in that there is a rather steep rise to a maximum pressure of 6 to
7 atm at about double the lean-limit concentration and then the curve remains
relatively constant for higher concentrations.

Finally, we consider the lean limits obtained in flowing systems. There
are two main types of methods. In one a steady-state burner flame is stabi-
lized at one position in space, whereas in the other the flame propagates
through the length of a duct.

Smoot and others (36-37) studied coal dust propagation by maintaining a
laminar burner flame in steady-state. Predispersed coal is fed into a laminar
flow burner and a steady-state flame front is maintained by balancing the
inlet flow velocity of the coal-air mixture against its burning velocity. The
values listed in table 7, 100 to 140 mg/l, are inferred to be the lean-limit
values because they were the leanest concentrations that could be maintained
as stable flames on the 10-cm~diam burmer. Since the coal-air feed is down-
ward, the flame is propagating upward and hence the inferred values are for a
moderate propagation criteria. The range of values may reflect the experimen-
tal errors in the burning velocity measurements and the difficulty in maintain-
ing uniform and controllable dust concentrations at low dust and air feed
rates. For a steady-state flame front, there is no distinction necessary
between the static and dynamic concentrations. The actual concentration is
given by the ratio of the dust feed rate to the air feed rate regardless of
the dust's sedimentation velocity. This is true whether the flow is upward or
downward as long as all the flowing dust and air pass through the statiomary
flame front. These coal dust burner flames are initiated with methane added
to the air to guarantee ignition, then the methane is reduced to zero. There-
fore, the ignition energy for this burner is adequate. The limits obtained by
this burner flame method agree fairly well with the values (123 to 145 mg/l)
in the present report. The slight differences may be due to experimental
errors in both methods and the fact that the propagaticn in the burner was
upward while the propagation criteria used in the present report would corre-
spond to horizontal propagation. Also in agreement with the present report,
the burner flame data show a lean limit that is relatively independent of
particle size.

The lowest lean-limit value for a flowing system is 30 to 50 mg/l by
Singer, Coock and Grumer (34). In their experiment, dust was suspended in an
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airstream flowing upward through an open tube. Dust concentrations were mea-
sured by collecting the entire flow on a filter at various heights and by
using a l-cm-diam sampling prcbe. Concentrations were reported to be uniform
within 720 percent. The main reason for the low values of the lean limit was
the "overdriven'" ignition. The ignition source was a 76-cm® bomb of stoichio-
metric methane~oxygen mixture that shot a 13-cm-long jet into the coal dust-
air mixture. The criteria of propagation were flame luminosity observed
throughout the chamber and the rupture of a paper diaphragm at about 15 to 20 ¢m
from the ignition jet. When using this ignition source and propagation crite-
ria to study the ignition of methane-air mixtures, Singer and others (34)
found that a 4.3 percent methane concentration was ignited. Since the accepted
lean limit for methane is 5 percent, they considered the ignition to be
"overdriven." The ignition would presumably be "overdriven' for the coal dust-
air mixtures also, leading to the rather low reported lean limits of 30 to

50 mg/l. Using weaker ignition sources, they obtained lean-limit values for
coal dust-air that were more than double the above values. Their reason for
studying the "overdriven" ignition condition was the practical hazard of a
strong ignition source communicating a flame for a short distance through a
dust cloud of low concentration to a dust cloud of higher concentration that
would then be able to sustain the flame by itself.

