Continuous wave laser ignition thresholds of coal dust clouds
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Laser-based instruments are used in areas where coal dust ignition presents a safety hazard. The
National Institute for Occupational Safety and Health, Pittsburgh Research Labotsi@$H,

PRL) is conducting a study to help determine when an optical beam may be considered a potential
ignition source in underground coal mines or coal storage facilities. Researchers conducted
experiments to determine threshold igniting powers for Pittsburgh seam bituminous coal dust clouds
using an 803 nm continuous wave laser. For fine sized coal dust dispersed in air, concentrations
ranging from 600 to 2000 g/fnwere the most easily ignited. A heated layer of coal dust that
deposited on the fiber tip during dispersion ignited the dust clouds. Minimum observed igniting
powers for laser beams delivered by 200, 400, and&9Ccore fiber optic cables and directed into

coal dust clouds were 2.0, 3.0, and 5.0 W, respectively. Threshold igniting power was proportional
to beam diameter, and threshold igniting power density decreased with larger fiber diameters.
Ignition delay times averaged 0.6 s and did not vary significantly with laser power under initially
turbulent test conditions and with flammable targets. Comparisons are made with the results of other
researchers.

Key words: laser ignition, coal dust ignition, nonbeam hazard

I. INTRODUCTION conducting a study to determine when an optical beam may
be considered a potential ignition source where coal is mined

Laser beams can present fire or explosion hazards. Exr processed. This is relevant not only to lasers already in use

plosion hazards can be divided into ignition of explosivein underground mines and processing plants but also to pos-
materials(explosive$ or flammable atmospheres. Most flam- gipje future use of higher-power lasers. One phase of the
mable atmospheres can be further subdivided into flammablg, 4y involved experiments to determine ignition thresholds

gases, vapors, mists, or dusts mixed with air. Flammabl@¢ 5 continuous wave laser beam penetrating coal dust
concentrations of dust in air can form in places such as grai|ouds. Ignition of coal dust in &ir%is a function of several

storage silos, processing plants, and underground coal MIN&Rariables, including composition, particle size and shape, and

Laser-based instruments such as level monitors are being in-

. . o moisture content. Small, dry coal particles with a high vola-
troduced into coal dust—air atmosphetdsaser ignition of y P g

flammable dust-air mixtures has not been studied extent-l!e matter content generally ignite most easily. Very fine

sively. As a result, this important hazard category has n size, dried, Pittsburgh seam high volatile bituminous coal

0 o . )
been addressed significantly in safety standards or recorr(fi—USt was _used in this study. Laser_beg_m spatial dimensions
mended practicés® For example, the National Fire Protec- a"d duration also affect threshold igniting pOWES: The

tion Association(NFPA) Recommended Practice on Laser spatial dimens_ion of the bean_1 was varied by using fi.ber optic
Fire Protection NFPA 115 addresses flammable gases, pGables with different core diameters. Beam durations can
does not address flammable dust—air atmospHeres. range from short pulses, to trains of pulses, to cw. Laser-
Minimum requirements of ignition sources for causinginduced spark ignition processes and thermal ignition pro-
dust cloud explosions are usually defined in terms of minicesses can occur with very high peak power laser
mum (electrica) ignition energy(MIE) and minimum autoi-  pulsesi®***® Laser-induced photochemical ignition pro-
gnition temperaturéMAIT ).*~® MAITs are measured in spe- cesses can occur with ultraviolet or shorter wavelengths as
cially designed furnaces, where the volume inside thedemonstrated in studies reviewed by Traand Ronney?
furnace is heated to a high temperature before a burst of algnition mechanisms using cw lasers with wavelengths in the
disperses the dust into the furnac€apacitive electrical visible or near infrared are primarily thermal proces¥e®
spark discharges are typically used for determining dusStrongly absorbing particles facilitate the thermal ignition
cloud MIE® Neither the MIE nor the MAIT directly relates proces§_4A cw laser with a wavelength centered at 803 nm
to dust cloud ignitability by continuous wav@w) lasers, was used in this study. Since coal dust is highly absorbing
which are characterized by beam power and power densitygver the visible to near-infrared spectral regias discussed
The National Institute for Occupational Safety and|ater in the paper in Sec. )l this 803 nm laser would be
Health, Pittsburgh Research LaboratdiflOSH, PRL is  representative of thermal ignition hazards posed by a wide
range of laser wavelengths. The goal of the work reported
dElectronic mail: tcd5@cdc.gov here was to find igniting power thresholds as function of coal




