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ABSTRACT

The overall objective of the research project was to ensure that no new health hazards
were introduced into the underground mine environment by the use of modern, electronically
controlled, low emission diesel engine technology. This was accomplished by evaluating the
effects these diesel engines (operated with low sulfur fuel) on the mass concentration,
chemical composition and physical characteristics of diesel particulate matter (DPM) in a
domal salt mine. The study was modeled after previous studies in which the mass
concentration, chemical composition and physical characteristics of DPM were determined
before and after the introduction of exhaust aftertreatment or alternative fuel to evaluate their
effectiveness in reducing mass emissions.

Sampling was conducted over a two-week period at several locations within the mine.
The same protocol was followed during each week, except different diesel-powered vehicles
were used. During the first week, 1990 Caterpillar 3408 C, mechanically controlled engines
were used; during the second week, 1998 Caterpillar 3408 F, electronically controlled
engines were used. The same low sulfur (34.2 ppm) fuel was used throughout the study.

A variety of samples were collected to determine control efficiency and to determine
the changes in the biological, chemical, and physical nature of the diesel aerosol attributable
to the use of low-emission engines. DPM concentrations were determined using elemental
carbon (EC) and size selective (SS) sampling techniques. The EC technique also provided
information on total carbon (TC) and organic carbon (OC) levels. The SS technique
provided information on respirable dust (RD) and <0.8 wm particle concentrations. Several
near real-time instruments were used for monitoring the diesel aerosol in the mine, i.e.,
portable diffusion chargers (DC) for total surface area, portable photoelectric aerosol sensors
(PAS) for total surface-bound polycyclic aromatic hydrocarbons (PAH), and condensation
particle counters (CPC) for particle numbers. High-volume samplers were used to obtain
DPM samples for determination of the specific PAH and mutagenic activity associated with
the adsorbed organics.

In areas where the diesels were operating, the TC and EC were reduced by at least
60% with use of the electronically controlled diesel engines. OC levels were also reduced
but to a lesser extent, consistent with the engine's technology changes affecting the EC
component of the DPM. As determined from the SS samples, the reductions in DPM at the
downwind location were not as great as for the TC (about 40% decreases in <0.8 pum
particles and RD). As determined in this mine, the DPM levels with the modemn engines (and
no control devices) would not reach the target value of 0.15 mg/m3. The EC and SS
sampling methods were both found to work well in an underground mine environment.

All of the near real-time aerosol measurements at the downwind location (DC, PAS,
and CPC) showed about 50 to 60% decrease in levels with use of the late model engines. The
magnitude of the decreases was similar to that found for EC and TC at the same locations,
indicating that these parameters have close correlations. There was also no evidence of
increased production of nano- (or nuclei-mode) particles with use of the late model engines.
This study also demonstrated that instruments such as the DC, PAS and CPC can be used to
track diesel activity on a real time basis in underground mines.

The PAH and biological (mutagenic) activity levels (associated with the organics
extracted from DPM collected with the high-volume samplers) also showed large decreases



with use of the electronically controlled diesel engines (by up to about 90% and 65%,
respectively).

Overall, use of electronically controlled, modern diesel engines with a low sulfur fuel
in this underground mine resulted in large reductions in DPM and all DPM-related
components. The measured potentially health related components showed similar reductions.
However, the use of these engines cannot be relied upon to reduce concentrations below 0.15

mg/m” in all circumstances.



SIGNIFICANT FINDINGS

The use of electronically controlled, modern diesel engines can substantially improve
mine air quality with respect to DPM concentrations but it cannot be relied upon to reduce
concentrations below 0.15 mg/m’ in all circumstances. Regardless of the metric used to
measure DPM concentrations, a substantial reduction in DPM levels was observed at the
downwind sampling location in this study. The traditional metrics, total carbon and the <0.8
pum respirable fraction were reduced by >60% and 43%, respectively. The nontraditional
continuous reading instruments (DC, PAS and CPC) all showed >50% reductions. However,
the electronically controlled modern engine alone did not reduce DPM concentrations below
0.15 mg/m3. At this mine, a combination of control technologies will be needed to reduce
DPM to allowable levels. (Since the completion of the study, the mine has added another
ventilation raise to double the amount of fresh air in the mine.) Further control technology
may be required to meet future regulatory levels for DPM.

Evidence from this study suggests that the use of electronically controlled low
emission engines at this mine did not introduce new hazards into the mine from an air quality
perspective. There was no evidence of increased levels of nuclei mode particles; in fact the
total number particle concentration was reduced by 50%. Levels of polycyclic aromatic
hydrocarbons and biological activity (mutagenicity) associated with the DPM also decreased
by up to 90% with use of the low emission engines. A larger reduction in elemental carbon
was observed than organic carbon at the downwind location. This finding is in agreement
with what is known about low emission diesel engines, i.e., the greatest reduction in DPM
emissions is achieved with solid carbon particles. Further reduction in organic carbon
emissions would be achieved through the use of catalyst technology; however, these catalysts
are known to increase NO; emissions to concentrations that exceed regulated levels in mines.

USEFULNESS OF FINDINGS

Findings from this study are applicable to other underground mining operations
where large diesel engines are used with minimal ventilation. Limestone, salt and other
nonmetal mines frequently have minimal ventilation because quartz dust, radon, or other
substances with low allowable levels have not been problems in the past. These operators
will benefit from having a ballpark estimate of how much of a reduction might be expected
from investing in low emission engine technology. (with use of low sulfur fuels). It is
possible that other underground mines with higher ventilation levels may see even lower
DPM levels. Further, the study demonstrates that instruments such as the DC, PAS and CPC
can be used to track diesel activity on a real time basis. (Note: A hand-held CPC is now
commercially available.) If these instruments were used underground on a regular basis
operators could establish a baseline concentration that could be used to signal a warning
should the baseline be exceeded.



SCIENTIFIC REPORT
BACKGROUND

Occupational Health Concerns And Standards

Diesel exhaust is a complex mixture of noxious gases and diesel particulate matter
(DPM). DPM consists of nonvolatile, elemental carbon (EC), adsorbed or condensed
hydrocarbons referred to as organic carbon (OC), sulfates, and trace quantities of metallic
compounds (HEI, 1995). Total carbon (TC) is composed of EC plus OC.

Attention has focused on the potential carcinogenicity of DPM and the potential
health impact on miners. In 1988, the National Institute for Occupational Safety and Health
(NIOSH) recommended that whole diesel exhaust be regarded as a "potential occupational
carcinogen”, and stated that reductions in workplace exposure would reduce cancer risks
(NIOSH, 1988). In 1989, the International Agency for Research on Cancer declared, "diesel
engine exhaust is probably carcinogenic to humans" (IARC, 1989).

