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ABSTRACT

In a cooperative study by the University of Minnesota and the U.S. Bureau of Mines, diesel exhaust and
mineral dust concentrations have been measured for aerosols generated in the laboratory and in five
underground coal mines. Three mines utilized diesel-powered havlage equipment and two used all-electric
equipment. Two source apportionment techniques have been applied to differentiate between the mineral
dust and diesel exhaust aerosol concentrations measured. The first technique, using a micro-orifice, uniform
deposit impactor (MOUDI) for size selective sampling, is based on modeling aerosol size and the premise
that the diesel exhaust portion of the aerosol is predominantly submicron and the mineral dust portion is
mostly greater that one micrometer in size. The second technique, Chemical Mass Balance (CMB) model-
ing, was used to referee the analysis of diesel exhaust and mineral dust aerosol concentrations from the
size selective sampling results.

The MOUDI size distribution data were modeled to obtain parameters describing the fine and course frac-
tions of the sampled aerosol and to estimate the contributions to each mode from both mineral dust and
diesel exhaust aerosol sources. The results showed the size distribution of the mixed aerosols exhibited
two definite modes with the minimum between the modes occurring at 0.8 pm. Less than 5 pct of the coal
mine diesel aerosol was found in the coarse size fraction. CMB analysis confirms the original premise for
using aerosol size to separate diesel exhaust and mineral dust aerosol during sampling.

Based on the results from the size selective sampling, a personal diesel aerosol sampler has been developed
for measuring diesel acrosol mass concentrations. This sampler uses an inertial impactor to size separate
the respirable aerosol at 0.8 pm. All material less than 0.8 pm is collected on an afterfilter for subsequent

gravimetric analysis.

INTRODUCTION

Measurement of the coatribution of diesel exhaust to
respirable aerosol in mine environments has become increas-
ingly important because of recent research which suggests
that exposure 1o diescl exhaust particulate matter may have
adverse occupational health effects. To support these efforts,
the U.S. Bureau of Mines is developing and evaluating new
sampling methods for the measurement of diesel aerosol in
underground coal mines.

Two of these techniques are size selective sampling and
chemical mass balance modeling (CMB). Size selective
sampling, is being adapted for diesel aerosol sampling by
the Particle Technology Laboratory (PTL) of the Universi-
ty of Minnesota under sponsorship by the.! It is based on
the premise that diesel and mineral dust aerosol can be
physically separated by size and collected during sampling
using inertial impaction.

The second technique, CMB, is an alternative measurement
technique used to referee the results obtained using size selec-
tive sampling.? It compares elemental ‘finger prints’ of the
aerosol sources with similar profiles measured for mine
aerosol samples. From this the portions of the sample con-
tributed by each source can be determined.

The Bureau and the PTL have conducted a study in five coal
mines using both size selective sampling and the CMB tech-
niques. This study was undertaken as a follow-on to the
laboratory study of size selective sampling applied to the
measurement of diesel aerosol.! The results from the
laboratory and field studies are summarized in this paper.
The design of a prototype personal diesel acrosol sampler,
based on the size selective results, is also presented.

LABORATORY EXPERIMENT
Laboratory experiments were conducted to investigate the
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feasibility of using the Micro-Orifice, Uniform Deposit Im-
pactor (MOUDI) to measure the size distribution of aerosols
containing various mixtures of coal dust and diesel exhaust
acrosols.! The objective of the work was to determine the
mass concentration of diesel exhaust aerosol in an airborne
mixture of coal dust and diesel exhaust acroso! from the size
distribution of the mixed aerosol. A prototype seven stage
MOUaDI with cut sizes ranging from 0.1 to 10 pm was
used.

The experiment successfully demonstrated that coal dust and
diesel exhaust acrosol can be separated and measured on the
basis of size. Data from the tests, typified in Figure 1, show
that the overall diesel exhaust/coal aerosol size distribution
is bimodal with the diesel exhaust {accumulation) mode
acrosol having a mass median acrodynamic diameter (MMD)
of approximately 0.15 pm. The coal (coarse particle) mode
has a MMD in the 3 to 10 pm size range. A clear separation
between the two modes exists in the 0.7 to 1.0 pum size range
with the minimum near 0.8 pm. Analysis of a combined size
distribution permits a quantitative determination of the diesel
aerosol contribution to within 15%.

FIELD STUDIES

The five mines visited during the field study are summarized
in Table I. The table indicates each mine’s geographical
region, coal type being mined, and type of haulage equip-
ment used. Three of the mines, A, B, and H were equipped
with diesel haulage equipment and C and G had all electric
equipment. The electric equipped coal mines were used to
generate comparison samples for a mine environment without
diesel aerosol.

Measurements consisted of collecting size differentiated
aerosol samples at four locations in longwall development
sections employing a continuocus miner: in the air intake en-
try, conveyor beltway entry, air return entry, and haulage
way. A ten stage MOUDI was used for most of the field size
distribution measurements and a dichotomous sampler was
used to collect acrosol for the elemental analysis used in the
CMB model calculations. The samplers and CMB analysis
are described elsewhere.24 Both samplers were operated at
a flow rate of 30 lpm.

Aerosol samples were collected at the intake and haulage or
beltway locations periodically during each mine work shift.
Sampling at the return location was usually conducted only
once during the shift, while the continuous miner was in
operation. Samples of primary interest were those collected
at the conveyor belt or in the haulage way since they are from
areas where workers are exposed. These were collected only
when the breaker was on and diesel haulage equipment was
in use. As a result, no attempt was made during the field
experiments to take representative exposure samples for the
work shift. The focus of the study was on developing a
method for measuring the diesel component of a mine acrosol
containing a mixture of both diesel exhaust particulate and
mineral dust. :

Trace element profiles of mine aerosol sources used in the
CMB analysis were obtained from samples of the material
from which the diesel or mineral dust aerosols originate.
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Figure 1. Laboratory diesel/coal dust size distributions.

Bulk material samples were collected of coal and the rock
dust used in the mine as an explosion and fire retardant. For
the diesel equipped mines visited, exhaust source aerosol
samples were collected from the tailpipes of the haulage
vehicles operating in the mine. In each case, the assumption
is made that the profiles thus obtained are representative of
the aerosols originating from these sources.

Where collection of diesel tailpipe aerosol samples was not
feasible, diesel fuel and diesel lubricating oil were collected
to use as a surrogate for the diesel exhaust aerosol source.
To enhance the use of diesel fuel as a surrogate for diesel
acrosol emissions, a tracer material, a nominal 10 parts per
billion of Indium as Indium 2,4 pentanedionate in xylens,
was added to the fuel supply for the vehicles operating in
the test section of the mines. The trace element analysis
technique used Instrumental Neutron Activation Analysis
(INAA), was performed by the University of Rhode Island.6

FIELD MEASUREMENT RESULTS
Average aerosol size distributions measured in the haulage
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Table 1
Mine Data for Operations Visited FY 85-87

Mine Region Haulage Coal Rank
A West Diesel HVB* Ct
B West Diesel HVB C?
c East Electric HVB B!
G East Electric HVB A3
H Midwest Diesel HVB B2

* HVB - High Volatile Bitumincus

Sources

1 Based on ASTM Standards.

2  Company information

3 1987 Keystone Coal Industry Manual. MeGraw-Hill, Inc.,

New York, 1987, 1244 pp.

way of the diesel equipped and all-electric coal mines are
shown in Figures 2 and 3. The MOUDI separates and col-
lects the sampled aerosol in several size intervals by
aerodynamic diameter. The number of size intervals provides
enough differential size resolution to model the measured
aerosol size distributions with empirical functions. This
analysis, termed modzal analysis, uses a sum of two log-
normal functions to fit the data.” Each function represents
one of the maxima or modes evident in the data. The log-
normal distribution parameters, given in Table II for the
average distributions, are the mass mean diameter (MMD),
geometric standard deviation (gg) and mode concentraticns.

Each mode can be identified with the aerosol contributed by
a primary aerosol source; diesel exhaust aerosol for the sub-
micron mode and mineral dust for the coarse particle mode.
Under this assumption, the separate contributions from these
sources to the total acrosol concentration can be determined
using modal analysis. Treating each mode as a source con-
nected entity, also permits the determination of that portion
of the coarse particle mode that encroaches on a sample of
submicron mode acrosol as it might be collected by a size
selective sampler, This is done by integrating the distribu-
tion function for the coarse particle mode over the range of
sizes for which the submicron mode aerosol is collected. An
illustration of such modal overlap for the average diesel/coal
size distribution of Figure 2 is given in Figure 4. The range
of integration is 0.001 to 0.8 pm. Shaded areas indicate the
portion of the submicron and coarse aerosol that will con-
tribute to a sub-0.8 um sample.
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Figure 2. Average mass size distribution measured in the
haulage entries of diesel equipped coal mines.

