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a b s t r a c t

The cloud and aerosol spectrometer (CAS) was calibrated to enable CAS sizing of coal dust for studies on
flammable dust control. Coal dust sizes were determined by light-scattering theories for irregular parti-
cles that account for particle composition and morphology in computing coal dust diameters. Coal dust
size computations were compared with test dust that was generated by cyclone separation and air-jet
sieving and characterized by aerodynamic particle sizer (APS) and computer-controlled scanning electron
microscopy (CCSEM) measurements. For test dust in the range of 0.5–32 lm, coal dust size distributions
were consistent with cyclone-separated and sieve-segregated sizes. For the 3–20 lm size range, the coal
dust size distribution had a mass median diameter that was 14% larger than that of the APS. This differ-
ence was reasonable considering that the basic calibration for glass spheres had 13% uncertainty. For the
20–32 lm and 32–45 lm test dusts, mass median diameters differed from CCSEMmeasurements by only
4% and 5%, respectively. Overall, the results suggest agreement between test dust sizes and computations
for coal dust. Alternatively, using conventional Mie theory computations for spheres, coal dust mass med-
ian diameters were 35% and 40% larger than APS and CCSEM measurements, respectively.

Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights reserved.

1. Introduction

In 2010, an explosion in an underground mine led to the death
of 29 coal miners in the eastern United States [1]. The disaster was
caused in large part by the explosion of coal dust [1]. Coal dust gen-
erated by mining equipment became a source of fuel for the explo-
sion after being deposited and accumulating on underground mine
surfaces. To prevent such an explosion, coal dust on mine surfaces
should be adequately treated with incombustible dust [2]. In addi-
tion, coal dust can be removed frommine air before it deposits and
accumulates on mine surfaces [3,4].

Coal dust can be removed from mine air by using control tech-
nologies such as wet scrubbers [3,4] and water sprays [5]. The
effectiveness of these control technologies can be determined by
measuring the particle size distribution (PSD) upstream and down-
stream of their application. Measuring the PSD is important in

efforts to prevent dust explosions because particle size influences
coal dust flammability and explosibility [6]. Flammability gener-
ally decreases with increasing particle size although this depends
on particle chemical composition and other factors. For a composi-
tion with significant volatile matter, such as bituminous coal, par-
ticles are flammable in the size range of 0.5–50 lm [6,7]. PSDs in
this size range can be measured using optical instruments that
detect particle light scattering. However, measuring the PSD of coal
dust is challenging because of its irregular morphology and light-
absorbing properties. Since most optical instruments are calibrated
for spherical particles with weak light-absorbing properties, the
calibrations are not applicable to coal dust [8].

To measure the PSD of coal dust, optical instruments should be
calibrated for coal dust’s specific composition and morphology.
Calibrations for composition are made by including measurements
for particle refractive index in light-scattering computations [9].
Without calibrations for particle refractive index, coal dust size
can be underestimated by a factor of 5 by optical instruments
[10,11]. One optical instrument often calibrated for refractive
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index is the laser diffraction particle sizer (LD) [12–15]. LDs are
often used in conjunction with classical Mie theory [16,17] to esti-
mate particle diameter based on light-scattering measurements
from an ensemble of particles and are suitable for spherical parti-
cles and powders that are easily dispersed. However, LDs may not
be adequate for coal dust because of its irregular morphology
[18,19] and tendency to agglomerate [20]. Although methods to
compensate for the effects of morphology have been investigated
[15,21,22], most commercially available LDs do not include the
sensing and analysis tools required to calibrate for irregular mor-
phologies [12]. Including morphology effects is important in esti-
mating particle diameter because assuming spherical shapes of
particles has led to inaccuracies in sizing irregular particles
[23,24]. The improper assumption of spherical shapes can lead to
the overestimation of coal dust diameter and consequently to the
underestimation of coal dust flammability and explosibility. For
instance, if light scattered from the facets and cross section of an
irregular particle is entirely attributed to the cross section of a
spherical particle, the equivalent volume diameter can be overesti-
mated. An overestimation of diameter can lead to the underestima-
tion of the specific surface area available for interaction with an
oxidizing atmosphere and consequently to the underestimation
of flammability.