dust concentration and laser beam diameters, under thHmeam diameters below 1 mm, and were approximately pro-

above mentioned experimental conditions. portional to the beam radius over the range of about 0.1-1
mm289|n the current study, optical fibers with core diam-
II. LITERATURE REVIEW eters ranging from 0.2 to 0.8 mm were used to deliver the

beam into the dust cloud to determine if more conservative

Proust conducted two recent studies of ignition of dusiyate hower recommendations are appropriate for beam diam-

,16 H
clouds by cw laser$8A number of combustible dusts were eters below 1 mm.

studied, including lignite coal. The ignition chamber con- pyqsp's optical attenuation estimates for the intervening
sisted of a vertical glass column, with the dust clouds generg st cloud were greater than 75% for the high dust concen-

ated by a fluidized bed of dust at the bottom of the columny,-+ions that produced the lowest igniting powers. The PRL

The setup could maint_ain a dust cloud for up to several miny, oihod of beam delivery by optical fibefith the target on
utes. A fixture placed in the column held selected targets. Ane end of the fiberovercomes uncertainties in estimating
Nd-yttrium—aluminum—garnet laser beam was directeqpe amount of power reaching a remote target through a
through a window onto the target. Proust's reported ignitingyense dust cloud and contributing to ignition. The fiber optic

laser powers for the dust cloud tests were the calculated poVaethod also simulates situations where dust can contact
ers reaching the target through the dust cloud, and took intggy delivery optics.

account the loss due to attenuation by the dust cloud. The 1411e2° contends a dust cloud is unlikely to be com-

powers directed into the dust clouds at the window Wer€hosed of particles of ideal size and absorptivity, which will

significantly higher than the reported igniting powers at theobligingly remain stationary within the light beam. Dust
target. Laser ignition experiments included:

clouds generally consist mostly of fine particles as larger
(i) ignition of a layer of combustible dust with no cloud Particles are more difficult to entrain into a cloud and pre-

present; cipitate out of the cloud faster. Fine size coal dust ignites
(i)  ignition of a combustible dust cloud by heating a layermore easily than coarse difst. A fine size coal dust was

of the combustible dust; selected for the PRL ignition testing for these reasons. To
(i)  ignition of a combustible dust cloud by heating a layerallow the beam to interact freely with an initially turbulent

of inert particles; and dust cloud, PRL researchers did not attach targets to the fiber
(iv) ignition of a dust cloud with no target present. tip, and only the coal dust which deposited on the fiber was

used as an absorbing target. This method of ignition testing

A patrtial list of Proust’s findings include: simulates situations where a dust cloud is dispersed and con-

(i) combustible dust clouds ignite at the lowest powerstaCtS initially clean beam delivery optics.

when a target is present;
(i)  strongly absorbing, inert iron oxide targets generally;|. EQUIPMENT AND MATERIALS

produced lower dust cloud igniting laser powers than _ _

when using targets made of the flammable dust itself; ~NIOSH PRL experiments were conducted in a 20 L test
(i) lignite coal layers with no dust cloud ignitddppear- ~chamber(Fig. 1) designed for explosion testing of dusts,

ance of flamgat 4.07 W minimum laser power; gases, and hybrid mixturéSlt can be used to measure lean
(iv) lignite dust clouds with an iron oxide layer target ig- and rich limits of flammability, explosion pressures, and rates
nited at 2.5 W minimum laser power; of pressure rise, minimum ignition energies, minimum oxy-

(v)  arange of laser powef&.5—4 W was reported as the 9en concentrations for flammability, and amounts of inhibitor
minimum igniting power for lignite dust clouds ig- Necessary to prevent explosions. Sapphire windows at the top
nited with a lignite layer target; and sides allow viewing inside the chamber. The chamber

(vi) ignition time delays at minimum igniting powers were can be used at initial pressures that are below, at, or above
on the order of seconds for selected dust clouds an@tmospheric as long as the maximum explosion pressure is
tens of seconds for selected combustible dust |ayers!eSS than 21 bar, which is the rated pressure of the chamber.