A comparison between modal and CMB analysis results is
given in Table ITI. Values from the modal analysis for the
fraction of sub-0.7 pm aerosol contributed by the coarse par-
ticle mode are 7+5% for mine A, 15+7% mine B, and less
than 2% for mine H. Results for mine A and H are well
within each others stated variability. There is a barely
resolvable difference between the two analysis results for
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Table 11

Summary of Log-norma! Size Distribution Parameters for Average Aerosol Distributions
Measured in Haulage Entries of Diesel Equipped and All-electric Coal Mines

Sybmicron Coarse
Mine Mass Geometric Mode? Mass Geometric Hode
Type Mean Dia.? Std. Dev.2 Conc. Mean Dia. Std. Dev. Conc.
um mg/m2 um ng/md
Diesel 0.1740.04 2.040.3 0.88+40.52 6.8+1.6 2,310.3 1.8+0.8
Electric 0.45640.10 2.6+40.9 0.06+0.04 T7.242.0 2.040.3 1.2+0.8
1 Mass Mean Diameter (MMD)
2 Geometric Standard Deviation (op)
3 Mode Concentration
Table IN
- 1 Average Coarse Particle Contaminatior of Sub-0.7 um
£ . Samples for Mines A, B and H
D
E ,
= . Analysis
g | Mine Modal CMB
o % %
b=
o
o - A T+5 <8
ﬂ J
g | B 15+7 25+4
<]
g . H 0.2 T
0' . d]. . . ad
0.01 0.1 1 10 100 These points confirm the basic assumptions advanced to

Aerodynamic Diameter (Dp), pm

Figure 3. Average mass size distribution measured in the
hanlage entries of all-clectric equipped coal mines.

mine B. This difference may be due to the limited number
of samples analyzed.

Using the results of the limited CMB analysis, two key points
can be made concerning the contribution of the various diesel
mine sources to fine and coarse aerosols in the mine environ-
ment. These are:

1. Diesel emissions aerosol is the dominant component of
the submicron mode aerosol measured in the diesel
mines. From 75 to 90% of the measured aerosol con-
centration is contributed from diesel sources.

2. Coal is the primary component of the coarse aerosol,
as much as 92%.
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justify the use of the MOUDI or other size selective sampler
to separate and measure diesel and mineral dust aerosol in
the mine environment. Separate confirmation for the assump-
tion that the mineral aerosol contributes predominantly in
the coarse aerosol size range is found in the average size
distribution measurement results for the all-electric equipped
coal mines in Figure 3.

The optimum particle size for the separation of diesel from
mineral dust aerosol was determined from the average size
distribution measured in the haulage entries of the three mines
using diesel equipment. This analysis treated the submicron
mode as entirely diesel acrosol and the coarse particle mode
as entirely mineral. Integrating the log-normal functions that
describe the size distribution modes from zero up to a given
size, as illustrated in Figure 4, the acrosol mass that would
be collected by a sampler with that separation size was deter-
mined. Using these results, the gravimetric error made by
assigning the aerosol mass collected by the sampler to diese!
aerosol alone was calculated as a function of separation size.
The least error, +7%, occurs for size separation at 0.8 pm.
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Figure 4. Hlustration of the integration of acrosol mode func-
tions to calculate acrosol mass Jess than 0.8 um.

PERSONAL DIESEL AEROSOL SAMPLER

A prototype personal diesel exhaust aerosol sampler has been
designed for underground coal mines. The sampler was
designed on the premise that size selective sampling tech-
niques can be used to separate diesel exhaust acrosol, which
is predominantly submicron in size, from coal dust aerosol,
which is mostly greater than a micron in size. The sampler
has three stages and employs inertial impaction for particle
separation. The first, sample inlet/preclassifier, stage is a
composite impactor with an aerosol penetration efficiency
that conforms to either the American Conference of industrial
Hygienists (ACGIH) or the British Medical Research Council
(BMRC) respirable dust sampling criteria. This first stage
serves as & preclassifier to select the respirable portion of
the sample aerosol and prevent overloading of the second
stage. The second stage is an multiple-orifice impactor with
a sharp separation or cut size that passes only acrosol smaller
than 0.8 pm. The respirable aerosol larger than 0.8 pm is
deposited on an impaction plate. The third stage, which is
a filter, collects all aerosol less than 0.8 um aerodynamic
diameter. This instrument is a research prototype and the
design permits the second stage impaction substrate to be
removed for gravimetric and chemical analysis. To increase
the amount of sample for such analysis, the sample flow rate
for the prototype will be 4 lpm. The sampler can be modified
for the DORR-OLIVER 10 mm cyclone preclassifier and a
flow rate of 2 lpm.

A schematic diagram of the sampler is presented in Figure
5. The sampler inlet is a 2.5 cm. ring of nozzles in the
sampler cover. These nozzles are part of a preclassifier/im-
pactor with an aerosol collection efficiency that can approx-
imate either the ACGIH or the BMRC respirable dust sam-
pling criteria.® The impaction surface for this first section
is a porous plate impregnated with oil to reduce particle
bounce and blow off. A sample stream mext passes to a
multiple-orifice impactor with a cutpoint of 0.8 um. The im-
paction plate for this stage is a removable aluminum foil
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coated with silicone oil. The sample stream then passes
through a filter which removes the remaining aerosol.
Sampler height is 2.5 cm. The sampler divides the respirable
aerosol into two size fractions, greater and less than 0.8 m
m. These samples can be used to measure the concentrations
of the diesel and mineral dust portions of respirable coal mine
aerosol.

Wezzle Plate/ Cover

Thumb dwt

l ——ie Dutlat Tabs

Respitable Impacter
Nzzles

PORDUS MATL
IMPACTION PLATE

Foll Impactar Plats

Nezxle Piste/ Cover Ll Suppert

Figure 5. Schematic diagram of personal respirable/diesel
acrosol impactor sampler.

The primary limitations on a personal diesel sampler based
on size selective sampling are diesel aerosol loss from the
sample, contamination by coarse particle mode aerosol, and
resolution of the gravimetric analysis performed on the sam-
ple. Of secondary importance is the presence of background
aerosol in the sample. The latter is due to external diesel,
atmospheric, or nondiesel sources of submicron aerosol. The
final sample contains most of the diesel particulate material
present in the mine air plus a small amount of mineral dust,
usually less than 10%. If a sample flow rate of 2 Ipm is used
and gravimetric analysis is to within 0.1 mg, a sub-0.8 pm
aerosol concentration should have a limit of detection of 0.3
mg/m’.

CONCLUSIONS

The primary result from this study is that size selective sam-
pling can be effective as a technique for measuring diesel
aerosol concentrations in underground coal mines. The
MOUDI size distribution data were modeled to obtain
parameters describing the fine and course fractions of the
sampled aerosel and to estimate the contributions to each
mode from both mineral dust and diesel exhaust acrosol
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sources. The results showed the size distribution of the mixed
aerosols exhibited two definite modes with the minimum be-
tween the modes occurring at 0.8 gm. CMB analysis con-
firms the original premise for using aerosol size to separate
diesel exhaust and mineral dust acrosol during sampling.

A personal diesel aerosol sampler has been developed for
measuring the diesel aeroso! concentration in underground
coal mines. This device consists of three sequential stages.
The first stage classifies acrosol in the sample stream accord-
ing to the BMRC respirable efficiency curve. The second
stage separates the resulting respirable aerosol into two parts
by aerodynamic diameter using a single stage impactor with
a cutpoint of 0.8 m. The third stage collects the <0.8 pm
diameter aerosol on a media that is suitable for gravimetric
analysis.

REFERENCES
1. Marple, V.A., Kiftelson, D.B., Rubow, K.L. and Fang, C.P.: Methods
for the Selective Sampling of Diesel Particulate in Mine Dust Acrosols.
BuMincs OFR 44-87, NTIS PB88-130810, Washington (1986).

650

2. Cantrell, B.K.: Source Apportionment Analysis Applied to Mine Dust
Acrosols: Coal Dust and Diesel Emissions Aerosol Measurement. Proc.
3rd Mine Vent Symp., pp.495-501. Soc. Mining Eng., State College,
PA, (1987).

3, Marple, V.A. and Rubow, K.L.: Development of a2 Micro-Orifice
Uniform Deposit Impactor. 1.S. Dept. of Energy, No. DOE/PC/61255,
Wash. D.C. (1984).

4. Cantrell, B.K. and Rubow, K.L.; Mineral Dust and Diesel Aerosol

Measurements in Underground Metal and Non-metal Mines. Proceedings

of the VIth International Pneumoconioses Conf. National Institute for

Occupational Safety and Health et. al., Pittsburgh, PA (1988).

Pierson, W.R. and Brachaczek, W.W_: Particulate Matter Associated

with Vehicles on the Road. IL. Aerosol Sci. and Tech., 2:1-20 (1983).

Rsahn, K.A.: The Chemical Composition of the Aunospbcdc Acrosol.

University of Rhode Island, Tech. Rpt, Narragansett, RI, (1976).

. Whithy, K.T. Modeling of Atmospheric Acrosol Particle Size Distribu-

tions. U.S. EPA Grant Rpt, No. R800971, (1975).

8. Marple, V.A. and McCormack, J.E.: Personal Sampling Impactor with
Respirable Aerosol Penetration Characteristics. Amr. Ind. Hyg. Assoc.
J., 44:916-922 (1983).

ACKNOWLEDGEMENTS: This rescarch has been partially supported by
the Department of the Interior’s Mincral Institute program administered by
the Bureau of Mines through the Generic Mineral Technology Center for
Respirable Dust under grant number G 1135142, The authors would also
like to acknowledge the assistance of Dr. Kenneth Rahn and his staff in
performing the INAA used in this work.