Particle morphology and composition effects can be included in
PSD estimates by calibrating single-particle optical spectrometers
(or optical particle counters). Single-particle measurements can
be predicted using fundamental light-scattering theories that con-
tain realistic models for particle morphology and measurements
for particle refractive index [25,26]. These models are used to
relate particle forward light-scattering measurements to particle
diameter. In prior research, one type of single particle optical spec-
trometer—the cloud and aerosol spectrometer (CAS) [27,28]—was
successfully calibrated for irregular particle morphology and com-
position. Specifically, the CAS was calibrated by applying ray trac-
ing with diffraction on facets (RTDF) and T-matrix theories to
compute PSDs for volcanic ash, which, like coal, has irregular mor-
phology [29]. RTDF theory was applied to large (1.5–50 lm) irreg-
ular particles [30], and T-matrix theory [31] was applied to sub-
micron and micron size irregular particles. Using RTDF and T-
matrix theories, PSDs can be estimated based on size- and shape-
dependent light-scattering properties.

In the current work, T-matrix and RTDF theories were applied to
estimate coal dust size distributions by analyzing the light scatter-
ing of particles over sub-1.5 lm and 1.5–50 lm size ranges,
respectively. The estimated particle size distributions were com-

pared with test dust size ranges. For the comparison, (1) bulk dust
was size-segregated by cyclone separation and air-jet sieving, (2)
size-segregated dust was dispersed and de-agglomerated by using
a modified small-scale powder disperser, and finally (3) particle
size distributions of the coal dust were characterized by aerody-
namic particle sizer (APS) and computer-controlled scanning elec-
tron microscopy measurements (CCSEM). Size ranges indicated by
cyclone separation and air jet sieving and PSDs determined by the
APS and CCSEM were compared with those determined by CAS
measurements and T-matrix and RTDF theory computations.

2. Methods

The raw measurements of the CAS (analog to digital converter
counts) were converted to a relevant metric (particle optical scat-
tering cross section) by calibrating with glass sphere standards and
classical Mie theory [16,17]. After the conversion, particle scatter-
ing cross section measurements were related to coal dust diame-
ters (equivalent volume) by calibrating with T-matrix and RTDF
theories. Coal dust diameters determined from the calibration
were compared with test dust size ranges produced by cyclone
separation (sub-2 lm) and air-jet sieving (3–20 lm, 20–32 lm,
and 32–45 lm). The sizes selected by air-jet sieving were deter-
mined by the sizes of standard test sieves (ASTM E11 and ISO
565/3310-1) and the cyclone retention efficiency (Section 2.4).
Coal dust size distributions were also compared with test dust
measurements by the APS (Model 3321, TSI Inc., MN) and CCSEM
(PSEM Express, ASPEX, PA). Following the evaluation of the calibra-
tion, CAS measurements for bulk dust were compared with con-
ventional LD measurements (Model LS 13 320, Beckman-Coulter,
CA). Quantification of CAS counting efficiencies and coincidence
errors was beyond the scope of the current study, considering pre-
vious conflicting results [32,33].

2.1. CAS calibration with glass spheres

Glass spheres were dispersed and transferred to the CAS using
the sampling system described in Section 2.5. In the CAS, particles
passing through a 120-lm beam width were detected and pro-
cessed. The forward light-scattering detector (4�–12�) gave a volt-
age signal, which was sampled by a high-gain and a low-gain
analog-to-digital (A/D) converter (output is counts). The counts
value for a single particle is proportional to the optical scattering
cross section. The manufacturer-recommended proportionality

Nomenclature

Abbreviations
CAS cloud and aerosol spectrometer
APS aerodynamic particle sizer
CCSEM computer-controlled scanning electron microscopy
PSD particle size distribution
LD laser diffraction particle sizer
RTDF ray tracing with diffraction on facets
SSPD small-scale powder disperser
HEPA high-efficiency particulate arrestor