There are several additional problems regarding the measurement of dust
concentrations in flowing systems where the flame propagates through a duct or
tube. These problems are discussed in detail by Beachey, 0'Donnell, and Milne
(5). Concentrations are usually inferred by collecting the dust on a filter
for a fixed time and then dividing the measured mass flow rate by the measured
volumetric airflow rate. However, if the particle velocities differ from the
gas velocity, the above method will not give the true concentration. In calcu-
lating the true concentration, the settling velocities of the dust particles
relative to the air must be considered. In a downward flowing system, the
actual (static) concentrations are lower than the value obtained from the
ratio of the dust flow rate to the gas flow rate. 1In an upward flowing system,
the opposite is true. The flame velocity provides an additional complication
since the dust concentration that a propagating flame will see in a flowing
system depends on both the settling velocity and the flame velocity. When
both the particle settling velocity and the flame velocity relative to the air
velocity are considered, the true concentration observed by the flame front
can differ considerably (either higher or lower) from the value inferred from
the ratio of the dust flow rate to the gas flow rate. This complication
relates to the important distinction between the static dust concentration and
its dynamic value with respect to a moving flame front (5, 27). For dusts
(or droplets) dispersed in ducts, gravitational sedimentation causes dust
velocities to differ from air velocities. For aggregate masses of dusts, set-
tling velocities (relative to the airstream) can far exceed Stokes' velocities
for the individual particles (27). The simplest cases to consider are those
in which the flame propagation process does not significantly alter the ini-
tial flow conditions. Consider, for example, upward propagation through an
open tube in which the upward propagating flame front moves intc a stationary
gas containing a sedimenting dust cloud. The moving flame front thus encoun-
ters a higher input mass flow of dust per unit time than of air, and accord-
ingly, the dust concentration relative to the moving flame front can be
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substantially higher than the static or volume concentration in the laboratory
reference frame. Similarly, a flame front moving in the direction of sedimen-
tation would encounter a lower input mass flux of dust than of air, and hence
its dynamic (or kinetic) concentration is less than its static value.

In any real case of flame propagation, it is exceedingly difficult to
apply this correction factor because the propagation process itself can mark-
edly alter the preexisting velocity distributions of both dust and air.
Nevertheless, any process which is capable of inducing a difference between
dust and air velocities, in combination with any observation method which is
nonsteady-state and directional, will cause dynamic concentrations with
respect to the flame to differ from their static values.

This complication would appear to apply mainly to dispersion methed F,
which involves gravitational dispersion in ducts, where sedimentation veloci-
ties and flame front velocities are both vertical. 1In the flow-induced, self-
dispersal process in horizontal mine galleries (method M), sedimentation
velocities would be orthogonal to flame velocities and are trivial in magni-
‘tude relative to flame speeds. Thus, correction factors due to sedimentation
velocities are probably insignificant. Sedimentation velocities in the
Hartmann-type method (V) are usually insignificant, but for the tumbler method
(T), they are in fact used to effect dispersion. However, in both of these
methods, if the harder propagation criteria are used, the propagation is
omnidirectional. TFor omnidirectional propagation, the correction factors with
respect to sedimentation velocities are either zero (for horizontal propaga-
tion) or tend to cancel (for the upward and downward cases). In addition,
radial accelerations are small for central ignition in a constant-volume cham-
ber, especially as limit conditions are approached. Accordiangly, dust parti-
cle lags in the accelerating flows are probably not significant for methods V
or T. Thus, this complication of distinguishing between static and dynamic
concentrations is probably insignificant for methods V and T. For the station-
ary (burner) flame front (37), static and dynamic concentrations are identical,
and the complication does not exist.