N e o




Dust Measurement

MINERAL DUST AND DIESEL EXHAUST AEROSOL MEASUREMENTS
IN UNDERGROUND METAL AND NONMETAL MINES

BRUCE K. CANTRELL* ¢ Kenneth L. Rubowf

*Twin Cities Research Center, U.S. Department of the Interior

Burean of Mines, Minneapolis, MN, 55417, USA

tParticle Technology Laboratory, Mechanical Engineering Department

University of Minnesota, Minneapolis, MN, 55455,USA

INTRODUCTION

Measurement of the contribution of diesel exhaust to
respirable acrosol in mine environments has become increas-
ingly important because of current concerns over the occupa-
tional health effects resulting from exposure to diesel emis-
sions. In response to this, the U.S. Bureau of Mines is
developing and evaluating new sampling methods for measur-
ing diesel aerosol in underground mines. Two such tech-
niques are being studied by the Bureau, size selective sam-
pling and Chemical Mass Balance (CMB) modeling. These
techniques use measurable physical or chemical
characteristics of a mine aerosol sample to infer the amount
of diesel particulate material contained in the sample.

Size selective sampling is being adapted for measurement
of diesel acrosol by the Particle Technology Laboratory
(PTL) of the University of Minnesota under sponsorship by
the Bureau.! It is based on the premise that diesel and
mineral dust acrosol can be physically separated by size and
collected during sampling using inertial impaction. An in-
dependent effort by the National Institute for Occupational
Safety and Health to develop a size selective sampling tech-
nique was also sponsored by the Bureau.?

The second technique, CMB modeling, is being developed
by the Bureau as an alternative measurement technique to
referee the results obtained using size selective sampling.?
It compares measured trace element “‘finger prints’” of
aerosol sources with similar profiles of mine acrosol samples.
From these, the portions of the sample contributed by each
source can be determined. Results of these investigations in
underground coal mines have confirmed that diesel and coal
dust aerosol are of different size and can be measured
separately using size selective sampling techniques.4

A major difference in diesel usage among underground mines
is the requirement for exhaust gas cooling systems in coal
and gassy noncoal mines. Nongassy mines usually employ
limited exhaust conditioning in the form of catalytic con-
verters, which have limited effect on primary exhaust par-
ticulate. The cooling system in most general use in gassy
mines is the water scrubber. This device has little effect on
most of the gases but removes particulate material from the
exhaust.® Because of this, exhaust aerosol characteristics in
nongassy mines are expected to be different. To see if size

selective sampling techniques can be used in such mines, the
Bureau and the University of Minnesota conducted a second
study in three metal and nonmetal mines, two nongassy and
one rated as gassy.

FIELD STUDIES

The field study conducted in metal and nonmetal mines is
summarized in Table I. The table indicates each mine’s
geographical region, the material being mined, and the type
of haulage equipment used. The studies consisted of collect-
ing size-differentiated aerosol samples at four locations in
a working section employing diesel haulage equipment: the
air intake entry (I), beltway entry—where applicable (B), air
return entry (R), and haulage way (H). These locations are
illustrated in Figure 1 for the soda ash mine.

Aecrosol samples were collected using Micro-Orifice,
Uniform Deposit Impactor (MOUDI) and respirable
dichotomous samplers.* The MOUDI, used for size
distribution measurements, is a 10-stage cascade impactor
with particle separation sizes at 15, 10, 5.62, 3.16, 1.78,
1.0, 0.562, 0.316, 0.178, and 0.1 pm plus an after-filter.
The dichotomous sampler was used 1o collect aerosol for the
elemental analysis used in the CMB mode! calculations. It
consists of an impaction-type inlet designed to pass sample
aerosol with an efficiency approximating the American Con-
ference of Governmental Industrial Hygienists (ACGIH)
respirable dust sampling criteria, followed by two MOUDI
impaction stages, both with 0.7-um separation sizes, plus
an after-filter.5 Configured in this way, the dichotomous
sampler provides a partition of the collected respirable
aeroscl sample into two size fractions, greater and less than
0.7 pm in size. This partition was selected because it was
close to the size found to separate diesel exhaust and coal
dust aerosol components in laboratory studies and the im-
pactor stages were available.! Both samplers operate with
a 30 lpm sample flow rate.

Trace element profiles of mine aerosol sources used in the
CMB analysis were obtzined from samples of the material
from which the diesel or mineral dust aerosols originate. Ex-
haust source aerosol samples were collected from the tailpipes
of the haulage vehicles operating in the mine. Bulk material
samples were collected of the mineral being mined. In each
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Table 1
Mine Data for Metal/Nonmetal Mines Visited 1985-1987
Mine Region Haulage iype of Material
D Midwest Diesel* - Shale
E West Diesel Soda Ash
F West Diesel Quartzite

*Gassy mine, water scrubbers

used on diesel equipment.

SAMPLING SITE
LOCATIONS

H - Haulage Way Site
R - Return Site

I - iIntake Site

B - Breaker Site

—> - Ventilation Pathway
C-X - Working Face

I, - Stopping

‘B, - Stopping + Man Door

—1
—IL

‘_-..._. 1
Breaker/Cohveyor
i g Hoad
[ —
—
e —— E
———) —
M [r——
c1 Y
B
ca
c2 [/

/4

Figure 1. Sampling site locations used for in-mine sampling experiments
are indicated together with ventilation vectors.

case, the profiles obtained are assumed to be representative
of the aerosols originating from these sources.

To enhance the diesel tailpipe samples, a tracer material, a
nominal 10 parts per billion of indium as indium 2,4 pen-
tanedionate in xylene, was added to the fuel supply for the
vehicles operating in the test section of the mines. The trace
element analysis technique used, instrumental neutron ac-
tivation analysis (INAA), is very sensitive to indium, which
is rarely found in nature.”

Aerosol samples at haulage way or beltway locations were
collected periodically during the entire mine work shift. Since
they were collected in areas where workers are exposed, they
are the samples of primary interest. Sample collection was
only done when the conveyor belt was on and diesel haulage
equipment was in use. The samples collected are therefore
biased toward high concentrations of both diesel and mineral
aerosol and are not representative personal €xposure samples
for the work shift. Although not analyzed for the study,
sampling at the return location was conducted once during
the shift, while the continuous miner was in operation.
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Measurement and Analysis Techniques

Only two measurement techniques were used in the field
study. These were gravimetric analysis of the impaction
substrates and after-filters from both the MOUDI and
dichotomous samplers and elemental analysis of the
dichotomous samples using INAA.?

INAA was performed at the University of Rhode Island.3
Analyses were performed on dichotomous substrates and
after-filter pairs containing sufficient acrosol mass for irradia-
tion (1 mg or more), quality control blanks of both substrate
and after-filter, and samples of the acrosol source materials.
The source materials were analyzed in triplicate, and average
values for the resulting element concentrations were used in
the CMB analysis.

Modal Analysis

Average aerosol size distributions measured in the haulage
way of the diesel-equipped mines visited are shown in Figure
2. The measured aerosol size distributions were modeled us-
ing a sum of two log-normal functions to fit the data.? Each
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Figure 2. Average mass size distribution measured in the
haulage entries of mines D, E, and F.

function represents one of the maxima, or modes, evident
in the data. The log-normal distribution parameters, given
in Table II for the average distributions, are the mass mean
diameter (MMD), geometric standard deviation (og), and
mode concentrations.

For coal mines, each mode was identified with the aerosol
contributed by a primary aerosol source diesel exhaust
aerosol for the submicron mode and mineral dust for the
coarse particle mode.? Under this assumption, the separate
contributions from these sources to the total aerosol concen-
tration can be determined using modal analysis. For these
noncoal mines, the results of the size measurements are very
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similar. Two well-separated aerosol modes are evident for
each of the mines. It remains for the CMB analysis to deter-
mine whether the same interpretation can be made.

CMB Modet Analysis

CMB mode! analysis permits the relating of elements or
chemical components in an aerosol sample collected at a
given location to those same components in the sources of
the aerosol.'®!! The model is expressed as:

P
3
J=

j=1

aijSj )

Here, p is the number of aerosol sources, C; is the mass
concentration of the ith elemental component of the sample
in pg/m?, a; is the fractional amount of component i in
emissions from source j, and §; is the amount of the aerosol
mass concentration attributable to source j. S;/(total sample
mass concentration) is termed the source apportionment frac-
tion. Apportionment of the source is achieved by measuring
trace element component profiles of the acrosol sources, thus
obtaining values for a;;, analyzing the aerosol in the col-
lected aerosol sample for the same components, and deter-
mining S; using a least squares analysis of the overdetermin-
ed system of equations expressed by equation 1.

The CMB analysis used for the work employs effective
variance weighing for the least squares calculation of the
source apportionment terms S; in equation 1.311 In this
analysis the S; are determined by minimizing the following
chi-square Oé function:

(Ci- z aij$3)°
J
@
24 2 5.2
[+ g
i Z iy

J

Here o, is the standard error in C;, and o, is the standard
error in ;. The minimization was carried out using a direct
search technique rather than matrix inversion calculations.