There is a considerable difference in recommended or established allowable
concentrations for DPM in the workplace. In 1995, the American Conference of
Governmental Industrial Hygienists (ACGIH) added DPM to the Notice of Intended Changes
for 1995-96 with a threshold limit value (TLV™) recommendation of 0.15 mg/m3 (ACGIH,
1995). DPM of < 1.0 pm in size remained on the ACGIH Notice of Intended Changes in
1999 but with a reduction in the proposed TLV to 0.05 mg/m’. The Notice of Intended
Changes for 2001 will further modify the DPM recommendations (ACGIH 2001). ACGIH
has included diesel exhaust particulate, as EC with a time weighted average TLV of 20
pg/m’.

The U. S. Mine Safety and Health Administration (MSHA) promulgated a DPM
permissible exposure llrmt for noncoal mines based upon TC (MSHA, 2001a,b). An interim
standard of 0.4 mg/m TC takes effect 18 months after the publ:catlon of the final rule. Five
years later the standard would be lowered to 0.16 mg/m’ of TC. Total carbon would be
determined using NIOSH method 5040 (NIOSH, 1996).

DPM limits are already in place in Canada and Europe British Columbia, New
Brunswick, Quebec, and Ontario have adopted a 1.5- mgfm level for respirable combustible
dust (RCD) (Canadian Mining Regulations, 1997-98). In Switzerland the standard is 0.2
mg/m’ of TC (SUVA, 1997). 1t should be noted however that diesel soot is listed as a
carcinogen consequently exhaust emissions must be minimized using the best available
control technology. SUVA requires that certified traps be used on all construction machines
used in tunneling. The Federal Republic of Germany has adopted technical exposure limits
(TRK) for the genera] workplace tunneling and mining. For the general workplace, the TRK
is 0.1 mg/m EC or 0.15 mg/m total carbon (TC) when the sample contains > 50 % organic
material. For mining and tunneling the TRK is 0.3 mg/m The standard for mining is being
revised. Germany also has a similar requirement for the use of exhaust filtration dev1ces
This is discussed out in German law TRGS 554 (TRGS 900, 1998).









workshops came a “toolbox” approach for reducing DPM emissions underground (Watts,
1997). Many strategies are contained in the “toolbox” for reducing emissions, but four hold
great promise; low-emission engines, low sulfur fuel, modern DOCs, and catalyzed filtration
devices. These are briefly described.

Low emission engines are produced by engine manufacturers to meet stringent, on-
highway EPA regulations, which have driven DPM emissions levels on the Federal Transient
Cycle from 0.6 g/hp-hr in 1988 to less than 0.1 g/hp-hr in 1994 (EPA, 1997). These engines
typically operate at high fuel injection pressures that provide a more efficient and complete
combustion of fuel and are frequently turbocharged to optimize power, performance, and
emissions, Aftercooling is used to reduce oxides of nitrogen (NOy). Electronic engine
control optimizes the fuel timing and delivery rate, resulting in lower emissions. As a result
of these and other improvements, on-highway heavy-duty diesel engine emissions as
measured in the laboratory have been significantly reduced. However, emission reductions
from these engines have not been quantified or characterized in an underground mine
environment.

In 1996, the EPA established emission regulations for almost all land-based nonroad
diesels such as construction equipment (EPA, 1997). These regulations specify emission
levels that nonroad engines must meet depending on the horsepower of the engine. For now,
EPA is regulating only engines between 130 - 560 kW. Particulate emissions were reduced
from as high as 1.0 g/hp-hr to 0.4 g/hp-hr and NO, emissions dropped to below 6.9 g/hp-hr.
EPA has adopted a phase-in period for regulating other horsepower engines including small
engines that would be candidates to be used in utility mine vehicles.

Engines used in underground mines are exempt from EPA regulations, but many
engines used underground already meet EPA nonroad diesel requirements, as illustrated in
Figure 3. However, future MSHA regulatory requirements will force mine operators to adopt
new strategies to reduce DPM exposure. Data collected by MSHA (Dvorznak, 1996), UMN
(Waytulonis, 1997), and the Ontario Ministry of Labor (Vergunst, 1997) show that low-
emission engines are slowly gaining entrance into the underground mining market. Ontario
(Vergunst, 1997) inventoried the diesel equipment used in noncoal mines and found that
Detroit Diesel series 50, 60 and 6 V 92 engines account for about 17 % of the heavy duty
engines, These engines are electronically controlled with direct fuel injection and are
turbocharged with aftercooling. Caterpillar is also gaining market share with the 3176, 3406
and 3408 series engines that have similar features as the Detroit Diesel engines. All of these
engines are in the 200 to 500 hp range and have much lower mass emissions than their
predecessors. Mine operators recognize that low-emission engines are a promising strategy
to reduce exposure underground and can be used in conjunction with an array of
aftertreatment devices and alternative fuels to reduce emissions (Waytulonis, 1992b).

Use of low sulfur diesel fuel (<0.05% sulfur) reduces the sulfate fraction of DPM
emissions, reduces objectionable odors associated with diesel use, and allows oxidation
catalysts to perform properly (Waytulonis, 1992a). A further benefit in the use of low sulfur
fuel is reduced engine wear and maintenance costs. Fuel sulfur content is a particularly
important parameter when the fuel is used in low-emission diesel engines equipped with
DOCs because catalysts tend to increase the production of sulfates that increase mass
emissions. Low sulfur diesel fuel is available nationwide due to EPA regulations.

DOC:s are used to reduce the quantity of carbon monoxide and hydrocarbons in diesel
exhaust, including aldehydes that can cause eye irritation. DOCs also decrease the soluble






Under steady-state conditions, the LTA engine produced up to 40 % of the particle yolume in
the nuclei-mode range with low concentrations of particles in the accumulation mode range.
Previous studies (Dolan, et al., 1980, Baumgard, et al., 1985, Abdul-Khalek, et al., 1995)
reported 1-20 % of the mass in this range. The major difference between the L10 and LTA
engines was the fuel injection system. The LTA engine incorporated a high-pressure fuel-
injection system that injected fuel at 1,520 bar compared to 1,240 bar for the .10. The MTU
research results showed higher nuclei-mode particles, which were stated to be composed of
solid, carbonaceous particles with adsorbed hydrocarbons. MTU and HEI considered the
particle size distribution findings preliminary in nature and HEI recommended the findings
be verified with representative engines from different manufacturers.

More recent work at the UMN (Abdul-Khalek, et al., 1998) suggested that it was not
necessarily injection pressure itself that lead to increased emissions of nanoparticles. A
Perkins T4.40, 4 cylinder direct injection, turbocharged and aftercooled diesel operated under
ISO type C1 8 mode and type B Universal 11 mode cycles produced the highest injection
pressure (1200 bar) in engine mode 1, yet mode 1 produced a relatively small number
concentration. Furthermore, a study of the influence of injection pressure on particle mass
and number emissions in the 400 to 1000 bar range showed a continuous decrease in both
mass and number emissions with increasing pressure (Jing, et al., 1996).