In flowing systems, the problem is even more complex. Detailed studies
of the dispersion pattern of falling dust clouds in a duct containing initi-
ally static air, show that a complex recirculation pattern is induced by the
falling dust (28). These induced airflows cause marked inhomogeneities in the
dust-dispersion pattern and particle size segregation effects. The recircula-
tion pattern consists first of an upper cell in which air flows downward in .
the axial regions and upward next to the tube wall. Below this is a lower
cell in which air flows upward near the axis and downward near the walls. 1In
the upper cell region of the tube, dust tends to congregate near the axis as
it falls, and in the lower regions dust tends to deflect towards the walls.
The air recirculation pattern in the lower part of the duct actually carries
the finer dust particles upward against gravity. This complex recirculation
pattern persists even in the presence of substantial superimposed downward air-
flows. In addition, the measured settling velocities for the aggregated mass
of dust will, in general, far exceed the Stokes' free-fall velocity for the
individual particles by more than an order of magnitude (27).
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Yu and Chao (39) reported a lean limit of 85 to 125 mg/1 for coal with
34 to 37 percent volatile matter (on a moisture-free basis) and about 7 to
8 percent ash. The dust was dispersed by gravitational settling in 60-cm-1long
by 7.5-cm-diam open tube. Ignition was with a platinum wire ignitor, pre-
heated to about 1,400° K, which was plunged into the tube after a steady-state
cloud was established. The ignitor shown would appear to extend the full
width of the tube when inserted, In terms of energy available and rate of
energy input, such an ignitor is certainly adequate. If the source were of
small dimensions, the temperature might be considered marginal; however, for
the size of ignitor indicated, 1,400° K would certainly exceed any conceivable
autoignition temperature for the hydrocarbon constituents of volatilizing
coal. The ignitor used is thus considered adequate. The limit criteria was
upward flame travel from the ignitor to the top of the tube, a distance of
46 cm. This is a moderate limit condition. The concentrations reported were
the static concentrations, measured by collecting and weighing all the coal
dust instantaneously suspended in the tube volume, and therefore there is no
correction due to the settling velocity. The uniformity or homogeneity of the
dust cloud is uncertain. There is a reported deviation in density of 10 to
20 percent, but it 1s uncertain whether this refers to the accuracy with which
the average concentration is known or to the variations in concentration at
different spatial positions. The dispersion method is similar to one in which
complex recirculation patterns were induced by falling dust (28). However,
the length and diameter of the tubes are different. With a tube length of
only 60 cm, it is uncertain whether a significant recirculation would exist in
this case. If an upper recirculation cell {(similar to that in reference 28)
did exist, the dust concentration would tend to be higher along the axis than
at the walls. Also, since the flame is propagating up the tube, the concentra-
tion that the flame sees would be higher than the measured static concentra-
tion. Considering the possible corrections to the measured dust concentration
and the softer limit criteria of upward rather than horizontal propagation,
the listed limit values of 85 to 125 mg/l do not seem inconsistent with the
results of the present report.

The 140- to 180-mg/1 values reported by Araki (2} were obtained by upward
flow dispersion in a 60=-cm-long by 3-cm-diam vertical tube. Settling veloci-
ties were first measured and only fines (<10 um) were used so that they could
be floated in air velocities between 1 and 10 cm/sec. Dust clouds were gener=
ated by balancing the settling velocities against the average flow velocity.
The method of measuring the absolute dust cloud concentration is not reported,
but the relative concentration is monitored by measuring the transmission of
light through the cloud. The coal dusts studied had a volatility of 35 to 38
percent. The ignition source was a 24-watt transformer spark discharge. This
type of source is certainly inadequate as shown by figure 1l. However, the
spark was apparently on continuously and the ignition delay period was about
60 sec. During this time, it is possible that the continuous spark energy was
sufficient to volatilize a significant amount of the coal dust near the elec-
trodes thus making it easier to ignite. For this reason, the ignition energy
is rated as marginal rather than inadequate. The propagation criteria is not
specifically indicated, but the criteria appears to be upward flame travel for
a distance of 50 cm. This would normally be considered a moderate criteria
since it is upward flame propagation, but the minimum methane concentration
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that would propagate in the tube was 6.5 percent. For this reason the propaga-
tion criteria is rated as hard. In comparison with the data of the present
report, Araki's value of 140 to 180 mg/l is perhaps higher due to the marginal
energy of the ignition source. Other possibilities for the difference are the
uncertain dust concentration uniformity and the corrections to the listed con-
centrations due to flame propagation upward in a flowing system.