RESULTS

Average values for the CMB source ionments are given
for mines E, F, and G in Table HI for the fine, sub-0.7 pm,
and coarse, super-0.7 pm, portions of the dichotomous
samples. Errors quoted in the table are more indicative of
the variability of the results from sample to sample than of
the true statistical errors. In each case diesel exhaust is the
dominant component of the submicron aerosol, greater than
92%. These apportionments deviate from those of the coal
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Table It

Summary of Log-normal Size Distribution Parameters for Average Aerosol
Distributions Measured in Haulage Entries of Diesel Equipped
Metal and Nonmetal Mines

Submicron o Coarse
Mine] Mass Geometrig Mode® Mass Geometrig Mode
mean dia.l std. dev conc. mean dia.l std. dev conc.
um og mg/m3 um oq mq/m3
D { 0.18 £ 0.03] 2.5 £ 0.2 |0.6 = 0.2 5.1 + 1.0 3.1 £ 0.3 |0.7 £ 0,2
E| 0.16 £ 0.13} 2.4 £ 0.7 |0.20 + 0.06(|] 6.1 * 3.3 1.8 % 0.3 7.5 £ 4,0
F | 0.26 £+ 0,04} 1.6 £ 0.1 |1.4 £ 0.3 3.8 £ 0.7 2.4 £ 0,3 |1.1 £ 0.8
1 Mass Mean Diameter (MMD}
2 Geometric Standard Deviation (og)
3 Mode concentration
Table I

CMB Source Apportionment Results for Mines E, F, and G

RESPIRABLE SIZE FRACTION, %
Mine Source SUB-0.7 wum SUPER-0.7 u
D Diesel 94 £ 17 25 £ 20
Ore 5.6 £+ 0.8 75 £ 13
gl Diesel 95 ¢+ 7 <20
Ore 4,9 £ 4.8 8l £7
F Diesel 92 + 12 40 + 5
Ore <12 60 £ 5
lGassy mine, wet scrubber used.
mine samples in that a significant fraction of the respirable Table IV

coarse acrosol in the mines where diesel equipment does not
use a wet scrubber is diesel—up to 40% for Mine F.3 This
translates to approximately 20% of the total diesel aerosol
being greater than (.7 yum in size.

Applying modal analysis to concurrent size distribution
samples permits a comparison with the CMB analysis results.
TablelVgivw&isoomparisonforooarscpaxticleoomamina—
tion of the sub-0.7 pm aerosol in the three diesel equipped
metal and nonmetal mines. The two analyses give the same
result, within the quoted errors.

CONCLUSION

Using the results of the limited CMB analysis, two points
can be made concerning the contribution of the various diesel
mine sources to both fine and coarse fractions of the
respirable aerosol concentrations in the metal and nonmetal
mine environment:

1. Diesel exhaust aerosols are the dominant component of
the submicron mode aerosol measured in the diesel
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Average Coarse Particle Contamination of Sub-0.7 pm
Samples for Mines E, F, and G

Analysis
Mine Modal CMB
) 3 %
D 4 £ 2 5.6 £ (.5
£ <2 4.9 + 4.8
F 2+ 1 <12

mines. More than 90% of the measured aerosols is con-
tributed from diesel sources.

2. As much as 20% of the diesel exhaust aerosol con-
tributes directly to the coarse part of respirable acrosol
in the mine atmosphere.



It is not clear that the size selective technique used in the
measurement of coal mine diesel acrosol can be extended
to diesel-equipped metal and nonmetal mines. That technique
depends on separating the collected acrosol sample into two
size fractions at 0.8 pm.* In metal and nonmetal mines the
substantial contribution to the respirable coarse fraction made
by diesel exhaust acrosol compromises the use of size selec-
tive sampling, reducing the accuracy to less than 80%. As
a result, alternate, carbon-specific, methods for determin-
ing diesel aerosol concentrations should be used in such mines
if higher accuracy is desired. One such method is thermal-
evolved gas analysis.!2 This technique permits analysis of
the volatile, carbonate, and elemental carbon fractions of an
aerosol sample. It should permit an unambiguous analysis
of elemental carbon (soot) in a mine aerosol sample.
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MEASUREMENT OF AIRBORNE DIESEL PARTICULATE IN A
COAL MINE USING LASER RAMAN SPECTROSCOPY

B. C. CORNILSEN ¢ J. H. Johnson # P. L. Loyselle * D. H. Carlson

Michigan Technological University, Houghton, MI, USA

INTRODUCTION

The goal of this research has been to develop the Laser
Raman Quantitative Analysis (LRQA) method to measure
the composition of respirable particulate, i.¢. the fractions
of coal and of diesel particulate, in the mine ambient air.
In earlier Bureau of Mines red research, we suc-
cessfully demonstrated that the LRQA method could be used
to measure the fraction of Diesel Particulate Matter (DPM)
in coal/diesel particulate mixtures which were prepared in
the laboratory.! The immediate objective was to test and
refine this LRQA method on samples collected in a diesel
underground coal mine,

Specific objectives required to meet this goal include:

1. Develop in-mine sample collection methods which will
insure sufficient particulate loading on filters for LRQA.
2. Develop methodology for in-mine collection of reference
samples (‘‘coal-only’” and “‘diesel-only™" filters) which
are required for quantitative LRQA.,
. Analyze precision and accuracy of the LRQA method.
. Compare composition measurements with another
analytical method, i.e. the University of Minnesota
fBureaun of Mines size-selective sampling Micro-Orifice
Uniform Deposit Impactor (MOUDI) method.

An advantage of the LRQA method is that it allows analysis
of filters which have been collected by a method similar to
that used to determine the respirable dust concentration in
US underground coal mines. No new sampling instruments
and techniques are required. Transfer of sample from col-
lection substrate to analysis substrate is not necessary. Fur-
thermore, other analyses can be made on the same sample
since the technique is nondestructive.

W

The health effects of diesel exhaust, especially particulate,
are a concern in the underground workplace. The constituents
of DPM include insoluble carbonaceous particle agglomer-
ates, adsorbed or condensed soluble organic compounds,
trace metals, and low leve! sulfates. Many of the organic
compounds are mutagenic and some are known
carcinogens.2

Measurements made in underground mines with diesel equip-
ment have shown that DPM may contribute as much as 60
% of the 2.0 mg/m’ respirable coal mine dust standard.4
While coal dust has been an important health concern for
a number of years, the concern about DPM is more recent.’
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Measurement of pollutant concentrations is prerequisite to
engineering control of the airborne particulate and gaseous
pollutants to which a miner is exposed in a diesel
underground coal mine. At the present time, there is no fully-
proven quantitative analysis method which can distinguish
between diesel and coal particulate.

EXPERIMENTAL

The mine air particulate samples were collected in a man-
ner similar to that used for gravimetric respirable dust sam-
pling in underground coal mines. Respirable dust was sam-
pled using a personal sampler which draws mine air at 2
L/min through a 10 mm nylon preseparator and then through
a filter at 2 L/min. Diesel/coal samples were collected in
triplicate (collection times varied from 2.95 to 7.27 hr).
Smaller Gelman A/E glass fiber particulate collection filters
(25 mm filters instead of the normal 37 mm diameter) were
used to assure filter loadings close to 0.10 mg/cm? and
preferably 0.15 mg/cm?. This 0.1 mg/cn nominal level
was determined by LRQA of various filter loadings above
and below this level in previous studies. Only 8% of the
samples fell below 0.07 mg/cm? with the majority falling
in the 0.1 to 0.4 mg/cm? range (72%). Three locations were
sampled for the diesel/coal mixtures each day: near the
feeder-breaker, in the return, and on the ram car within 2
feet of the operator (as designated in Figure 1.

As part of a systematic approach to monitoring diesel emis-
sions for control of mine air quality, we also measure am-
bient air pollutants and CO, concentrations.® This approach,
developed at Michigan Technological University (MTU),
provides a means to relate air quality measurements to
enginecring controls. The CO, concentration, which is
related to the fuel consumption and airflow per unit of diesel
power used, is related to the DPM fraction. A typical value
of 13 mg/m? /%CO,, determined from previous sampling
in a number of metal mines, was used to calculate this
COy—derived DPM value. The DPM concentration
estimated using the % CO, does not compare well with
LRQA values; % CO,—is expected to be a rough indicator
only.

Four *‘diesel-only’” tailpipe particulate matter samples were
collected from each of 3 Ram Cars using the portable Emis-
sions Measurement Apparams (EMA). The EMA, developed
at MTU, is Dlustrated in Figure 2.! The EMA is a tailpipe
apparatus designed to instantaneously and dynamically dilute
the exhaust to a dilution ratio of about 20:1. A 63 mm



diameter Pallflex T6G0A20 filter was used to collect particulate
{ca. 1.5 min sampling time).
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Figure 1. Schematic of coal mine section defining sam-
pling locations.
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Figure 2. Schematic of emissions measurement apparatus
(EMA-2) which is used to collect diesel-only
tailpipe samples.
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apparatus designed to instantaneously and dynamically dilute
the exhaust to a dilution ratio of about 20:1. A 63 mm
diameter Pallflex T60A20 filter was used to collect particulate
{ca. 1.5 min sampling time}).

““Coal-only”” particulate reference samples were taken daily
for 4 days next to the continuous miner (CM) scrubber
(Figure 3). The collection procedure was similar to that used
for the diesel/coal mixture samples. With the high dust con-
centrations between the cutter and scrubber, respirable coal
dust can be collected in 15 minutes or less.
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= Sorubbrer entrance
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Figure 3. IMlustration showing location of coal-only par-
ticulate sample collection,

After weighing to determine the respirable dust concentra-
tion, the filter is mounted on a sample spinner and analyzed
by LRQA. No transfer of the particulate to a different filter
is required. Samples are rotated to prevent decomposition
in the laser beam.! The schematic in Figure 4 depicts the
LRQA instrumentation.

The LRQA spectral scan procedures have been designed to
test for sampling inconsistencies which might arise from sam-
ple decomposition in the laser beam. Four spectra are col-
lected, a pair at each of two different radii on the spinning
filter. The individual spéctra are designated as **1x spectra.”
The sum of the two spectra at one radius is designated as
a ‘‘2x spectrum.”” Any decomposition in the laser beam will
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Iy
?—*ﬁ c

Figure 4, Schematic diagram of Raman instrumentation used
to collect coal/diesel particulate spectra.
A) Argon-ion laser
B) Spectrometer (double monochromator)
C) Sample chamber with spinning sample holder
D) Photomultiplier tube
E) Interface between spectrometer and computer
F) Computer used to control spectrometer and to

analyze spectra

be apparent upon comparison of two 1x spectra. Comparison
of two 2x spectra will indicate radial inhomogeneity. This
procedure also allowed detection of radial sampling in-
homogeneities on a filter which are caused by particle size
segregation. The sum of all four 1x spectra is designated as
a *“4x spectrum,” and is representative of a given filter.