Latin symbols
da aerodynamic diameter [lm]
dev equivalent volume diameter [lm]
dp particle diameter [lm]
dpa projected area equivalent diameter [lm]

k imaginary part of refractive index [–]
ke parameter that depends on particle angularity [–]
kv volume shape factor [–]
m refractive index [–]
ma flakiness aspect ratio [–]
n real part of refractive index [–]
N total particle number [number]
na elongation aspect ratio [–]
V% percent of total particle volume [percent]

Greek symbols
v dynamic shape factor [–]
q0 unit density [kg/m3]
qp particle inherent density [kg/m3]
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constant (4521) was used for the high-gain A/D converter. This was
applied to coal dust � 2.3 lm, which corresponded to 15,000
counts (conservative value before A/D saturation).

For particles >2.3 lm, the proportionality constant between A/D
counts and optical scattering cross section was measured using
glass sphere standards. For each glass sphere standard, the counts
distribution was fitted with a normal curve, and the mode was
divided by the scattering cross section from Mie theory [16,17].
This was done for National Institute of Standards and Technology
traceable glass sphere standards with nominal diameters of 5 lm
(5.4 ± 0.7 lm), 10 lm (10.0 ± 1.1 lm), 15 lm (15.9 ± 1.6 lm),
20 lm (18.2 ± 1.8 lm) (borosilicate, SPI Supplies, PA), and 30 lm
(31.33 ± 0.82 lm) (soda-lime, Whitehouse Scientific, UK). The sizes
of the glass spheres were selected to be consistent with the range
of interest for coal dust and were determined by the available sizes
of certified standards. The counts value for each coal dust particle
was divided by the average proportionality constant to determine
a particle optical scattering cross section.

2.2. Light-scattering theories for irregular particles

Particle optical scattering cross section measurements were
related to coal dust diameters by RTDF theory. RTDF theory
describes light-scattering patterns for complex particles, which
have sizes outside the domain of conventional methods (1.5–
50 lm) [30]. It differs from conventional geometric optics by con-
sidering diffraction at surface planes (facets) in addition to diffrac-
tion at the projected cross section and therefore describes the size
and shape dependence more effectively. The faceted shape was
approximated by using the distorted triadic Koch fractal as
described in Macke et al. [34] (Fig. 1a). The fractal-like morphology
should provide a more realistic representation of coal dust than
spheroids as indicated by the representative particle in Fig. 1b.
During RTDF computations, facets were randomly tilted [34]
because this provides an effective smoothing of the surface as well
as a randomization of overall particle shape. This approximation
provided better representation of the surface of the coal dust,
which is indicated by the representative particle in Fig. 1b.

To determine whether coal dust morphology should be mod-
eled as compact or elongated in RTDF theory computations, aspect
ratio was measured by CCSEM (Section 2.7). Aspect ratio was
defined as the maximum particle diameter divided by the diameter
perpendicular to the maximum. For a given particle volume, spec-
ifying an aspect ratio greater than 1 would result in an increase in
particle optical scattering cross section. This is because the greater-

than-1 aspect ratio approximation would lead to an increased par-
ticle cross-sectional area per unit volume for the irregular particles
compared to spheres. An increase with deviation from compact
particle geometry is expected, because the orientation averaged
projected cross section increases for a given particle volume. This
increase would require assigning smaller equivalent volume
sphere diameters to the particles with a projected area aspect ratio
more than 1 (which are assumed to be elongated (see Section 3.1))
relative to that of compact particles. The effect of aspect ratio on
coal dust size computations is given in Section 3.1.

Smaller particles (0.5–1.5 lm) were modeled by T-matrix the-
ory, for which dust morphology was represented as hexagonal
cylinders with aspect ratio unity (the aspect ratio is defined here
as the cylinder height to diameter) [31]. Application of T-matrix
theory for �1.5-lm irregular particles and RTDF theory for >1.5-
lm irregular particles was previously carried out to estimate
light-scattering properties for irregularly shaped particles—vol-
canic ash [29] and mineral dust aerosols [35].