It is likely that higher nanoparticle emissions are a consequence of reducing the mass
of particles in the accumulation mode compared to the mass of semi-volatile material likely
to become solid or liquid by homogeneous nucleation or condensation/adsorption as the
products of combustion expand and cool and then dilute and cool. The driving force for gas-
to-particle conversion processes is the saturation ratio, S, the ratio of the partial pressure of a
nucleating species to its vapor pressure. For materials like the constituents of the SOF or
sulfuric acid, the maximum saturation ratio is achieved during dilution and cooling of the
exhaust (Abdul-Khalek, et al., 1999) and typically occurs at dilution ratios between about 5
and 30. The relative rates of nucleation and condensation/adsorption are an extremely
nonlinear function of S. Low values of S favor adsorption/condensation, high values
nucleation. The rate of adsorption/condensation is proportional to the surface area of
particulate matter already present (Friedlander, 1977). Thus, the large mass and
consequently surface area of soot agglomerates present in the exhaust of old technology
engines will take up supersaturated vapors quickly and prevent S from rising high enough to
produce nucleation. On the other hand, in a modern low emission engine there is little soot
surface area available to adsorb or condense supersaturated vapors making nucleation more
likely, This will be especially true if the solid carbon emissions have been reduced relatively
more than sulfuric acid and material that makes up the SOF.

The engine used at MTU emitted low concentrations of particles in the accumulation
mode diameter range, where carbonaceous particle agglomerates reside, and had very high
soluble organic fractions (SOF) ranging from 60 to 75 %. These factors would favor
nucleation of the SOF as nanoparticles. The high fuel injection pressure and the fuel-air
mixing strategy used in their engine probably led to more effective reduction of
carbonaceous particles than SOF. Thus, the high injection pressure indirectly led to an
increase in number emissions. However, other engine modifications or aftertreatment
devices that reduce soot emissions more effectively than SOF or sulfuric acid are also likely
to increase particle number emissions. In fact, this was exactly what has been observed
downstream of some trap oxidizer systems (Kruger, et al., 1997 and Mayer, et al., 1995).



The same arguments just made about the role of soot agglomerates in suppressing
nucleation during dilution and cooling of the exhaust also apply to nucleation of ash
constituents that are volatilized at combustion temperatures, except that in the case of ash
constituents the nucleation takes place inside the engine during the expansion stroke
immediately after combustion. The term *“as” is used to describe inorganic solid materials
present in exhaust particulate matter (including for example metal sulfates and oxides). Prior
to the work at the UMN and similar work in Switzerland (Mayer, et al., 1999), there was no
evidence of significant solid ash particle nucleation except when high concentrations of
metals were added with fuel additives. Tests at the UMN using the Perkins engine suggest
that soot emissions may have been reduced to such a low level that the agglomerates no
longer provide enough surface area to relieve ash supersaturation and prevent nucleation of
ash derived from lube oil. Once ash nuclei are formed they may serve as heterogeneous
nucleation sites for SOF and other species during dilution and cooling of the exhaust. In fact
the particles in the high SOF nuclei mode observed in the past may have had ash cores.

Thus, the nanoparticles observed in the diluted exhaust of low emission diesel
engines may consist of solid carbon or ash particles, semi-volatile nuclei formed by
homogeneous nucleation or semi-volatile nuclei with a solid core formed by heterogeneous
nucleation on existing particles. It is clear that a number of factors affect the fine particle
aerosol size distributions, and if not properly understood and accounted for, can create an
aerosol artifact that is representative of human exposure. Representative measurements of
such particles can be made only if the sampling and dilution system simulates atmospheric
dilution to the extent necessary to reproduce size distributions observed under atmospheric
dilution conditions. Semi-volatile nuclei are the most sensitive to sampling biases, but even
with solid particles care must be taken to avoid coagulation and wall losses. Regardless of
how particles are formed, the relationships between lab and atmospheric dilution ratio,
dilution rate, saturation ratio and the other processes affecting particle formation must be
understood. Ping, et al. (2000), using the same type of engine used by Abdul-Khalek, et al.
(1999), reported that the particle size distributions and number concentrations were
significantly affected by dilution conditions.

Another problem with laboratory data is that typically the exhaust is diluted with
particle free air. This precludes interaction between the exhaust and the particles in the
ambient environment. This interaction is strongly influenced by particle size, which
determines atmospheric residence time, rates of coagulation, and available surface area for
adsorption of semi-volatile materials present in the atmosphere and surface chemical
reactions.

The residence time of particles in the atmosphere is particularly important because it
impacts what particles are available for inhalation and deposition. The typical residence time
for 10 nm particles is quite short on the order of minutes (Harrison, 1996), because these
particles diffuse to and coagulate with larger accumulation mode particles. Although their
individual particle identity is lost, these particles remain in the atmosphere as part of larger
particles, which coincidentally have lower alveolar deposition rates. Particles in the 0.1-to
10-pum diameter range have a much longer residence time on the order of days, while larger
particles are removed from the atmosphere quite quickly by gravitational settling.
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SPECIFIC AIMS

Low-emission diesel engines were developed by engine manufacturers to meet EPA
emission standards, Although engines used in underground mines are exempt from EPA
regulations, data collected by the MSHA, the UMN, and the Ontario Ministry of Labor show
that low-emission engines are slowly gaining entrance into the underground mining market.
However, the impact of use of these modern engines on the mine air quality is unknown,
particularly as related to DPM. '

MTU has shown in the laboratory that a low-emission heavy-duty diesel engine (with
or without a diesel oxidation catalyst or DOC) can significantly reduce DPM emissions, but
may alter the chemical, biological, and chemical composition and produces higher levels of
fine or nuclei-mode particles (<0.056 pwm in diameter) than earlier model engines (Bagley et
al., 1996). In general, the MTU findings favor the use of low-emission engines and emission
control technology. However, the finding that nuclei-mode particles may increase in number
is cause for concern because of the increased lung deposition capability of these particles.
This investigation provides additional information on the impact of modern diesel engines on
underground noncoal mine air quality.

The overall objective of the research project was to ensure that no new health
hazards were introduced into the underground mine environment by the use of this modern
technology. This was accomplished by evaluating the effects low-emission diesel engines
and low sulfur fuel have on DPM concentrations, physical, chemical and biological
characteristics of DPM in an underground salt mine.

The specific aims of this proposal were: 1) determination of the physical
characteristics of DPM emitted from low-emission engines operated in an underground salt
mine environment using size separation techniques, particularly focused on several
subfractions of the submicrometer particles (nuclei mode or nanoparticles), 2) extraction and
characterization of the soluble organic fraction (SOF) associated with various DPM samples;
3) fractionation and quantification of key SOF-associated mutagenic and carcinogenic PAH
and nitro-PAH, and 4) determination of the mutagenicity of the SOF.