LRQA samples have been collected simultaneously with the
size-selective sampling method being developed at the Twin
Cities Research Center (TCRC) and the University of Min-
pesota, %7 The latter samples were collected by University
of Minnesota personnel. MOUDI samplers, used for this pur-
posc, separate the particles into size fractions on the basis
of their aerodynamic diameters and densities.” This side by
side collection allows direct comparison of the fractions of
diesel and coal in the mine air measured by the two methods.
All samples were collected during one week of underground
air sampling during August, 1987, in the Kerr McGee Galatia
Mine.

RESULTS AND DISCUSSION
Coal-only and Diesel-only Measurements and {se

A well defined relationship (equation 1) exists between the
diesel/coal composition (y) and the intensity ratio (M) of two
bands in the Raman spectrum of a mixture.! Figure 5
graphically depicts this relationship. Raman spectra of coal-
only and diesel-only samples are shown in Figure 6.

lly = (@'/g) ((-M)/M-D} + 1 4}

y is the percent diesel particulate matter, $DPM, in a
coal/DPM mixture. g represents the coal-only intensity and
g’ represents the DPM-only intensity. The slope in equation
1, g'/g, is the intensity ratio of the two samples and must
be obtained when the two components are identically aligned.
The coal-only intensity ratio (r) and the DPM-only ratio (r’)
must be determined to allow quantitative analysis of the
mixtures.

The ratio for coal-only filters (r) was determined for 6 filters
which were collected on three different days. The 1x, 2x and
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Figure 5. A graphical representation of the dependence of
composition, i.e., ¥DPM (y), upon the ex-
perimental intensity ratio (R).

4x spectra demonstrate good reproducibility. This consisten-
cy shows that the samples are not decomposing in the laser
beam. The mean and standard deviation (SDEV) for the coal-
only samples are 0.522 and 0.022, respectively
(C.V.=4.3%). This precision is comparable to that expected
theoretically for these scan times.! The overall accuracy of
mixture composition analysis depends on precise measure-
ment of the coal-only intensity ratio (r) and the DPM-only
ratio (r’).

Spectral ratios have been determined for four DPM-only
filters (after-scrubber), collected from two different ram cars.
A mean 1’ value has been calculated by averaging the ratios
measured for the four filters (a pair collected from each ram
car). Reproducibilities for these are reasonable with an
average r’' of 0.958 and with a SDEV of 0.089 (C.V.=
9.3%. :

Spectral Analysis and Reproducibility

The calculated %DPM values are analyzed statistically to
demonstrate spectral reproducibility for a triplicate set of
filters. Table I summarizes the $DPM values for one set
of diesel/coal mixture filters collected at the feeder-breaker.
The %DPM for each filter in column B of Table I are each
an arithmetic mean of four 1x spectra. Column C gives the
corresponding standard deviations. At the bottom of this table
the overall arithmetic mean and standard deviation for the
12 spectra are given. Column D presents the %DPM
measured on the summed (4x) spectra, with the mean and
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Table 1

Statistical Analysis of %DPM for a Triplicate Set of Filters
Collected at the Feeder-Breaker (on 8/10/87)

Column: B c

% DPM for four
Ax spectra

Filter Mean SDEV
3393 60.4 9.3
4730 61.9 8.7
€337 67.7 8.4

Valuea for twelve

Ix spactra: 63.3 8.8
Values for thres

4x spectra: 64.9 3.0

INTENSITY

SCATTIRED

1400.0 [L-N] 1440.8 1m0 .G

~——— UAVENUMBER (cm™l) ——

Figure 6. Raman spectra of coal-only and DPM-only filters
(top), and baseline subtraction procedure for
measurement of the intensity ratio (bottom).

standard deviation for the set of three at the bottom. Note
that the standard deviation for the 4x spectra is smaller than
for the 1x spectra because of the increased S/N ratio in each
summed spectrum. The inter-filter mean composition is
64.9% DPM.

The intra-filter reproducibility is measured by the standard
deviation of the $DPM (in column C of Table I) for each
filter. The 4x %DPM for each filter (column D) must be
consistent with the Ix average (column B), and they are in
each case. These results indicate that the samples have not
changed during the time of measurement in the laser beam.

D F G
% DPX for one % DPH for the
4X_spectrum 2x_spectra
Inner Quter
65.9 55.6 70.9 .
67.6 62.5 68.9
$1,7 571.1 65.9

Values for three
2x spectra, mean: 58.
3

and SDEV:

Table I also compares %DPM values for 2x spectra {each
a sum of two 1x spectra) collected at two different radii {col-
umns F and G). This comparison shows whether or not the
sample is radially homogeneous.

The inter-filter reproducibility is demonstrated by the stan-
dard deviation for the three filters (bottom of Table I, col-
umn C). In particular, the values in column D provide a
measure of the inter-sample precision which can be attained
for three filters collected simultaneously. The SDEV of 3.0%
DPM demonstrates the high precision attainable. It is com-
parable to the uncertainty predicted theoretically upon con-
sideration of standard counting statistics and the count time
per data point. SDEV values that are higher than this will
be found when real sampling differences occur.

Composition Measurements at the Feeder Breaker
Ram Car, and Returns

Table H summarizes the DPM compositions at the various
mine locations. While we have observed some inconsisten-
cies for some filters, DPM compositions between 60 and 83 %
(SDEV < 10.5) have been measured with good precision.
Samples with compositions outside this range exhibit incon-
sistencies among the multiple Ix spectra. Their origin is under
further study.

In some filters the compositions measured at the two different
radial positions differ substantially, as indicated by a t-test
on the difference of the means (see Table II). Table I
presents an example calculation. The nult hypothesis that the
two sets of data are equal can be rejected at the 95% con-
fidence level if the t-value is greater than 2.9. We can reject
the null hypothesis since the cbserved t-value is 6.4. This
result indicates that the compositions measured at these two
radii are statistically different. The inner radius has a higher
coal content.

Five out of eleven of the filter sets listed in Table II show
significant differences between the means for the 2x spectra
at the inner and outer radii. These results indicate in-
homogeneous deposition which changes the measured
coal/diesel ratio. Visual observation also reveals the in-
homogeneous particulate deposition on some filters.
Therefore steps must be taken to insure uniform deposition,
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Table I

Summary of %DPM and Statistical Results to Determine if
Inner Radius and Outer Radius Analyses Differ

— S DPM
Sample Data
Location taken ¥o Neanss SDEVHH
Feoder /10 3 4.9 3.0
8/11 2 §5.1 10.5
8/12 3 £7.4 16.4
8/13 a 47.9 30.3
Ram Car 8/11 3 48.4 13.4
8/12 F ] 69.2 §.3
8/13 2 70.0 10.0
Raturn /10 2 7.9 0.6
8/11 3 83.1 1.5
8/12 2 3.4 7.9
8/13 3 60.7 11.1

¢ Number of samples analyzed per set.
8 Mean and standard deviation for two or thres 4x acans.
“a% §DPH estimated from €0, concentration in mine.

& DPMsws
Inhomo- aest.
genacus from
C.¥V. Calc. t at at 93t €O,
| ] t 0.05 conf. conc.
4.6 3.5 1.9 yes 1]
16.1 5.% ¢.) - up
34.6 7.1 6.2 yos 5.0
$3.1 3.6 6.3 - 93.6
27.9 6.4 2.% yos 47.2
9.2 8.1 6.3 yes 5.1
14.2 2.0 &.3 - 54.8
0.7 2.0 6.3 - 78.9
9.1 2.7 2.9 - 57.7
9.6 3.0 6.1 - 49.9
18.2 4.1 2.9 yes 59.7

Table III

Statistical Analysis of %DPM for a Triplicate Set of Filters with
Radial Inhomogeneity; Ram Car (8/11/87)

Column: 3 4 D r G n
& DPM fer four % DPM for ona % DPM for two
1x scans 4X SCan 2% _scana Dalta
Filter Mean SDEY Mean Inner OQuter _F-G
2022 68.0 14.1 6.2 3s.4 2.7 33.3
2431 51.8 30.3 45.1 20.8 75.% 4.8
8541 20.2 0.8 00,9 56.8 6.0
Total number of
spactra analyzed: 12 3 3 3 3
Maan: 46.7 48.4 20.1 &8.4 48.3
SDEV: 31.5 13.4 19.7 10.2 13.0
t s 6.4

Segregation by particle size can cause such inhomogeneity,
with the larger particle size coal particulate concentrated
toward the center. This natural tendency for nonuniform
deposition of particulate on the filter surface has been ob-
served with asbestos fiber collection. Size-selective sam-
pling research has indicated that coal dust tends to exhibit
a particle size distribution above +0.7 micrometer with diesel
particulate below 0.7 micrometer.%? Improved uniformity
of particulate deposition has been achieved for asbestos fiber
collection by using a cassette with a cylindrical “‘extension
cowl.”” It should be pointed out that the observation of radia!
inhomogeneity demonstrates the sensitivity of the LRQA
technique.