(vii) beam diameters smaller than about 1 mm generally~or these tests, chamber instrumentation included a pressure
required higher laser powers to ignite selected dustsiransducer, and high-spe€2D0 frames/svideo camera. The

(viii) varying the flow velocity of selected dust clouds from Video camera was positioned at the sapphire window view
0 to 0.5 m/s did not affect minimum igniting powers; Port. The 20 L chamber dust dispersion uniformity has been

and extensively studied using optical dust proBés.
(ix) ignition delay of selected dust clouds increased with ~ The laser was a SDL model 8110-B Integrated Laser
flow velocity. System(ILS). The laser diode wavelength was centered at

803 nm in the near infrared. The ILS output power is vari-
For his experimental conditions, Proust observed that bearable up to 10 W out of a 40@m diam aperture. An SMA
diameters smaller than 1 mm required higher laser powers tbulkhead adapter provided fiber optic coupling. The laser
cause ignition of dust clouds. However, studies of laser ignisystem also included a low-power visilleed) aiming laser,
tion of flammable gases show minimum igniting powerswhich proved useful in setting up the experiments.
typically occur with smaller beam diametéfsi:1"18 |n Three sizes of fiber optic cable directed the laser beam
studies of ignition of methane—air mixtures by laser-heatednto the 20 L chamber. The smallest optical fiber had an
targets on optical fiber tips, igniting powers were lower foroutput core diameter of 20@m. This was a Fiberguide An-



Hinged top sizes produce slightly different results. The size of SRCM

D fines has been studied previously and is 100% less than 75
um with a volume or mass median diameter of ifn, a
volume mean diameter of 14m, and a surface mean diam-
eter of 9 um.” The moisture content of dust samples mea-
sured during the current study averaged 1.4% and ranged
from 0.9% to 2.2%.

Labsphere Inc. measured the reflectance of a sample of
Pittsburgh coal dust from 250 nm to/m, in 50 nm incre-
ments. Absorptance was calculated as unity minus the reflec-
tance. Pittsburgh coal absorptance at the 803 nm laser wave-
length was about 87%. The absorptance was between 87%
and 88% throughout the visible wavelengths, decreasing to
about 75% at 2.5um in the infrared. The absorptance was
greater than 87% from 2.75 to 3.88n, corresponding with
a range of resonant vibration frequencies of several chemical
bonds found in coal® The highest absorptance was 95.5% at
3.4 um. Since laser ignition is a thermal ignition process and
since coal dust is highly absorbing over the visible to near-
infrared spectral region, the 803 nm laser is representative of
ignition hazards posed by a wide range of laser wavelengths
in the visible to near-infrared spectral region. Ignition tests
with the 803 nm laser may not be representative of coal dust
clouds ignited by laser wavelengths from about 2.75 to 3.85
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IV. IGNITABILITY TEST METHODS