Maguire, Slack, and Williams (27) reported a lean-limit value of 230 to
310 mg/l for dust dispersed by gravitational settling in 4.7-meter-long by
1l4-cm-diam open tube. The concentrations reported are static concentrations,
but the details of the dust cloud mass concentration measurement are not given.
The relative concentration is monitored by light transmission measurements
near the bottom of the tube. The coal dust used had a volatility of 36 per-
cent on an ash-free dry basis. Ignition was by a known (but unspecified)
volume of methane which was ignited by a spark and presumably burned as a dif-
fusion fiame that was 5 cm long. This may be a marginal ignition source
because of the relatively low temperature of such a diffusion flame or it may
be adequate because of its size. As indicated earlier, detailed studies (28)
of the dispersion pattermn of falling dust clouds in a duct of similar dimen-
sions showed inhomogeneities in dust concentration and complex recirculation
patterns. This recirculation pattern consisted of two well-defined cells:
an upper cell extending downward from the top about 0.75 meter and a lower
cell about 3 meters long. Dust sample profiles showed that the falling dust
concentrated along the axis in the upper cell and along the walls in the lower
cell. If these recirculation patterns existed in the experiment by Maguire
(27), the ignition flame at the bottom of the duct would be in a region of
lower~than=-average concentration. This may help to explain the high values
that they report for the lean limit. Their data showed a large variability
from run to run and a statistical analysis was used to determine the limit.
The marked variability may be a reflection of marginal ignition conditions or
axial concentration variations or both. The limit condition for the 230-mg/l
value was a 50 percent probability of flame traveling 0.4 meter up the tube
and the limit condition for the 310-mg/l value was a 50 percent probability of
flame traveling 1.5 meters up the tube. These values for the lean limit are
much larger than the values of most other investigators. They are probably
too high because of the marginal ignition energy and/or the large spatial
variations in the dust concentration.

Finally, the lean-limit values of the present report and the uncertain-
ties and possible errors in the data are considered. For the nine size distri=-
butions (tables 1-2), the mean value of the lean limit was 135 mg/l and the
standard deviation was 8 mg/l. This standard deviation for the different dust
sizes is comparable to the error in reading the lean limit from the pressure
ratio versus concentration graphs of figures 13, 15, 17, 19, 21, 23, 25, 27,
and 29. Also, there was no systematic variation of the limit value with the
size of the dust. TFor these two reasons, it is concluded that there is essen-
tially no variation of the lean limit of flammability with dust particle size
over the range studied. At some larger dust sizes, it is expected that the
lean limit will eventually start to increase with particle size as shown by
previous investigators (1, 17, 22). The range of lean-limit values (123 to
145 mg/1) from table 2 may be due to slight differences in the volatility or
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dispersibility of the various dust size distributions or some other unknown
experimental variable. Even if other variables were controlled, there would
probably remain some intrinsic scatter in the value of the lean limit for
Pittsburgh seam coal due to the slight variation in volatility and moisture
content from sample to sample.

In the 8-liter flammability chamber, the spatial and temporal uniformity
of the coal dust cloud was measured using optical dust probes. At the
time of ignition the dust cloud concentration varied by only about 15 percent
at the various positions of the optical dust probes. As mentioned earlier in
this report, these measurements showed that the dust clouds studied were
rather uniform. However, this does not prove that the actual average dust
concentration was equal to the nominal values based on total mass of dust
dispersed in the known volume of the vessel. The additional information
needed is the fraction of the dust in the disperser cup that contributes to
the dust cloud. It is possible that some fraction is lost as a coating on
the walls of the vessel. Because of the short time between dispersion and
ignition, this coating should be only a small fraction of the total mass of
dust. By using the transmission data at the lean limit (figures 14, 16, 18,
20, 22, 24, 26, 28, and 30 and table 2), an estimate of the maximum possible
dust coating on the walls can be made. If it is assumed that there is no
agglomeration to particle sizes greater than the Coulter diameters, then the
only reason for the high measured transmission values would have to be incom-
plete dispersion or dust coating on the walls. The maximum amount of dust
that is not airborne would be one minus the inverse of the '"agglomeration

factor," 1 - 1, with o taken from table 2. For five of the size distributions

o .
(4, = 15, 21, 34, 51, and 65 uym), the calculated maximum amount of dust lost
. to the walls would range from 10 to 30 percent. However, it is unreasonable
to assume that there is absolutely no agglomeraticn and therefore the amount
of dust lost to the walls should be considerably lower than these maximum
estimates. Based on the measured transmission values for the smaller size
distributions, the calculated maximum possible amount of dust lost to the
walls is higher, but the agglomeration should also be larger for the smaller
particles due to the higher number density for the same mass concentration.
Therefore, a reasonable estimate of the dust coating would be about 10 percent
or less of the total mass of dust.