Comparison of Compositions as Measured by
Different Methods

For two of three simultaneously collected samples there is
excellent agreement between the MOUDI and the LRQA
results (see 8/12 and 8/13 results in Table IV). The MOUDI
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gives %DPM values of 46.2% and 62.1%, while the LRQA
gives values of 47.4% and 60.7% DPM, respectively. For
these two pairs, the overall time spans for collection were
comparable and no sampling irregularities occurred. It is im-
portant to note that the Raman triplicate filters are collected
at the same time and for the whole period (ca. 5 to 6 hr.),
whereas the MOUDI samples are collected in . Each
MOQUDI filter is collected over a 1 to 2.5 hr period. Thus
the arithmetic mean %DPM values calculated by the two
methods may differ because of the differences in times sam-
pled. For the third measurement (on 8/11), the two methods
do not exhibit such agreement. The mean values differ by
25%. During the last hour of sample collection on 8/11, the
dust from the mine face did not pass by the samplers. This
occurred when the continuous miner broke through the mine
face into the adjacent drift, drastically changing the air flow
pattern.

The S/N ratio based upon the counting statistics for the scan
time used in this study indicates that precision is not limited



by the scan time. (A longer scan time will, of course, im-
prove the 5/N ratio.) Radial inhomogeneity reduces inter-
filter reproducibility. Empirical variables can be controlled
to improve precision. These are being optimized in our con-

tinuing work.

CONCLUSIONS

The LRQA method has been tested and refined on samples

Table IV
Comparison of Compositions Measured by LRQA with those

Dust Measurement

collected in a diesel underground coal mine. The amounts
of DPM found at the feeder-breaker, on the ram car or at
the returns, are in the range from 37 to 83% DPM. Total
respirable DPM ranges from 0.18 to 1.61 mg/m® (Table V).
Sampling reproducibility (precision) has been confirmed by
statistical analysis of results for triplicate filters. Standard
deviations below + 10 % DPM are attainable. This preci-
sion is that expected for the scan conditions used.
Reproducibility can be improved with longer scan times.

Measured by MOUDI and Those Estimated from %CO,

IOPH
Eat.
froa
Date/ Sample TINE Co, — MDY — LROA =~
Location No. start stop diff. conc $DPM_ Mean  SDEV % DPM_ Mean SDEV
8711787 GNA-1 10:19 11:19 60 min.» 47.1
Return GHA-2 11:41 12:41 60 min.+ 51.7 57.9 14.84
GNA-3  13:01 14:01 60 min.++ 74.8
a0 8:20 14:00 5.76hr. 56,7 77.8
21 - . b 57.2 79.7 43.1 7.5
2 " L] " $9.2 81.7
8/12/87 GHA-4 8:3n 11:00 150 min.#* 51.7
Paader GNA-S 11:29 13:59 150 min.#» 40.7 46.2 7.78
30 8:35 13:45 5.17 hr. - 40.%
3l - - " 59.5 35.2 47.4 16.4
32 " " - 78.1 66.0
8/13/87 GNA-6 9:45  11:45 120 min.v 4.9
Return GNA-? 12:060 12:49 158 min.» 59.2 62.1 4.03
15:34 17:21
44 9:36%% 17:15 4.87h 53.4 55.3
45 L - . é0.0 55.3 §0.7 11.1
47 " - " 65.7 73.4
+ some mining, moving mine roof bolting
++ dust from face not passing samplers
* mining
&  hauling
&% pump off 12:51-15:38
Table V

Summary of LRQA %DPM, Total Respirable Dust and
Airborne Diesel Particulate Matter

Total

Sample Date $_DPH Respirable DPM
Iocation Taken MNo.#* Mean*  Dust, mg/m’ mg/m?
Feedar 8/10 E 65.1 0.915 0.396
811 2 65.) 0.582 0.379
8/12 2 ar.4 0.39¢ 0.283
8/13 2 41.9 0.373 0.179
Ram Car @711 3 49.4 1.5323 0.737
8/12 2 6.2 1.158 0.79%0
2/13 2 70.0 1.074 0.7%2
Return s/10 2 77.9 1.073 0.836
8/11 3 3.1 1.690 1.404
8/12 2 82.4 1.957 1.613
8/13 3 60,7 0.987 0.599

* HNean for two or thrse 4x scans.
#¢ MNumber of samples analyzed par set.
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Composition measurements for samples collected
simultaneously and analyzed by the LRQA and size-selective
methods have been compared. The %$DPM values obtained
for this limited set of samples at two locations are in
reasonable agreement. Two out of three % DPM comparisons
agree very well, the third does not.

Sampling objectives were attained which make quantitative
Raman analysis possible. First, in-mine collection methods
have been shown to provide satisfactory particulate loading
on filters. Secondly, methods to provide the diesel-only and
coal-only reference samples were developed.

‘We have demonstrated that sample homogeneity on the filter
surface can be confirmed by scanning at two different radii.
Filter *‘extension cowls’” are expected to remove radial in-
homogeneities, and these will be tested in up-coming work.

These results indicate the importance of DPM-monitoring
techniques. Optimization of the LRQA procedures will allow
increased precision and accuracy. Further comparison of the
size-selective and the LRQA methods is needed. Improved
monitoring methods that are able to quantify the diese! and
coal fractions are prerequisite to the development of adequate
control technology.
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ABSTRACT

A theoretical technique has been developed and verified experimentally for determining the aerodynamic
diameter of irregular shaped particles. The acrodynamic diameter of a particle is a very important parameter
for determining where that particle deposits in the respiratory tract. Many instruments, such as impactors
and cyclones, will determine the aerodynamic size distributions of aerosol particles but few analyze the
particles individually. The theoretical approach of our technique is to solve, by use of high speed com-
puters, the three-dimensional Navier-Stokes equations to obtain the flow field around an irregular shaped
particle of any contour. The computer program will then determine the drag on the particle, and thus the
acrodynamic diameter of the particle can be calculated. The experimental approach has been to pass the
particles through a centrifuge and collect the particles upon a collection foil. The position of a particle on
the foil is an indication of its acrodynamic diameter. These particles were then shadowed in two orthogonal
directions and inspected under an scanning electron microscope (SEM). The top view of the particle in
the SEM plus the views of the two orthogonal shadows allows one te determine the three-dimensional shape
of the particle. Studies have been performed on silica, coal and talc particles with aeredynamic diameters
in the 1 to 4 um size range. The three-dimensional shape, as is determined from SEM analysis, was used
in the theoretical computer program and the results compared. It was found that in most cases the agree-
ment between the experimentally and theoretically determined aerodynamic diameters was within 5%.

INTRODUCTION

The equivalent acrodynamic diameter (EAD) of a particle,
defined as the diameter of a unit density sphere with the same
falling speed as the particle in question, is an important size
measurement of the particle. This is especially true when
attempting to predict where particles may deposit in the
respirator tract. Therefore, EAD is an important parameter
when considering respiratory diseases caused by particles,
such as coal workers pneumoconiosis (CWP).

Many instruments will measure the EAD size distribution
of the aerosol particles, but few analyze the particles in-
dividually. Impactors, cyclones and virtual impactors nor-
mally collect particles upon substrates or filters which are
then analyzed gravimetrically to determine the mass concen-
tration of the particles in that size classification. The EAD
of particles can be measured on an individual basis with cen-
trifuges, inertial spectrometers and the TSI Aerodynamic Par-
ticle Sizer (APS). Centrifuges are most ideally applicable
for studying individual particles as the particles are deposited,
on long removable foils, at locations dependent upon their
EAD.

The theoretical approach to determining the EAD of a parti-
cle has been primarily limited to regular shaped particles of
symmetry to which analytical solutions of the flow field equa-
tions for air flowing around the particies can be applied.

However, if the particle is irregular in shape, these analytical
approaches do not apply and the EAD is very difficult to
calculate. One technique that can be applied to determine
the flow field around an irregular shaped particle is the
numerical solution of the Navier-Stokes equations. In acrosol
technology applications, this technique has been primarily
used to determine the flow field through instruments. In most
of these problems, the Navier-Stokes equations have only
been expressed in two dimensions. However, to be able to
describe the flow around any arbitrary irregular shaped par-
ticle, the Navier-Stokes equations must be solved in three
dimensions.

The object of this paper is to apply the numerical solution
of the three-dimensional Navier-Stokes equations to the flow
around any irregular shaped particle and demonstrate that
the aerodynamic diameter, sc calculated, agrees with that
determined experimentally in a centrifuge. Studies have been
performed on silica, coal and talc particles with aerodynamic
diameters in the 1 to 4 um size range.

The shape of the particles used in the numerical solution of
the flow field are defined by scanning electron microscopic
(SEM) analysis of the particles collected on the foil in the
centrifuge. An important discovery was made in the process
of determining the three-dimensional shape of a particle in
the SEM. It was found that the two-dimensional view of a
particle is not sufficient to fully describe the shape of the
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particle. To fully describe the particle, it is necessary to
shadow the particle with a film in two orthogonal directions.
These two shadows, along with the plane view of the parti-
cle, can then provide a reasonable indication of the particle
shape.

NUMERICAL ANALYSIS TECHNIQUE

Numerical analysis of the Navier-Stokes equations has been
used extensively in our laboratory to obtain information on
flow fields through aerosol analyzing instruments.!-3
Although several techniques have been used to solve the
Navier-Stokes equations, they are all basically the same in
that the finite difference form of the equation is expressed
in terms of the stream function and vorticity, or in terms of
the velocity vector components and the pressure. A grid is
placed over the area of interest and the finite difference equa-
tions are solved at the node points (intersection of the grid
lines) of the grid. The solution is achieved by an iterative
relaxation procedure that determines the value of the stream
function and vorticity or the velocity vector components and
the pressure at each node point. Since numerical solution
techniques have been used extensively and many cases
reported in the literature, %’ the tethniques will not be
described in detail here.