Disr;ei:snon .C
An adequate length of fiber was pulled through a feed-
FIG. 1. 20 L chamber laser ignition test setup. through in the 20 L chambeFig. 1) to allow preparation of
the fiber tip. A fiber optic cleavetYork model FBK 11Q
provided a flat, perpendicular, optical surface for each igni-
hydroguide plastic clad silicdPCS 400-200 um fiber—  tion test with the 200 and 40@m core fibers. The 80@m
optic taper. The next size was a Spectran 400 core, 430 core fiber required a manual cleaving tool. After each cleave,
um clad Hard Clad Silica cable, 0.4 numerical aperturethe red aiming laser was directed onto a flat surface. The
(NA). The third cable was a Fiberguide Anhydroguide PCScleave was determined to be acceptable when the aiming
800 um core, 900um clad diameter, 0.4 NA cable. laser produced a circular spot on the surface. The power
A Scientec power metgmodel D200PC with attached emanating from the cleaved end of the fiber was measured
calorimeterimodel AC250) measured the laser powers. The before each test. All igniting or nonigniting powers reported
manufacturer documented the meter accuracy annuallyor the NIOSH experiments were those measured emanating
traceable to National Institute of Standards and Technologjrom the cleaved end of the fiber prior to each test. Excess
standards. The accuracy was reported to be withd8o over  fiber was then pulled back through the feed-through until the
a 0.265-1.2um spectral range during the period coveringfiber tip was placed about mid height in the chamber, and
these experiments. about 5 cm from the sapphire window for viewing with the
The coal dust used for this ignitability research washigh speed camera. The fiber tip was positioned vertically,
Pittsburgh seam, high volatile bituminous coal mined frompointing upwards, for most tests. In two series of tests, the
the NIOSH PRL Safety Research Coal Mi(@RCM). Pitts-  fiber was placed in a similar position but pointed down-
burgh coal from the SRCM has been used as a standard afards. For the downward-pointing tests, the fiber was posi-
PRL for many years under the former U.S. Bureau of Minestioned through the feed-through above the sapphire window
and the coal’s properties are well documentdthe volatility ~ shown in Fig. 1. No attempt was made to place an artificial
is 37% and the ash content is 6%. The Pittsburgh coal isarget on the optical fiber tip. The only target was the coal
representative of the highest volatile bituminous coals minedlust that was deposited on the tip during the dust dispersion
in the U.S. Fine size dust is more easily ignftetthan  process. This coal dust deposit was heated to incandescence
coarse dust, and dust clouds generally consist mostly of findsy the laser and became the ignition source for the dust
particles, so a fine size of Pittsburgh coal was chosen focloud.
these tests. The Pittsburgh coal known as SRCM fines con- The dust ignitability test methods were adapted from
sists of float dust retrieved from the fines collector of a coalstandard operating procedures developed under extensive
pulverizing process. SRCM fines particles have irregulaprevious explosibility researchf?* Each ignition test was
shapes and different methods used to characterize the partiddenducted at a fixed laser power and fixed dust concentra-



10 3 tions (mass per chamber volumé-or the highest dust con-
9 B IBPBeeR & & © 98 centrations and for long ignition delay times, the actual con-
8+ o» o e ° centrations may have been less because some of the dust may
- : . . o — have settled. In Fig. 2, the plotted powers and concentrations
g < Ignition . . . .
= : o of some of the data points were adjusted slightly to avoid
6 B B e e e o® o No ignition . L
< ; overlap of data points. No ignition was observed for a dust-
§ B e * oo air concentration of 200 g/frat any power level. No ignition
€ 47 ¢ o> © ¢ was observed for a laser power of 2 W at any dust concen-
3F @ @ ede B ®© B X tration. Researchers determined 800 Yimas a representa-
2 B B OO ®W ® B ® & tive worst case dust concentration. Additional tests were then
al conducted using 2.5 W laser power at 800 gtm confirm
P e the limiting laser igniting power. The boundary between la-
0 500 1000 1500 2000 2500 ser powers that ignite a particular dust concentration and
Dust concentration, (g/m®) laser powers that do not ignite is shown as the dashed line in

Fig. 2. There is a fairly large amount of data scatter within
the ignitable region of Fig. 2. This shows the variability in
the ignition process, which was probably dependent on how
the dust was deposited on the optical fiber and heated to
tion. A preweighed sample of dust was placed over a dispefecome the ignition source. Despite this variability, the re-
sion nozzle in the bottom of the 20 L chami{€ig. 1). The  gions of ignitability and nonignitability are discernable in
chamber was sealed and partially evacuated, and a pressinig. 2. Ignition was never observed to the left of and below
ized burst(0.3 § of dried and hydrocarbon-free air dispersedthe dashed boundary curve. Within the ignitable region
the dust into the laser beam. After dispersion, the chambe@bove and to the right of the dashed curignition is pos-
pressure was about 0.9-1.0 bar absolute for the test. THable, but does not always occur.

laser beam was turned on at least 30 s prior to dispersing the

dust. The pressure transducer detected ignitions in conjun®. Fiber orientation

tion with the high-speed video camera. The pressure signal
was recorded using a personal compufe€) based high-

FIG. 2. Coal dust clouds ignited by a laser beam delivered by a#0@ore
diameter optical fiber.