The hypothesis to be tested was whether low-emission engines used without a DOC
can reduce DPM concentrations below 0.15 mg/m’ without negatively impacting the
biological, chemical or physical characteristics of the DPM (including particle size
distributions). Results obtained from this investigation will allow mine operators to estimate
the cost versus benefit of using low-emission engines and low sulfur fuel to reduce DPM
emissions.

This study was also designed to help confirm or not confirm the presence of increased
nuclei-mode or nanoparticle formation in a real-world setting due use of a low emission
engine. The dilution conditions used in test cells are not representative of real-world
conditions and the real-world size distributions may be different from those observed in
laboratories. In addition, this evaluation should demonstrate how the two most frequently
used methods to monitor DPM concentrations underground (elemental carbon sampling and
size selective sampling) are affected by the use of low-emission engines.

11



PROCEDURES AND METHODOLOGY
Host Mine

Cote Blanche Mine is an underground operation mining one of the many domal salt
formations, which exist along Louisiana’s gulf coast. Salt produced by the mine is shipped
by barge to distribution points along the Mississippi River system.

During the time that data were collected for this study, the mine had only two access
shafts, i.e., a 2.44 m (8 ft) diameter fresh air and service shaft extending to the —396.2 m (-
1300 ft) mining level and a 4.27 m (14 ft) production and exhaust air shaft extending to the
lowest mining level at —457.2 m (-1500 ft). A total of approximately 6229 m*/min (about
220,000 cfm) was pumped underground by a 500 hp fan located on surface. Later in 2000 a
third shaft was developed from surface to the —457.2 m (-1500 ft) mining level. The new
shaft will be a production and fresh air shaft. The other two shafts will be used for exhaust.
This will allow more than twice as much fresh air to be pumped underground.

The mine uses a room and pillar mining method. On the —457.2 m (-1500 ft) level,
30.5 m (100 ft) by 30.5 m (100 ft) pillars on 45.7 m (150 ft) centers are left. Rooms are
developed at 7.62 m (25 ft) high and later benched to 22.9 m (75 ft). Fresh air is directed to
active work areas through the use of auxiliary fans and brattice curtains.

Aerosol Sampling
Measurement of DPM Cencentrations

Three methods are used in the U.S. and Canada to determine DPM concentrations in
underground mines. These are the elemental carbon method (EC), size selective method
(§S), and the respirable combustible dust method (RCD). Only the EC and the SS methods
were used in this project. Each is described below.

Elemental Carbon - DPM is chemically complex. It is composed of soluble organic
hydrocarbons, sulfate, EC and traces of other compounds. In general, EC accounts for about
50% of the mass of DPM, but this percentage varies depending upon engine duty cycle, fuel
quality, aftertreatment device and other factors.

Various techniques have been used for the analysis of carbonaceous aerosol. These
methods provide estimates for TC that is in general agreement. An interlaboratory
comparison of methods for the analysis of carbonaceous aerosols (Countess, 1990) showed
that agreement between laboratories for TC was within 20% for all samples. However, there
were large interlaboratory differences in the OC to EC ratio for all samples, with the largest
differences occurring in the automotive and wood smoke dominated reference samples.
Unlike the case for TC, there are no reference standards for speciation of different carbon
types in complex carbonaceous aerosols. Methods that speciate EC and OC are considered
operational in the sense that the method itself defines the analyte (Cadle and Groblicki,
1982).

NIOSH (Birch and Cary, 1996; NIOSH, 1998) has refined the thermal-optical method
that was originally and adopted for atmospheric aerosols (Johnson, et al., 1981; Cadle and
Groblicki, 1982; Hering, et al, 1990). This technique is a sensitive measure of the EC portion
of DPM. It has a working range of 6 - 630 f1g/m’ with a limit of detection of about 2.0 pg/m’
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for a 960 L air sample collected on a 37-mm filter with a 1.5-cm” punch from the filter. If a
lower limit of detection is desired, a larger sample volume and/or a 25-mm filter may be
used. If a 1920-L sample is collected on a 25-mm filter then the lower limit of detection is
0.4 pg/m’ (NIOSH, 1998).

The method also determines the presence of OC; TC is determined by summation
(EC + OC). [The Federal Republic of Germany uses the coulometric method to determine
EC and TC. The method is described by Dahmann, et al., (1996) and is different from
NIOSH method 5040.] Since EC is a product of combustion and is composed of inert
graphitic carbon, it is a specific marker of diesel exhaust aerosol in many occupational
settings where other combustion aerosols are not present. However, the OC portion of the
collected aerosol is subject to interferences from other organic aerosols not associated with
diesel exhaust, such as drill oil mist, hydraulic fluids, coal dust, cigarette smoke and other
organic material also contribute OC aerosol. This is similar to the situation observed for
RCD analysis with the exception that in some cases the NIOSH method can identify the
interfering compounds and a correction factor can be applied to improve the TC estimate.

Samples for EC are collected with or without an inertial preselector to remove
particles > 0.8 wm that may interfere with analysis. The simplest sampling train consists of a
10 mm Dorr-Oliver cyclone followed by a 37 mm precombusted Pallflex, ultra pure quartz
fiber filter mounted in a 37 mm plastic cassette. Alternatively, the 0.8 um size selective
impactor described above is followed by the Dorr-Oliver cyclone. In this situation, DPM,
which is primarily smaller than 0.8 pm, passes through the central exit of the impaction
surface and is collected on the Pallflex filter. This is advantageous because, large
mechanically generated aerosol such as coal dust is not collected on the Pallflex filter and
cannot interfere with EC analysis. A disadvantage of the Pallflex quartz fiber filter is the
tendency to adsorb organic vapor, thus increasing the mass on the filter and the amount of
OC. To correct for this adsorption of OC 10 dynamic blanks were collected during the study.
Dynamic blank samples were collected in the same way as other samples except that 2 filters
were used instead of 1. The top filter (Gelman Zefluor 2 pm pore size) removes the DPM
and the second filter is used to correct for OC adsorption.