The particular numerical solution technique vsed in the work
described here is that described by Patankar.® The reader
is referred to his textbook for details of the technique. This
technique solves for the velocity vector components and the
pressure at the node points rather than the stream function
and vorticity. However, once the velocity vectors and
pressure are known, the stream function and vorticity can
be calculated, if desired. The stream function is often
calculated so that the stream lines (lines of constant stream
function) can be shown to provide a clearer understanding
of the nature of the flow fields.

Most of the work utilizing finite difference solutions to the
Navier-Stokes equations has been in two dimensions.
However, three-dimensional solutions can be obtained® and
must be used when analyzing the flow around random ir-
regular shaped particles. The solution technique is exactly
as has been described by the two-dimensional analysis of
Patankar, with the addition of the third direction. However,
the computer program is substantially larger and the soiu-
tion time much longer.

The fluid drag acting on the particle and the EAD can be
computed from the numerically determined flow field sur-
rounding the particle. Based on the calculated flow field, the
fluid drag on the particle surface can be calculated by in-
tegrating the fluid stresses over the surface of the particle.
The drag force on a particle will be the sum of both the
pressure forces on the particle and the shear forces resulting
from the fluid flowing past the surface of the particle. Once
the drag force is equated to the gravitational force acting on
a particle, the EAD is computed based on its basic defini-
tion. Since the aerodynamic diameter is defined as the
diameter of a unit density sphere which falls at the same speed
as the particle in question, the problem reduces to one of
determining the falling speed of a particle. This problem fur-
ther reduces to one of determining at what speed the drag
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force is equal to the gravitational force on particle, for these
are the conditions which must exist when the particle is fall-
ing in equilibrium at its terminal settling speed.

Verification of Numerical Technique on

Regular Shaped Particles

Since two-and three-dimensional computer algorithms had
not previously been applied to determining the flow around
particles, the first step was to verify the programs on regular
shaped particles where analytical solutions for the flow fields
exist. The algorithms were therefore applied to particles that
are symmetric in shape such as spheres, cylinders and disks.
Due to symmetry, the drag acting on these types of particles
can be computed as either two- or three-dimensional
problems,

The two-dimensional program was verified by studying
spheres, cylinders and disks.? The two-dimensional analysis
has been applied to single spherical particles, cylinders in
cross flow, disk shape particles and spherical particles con-
nected in chains. In all cases the shapes were selected because
there was a prior determination of the drag force on the par-
ticle, either by analytical or experimental methods, and
reported by other investigators, since it was the object of
this portion of the project to gain confidence in a numerical
technique. For the single spherical particle, the drag force
from the numerical solution was compared to the drag force
predicted by Stokes law. The results of this analysis for par-
ticle diameters of 2, 5 and 10 pm show that the calculation
of the drag force on a particle agreed within 4% of that deter-
mined by Stokes law. For the case of cylinder in cross flow,
which utilized rectangular coordinates, only one case was
analyzed (10 pm diameter) and compared to the analytical
solution. The difference was only approximately 2.5%. The
disk in cross flow was studied utilizing cylindrical coor-
dinates. The results of this test were compared to that of
QOseen’s solution. In the case of the disk, the analysis was
run for several values of the Reynolds Number. The error
in the drag forces increased with decreasing Reymnolds
Number from approximately 1 1/2% at a Reynolds Number
of 0.13 to about 6% at a Reynolds Number of .00326.

Upon verification, the computational method was optimized
and the technique expanded to include the three-dimensional
case. For the three-dimensional case, test runs were per-
formed on spherical and cubical particles. The numerically
determined drag force on spheres was within 4.5% of the
analytically determined value. For cubes, the values were
within 5% of the experimental values reported in the
literature.

Verification of Three-Dimensional Algorithms on
Irregular Shaped Particles

The verification of the three-dimensional algorithm on
regular shaped particles was encouraging. However, we felt
that in the development of any numerical technique of this
complexity, it is also important to compare the numerical
results to experimental results, preferably obtained with a
proven, standard method. For this reason a spiral duct cen-
trifuge, which can provide information on the EAD of either

regular or irregular shaped particles, was used to collect par-
ticles of several types. This instrument has been developed



and used successfully for many years by investigators to
determine the EAD of agglomerates of spheres and chain
acrosols as well as irregular shaped particles.®? In the cen-
trifuge, particles are introduced into the center of a rotating
spiral channel in which aerosol and clean sheath air are flow-
ing. Particles introduced into the inner edge of the spiral
channel are collected upon a foil attached to the outer edge
of this channel. The distance from the introduction point to
where the particles strike the foil is a function of their EAD,
with the larger EAD particles being collected closest to the
inlet.

The centrifuge used in this project was the Lovelace Aerosol
Particle Separator (LAPS) which is used extensively by
Lovelace Inhalation Toxicology Research Institute (ITRI).
With the aid of ITRI personnel, several runs were made with
coal, silica, and talc particles. This provided a variety of
shapes for which the numerical technique could be applied.
Sections from the centrifuge foils were removed at locations
corresponding to aerodynamic diameters from 1 to 4 pm and
the particles subjected to SEM analysis.

EXPERIMENTAL DETERMINATION

OF PARTICLE SHAPE

The three-dimensional shape of an irregular shaped particle
must be known in order to determine the EAD of the parti-
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cle with the numerical computer program, However, inspec-
tion of the particles with the SEM only provides two-
dimensional views of the particles. In our initial attempts to
determine the three-dimensional shape of the particles, the
shape and size of the particles in the third dimension were
inferred from their two-dimensional shapes. This required
that assumptions be made about the symmetry and regularity
of the particles based on one two-dimensional view, It was
realized that these assumptions could be erroneous. To
eliminate the need for the assumptions in the third dimen-
sion, the particles were shadowed with a gold film in two
orthogonal directions at an angle of 15° and then the par-
ticles and their shadows inspected with the SEM. The
shadows were successful in providing views of the third
dimension of the particles. This technique was very inform-
ative, in that the third dimensions of the particles were often
drastically different than what we would have inferred from
their two-dimensional shape. For example, a particle that
looks like a sphere could in actually be a particle shaped like
a disk or a spear.

Photomicrographs of four particles inspected in this manner
are shown in Figure 1. These are three coal particles of
various shapes and a talc particle. The particles in Figures
1a and 1b have projections protruding from the top of the
particle. These projections would not have been suspected.

Figure 1. Photomicrographs of coal and talc particles shadowed in two orthogonal directions.
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In some cases, the particles have multiple projections as
shown in Figure 1c. The talc particle is a flakelike particle
with a diameter approximately 10 times its thickness.

APPLICATION OF NUMERICAL TECHNIQUE
TO CALCULATE AERODYNAMIC DIAMETER
The first step, in applying the numerical technique to deter-
mine the acrodynamic diameter of irregular shaped particles,
such as shown in Figure 1, is to approximate the shape of
the particles by a series of blocks as shown in Figure 2. The
reason for approximating the particles as a series of blocks
is that the numerical program is in rectangular coordinates
and each cube in the three-dimensional astay must represent
either a portion of the particles or the space around the
particles.

11
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Figure 2. Digitized three-dimensional representations of par-
ticles in Figure 1 and a comparison of the numeric-
ally and experimentally determined EAD’s.

Once the cubes within the three-dimensional array which
represent a particle are identified, the viscosity in these cubes
is set at a very high value. Therefore, when the flow field
equations are solved over the entire domain (the domain of
the particle plus the surrounding volume of approximately
10 times the particle diameter), the volume defined by the
large viscosity will be considered as a solid within the do-
main and will not flow, while the volume around the parti-
cle will have the viscosity of air and will define the flow field
around the particle. After the flow ficld has been determined,
the drag on the particle can be calculated and, thus, its EAD
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determined. For each particle shown in Figure 2, the ex-
perimentally determined EAD from the centrifuge is com-
pared to the numerical results. In most cases the agreement
is quite good, especially since the orientation of the particle
as it passes from the inlet to the foil in the centrifuge is not
known. The aerodynamic diameter of the particle will be a
function of its orientation as it moves toward the foil.

To determine the sensitivity of a particle’s aerodynamic
diameter to its orientation, the aerodynamic diameter in three
orthogonal directions were determined numerically for two
particles shown in Figure 3. The table associated with each
particle indicate that the acrodynamic diameter is a function
of its orientation. Note that the variation is only about 17%
from their smallest to largest value of EAD’s. Also, indicated

z l‘ | . ] H
C -
muY —
y |=
3"
Direction EAD.um
ofthe flow Numerical Edperimental
217
g* 1.85 1.93
z 2.10
z
|
1
Y
H
Direction EAD.um
of the flow Numerical Enperimental
2.89
y 2.92
z" 2.78 2.79

* Direction of the particie settling

Figure 3. Comparison of the numerically determined EAD’s
for three orthogonal orientations of a talc and coal
particle.



in the table is the experimentally determined EAD corre-
sponding to the direction that the particle was found on the
foil. The agreement between these experimental values of
the EAD’s and the theoretical EAD’s for the same orienta-
tion is very good.