The high speed video camera showed that ignition typi-

cally occurred at the tip of the upward-pointing fiber. The

speed data acquisition system. The criterion for ignition was, tip glowed brightly prior to ignitions, presumably due
a pressure rise of at least 0.5 bar. There was a clear distin% a layer of coal dust forming on the 'Eip The fiber was

tion between ignitions and nonignitions. Ignitions produced a

. o inted downward in two series of tests to determine if the
pressure rise of greater than 4 bar, and nonignitions produced. . : .
. arientation of the fiber may affect the formation of a layer on
a pressure rise of less than 0.2 bar. In a few tests, so

. . . e tip, and therefore influence dust cloud ignitability. In ten
localized flames were observed with the high speed camera A
) . . {ésts at 9 W laser power and 800 d/oval dust, no ignition
without producing a pressure rise of greater than 0.2 bar. ; : o . L
S was observed with the fiber pointing downward. Likewise, in
These tests were not counted as ignitions.

The ignition delay time was taken as the time betwee ten tests at 5 W and 800 gmmo ignition was observed with

the start of dispersion of the coal dust and a detectable er>]<[h e fiber pomtln_g downward. Only brief _fla_sheg were Qb'
; ) L . served on the video of the downward pointing fiber tip, in-
plosion pressure rise at ignition. The delay times were mea;,

icating that the coal dust did not adhere to the downward
sured from the PC data plots of the pressure and rate of . . % _ : . )
. : pointing fiber tip or had fallen off as it was heated. This was
pressure risedP/dt) traces versus time.

in contrast to sustained incandescence until ignition in the
previous tests with the fiber pointed upwards. These tests
V. RESULTS showed the coal dust did not adhere well to the downward
A. Igniting power versus dust—air concentration pointing fiber, and that formation of a layer on the fiber tip

. . was key to igniting the dust cloud.
Combustion can take place over a wide range of dust—air

concentration® Several series of experiments were con-
ducted using the 40@m core diameter fibe(pointing up-
ward9 over a range of dust concentrations and laser powers Next, the relationship between laser igniting power and
to determine how the minimum igniting power varies with beam diameter was investigated in order to compare with
concentration. When a test resulted in an ignition, anothesimilar data for laser ignition of methad®The fiber was
test was conducted at a lower power. This process was reeturned to its original upward pointing position. Beam di-
peated at a particular concentration until the test resulted in ameter was varied by using three different fiber optic cables
nonignition. At each dust concentration and laser power, thevith core diameters of 200, 400, and 8@Gn. The core
tests were repeated until there was an ignition or until thergliameter was taken as the beam diameter. From Fig. 2, 800
was no ignition in five tests, as shown in Fig. 2. This procesg/m®> was determined to be a representative worst case dust
was repeated for different dust—air concentrations rangingoncentration, and was used for all tests with the 200 and
from 200 to 2000 g/m It should be noted that the dust 800 um core diameter fibers. Nonignitions were repeated ten
concentrations shown in Fig. 2 are the nominal concentratimes before ending each series of tests at a particular beam

C. Igniting power versus beam diameter



TABLE |. Threshold laser igniting powers and calculated power densitiesTABLE IlI. Ignition delay time statistics for all ignitions.
for coal dust clouds as a function of laser beam diameter.

Mean Sample variance Minimum Maximum Count
Maximum (s 3] (s) (s) (n)
nonigniting power,  Minimum Minimum igniting
Beam diameter  ten attempts igniting power  power density 0.62 0.0177 0.46 0.92 38
(um) (W) (W) (W/mn)
200 15 2.0 64
400 25 3.0 24 with flammable gase¥:'8Ignition delay times from the 9 W
800 4.5 5.0 10

tests were taken as a sample from a population with mgan
and variancer?. Likewise, delay times from the power lim-
iting 3 and 4 W tests were taken as a sample from another
diameter. The results listed in Table | are plotted in Fig. 3.population with meanu, and variancerg. Summary statis-
The data for the 40@m fiber in Fig. 3 are taken from Fig. 2. tics for the two samples are listed in Table Ill. The two
The threshold igniting power density for each beam diametepopulations are independent and were assumed to be ap-
was calculated by dividing the threshold igniting power by proximately normally distributed based on the parent distri-
the surface area of the optical fiber core. The linear regredsution and reducing the power variability. The null hypoth-
sion equation and trend line in Fig. 3 show the thresholdesis wasu,=pu,, and the alternative hypothesis was

igniting power was proportional to beam diameter. <us. The hypothesis that;>u, was not considered as
ignition delay times should not increase with increasing
D. Ignition delay time power. A test of equality of variances suggested equal vari-

- : — ances could be assumed.
Summary statistics and histogram for all ignition delay For the test, the alternative hypothesis would be ac-

times with all three fibers are shown in Table Il and Fig. 4.Ce ted if
The data show some deviation from the normal distribution. P
The normalQ-Q plot was also generated and compared to  T<—t(a,n;+n,—2), (1

Q-Q plots generated for the Weibull, Gamma, and 10gnor- e e T is thet-test statistic with pooled sample variances.