Size Selective (SS) Method - The SS method is based on a body of literature
developed by the University of Minnesota, and the U.S. Bureau of Mines (Rubow, et al.,
1990; McCartney and Cantrell, 1992 and Cantrell, et al., 1987, 1990a,b, 1993). These studies
showed that submicrometer aerosols found in coal mines were primarily diesel in origin. The
difference in the aerodynamic diameter particle size between combustion and mechanically
generated aerosols can be used to separate diesel aerosol from noncombustion aerosols in the
collecting process. Respirable aerosol sampling at 1.7 Ipm has a 50-pct cutpoint at 4.0 um
and collects a fraction of particles up to 10 um in size. Diesel aerosol has a mass median
aerodynamic diameter of 0.2 pm, and 90 % of the particles are less than 1.0 um in size.
Thus, respirable aerosol sampling collects all diesel and nondiesel aerosol particles falling in
the respirable size range. The respirable and diesel fractions may be separated using inertial
impaction on greased, aluminum foil substrates. Inertial impaction removes nearly all (> 90
%) nondiesel particles and a small percentage (< 15 %) of large diesel particles. The
submicrometer diesel aerosol is collected on a filter downstream of the impaction substrate.
Gravimetric analyses determine the mass fraction in each size range. Another advantage this
method has over traditional respirable dust sampling is that it separates large particles that are
predominately nondiesel in origin, but still allows the respirable fraction to be calculated.
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The SS sampler was originally designed for use in coal mines, which use diesel
haulage vehicles equipped with water scrubbers. Scrubbers effectively remove diesel aerosol
larger than 0.8 pwm, thus tailoring the remaining aerosol size distribution and minimizing the
amount of diesel aerosol not captured on the filter. The SS sampling method is also used in
metal and nonmetal mines where scrubbers are seldom used. In this situation, approximately
10 - 15 % of the total diesel aerosol is not accounted for (Cantrell, et al., 1990b), because it is
larger than 0.8 pum in size and is removed on the aluminum foil substrate.

The SS sampler can be used in conjunction with the EC method if a pre-combusted,
glass fiber filter is used to collect the submicrometer material. This is an advantage over
other aerosol measurement techniques, which either do not collect a submicrometer sample
or destroy the sample during analysis.

The UMN, U.S. Bureau of Mines, MSHA, and NIOSH have designed SS diesel
aerosol samplers. The sampler used in this project is a modification of the Bureau of Mines
sampler originally designed by the University of Minnesota (Rubow, et al,, 1990). It was
redesigned to reduce manufacturing costs (McCartney and Cantrell, 1992).

The first stage of this sampler is a 10 mm Dorr-Oliver cyclone. A four-nozzle inertial
impactor with a 0.8 pum cut point follows the cyclone. The impaction surface consists of a
37-mm oiled, aluminum substrate that is used to collect respirable dust larger than 0.8 pm.
Air is drawn through the sampler at 1.7 I/m using a personal sampling pump. (If the flow
rate changes the cutpoints for the cyclone and impactor change ) DPM, which is primarily
smaller than 0.8 wm, passes through the central exit of the impaction surface and is collected
on a polyvinyl chloride filter mounted within an MSA filter cassette (or a pre-combusted
glass fiber filter if the EC method is to be used). The amount of DPM is determined
gravimetrically from the MSA filter. The mass of respirable dust is determined
gravimetrically from the combined mass of material collected on the MSA filter and the
aluminum substrate.

The collection efficiencies of the impactors used in the Bureau and UMN samplers
were measured as a function of aerosol size using mono-dispersed polystyrene latex particles
ranging in size from 0.56-to 1.10 um. Details of the test protocol are available elsewhere
(McCartney and Cantrell, 1992). The 50-pct-collection efficiency point (Esg pe;) for the Bureau
impactor was 0.79 + 0.01 um with a o, of 1.18 + 0.05, indicating a sharp cut. The o, is defined
as the square root of the ratio of the particle diameter corresponding to the 84.1% collection
efficiency to the diameter at an efficiency of 15.9 %. The University impactor had an Esg ¢ cut
point of 0.77 + 0.03 wm and a o, of 1.07 + 0.04. These experimental results agree well with
previous experimental findings where the University impactor had an Esq po 0f 0.76 £ 0.05 pm
and a o of 1.15+0.05 (Marple, et al., 1991).

Near Real-time Instruments For Monitoring Diesel Aerosol

Three instruments were used during the field study to monitor aerosol concentrations
in near real-time. The instruments were a portable diffusion charger, portable photoelectric
aerosol sensor and condensation particle counter. The two portable instruments logged data
every 10 s into onboard memory that was downloaded to a computer on a daily basis.
Condensation particle counter (CPC) and ambient temperature data were logged using a
RustTrac data logger. Due to the high concentration of salt dust and diesel aerosol
underground the sampling train included a 10 mm Dorr Oliver cyclone, a Bureau of Mines
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0.8 um impactor and a leaky filter dilutor. The flow rate through the sampling train was 2
I/min. The leaky filter gave a dilution ratio of 14:1, and is described in Appendix A. A
switching valve allowed the sample air to either come through the leaky filter or to bypass
the filter and come directly to the instruments. This enabled the dilution ratio to be checked
periodically. A Magnehilic gauge was used to determine the pressure drop across the filter.

Diffusion Charger (DC) - The DC measures the total surface area of particulate
matter. Positively charged ions are produced by a glow discharge forming in the
neighborhood of a very thin wire. These ions attach themselves to the sampled aerosol stream
with a certain probability. The charged aerosol particles are then collected on a filter. The
electric current flowing from the filter to ground potential is measured and is proportional to
the number of ions attached to the particles. For particles in the free molecular range, the
attachment is proportional to the surface area of the particles, but is independent of the
composition of the particles (Adachi et al,, 1985). Hence for particles below 100 nm
diameter, this instrument measures the total surface area of the particles without being
dependent on the chemistry of the particles (Siegmann et al., 1999).

Photoelectric Aerosol Sensor (PAS) - Photoelectric aerosol sensors (Burtscher and
Siegmann 1993, Hart, et. al. 1993) have been used to quantify the total surface-bound PAH
content associated with DPM. The PAS gives an excellent indication of EC because it only
measures surface bound PAH. In a typical configuration for a PAS, the aerosol passes
through an electrical condenser that removes any charged particles or ions. The remaining
neutral particles pass through a photoemission chamber where they are irradiated with an UV
laser or flash lamp. Particles with photoelectric work functions below the photon energy of
the UV source emit electrons and become positive ions (Weiss 1997). The photoemission
chamber has a small electric field that precipitates out the high mobility electrons and
negative ions. The positive particles are collected on a filter and the resulting current
measured by an electrometer. The intensity of the particle photoemission is linearly related
to the amount of particle-bound PAHs and the particle surface area (Burtscher and Siegmann
1993).

The PAS instrument measures the photoemission from aerosols, which is related to
particle surface and gives a surface area concentration. Results from the studies cited are all
reported as photoemission intensity over time. More details on the relation of photoemission
to PAH concentration, determined by chemical analysis are given elsewhere (Hart, et al.,
1993).

Only submicrometer particles may be irradiated and charged. Particles larger than 1
um are cannot be charged efficiently and are removed from the aerosol before it enters the
photoemission chamber. Lower particle size limits and concentration limits for the PAS
instruments have not been reported. This method does not quantify individual PAH
compounds. The detection limit is about 1 ng/m’ with a time resolution of about 1s
(Burtscher and Siegmann 1993). The PAS operates in near real-time, is small in size and is
battery operated. It was used in conjunction with the personal EC/OC samplers.