CONCLUSIONS

A powerful tool has been developed for determining the EAD
of an irregular shaped particle in any orientation. This tech-
nique utilizes the numerical solution of the Navier-Stokes
equations in three dimensions and provides detail for the
features of the flow around the particle, which leads to the
calculations of the drag coefficient and EAD of the particle.
The experimental verification of the theoretical technique has
been quite satisfactory in that the aerodynamic diameter de-
termined experimentaily agreed with the theoretically dctcr-
mined values.

In the process of determining the three-dimensional shape
ofapamclemanSEM it was found that the shadowing
of the particle in two orthogonal directions was necessary.
This shadowing revealed that inferring the three-dimensional
shape of a particle from its two-dimensional projection is not
satisfactory and that the shadowing is absolutely necessary
if detailed information of the particle shape and size is to
be obtained.
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Various studies have related dust exposure of foundry
workers to mixed-dust fibrosis,'# bronchial obstruction,’
and lung cancer.® The relationship between silicosis and
pulmonary cancer has been constantly mentioned in the last
ten years™ leading to the inclusion of silica in the IARC list
of compounds which should be regarded as probably car-
cinogenic to humans.! However, many of the epidemio-
logical studies®8:11.12 have indicated the almost impossible
task of establishing a dose-effect relationship in foundries
because of the complexity of workers’ exposure, and the lack
of data on cumulative exposure to etiologic agents.

The aim of this work was thus to selectively collect foundry
dust with granulometric fractions of biological significance
and to carry out a comprehensive analysis of these fractions.
Methods

Dust samples were collected at fixed stations with cascade
impactors, cyclones and closed cassettes in three ferrous
foundries, one aluminum foundry and one copper smelter.

mg/m
15

100 b

1 2 3 4 5
21 15

Dust characterizations were performed by scanning and
transmission electron microscopes fitted with encrgy disper-
sive X-ray analyzers (EDXA); X-ray photoelectron spec-
troscopy (ESCA), secondary ion mass spectrometry (SIMS),
X-ray diffractometry, infrared spectrophotometry and atomic
absorption spectroscopy.

Results

The melting technique, size of the industry, variety of com-
positions and whether the installation has dust control equip-
ment are obviously highly related to the observed changes
in dust composition. However, in this short presentation,
results that are thought to be relevant to the toxicity of these

‘dusts will be emphasized.

Ferrous foundries

The three ferrous foundries (A, B and C) cast ductile iron
and gray brass in various types of sand moulds without any
organic resins. Figure 1 gives a representative example of

impactor
stages

Aerodynamic
diameter {pm)

7 8 9
10 60 35 20 09 05 0S5

Figure 1. Example of the bimodal distribution of foundry dust as collected with a Sierra Cascade Impactor.
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the bimodal distribution of foundry dust as particulate dust
(> 2 pm) and fumes (< 0,5 um) as observed by Dams and
Zhang. 13-4

In this instance, the dust concentration results as sampled
with the cascade impactors in the general environment of the
casting facility of each foundry can be conveniently separated
into three fractions, each fraction being the sum of three suc-
cessive impactor stages. The average dust concentrations can
then be summarized as being 1.7, 1.5 and 1.6 mg/m? for
particles having acrodynamic diameters larger than 10 pm;
1.3, 2.5 and 0.8 mg/m? for particles between 1-10 pg; and
0.3, 2.9 and 0.1 for particles smaller than 1 um which we
will describe as fumes. The striking feature of these results
is the comparability of large-particle dust concentrations in
the three foundries as compared to the variability of respirable
dust and fume concentrations,

The determination of the quartz content of these foundries
dusts gives a partial evaluation of their pulmonary toxicity.
However, it was observed that the airborne quartz concen-
trations as sampled with the cascade impactor were 0.08,
0.10 and 0.08 mg/m® for particles in the 1-10 gm range,
as compared to results of 0.04, 0.05 and 0.01 mg/m3 as
sampled with a standard cyclone for respirable dust. These
results can be explained by the absence of quartz in the fume
fraction or by the widening of the quartz diffraction line with

the decrease in particle size which makes quartz

unobservable.

The metallic elements detected in the airborne dust from fer-
rous foundries are given in Table I in decreasing order of
intensity for particles larger or smaller than 1 pm. It is easi-
ly seen that the composition of particulates larger than 1 pm
is much simpler than that of the fume portion of the aerosol.
In contrast to the two other foundries, in foundry B there
are significant proportions of lead in the portion of the aerosol
composed of particles smaller than 1 pm. Foundry B was
the only one melting untreated iron scrap. Elevated lead
levels in the blood of scrap metal shop workers have been

reported. 14
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Al foundry

The concentrations of dust particles at the Al foundry ranged
from 0.6 (>10 um), 0.4 (1-10 pm) and 0.5 (<1 pum)
mg/m>. The sampling of total inspirable dust with a closed
35 mm-—cassette gave an average of 2.6 + 0.9 mg/m?® s
while respirable dust sampling with a cyclone gave an
average of 1.1 + 0.3 mg/m’. The analysis of these samples
by SIMS, EDXA and ESCA showed a preponderance of NaF
on all granulometric fractions with Cl and traces of Zn, and
of Mn in particles smaller than 1 pum. Sodium fluoride is
a respiratory tract irritant and a cause of fluorosis. The time
weighted average concentration for worker exposure has been
fixed at 2.5 mg/m? as F in the United States.

Cu smelter

Dust concentrations at the reactor and the converter stages
of the smelting process were determined. Cascade impac-
tors gave 1.0, 0.3 and 0.45 mg/m?3 for the three same frac-
tions of large particles (> 10 pmj}, respirable particles (1-10
pm) and fumes (< 1 pm). For comparison purposes, in-
spirable dust as sampled with 35 mm closed cassette showed
an average concentration of 2.6 mg/m? and respirable dust
sampled with a cyclone was 1.0 mg/m®.

Quartz, As, Pb and Cu concentrations were compared to
TLVR values to infer a preliminary evaluation of the
pulmonary agressivity of these samples. Thus, the As, Pb
and Cu concentrations of inhalable dusts were respectively
0.02, 0.23 and 0.26 as compared to the accepted TLVR of
0.05, 0.15 and 1.0 (fumes: 0.2) mg/m’.

After extensive characterization by X-ray diffractometry and
infrared spectroscopy, it was concluded that most of the lead
was present as lead sulphate. The quartz concentration in
respirable dust was around 5% as opposed to the 20-30%
found in the flux.

In this industry, Fe, Cu and Zn are in general important and
constant constituents of all particulate sizes, with lead being

Table 1
Principal Elements in Foundry Dust as Measured by Secondary Ion
Mass Spectrometry and Photoelectron Spectrosopy

Foundries Particle size
um

A and C > 1
< 1

B > 1
< 1

Traces of Co, Cr, As, V.

Elements

(Decreasing order of intensity)

Ca, Fe, Zr, F, In

Mn, Fe, Zn, Cu, Pb, Co, Cr, As, V

Ca, Fe, F, In

Pb, Fe, Mn, Cu, Zn
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Table I

Principa! Elements in Dust from a Cu Smelter as Measured by Secondary
Ton Mass Spectrometry (SIMS) and Photoelectron Spectroscopy (ESCA)

Instruments Particle size
um

Both > 1

Both < 1

SIMS < 1

ESCA < 1

present in particles smaller than 1 pm. The presence of lead
in the fume portion of the dust was similarly noted in fer-
rous foundries. In, Cd, Se and of Sn are also observed in
fume particles as well as traces of Ni, V, Cr and As.

Conclusion

A first step has been made in the comprehensive analysis
of dust in foundries indicating the following trend: foundry
dust can be conveniently separated into three fractions of par-
ticles sizes closely associated with inhalable particles (> 10
pm) respirable dust (1-10 pm) and fumes (< 1 pm). The
present of lead compounds is largely concentrated in the fume
fractions. The presence of quartz is detected in the inhalable
and respirable fractions.
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AQUEOUS SEDIMENTATION AND GLOVE BOX
AEROSOL DETERMINATION OF POTENTIAL
RESPIRABLE FIBERS FROM SAND SAMPLES
USING SCANNING ELECTRON MICROSCOPY

J. L. ABRAHAM e C. Merritt » B. Powell » K, S. Cohen*

Department of Pathology, State University of New York
Health Science Center, Syracuse, New York, USA
*Consulting Health Services, El Cajon, California, USA

ABSTRACT

There is no established method which allows simple prediction of the aerosolized respirable particulate con-
centration from a compact sample such as sand, soil, crushed stone, etc. In response to a problem requiring
such information, we have developed a simple method which we propose for further testing.

Ten grams of sample is suspended in 60 ml of filtered water in a 100 ml graduated cylinder, mixed by
repeated inversion for 1 minute, and altowed to settle. Small (50400 pl) micropipette aliquots from a con-
stant distance (0.5 cm) below the surface are taken at 2, 5, 15, 30 and 60 min and filtered onto 0.2 m
pore membrane filters. The filters are attached to carbon and carbon coated, followed by standard quan-
titative analysis of fibers (and non-fibers, if indicated) using scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDXA). For correlation, aerosol filter samples are taken in a glove box during
or after pouring or mixing the sample. Results are expressed as fibers/gm of initial sample, or as fibers/ml
in aerosol samples. As an example, sand samples tested contained 10 to 10° total particles/gm, 10° to 105
fibers > 5 pm length/gm and 0.3 to 6 fibers/ml in aerosols. In the glove box conditions, the fraction actual-
ly aerosolized is approximately 1% of the total possible. Aeroscl concentrations in rooms of varying volume
can be predicted.

No Paper provided.
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