;nal ddftr'b#t'onsa, D%VIE}'[IOI’IS of s:lmllar magrlutude WET€ The alternative hypothesis was rejected atdhe0.1 signifi-
ound for these distributions as well. Ti@-Q plots were cance level. Given the assumptions made, the statistical

gene_rated bﬁPSqur V_Vinqlows statistical softyvare package, analysis shows that ignition delay times did not increase
version 10, with distribution parameters estimated from th%easurably with decreasing power, and the deviations from

data™ normality in the overall ignition delay time sample were not
attributable to variations in laser power.

VI. DISCUSSION In previous research on the laser ignition of methane, the

A. Ignition delay times delay time was shorter at higher laser powers for a 460

fiber!® It is reasonable that the time to heat the target to the
ignition temperature would be shorter at higher laser powers.
Since no such effect was observed for the dust cloud ignition

h|ghk;?n|t|_rt1r? power(? W) to s<|aeh|_f gelaly times varied m(lada-b delay times, different processes must have been dominant.
surably with power. In general, higher 1aser POWers would b&q - yne qyst cloud ignitions, the time for dispersion of the

expected to have shorter ignition delay times, as ObserVe&'ust and for the accumulation of a target layer on the end of
the optical fiber probably dominated over the time to heat the

Ignition delay times for the 40@um fiber at low laser
igniting powers(3—4 W) were compared to delay times at a

6 5 80 target. The times for dust dispersion and target formation
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TABLE Ill. Statistics for two independent ignition delay time samples. TABLE IV. Coal dust and threshold ignition characteristics.

9 W tests 3 and 4 W tests Particle Beam Igniting
I - diameter AIT Absorptance diameter power
Mean ignition delay timgs) 0.662 0.668 Coalrank (um) (°C) (%) (mm) W)
Sample variancés®) 0.0232 0.0169
Standard deviatioffs) 0.152 0.130 Proust lignite 17 500 60 2-4 2.5-4
Count n,=10 n,=10 This study bituminous 9 610 87 0.2 2

2See Refs. 15 and 16.

would be independent of laser power. The dust was dispersed

thrOUghOUt the chamber by the 0.3 s air burst. However, thﬂ) hold over a range of beam diameters below 1 mm. A
dust concentration was probably not uniform on a scale lessimilar relationship was observed for methane—air
than 1 mm, based on previous observations using an opticahixtures!®1®