Condensation Particle Counter (CPC) - The CPC and similar condensation nuclei

counter (CNC) are used for measuring particle number concentrations. Flows are continuous
and ultrafine particles are grown in size by n-butyl alcohol vapor condensation and counted
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by a laser based, light-scattering detector. Various modes of operation have been used and
are described elsewhere (Pui and Swift, 1995).

Measuring Aerosol Mass Size Distributions Underground

The micro-orifice uniform deposit impactor (MOUDI) and a prototype nano-MOUDI
were used during the study in an attempt to determine the size distribution of the mine
aerosol. The MOUDIs were provided by NIOSH and one was modified at UMN to
accommodate the nano stack, Both instruments are described below.

Micro-Orifice Uniform Deposit Impactor (MOUDI) and nano-MOUDI - Marple
et al. (1991) describes the MOUDI in detail. It is a multi-stage inertial impactor, operated at
30 I/min, which can separate aerosol particles by size from 0.050 pum to 18 um. Gravimetric
analyses of MOUDI-derived size distributions provide accurate estimates of DPM for
particles with aerodynamic diameter sizes in the range of <0.1 to 0.8 um, and respirable dust
concentrations for sizes in the range of <0.1 to 10 um. Previous studies (Ambs et al., 1994,
Watts et al. 1995) have shown that the MOUDI is capable of providing size distributions in
underground mines. A Teflon membrane filter (Daigger & Co.,Whelling, IL) was used in the
final stage of the MOUDI to collect particles < 0.1 pm in size; typically about 1 mg of fine
particles was collected on this filter (B. Cantrell, EPA, Personal Communication). The
MOUDI substrates and filter were analyzed gravimetrically to determine the mass deposited
in each size range. The size distribution was then determined by applying software
developed by UMN’s Particle Technology Laboratory.

The nano-MOUDI (Marple, et al., 1994) has 13 cut-sizes ranging from 0.010 to 18
um and is designed to obtain four cut-sizes per decade. For cut-sizes above 50 pum, micro-
orifice technology alone is sufficient to obtain the selected cut-points, but for cut-sizes below
50 wm micro-orifice nozzle technology is combined with low-pressure operation.
Gravimetric analysis determined the mass collected on aluminum foil substrates and a final
stage filter.

The aerosol mass size distributions obtained from these instruments, however, are of
questionable value. The MOUDI obtains a mass sample on multiple substrates to determine
the mass size distribution. Silicon oil is used on the aluminum foil substrates to assist in the
collection of particles and to prevent particle bounce. The substrates are hand cut, weighed,
oiled, baked and reweighed and classified based upon the amount of oil on the substrates into
four categories, heavy, medium, light or ultra light. The type of substrate used in the
MOUDI is dependent upon the amount of mass expected to be collected. For this study
substrates with a heavy layer of oil were on the top followed by mediums and lights. Ultra
lights were used in the nano-MOUDI stack. If oil is lost for any reason after the substrates
are weighed then the mass of material is affected and the results are compromised. During
this study oil was repeatedly lost either because the substrate touched the orifice plate above
it or because it migrated to the outer edge and touched the hold down ring. Oiled substrates
were subjected to the high mine ambient temperature thus making the oil more viscous then
normal. In an attempt to solve these problems many of the Teflon and rubber o-rings used in
both instruments were replaced. This necessitated taking apart the orifice stages, replacing
the o-rings and reassembling the stages.
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Another problem that affected the instruments was clogging of the micro-orifice
stages particularly stages 10 through 13. The NIOSH MOUDI was modified before the study
to allow stage 10 (0.056 um) to be used. In past studies this stage had not been used. The
research team observed that the micro-orifice stages became clogged early on in the study
and repeated attempts to clean the stages in the field were unsuccessful. In particular flow in
the nano-MOUDI stack was impeded. Failure to achieve the proper flow rate adversely
affects particle deposition. It is quite likely that most of the problems were a result of the
high concentration of diesel and salt aerosol that caused the micro-orificé jets to clog.

Collection of Mass Samples for Chemical and Biological Analysis

High-volume samplers equipped with slotted inertial impactors and operated at a flow
rate of 1.13 m*/min were used to collect size differentiated particulate matter samples from >
3.5to < 1 pm in size. The slotted impactors have cut sizes of 3.5, 2.0, and 0.95 pm; particles
below 1 um in size are primarily diesel in origin and are obtained from the 20 x 25-cm
Teflon-coated glass fiber (backup) filters (Pallflex Products Corp., Putnam, CN). After the
samples were collected, the Pallflex filters were folded in half and wrapped in aluminum foil
and placed in paper folders. The slotted substrates (Graseby Anderson SAC 230 glass fiber)
were treated the same way but they were not folded in half. The samples were kept
refrigerated until they were shipped to MTU for extraction and analysis.

Pre-trip And General Study Protocol

On November 29, 1999 a two-person team from the UMN visited the Cote Blanche
salt mine to determine if it would be suitable for the study. The portable DC and PAS
instruments along with a GCA RAM-1 real-time aerosol photometer were brought
underground to record data. These instruments showed that the mine had high aerosol
concentrations consisting primarily of salt dust and DPM. The mine used both old and new
Caterpillar engines and had the right mix of new and old engines to carry out the study.
However, it was clear that the ventilation in the mine was not clearly defined.

A portion of the data collected during the pre-mine trip is shown in Figures 4 and 5.
Figure 4 is a schematic of the sites where data were collected and figure 5 is a graph of the
DC/PAS ratio collected at position C. Point A is where air entered the 457.2 m (1500 ft)
level, position B is where a front-end loader was loading two trucks with salt. The cyclical
nature of data in figure 6 reflects the mining cycle and the diesel activity. The further away
from the mining activity the less identifiable the cycles become. During this time the front-
end loader loaded three trucks. About three buckets were required to load each 30 t truck.
The beginning time of each cycle was 13:03, 13:08, and 13:13. The RAM-1 was equipped
with a 1-im impactor and recorded concentrations between 0.25 and 0.37 mg/m” during the
same period of time.
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The nano-MOUDI, two high-volume samplers, two baskets of EC and SS samplers,
DC, PAS and CPC were located at the downwind sampling station. A RAM-1 photometer
equipped with a 1-um impactor was also located at this sampling location. Data from the
continuous reading instruments were logged using a RustTrac data logger and the leaky filter
dilutor was used to dilute mine aerosol 14:1. Temperature at this location varied between 98
and 42.2°C (108°F), relative humidity was about 40 %, and the barometric pressure was 94.5

kPa (13.7 psi).
Laboratory Analyses of High-Volume Samples

DPM, SOF, Sulfate, and Solids Determinations

The backup filters from the high-volume samplers were handled using procedures
similar to those used in previous in-mine studies (e.g., Bagley et al., 1991, 1992, Bagley and
Gratz, 1998, Carlson et al., 1996, Johnson et al., 1996). The filters were equilibrated in a
constant relative humidity (45 + 2% RH) and weighed (to nearest 0.01 mg) before and after
exposure. The difference in mass before and after exposure provided the mass of DPM
collected on the filter. After the second mass determination, the exposed filters were stored
at -18+4°C until they were extracted (separately) for 6 h with dichloromethane solvent in a
Soxhlet apparatus to obtain the particle-associated soluble organic fraction (SOF). The mass
of SOF was determined gravimetrically on a small (100 pL) aliquot of the total extract,
which was brought to dryness. All extracts were stored frozen (-18 + 4°C) until they were
divided into aliquots for Ames assay and PAH quantification.