Another possibility for error in the lean-limit values derived using the
8~liter vessel is the question of ignition energy and apparatus size. As men-
tioned earlier in this report during the discussion of figure 12, the flamma-
bility criteria (a pressure ratio of 2.0 for an ignition source of four
electric matches) was a compromise. Ideally, a stronger ignition source
should be used, but in the 8-liter wvessel the pressure rise due to the igni-
tion source alone would then become significant and a pressure ratio of 3.0
would have to be used as the limit criteria. Therefore, it is possible that
using a stronger ignition source in a larger vessel might give slightly lower
values for the limit. Also, slightly lower values for the lean limit than
those in table 2 were measured in some recent flammability experiments using
desiccator-stored coal dusts and using the four matches in a facing configura-
tion instead of a linear array.
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Based on the above possible errors in the measured value for the lean
limit, it is estimated that the range of lean-limit values from 123 to 145
mg/1 should have an uncertainty of +10 and -30 percent. These percentages
are only meant to give a general idea of the uncertainty in the reported
values and should not be considered as actual measured experimental errors.

CONCLUSIONS AND RECOMMENDATIONS

What conclusions can be drawn from the data presented in this report and
what recommendations are to be made from the analysis and critique just
presented? Of paramount importance is the question of consensus; not so much
as it relates to the true limit concentration for coal dust, but rather as it
relates the standardization of the test apparatus and methods for evaluating
the explosibility of dusts in general. The 1.2-liter Hartmann apparatus and
test procedure described by Dorsett and others (10) appears to have been adopted
as a kind of "standard." Minimum explosive (lean-limit) concentrations,
pressure rise rates, and explosibility indices measured with that apparatus
and test method, appear to be the "accepted" methods (31). Yet, the data pre-
sented here, as well as many of the other independent measurements listed in
table 7, seriously question the validity of those 'accepted" values. For
example, the "accepted' minimm explosive concentration of 55 mg/l appears to
be too low by about a factor of 2. The argument has been made that the accept-
ance of this low value for the minimum explosive concentration is a ''good"
error in the sense that it errs in the conservative direction. It makes one
more cautiocus than necessary, and hence its adoption as a standard provides an
even larger measure of safety in evaluating the explosibility hazard of a dust.
The logic of that argument has serious flaws. First, determining the truth of
a matter has its own intrinsic value apart from any current or practical con~
cerns relating to hazard evaluation. Second, even in terms of hazard evalua-
tion, there is no assurance that an error involved in adopting the method as a
"standard" will always be a ''good'" error that leads to a conservative over-
estimate of the hazard. On the contrary, as shown below, for other dusts, the
error can be a "bad'" error that grossly underestimates the hazard and can thus
have disastrous consequences.

As indicated by the evaluation in table 7, and the discussion of previous
limit data from references (10, 15, 17, 30-31), the standard Hartmann method

has serious deficiencies. The ignition source is clearly inadequate for
Pittsburgh seam coal dust at uniform concentrations below 400 mg/l. In the
adopted experimental procedure, this inadequacy 1is compensated for by activat=
ing the discharge before the dust is dispersed. Ignition actually occurs in

a locally high dust concentration as the dust is lifted en masse through the
discharge zone, before it has had a chance to disperse uniformly. There is
also some partial compensation by adopting a very soft flame propagation crite-
ria. This '"standard" experimental procedure is actually a '"prescription" for
obtaining successful ignitions with an inadequate ignition energy. As indi-
cated by the examples presented, the type of flammability behavior that is
actually observed by using this "prescription" is sensitive to too many uncon-
trollable variables. It depends upon the extent to which an inadequate igni-
tion energy can be compensated for by a momentarily high dust concentration.
While such a compensation is possible for Pittsburgh seam coal, it may not be
possible for a coal of much lower volatility.
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Pocahontas seam cocal (standard veolatility 16 to 18 percent) is nonflam-
mable at any concentration by this ''standard" test method. For a continuous
spark ignitor in the 1.2-liter Hartmann vessel, Pocahontas coal dust could
only be ignited with difficulty after varying the dispersion pulse from the
"standard prescription” (25). Yet, Pocahontas seam coal generates severe dust
explosions in the Experimental Mine. Although Pocahontas coal is not ignited
by the "standard Hartmann prescription,'" it is readily ignited by match igni-
tors in the 8-liter apparatus at concentrations in excess of 250 mg/l. There
may be many other examples of highly flammable dusts that are difficult to
ignite. While the ignitability of Pittsburgh coal is markedly enhanced by
increasing its dust concentration, other dusts need not behave similarly.