dust prObé.l Therefore, there would be Varlablllty in the An inverse reiationship between |gn|t|ng power and |g_
depositing of the coal dust onto the end of the fiber to formniting power density as a function of beam diameter as
a target. In addition, the video for some tests showed incanshown in Fig. 3 has several implications for preventing dust
descence at the fiber tip followed by a decrease in incandegioud ignition. For small diameter cw beams, limiting the
cence, and then an increase in incandescence until ignitidheam power to a value below the minimum igniting power
occurred. The initial target apparently burned off of the fibercan prevent ignitions without Considering the beam power
tip followed by new target formation leading to ignition. The density. For large diameter cw beams, limiting the beam
initial turbulence appeared to affect the target forming on theyower density below the minimum igniting power density
fiber tlp in all tests, based on incandescence intenSity ﬂUCCan prevent ignitions without Considering the beam power.
tuations observed at the fiber tip. Target formation processgsimiting a cw beam of any diameter below either the lowest
likely obscured a relationship between laser power and ignitminimum igniting power or the lowest minimum igniting
ing delay times. power density of all beam diameters can prevent ignitions.
cw beams of intermediate dimensions can exceed both the
minimum igniting power of smaller diameters and the mini-
mum igniting power density of larger diameters without
ASTM Standard Test Method E 2019-99 recommendscausing ignition, provided the beam power and power den-
procedures for determining the minimum spark ignition en-sity remain conservatively below their respective ignition
ergy of a dust—air mixtur® Although the standard does not curves such as shown in Fig. 3. The observation that power
apply directly to laser ignition sources, it does provide somewvas the limiting coal dust cloud ignition criteria for the
guidance on a reasonable number of tests that should be cosmaller diameter cw beams, whereas power density was the
ducted. The standard calls for producing ten nonignitions at #imiting coal dust cloud ignition criteria for the larger diam-
given energy level and dust concentration, and at least 36ter cw beams, parallels observations made in studies of
nonignitions total over a range of concentrations, before dlammable gas ignition by cw lase?$?®
given energy level may be considered insufficient to ignite  Proust® observed that target diameters below about 1
the dust. The minimum laser igniting power was essentiallymm generally required higher powers for ignition. This is in
constant for dust concentrations above 600°gfntests us-  contrast to results of this study where significantly smaller
ing the 400um fiber (Fig. 2). Fifty nonignitions were re- beam diameters were more hazardous. The difference is
corded at 2—2.5 W over this range. Therefore, 2 W througtprobably due to the different experimental techniques. Proust
the 400 um fiber may be considered as nonigniting underobserved that smaller beam diameters drilled a hole into his
these test conditions, based on the ASTM recommendatiortargets, possibly interfering with the ignition process and
for minimum number of nonignition tests. rendering ignition less likely. Other differences in experi-
In comparison, 2 W readily ignited the dust cloud whenmental techniques are discussed below.
delivered by the 20Qum fiber. Also, the calculated power The coal and laser properties used in this study and
density of 2 W through the 40@m fiber (16 W/mn?f) ex-  Proust’s studi€s'*® are compared in Table IV. The mean
ceeds the igniting power densit¢0 W/mn?) for the larger particle diameters listed are surface weight@ido known as
800 um fiber. The values for the intermediate beam diameteD 3, or Sauter mean diametgrsThe autoignition tempera-
exceeded both the minimum igniting power of the smallertures (AlTs) were obtained using the Godbert—Greenwald
beam and the minimum igniting power density of the largerapparatus®2®2’All other factors being equal, the lower AIT
beam without causing ignition. lignite would be expected to ignite at lower laser powers
The linear regression equation for minimum igniting than the bituminous coal. Proust measured the relative ab-
power as a function of beam diamet@ig. 3) suggests that sorptance of lignite with respect to that of 8. The ab-
smaller beam diameters than those tested will produce evesorptance of the bituminous coal at the 803 nm laser wave-
lower igniting powers. Further research using smaller beantength was calculated from the reflectance data measured by
diameters is warranted to find the absolute limiting ignitingLabsphere, Inc. The most easily ignitable beam diameters
power (independent of beam sigéA linear relationship be- listed differ by a factor of ten. The listed igniting powers are
tween threshold igniting power and beam diameter appear®r igniting a coal dust cloud with a coal dust target. In

B. Threshold igniting powers



Proust’s dust cloud ignition Study, the input laser beam wagABLE V. Coal dust cloud and methane—air ignition characteristics.
;epa_wated from the target by the dust cloud. His reporFea Laser igniting power, AT VIE
igniting laser powers were the calculated powers rea(_:hlng 200 um fiber (W) °C) mJ
the target through the dust cloud, based on the attenuation bcy Y
the dust cloud. The powers reported for the NIOSH experi0a! dust cloud 2.0 5606107 60
' . ) Methane 0.9 600-638 0.%
ments were measured out of the cleaved fiber tip prior ta
each test, and the target consisted of coal particles depositirj)’gee Ref. 18.
on the fiber tip during the test. Because of the different coalg>¢€ Ref. 26.
. . . . See Ref. 27.
and different experimental techniques used in the two Studgg Ref 30,
ies, it is difficult to make a direct comparison of the data. Thessee Ref. 29.
threshold igniting powers in both studies are similar althougHSee Ref. 31.
there is a significant difference between the most easily ig-
niting beam diameters.