After SOF extraction, the filters were extracted by sonication in distilled, deionized
water to obtain the sulfate fraction. Sulfate concentrations were determined on these extracts
using an ion chromatograph with a conductance detector by comparison to an aqueous
standard curve consisting of solutions having known concentrations of potassium sulfate.
Because the filters could not be ammoniated after sampling to stabilize the sulfates, these
values were only estimates. Solids levels were estimated by subtracting the measured SOF
and sulfates concentrations from the measured DPM concentration, as follows:

Solids = DPM - SOF - sulfates

Representative unexposed filters were analyzed to assess background contributions to
mutagenicity and PAH/nitro-PAH composition.

Compound Quantifications

It was originally proposed that organic extracts obtained from the aluminum foil
substrates and Teflon filters from the MOUDI and nano-MOUDI could be for determination
of PAH and nitro-PAH levels, in particular, associated with these very fine particles. Due to
the problems outlined above, these studies could not be conducted. However, it was possible
to assay for a much wider range of PAH and nitro-PAH (over twice the originally proposed
number) and to assay for a series of compounds (hopanes) that would indicate lube oil
contributions to the DPM organic component.

The SOF extracts of particulate matter samples collected in the underground mine
were analyzed by two separate gas chromatography/ mass spectrometry (GCMS) methods.
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The first method was used to quantify the PAH and hopanes. The second GCMS method
was used for the measurement of nitro-PAH. Both analyses were performed using a Hewlett
Packard 5973 GCMS equipped with a 30-meter HP-5MS (0.25 pum film thickness, 0.25 mm
diameter). The analysis of PAH and hopanes were performed using a modified version of the
methods described by Schauer et al. (1999) and Sheesley et al. (2000). Accurately measured
aliquots in the range of 5.0 to 6.0 ml of SOF extract were spiked with deuterated internal
standards including acenaphthene-d;p, chrysene-d;;, dibenz[ah]anthracene-dyy, and
cholestane-d4 and then concentrated to 250 pl. 1.0 pl of the concentrated extract was
introduced in the GC/MS instrument with the injector and transfer line at 300 °C and the GC
oven at 65 °C. The injector and transfer line are held at constant temperature throughout the
sample analysis and the column was ramped to 300°C at 10°C per minute after a 10-minute
hold at 65°C. The mass spectrometer was operated in scan mode collecting electron
ionization (EI) spectra covering the range of 50 to 550 mass to charge units (amu).
Quantification standards were analyzed by the GCMS using the exact same GCMS method.
The quantification standards contain precisely known concentrations of internal standards at
nominally the same concentrations as the samples. Internally normalized response factors
were generated using multi-point calibration curves that were generated at the before and
after the entire set of samples were generated. In addition, standards were analyzed after
each set of 5 samples to assure that the quantification response factors were stable throughout
analysis session.

Separate aliquots of the SOF extracts were analyzed for nitro-PAH. Aliquots in the
range of 5.0 to 6.0 ml of the SOF extracts were spiked with 4-nitro-biphenyl and then
concentrated to a fin al volume of 1.0 ml. 1.0 pl of the concentrated extract was introduced
in the GC/MS instrument with the injector and transfer line at 300 °C and the GC oven at 65
°C. The injector and transfer line are held at constant temperature throughout the sample
analysis and the column was ramped to 240 °C at 30°C per minute followed by a ramp to 300
°C at 10°C per minute. After reaching the final temperature the column was held at the final
temperature for 20-minutes. The mass spectrometer was operated in single ion monitoring
mode collecting selected ions determined from the analysis of authentic standards. The
quantification standards were prepared from NIST Standard Reference Material 1587
(Nitrated Polycyclic Aromatic Hydrocarbons in Methanol) and were also spiked with the
nitro-biphenyl internal standard. Internally normalized response factors were generated
using multi-point calibration curves that were generated at the before and after the entire set
of samples were generated. In addition, standards were analyzed after each set of 5 samples
to assure that the quantification response factors were stable throughout analysis session.

Biological (Mutagenic) Activity Determinations

Mutagenicity of the SOF was determined using a small dish modification of the
microsuspension version (Bagley et al, 1993, 1996; Kado et al., 1986) of the
Salmonella/microsome mutagenicity assay (Maron and Ames, 1983). A known mass of SOF
(as obtained above) was dissolved in a known volume of dimethyl sulfoxide (DMSQO). These
samples were stored in sealed glass or Teflon vials at -15 to -20 °C prior to analysis. As in
the previous NIOSH-funded study, the primary tester strain used was TA98, which detects
frameshift mutagenic activity and has consistently been found to provide the highest level
response with diesel-derived organic compounds (e.g., Bagley et al.,1995 and 1996). S9
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prepared from Arochlor 1254-induced male Sprague-Dawley rats was obtained from
Molecular Toxicology, Inc. (Annapolis, MD) and used to determine whether indirect-acting
compounds requiring metabolic activation could be detected. Tester strain TA100 (detecting
both frameshift and basepair substitution mutagenic activity) was used without metabolic
activation if there was sufficient sample mass still available. Other tester strains were not
used to insufficient sample mass.

The modified microsuspension assay was conducted following previously published
procedures (Bagley et al., 1996). The tester strains were grown in Nephelo flasks containing
Oxoid broth No. 2 (Unipath Co., Ogdensburg, NY) with 25 pg/mL ampicillin at 37 °C and
125 rpm for approximately 10 hours on a gyratory shaker. The cell suspension was
centrifuged (10,000 x g for 10 minutes at 4°C) and concentrated 10-fold in phosphate-
buffered saline (0.015 M, pH 7.4). For these assays, 100 pl of the same phosphate buffer, 5
ul of sample in dimethyl sulfoxide and 100 pl of concentrated bacteria (about 1.0 x 10™
cells/mL) were transferred to 12 x 75 mm test tubes. If 89 was used, 100 pl of a 2% mixture
was added in place of the buffer. These tubes were capped and placed on a gyratory shaker
in the dark at 37 °C and 180 to 200 rpm for 90 minutes. Top agar (7 mL) was added to each
tube and the contents mixed and poured onto the bottom agar dishes (60 x 15 mm containing
10 mL of bottom agar). All tests were conducted using duplicate dishes per dilution. Test
dishes were counted after 63 hours incubation at 37+2°C using an automatic colony counter.
Controls were run on each test date for spontaneous revertant levels (in DMSO), genotypic
checks, positive controls +S9, and sterility checks on assay components (Bagley et al., 1996,
Maron and Ames 1983).