2.3. Coal dust refractive index

A bituminous coal with low volatile content (Pocahontas No. 3)
was used for the current study. Its refractive index has a mid-range
value relative to other coal types [36]. The refractive index
(m = n � ik) is an important property in equations for particle light
scattering and absorption. Light absorption is closely related to the
imaginary part of refractive index (k), but it is also affected by the
real part (n) [37]. The imaginary part is relatively high for coal dust
and was included in forward light-scattering computations. Both
the real and imaginary values (1.85–0.23i) are close approxima-
tions for the current study because these were measured at wave-
length 650 nm, while the CAS measurement was at 658 nm.

2.4. Test dust generation

Sieving is a conventional method for size-segregating coarse
dust but becomes challenging when the majority of particles are
strongly agglomerated or electrostatically charged [38]. Because
electrostatic charging was problematic for the type of bituminous
coal dust used in the current study [39], an air-jet sieve (Hosokawa
Micron Powder Systems, Summit, NJ) [38] was used. In the air-jet
sieve, a single sieve screen was loaded with a few grams of dust, a
stream of air rotated below the sieve lifting dust from the screen,
and a high-flow rate vacuum pump pulled dust through the screen.
The dust-laden air was passed through a conductive tube at high

Fig. 1. (a) Distorted fractal-like crystal. This crystal shape was randomized to model an irregular particle with rough surface. (b) Bituminous coal dust with smoother surface.
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air velocity (44 m/s) into a cyclone (Hosokawa Alpine, Germany)
for collection in the cyclone grit pot. Using this system, coal dust
in the following size ranges was collected: (1) 3–20 lm, (2) 20–
32 lm, and (3) 32–45 lm. The lower size of 3 lm was determined
by measuring the cyclone retention efficiency for glass spheres.
Particles with diameters greater than or equal to 3 lm were com-
pletely retained.

Smaller test dust was generated by using the above cyclone to
size-separate particles from bulk dust. This was done by operating
the cyclone between the dust disperser and CAS as shown in Fig. 2,
so that small particles penetrating the cyclone were transferred to
the CAS. Transfer tubes that matched the inlet characteristics of
both the cyclone and the CAS were used with external couplers
to reduce particle inlet losses. The cyclone penetration efficiency
for the CAS flowrate was determined using glass spheres. The pen-
etration efficiency decreased sharply for particles larger than 2 lm,
with 50% of 2.1 lm and 10% of 2.5 lm penetrating. These measure-
ments gave the nominal sub-2 lm test dust size range and are
shown alongside coal dust measurements in Section 3.3.

2.5. Test dust de-agglomeration for CAS measurements

In preparation for CAS analysis, test dust was dispersed and de-
agglomerated by a modified small-scale powder disperser (SSPD)
(Model 3433, TSI, MN) [40]. The SSPD was modified by changing
the flow path downstream of the Venturi aspirator, so that the total
flow leaving the aspirator was transferred with a straight vertical
tube into the CAS inlet to minimize losses. The SSPD was operated
with 2 L/min capillary flow, which sampled dust from a turntable
platform; and with 28 L/min sheath flow, which de-agglomerated
particles in the Venturi aspirator.

Coal dust was sampled, de-agglomerated, and transferred to the
CAS using a straight and non-narrowing flow path to prevent par-
ticle losses from interception and impaction (Fig. 3). The CAS and
SSPD were aligned vertically to prevent particle settling along
the flow path. Dust dispersed by the SSPD was introduced to the
CAS along with high flow rate (1.5 � 103 L/min), high-efficiency
particulate arrestor (HEPA)-filtered air to avoid particle settling
and background particle interferences. Irregular flow patterns from
large-scale turbulence were avoided by operating two HEPA filters
(Omnitec Design, Inc., Mukilteo, WA) at half-capacity and counter-
current to each other to balance the flow.