Heat of combustion contributions from the target layer

appeared to have little impact on dust cloud ignitability. Foryo 53 | Godbert—Greenwald furnaethe PRL 1.2 L
example, in the NIOSH research, powers that produced ignifumacezg,so and a British Gas Corp. 0.8 L stainless steel
tions on the 20Qum fiber tip did not produce ignitions on the vesseﬁllThe MIE values listed were obtained using electri-
400 and 800um tips, even though there was presumably spark€®?’ The laser igniting powers differ by only a

more coal presentFig. 3. The coal was observed to glow . . .
brightly and occasional localized flames were observed Oﬁactor of 2.2, while the MIES_ of the two mate_rlal_s_ differ by
more than 2 orders of magnitude. The laser igniting powers

the 400 and 80Qum tips for the nonigniting experiments ) )
correlate better with the AlTs than with the MIEs. The best

shown in Fig. 3, confirming pyrolysis. Proust observed tha ) _ N
strongly absorbing, inert, iron oxide targets generally pro_correlatlon may be with a combination of AIT and MIE data,

duced lower igniting powers than reactive targets. These avhere the AIT relates to the laser thermal ignition process
guments point to the laser beam as the primary source of hewthile the MIE relates to the small laser ignition volume.
in these studies. One implication is that inert targsteh as In studies of pulsed laser ignition of flammable gases for
iron oxide placed on the optical fiber tip prior to the dustwavelengths in the visible and near infrared, minimum laser
dispersion that absorb the laser energy well and do not dis-energies needed to cause ignition were generally higher than
sipate heat through vaporization, may produce lower ignitingMlEs produced using electrical sparks:2332-% |
powers than those observed in this study. However, the exstudies® where the laser pulse duration was varied from sev-
periments conducted here are more representative of situaral hundred milliseconds to below 1 ms, the pulse energy
tions where the flammable dust itself is dispersed onto inineeded to cause ignition decreased as the pulse duration de-
tially clean beam optics. creased. Minimum igniting laser energies occurred with
In the NIOSH laser ignition experiments, no ignition of pulse durations of about 7@s, and were about a factor of 2
the Pittsburgh bituminous coal fines was observed at 20@igher than MIEs obtained with electrical spafRs? For
g/m® (Fig. 2) for any laser power tested. However, the re-short laser pulse duratioris:100 us) and small beam diam-
ported minimum explosible concentratioMEC) of the  eters(<100 um), the energy became the limiting ignition
Pittsburgh coal fines is 85 gAnusing a strong ignition criteria over power or power densit§25That is, limiting the
SOUI’CGY. There are two ||ke|y explanations fOI’ the h|gher Ob' beam pu'se energy be'ow a Certain energy prevented ﬂam_
served MEC for the_las_e_r ignitions. Legner mixtures genermaple gas ignition even though the peak beam power and
ally require stronger ignition sources to ignfteFor the laser eak beam power density were significantly higher than the

experiments, the maximum ignition energy was less than 1Qinimum igniting power and minimum igniting power den-
J (9 W over 1 s orless. In comparison, the 85 gfMMEC sity, respectively

was measured with a 2500 J chemical ignitor, and a 500 J Although a cw laser was used for the experiments de-

chemical ignitor produced an MEC of 120 glfor the Pitts- scribed here, ignition energies can be estimated from the

g b J (3.0 W over a 0.53 s ignition delay timeThe MIE may

Another possible reason for the higher observed MEC ma)r1 b | than 1.5 J si the delav time included th
be related to target formation on the fiber tip. Lower dust ave been jower than 1.5 Jsince the delay time Inciuded the

concentrations may cover the fiber tip less efficiently, pre_time for the dust to disperse and form a target on the fiber tip.

venting formation of an adequate target for the laser. This caIcuIated. laser MIE is mu.ch higher than thg coal dust

Coal dust cloud ignition and methane-air ignition criteria ¢loud MIE obtained using electrical sparks listed in Table V.
are compared in Table V. The laser igniting powers listed foAS summarized in the preceding paragraph, gas ignition
the coal dust clouds and methane—air mixttftagere ob- Studies suggest small diameter beams with shorter pulse du-
tained under similar test conditions, using a 20t diam  rations and higher peak powers may produce lower igniting
core optical fiber. For the methane, the fiber was coated witgnergies in coal dust clouds than observed in this study.
a layer of coal dust before the test; and for the coal cloud, thé&ligher powers than 3 W did not produce lower calculated
dust was deposited on the fiber during the test. The AlTignition energies, probably another consequence of target
values listed were measured in various furnaces, includinfprmation processes dominating the ignition timing.
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