For such dusts, the '"standard Hartmann prescription' would give the errone-
ous conclusion that they were nonflammable. In reality, they may be highly
flammable in the presence of a stronger ignition source. For such dusts, the
standard method can grossly underestimate the hazard and lead to disastrous
consequences .

If there is a lesson to be learned from the data, it is that the ignita-
bility characteristics of a dust must be separated from the flame propagation
characteristics. An independent assessment of the effect of ignition energy
must be made before true limit concentrations can accurately be measured.
Such an assessment is shown in figures 11-12, and should be required for each
new dust that is studied. 1In addition, in performing any tests the dust
should be uniformly dispersed before the ignitor is activated; otherwise, the
real concentration in the region of propagation will generally be signifi=-
cantly different from the nominal dust loading. And finally, the propagation
criteria should always be realistic. All other things being equal, moderate
to soft criteria are probably preferable since they would give a conservative
estimate of the hazard. However, soft criteria should never be used to compen-
sate for an inadequate ignition energy or a nonuniform dust dispersion. The
compensating factors are generally too complex and uncontrollable, and they
are highly sensitive to the specific properties of any given dust.

It is also important to recognize that even when a consensus is reached
on the value for the lean limit of flammability for uniformly dispersed coal
dust, this value will only be of practical importance when an effective means
is found for measuring the mass concentration of an unconfined dust cloud.
Optical dust probes, that are based on light transmission, measure the cross
sectional area of the dust cloud particles, not the mass concentration. Only
if the average particle size of the dust is known can this type of optical
probe be used to calculate the airborne mass concentration of dust (26).
Therefore, in a practical situation where the size of the dust generated is
constant and known, an optical probe could be used as a hazardous dust monitor
to measure the mass concentration of airborne dust and warn when the flammabil-
ity limit was approached. However, in most practical situations, the average
particle size is both unknown and varying in time. One possible means of
directly measuring the mass concentration of airborne dust is by beta-ray
absorption. Since the attenuation of beta particles is dependent only on the
mass of material along the path, it might be useful as a basis for a hazardous
dust monitor. One of the future experimental studies planned for the 8-liter
flammability apparatus is to use beta-ray transmission to determine directly
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the mass concentration of dust in the air and therefore better determine the
accuracy of the nominal concentration values used in the present report.

An important result of the present work was the design of a laboratory
flammability apparatus and test method that gave data that correlated well
with the large=scale gallery and mine experiments in terms of the relative
effectiveness of various inerting agents. In most previous studies the result
of laboratory experiments on inerting agents differed greatly from the mine
results. In this report, the relative effectiveness of the three inerting
agents (rock dust, Purple K, and NaCl salt) studied in the 8-liter vessel
agreed well with the large-scale gallery and mine results, although the abso-
lute values of the amount necessary to completely inert coal dust may have
differed slightly from the large-scale tests. Because of the overall good
correlation with large-scale experiments, future tests with the 8-liter vessel
are planned to search for a more effective inhibitor for coal dust explosions.
Such tests are simpler to run and less costly than full=scale mine tests.
These laboratory tests could then serve as a guide in planning full-scale mine
tests with other inhibitors.

Qther studies planned or in progress are the measurement of the lean
limit of flammability for coals of different volatility and for oil shales.
Also in progress are experiments to investigate the flammability of coal dust
in atmospheres with different concentrations of oxygen and to determine the
minimum oxygen concentration necessary for flammability.

Flame temperature measurements in future studies will be made with the
six-channel, infrared pyrometer and a new three-channel, infrared pyrometer
which measures continuum radiation from the dust particles at wavelengths of
0.8, 0.9, and 1.0 um and can therefore be used to obtain the dust particle
temperature. Future temperature measurements will be made of both coal dust-
air and coal dust-inert-air explosions in order to obtain some insight into
the inhibition mechanism.
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