Coal dust de-agglomeration by the SSPD was evaluated to
determine whether test dust was adequately prepared for single-
particle analysis by the CAS. If powders were not adequately de-

agglomerated, test dust measured by the CAS would be larger than
sizes selected by air-jet sieving. To evaluate SSPD de-
agglomeration, samples were collected by gravitational settling
in a small stainless steel chamber (5-cm-diameter) on a 13-mm-
diameter stage for CCSEM analysis (Section 2.7). The mass of the
dust was varied to obtain an adequate deposit without particle
overlap from over-sampling, and the results are given in
Section 3.1.

2.6. Test dust measurements by APS

Samples were de-agglomerated for APS measurements as with
the CAS measurements, but the total flow could not be transferred
because the APS flow rate (5 ± 0.05 L/min) is smaller than that of
the modified SSPD (30 ± 0.2 L/min). Samples were transferred
while minimizing distortion of the size distribution by sampling
the total flow with an isokinetic probe (0.58 ± 0.02 cm inner diam-
eter), which allowed for approximate matching of the total and
partial flow velocities (within 5%) (Fig. 4).

The APS distribution was based on aerodynamic diameter (da),
while the CAS distribution was based on equivalent volume diam-
eter (dev). The two distributions can be placed on the same diame-
ter basis by using information on particle density (qp) and the
dynamic shape factor (v) [41]:

da ¼ dev
qp

q0v

� �1
2

ð1Þ

where q0 is unit density by definition of da. Dynamic shape factor
was previously reported for bituminous coal dust [42], and an aver-
age of previous measurements (1.08) was used. Density was previ-
ously measured for the type of bituminous coal used in the current
study (1.37 g/cm3) [43]. As conventionally done, a correction for
particle density [44] was applied to APS measurements. Subse-
quently, APS measurements of da were placed on a dev basis using
Equation (1).

2.7. Test dust measurements by CCSEM

Coal dust PSDs were measured for particles >10 lm by CCSEM
analysis [45–48]. The CCSEM (PSEM ExpressTM, ASPEX, PA) provided
an automated measurement process for particle sizing and count-
ing by way of a backscatter electron detector (BSED). The BSED
contrast resulted from atomic number differences in the particle
sample and the background substrate. Contrast was established
for sample particles relative to the background material by using
a track-etch polycarbonate filter with gold coating (Whatman
800195, GE Life Sciences, Pittsburgh, PA).

Samples were prepared in a dilute slurry in isopropanol and de-
agglomerated in an ultrasonic bath for 1 h. The slurry was agitated
by a vortex mixer while being pipetted onto the gold-coated filter.
The sample was mounted in a glass filter holder and vacuum fil-
tered. Filter samples were placed on aluminum stubs with conduc-
tive carbon tape. Particles were analyzed at 100–250 times
magnification and 20 keV to determine projected area diameter.
About 3500 particles were analyzed for each 20–32 lm and 32–
45 lm powder. CCSEM measurements were in agreement with
particle diameters measured manually using ImageJ software
(National Institutes of Health, MD) (Fig. 5; root mean square error
3 lm).

The CCSEM distributions were based on projected area diameter
(dpa), while the CAS distribution was based on equivalent volume
diameter. Equivalent volume diameter can be estimated from pro-
jected area diameter using the volume shape factor. The volume
shape factor was measured previously for bituminous coal dust,
but the values corresponded to longer aspect ratios (2–3) [42] than

Fig. 2. Diagram of how coal dust was dispersed by the modified SSPD, size-
separated by the high flow rate cyclone, and how sub-2 lm particles were
introduced to the CAS.
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measured in the current study (Section 3.1). However, a general
expression can be used that allows for the calculation of the vol-
ume shape factor (kv) with aspect ratio as a variable [42]:

kvma
ffiffiffiffiffi
na

p ¼ ke ð2Þ

where na is the elongation aspect ratio, ma is the flakiness aspect
ratio, and ke is a value that depends on particle angularity. A value

of 0.43 was used as an intermediate ke for particles between tetra-
hedral and smooth shapes as done previously [42]. The aspect ratio
for flakiness was assumed to be 1 based on 3-D measurements for
pulverized bituminous coal dust [49] and the results of Timbrell
[50]. Using Equation (2), the volume shape factor was 0.37 as
defined by Hinds [41] and indicates that dev should be 11% smaller
than dpa. Using this value, CCSEM distributions were converted to a
dev basis. This allowed for direct comparison of CAS- and CCSEM-
measured size distributions for coal dust.

Fig. 3. Diagram of how test coal dust (3–20 lm, 20–32 lm, 32–45 lm) was dispersed by the modified SSPD and introduced to the CAS.

Fig. 4. Diagram of how test coal dust (3–20 lm) was dispersed by the modified
SSPD and introduced to the APS.

Fig. 5. Comparison of maximum (dmax) and minimum (dmin) coal dust diameters
estimated manually using ImageJ software and by automated feature analysis with
the CCSEM. Line represents 1:1.
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3. Results and discussion

3.1. Coal dust morphology and De-Agglomeration

Coal dust was de-agglomerated to allow a relevant comparison
between test dust diameters and CAS measurements. De-
agglomeration was evaluated after dispersing samples with the
modified SSPD. The sample mass dispersed by the SSPD was varied
(while feed rate was fixed) to determine the mass which mini-
mized particle overlap on the sample substrate to avoid artifact
agglomerates. Dispersing 0.5 mg led to the collection of an ade-
quate number of particles and minimized particle overlap, as indi-
cated by the comparison of deposition patterns for dust samples of
0.5 mg and 1.0 mg in the low-magnification CCSEM image in Fig. 6.
Higher-magnification CCSEM images were evaluated manually and
it was determined that 98.5% were single particles while the
remainder were doublets. Agglomerates of three or more particles
were absent. These results suggested that the modified SSPD ade-
quately dispersed samples for analysis by the CAS.

Coal dust morphology was represented as a faceted shape in
RTDF theory computations. To determine whether the faceted
shape should be modeled as compact or elongated, aspect ratio
was measured by CCSEM. On average, coal dust was elongated
with an aspect ratio of 1.36 ± 0.18. The elongated aspect ratio
approximation led to an increased particle cross-sectional area
per unit volume for the irregular particles compared to spheres.
An increase with deviation from compact particle geometry is
expected, since the orientation averaged projected cross section
increases for a given particle volume. Elongated particles were
assumed to be randomly oriented since the flow was highly turbu-
lent (CAS velocity 25 m/s and Reynolds number 5 � 104) [51]. This
consideration of aspect ratio led to assigning slightly smaller
equivalent volume diameters (2%) in estimating coal dust size dis-
tributions. This size shift corresponded to about a 6% decrease in
volume.

3.2. CAS calibration with glass spheres

The CAS was calibrated by using glass sphere standards to
determine the proportionality constant between the CAS response
(analog-to-digital converter counts) and particle optical scattering
cross section. This was needed to determine the optical scattering
cross section for coal dust, which was subsequently analyzed by T-
matrix and RTDF theories to determine coal dust diameter. Exam-

ple response distributions are shown for the 5-lm and 20-lm
standards in Fig. 7. Although these distributions are well defined,
others had more ambiguous peaks [52], which contributed to the
measurement uncertainty. Based on the results for all standards,
the average proportionality constant was 32.4 ± 4.2 (13%; two
standard deviations). Thus, an uncertainty of at least 13% can be
expected for coal dust optical scattering cross section. Factors con-

Fig. 6. Deposition pattern of coal dust collected for the evaluation of de-agglomeration. Masses of (a) 0.5 mg, and (b) 1.0 mg were sampled and dispersed by the modified
SSPD with 2 L/min capillary and 28 L/min aspirator flow rates.

Fig. 7. Distribution of glass spheres measured by the CAS low-gain A/D converter
for the nominal (a) 5-lm and (b) 20-lm standards. Glass spheres standards were
sampled using the system in Fig. 3.
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tributing to this uncertainty were the uncertainty in glass sphere
diameters, the variance in laser intensity, and electronic noise [53].

3.3. Calibration and comparison for test coal dust

CAS optical scattering cross section measurements were cali-
brated for bituminous coal dust using T-matrix (0.5–1.5 lm) and

RTDF (1.5–50 lm) theories. The size distribution resulting from
the calibration was compared with a test dust produced by cyclone
separation. A test dust of sub-2 lm was produced using a cyclone
that removes 50% of 2.1-lm and 90% of 2.5-lm particles (Fig. 8a).
Coal dust size computations agreed with the test dust size range—
the number-size distribution shows that most particles were smal-
ler than the cut-off diameter of 2.1 lm (Fig. 8b), and the volume-
size distribution shows that the concentration decreased sharply
at 2.1 lm (Fig. 8c). Near the lower size resolution, the number con-
centration was negligible at 0.4 lm and increased sharply at
0.5 lm (Fig. 8b). This increase coincides with the 0.5-lm lower res-
olution of the CAS given by Baumgardner and colleagues [28].

Coal dust size distribution computations were compared with
the 3–20 lm test dust size range and with APS measurements.
The coal dust size distribution agreed with the test dust size range
given by the cyclone retention efficiency and sieve screen size
(Fig. 9a). The distribution had a mass median diameter of
8.1 ± 0.1 lm and geometric standard deviation of 1.45 ± 0.04. The
APS size distribution had a similar width (geometric standard devi-
ation of 1.49 ± 0.01) but was shifted to smaller sizes (Fig. 9b). The
mass median diameter of 7.1 ± 0.1 lm was 14% smaller than that
of the CAS. The difference is not appreciable considering that the
calibration for glass spheres had an uncertainty of 13% and this
affected scattering cross section estimates for coal dust. The differ-
ence would have been greater if the measurements were not cali-

Fig. 8. (a) Fraction of glass spheres penetrating the high-flow rate cyclone
downstream of the modified SSPD, which gave the test dust size range of sub-
2 lm. Test coal dust (b) number-size and (c) volume-size distributions determined
by CAS measurements and T-matrix and RTDF theory analyses. The dashed
reference line represents the reported lower resolution of the CAS (Baumgardner
et al. [28]).

Fig. 9. Comparison of test coal dust (3–20 lm) volume-size distributions deter-
mined by CAS measurements and RTDF theory analysis (filled circles) with a) the
cyclone cut-off and sieve size range (vertical lines) and b) APS measurements (open
squares).
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brated for particle morphology. Specifically, a difference of 35%
would have resulted from the improper assumption of spheres
and the application of Mie theory [54] to estimate coal dust mass
median diameter.

For the 20–32 lm test dust, the coal dust size distribution
agreed well with the sieve size range and CCSEM measurements.
The characteristic diameter was within the sieve size range and
the distribution extended slightly outside (Fig. 10a) as expected
for sieved powders [38,55]. The mass median diameter
(22.9 ± 1.2 lm) measured by the CAS was only 5% larger than that
measured by the CCSEM (21.9 ± 1.4 lm) (Fig. 10b). The similarity
between the CAS and CCSEM distributions indicates the suitability
of the calibration for this size range of coal dust. If spherical mor-
phology were assumed and Mie theory were applied [54], the CAS
estimate would have been 40% larger than the CCSEM
measurement.

The coal dust size distribution for the 32–45 lm test dust was
shifted to smaller sizes relative to the sieve size range (Fig. 11a).
However, this shift was consistent with CCSEM measurements
(Fig. 11b). The mass median diameter (29.7 ± 0.3 lm) measured
by the CAS was only 4% larger than that of the CCSEM
(28.5 ± 1.1 lm). The good agreement between CCSEM measure-
ments and coal dust size distribution computations suggests that
the calibration was accurate for large-size test dust. The difference
between CAS and CCSEM measurements would have been 40% if
spherical morphology were assumed and Mie theory were

employed. Overall, coal dust diameters were up to 2.5 times larger
than particle diameters determined by the manufacturer calibra-
tion for water droplets. The results suggest that the CAS calibration
for particle composition and morphology prevented substantial
under-sizing of coal dust relative to the manufacturer calibration
for water and appreciable under-sizing of coal dust relative to
the conventional calibration for spheres.

3.4. Comparison for bulk coal dust

The coal dust size distribution was determined for bulk dust fol-
lowing calibration of the CAS and sample de-agglomeration by the
modified SSPD. The distribution was compared with conventional
LD (Model LS 13 320, Beckman-Coulter, CA) measurements that
utilized classical Mie theory [16,17]. The comparison shows a dis-
crepancy between major modes of the number-size distribution
(1.5 lm for the CAS and 0.5 lm for the LD) in Fig. 12a. In addition,
the LD measured a broad volume-size distribution with a mode
diameter of 23 lm, while the CAS measured a more narrow distri-
bution with a mode diameter of 8.5 lm (Fig. 12b). The large differ-
ence between CAS and LD measurements can be attributed to
differences in analytical techniques, but it also may be due to a lack
of de-agglomeration by the LD inlet disperser. Because a coarse
particle mode appears in the CAS number-size distribution at
8.5 lm, but one does not appear in the LD number-size distribution

Fig. 10. Comparison of test coal dust (20–32 lm) volume-size distributions
determined by CAS measurements and RTDF theory analysis (filled circles) with
(a) the sieve size range (vertical lines) and (b) CCSEM measurements (open circles).

Fig. 11. Comparison of test coal dust (32–45 lm) volume-size distributions
determined by CAS measurements and RTDF theory analysis (filled circles) with
(a) the sieve size range (vertical lines) and (b) CCSEM measurements (open
triangles).
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at 23 lm (Fig. 12a), a lack of de-agglomeration by the LD inlet dis-
perser may partially account for the discrepancy.

4. Conclusions

CAS measurements were calibrated by T-matrix and RTDF the-
ories to account for effects of coal dust composition and morphol-
ogy in size estimates. The calibration for composition prevented
the underestimation of coal dust size by a factor of up to 2.5 rela-
tive to the manufacturer calibration for water. The calibration for
morphology improved agreement with CCSEM and APS measure-
ments. By accounting for elongation effects and assuming faceted
shapes instead of smooth spheres, estimates for equivalent volume
diameters were reduced. These reductions led to mass median
diameters that were within 5% and 14% of CCSEM and APS mea-
surements, respectively. The agreement was sufficient considering
that the uncertainty in the basic calibration for glass spheres was
13% and this affected computations for coal dust. If spherical mor-
phology were assumed and Mie theory were employed, CAS esti-
mates would have been 40% and 35% larger than CCSEM and APS
measurements, respectively.

Coal dust sizes determined from the calibration were also in
agreement with test dust sizes generated by cyclone separation
and air-jet sieving for particles in the range of 0.5–32 lm. For

32–45 lm, the computed size distribution contained particles
smaller than the sieve size range. The presence of smaller particles
and their significant contribution to the volume-size distribution
were confirmed by CCSEM. Thus, the comparison with multiple
sizing methods—cyclone separation, sieve segregation, CCSEM
analysis, and APS measurements—suggested that the CAS can accu-
rately measure coal dust diameters for studies on flammable dust
control. This was the first study to show the suitability of the CAS
for strongly light-absorbing, irregular particles. The measurements
were facilitated by de-agglomerating powders for CAS analysis
using the modified SSPD. Because LD volume-size distribution
measurements were more than double that of the CAS, there
may have been differences in de-agglomeration by the inlet dis-
persers. For the number-size distribution of bulk coal dust, LD gave
a single mode at 0.5 lm, while the CAS gave a major mode at
1.5 lm and a minor mode at 8.5 lm. The differences between LD
and CAS number-size distribution measurements should be
explored further.
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