The samples were divided into two groups (i.e., upwind or downwind). Each group
was assayed on the same date to eliminate day-to-day variability in response by the tester
strains. Mutagenic activity (revertants/ug) is determined from the linear portion of the dose-
response curves using a least squares regression (Maron and Ames 1983).

Fuel and Oil Analyses

The general characteristics of the diesel fuel used in this study are presented in Table
3. This fuel met all on-highway use diesel fuel specifications and is notable for its ultra low
sulfur level and its relatively low aromatic content. The same batch of fuel was used for both
weeks of this study. The manufacture's recommended lubricating oil was in the engines.
Samples of the fuel and unused and used lube oil were also tested for levels of PAH and
hopanes. The fuel and lube oil samples were first diluted in dichloromethane to give similar
concentrations of organic mass as the SOF samples and then were analyzed using the same
procedures. Detection limits for PAH and hopanes were about 0.05 ug/g and 0.5 pg/g,
respectively.

Data Analyses

All data were converted to a unit per volume of air concentration basis using the total
volume flow (m3) for each sample. A mean of daily means value was calculated for the EC,
OC, particle size, and high-volume sampler data (DPM, SOF, sulfate, and estimated solids)









For the two-tailed, pooled t-test with the above null hypothesis (eq. 1), the t test
statistic is calculated as follows.
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Where n; and n; are the number of samples used to calculate x; and x; respectively.

The t critical value (t;) is calculated from the two-tailed t distribution for a given
confidence level (1-0) and the pooled degrees of freedom, df = n; + nz - 2. For |t<t critical,
the null hypothesis cannot be rejected. For |t| >0 the null hypothesis is rejected and one of
two alternative hypotheses is formulated. For t > t., the alternative hypothesis is p; < U 2.

Fort<-tgitis W > M.
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RESULTS AND DISCUSSION

As detailed in the following sections, all of the specific aims of the project were met.
Despite some difficulties encountered when working in this underground mine environment
(as noted above), levels of DPM of various size ranges was successfully determined (using
several techniques) and the DPM was characterized for various components, including
organic and elemental carbon levels and associated PAH, nitro-PAH, and mutagenicity. Use
of the electronically controlled diesel engines was found to have significant impacts in
lowering DPM concentrations with no indication of increases in any potentially health-
related components (such as PAH or mutagenicity). There was no evidence of increases in
the smallest size particles with use of these modern engines. Both EC and SS sampling were
successfully conducted when the low-emission diesel engines were used in the underground
mine.

DPM Sampling
Elemental Carbon Samples

During the two weeks 110 samples for EC/OC were collected. Thirty samples were
collected upwind, 20 on the vehicle, 29 downwind, 12 on drivers or inside the cabs, 10
dynamic blanks, 3 blanks and 6 samples were lost due to pump failure (4) or because the
sample cassette (2) was inadvertently used twice. Vehicle samples collected on February
29" and March 1% were lost due to these problems. The average dynamic blank OC
correction for the first week was 240 pg/m® and for the second week it was 270 pg/m®. No
correction was made for the OC for the 12 samples collected on drivers or in the cabs
because no dynamic blanks were collected inside the cabs.

Table 5 summarizes the EC, OC and TC normalized daily means (and SD) and the
weekly weighted means (and SD) for each of the three locations, upwind, vehicle and
downwind. The TC values at the upwind and downwind sites were fairly close to the MSHA
interim standard of 0.4 mg/m’. Table 6 shows a comparison of these sampling results
between weeks 1 and 2, with values presented as % change between week 1 and 2 emissions
and significantly different changes noted in boldface. (The t-test statistics are presented in
Appendix C, Table C-1.) All of the differences were found to be statistically significant.
The weighted week 2 means are less than the weighted week 1 means except for the
vehicle OC means (week 2 mean shows a nearly 20% increase). In this case, two days of
data were lost due to sampling problems during the second week, thus the comparison is
based on five days of sampling the first week and only three days of sampling the second
week.

Size Selective Samples

During the two weeks of this study, 97 SS samples were collected to estimate the <
0.8 um fraction and the RD concentrations. Twenty-eight samples were collected upwind,
24 on the vehicle, 29 downwind, 12 on drivers or inside the cabs, and 4 samples were lost
due to pump failure or because the sample pump hose inadvertently was removed. Table 7
summarizes the SS normalized daily means (and SD) and the weekly weighted means (and
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Conclusions

The overall conclusion from this study is that use of electronically controlled, modern
diesel engines with a low sulfur fuel in this underground mine resulted in large reductions in
DPM and all DPM-related components. The measured potentially health related components
showed similar reductions. However, the use of these engines cannot be relied upon to
reduce concentrations below 0.15 mg/m® in all circumstances.

Specific conclusions related t specific measured parameters are as follows,

1 The EC and SS sampling methods were both found to work well in an underground
mine environment. This study also demonstrated that instruments such as the DC, PAS and
CPC can be used to track diesel activity on a real time basis in underground mines.
However, problems were encountered when using the nano-MOUDI that rendered it
essentially inoperable in this type of a mine.

Z. The TC and EC levels at the downwind location were reduced by at least 60% with
use of the electronically controlled diesel engines; the resulting TC level was fairly close to
the MSHA interim standard of 0.4 mg/m°. OC levels were also reduced but to a lesser
extent, consistent with the engine's technology changes affecting the EC component of the

DPM.

3. As determined from the SS samples, the reductions in DPM at the downwind location
were not as great as for the TC (about 40% decreases in <0.8 pwm particles and RD). As
determined in this mine, the DPM levels with the late model engines (and no control devices)
would not reach the target value of 0.15 mg/m’.

4. All of the near real-time aerosol measurements at the downwind location (DC, PAS,
and CPC) showed about 50 to 60% decreases in levels with use of the late model engines.
The magnitude of the decreases was similar to that found for EC and TC at the same
locations, indicating that these parameters have close correlations. There was also no
evidence of increased production of nano- (or nuclei-mode) particles with use of the late
model engines.

3. The DPM values obtained from the high-volume samplers represent potentially worst
case levels in this mine. These reductions with the late model engines do correlate with
results obtained from full-shift samplers, in particular the TC (analogous to DPM) and EC

(analogous to solids).

6. The PAH and biological (mutagenic) activity levels (associated with the organics
extracted from DPM collected with the high-volume samplers) also showed large decreases
with use of the electronically controlled diesel engines (by up to about 90% and 65%,

respectively).
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Appendix A. Leaky Filter Dilutor

The TSI 3020 CPC has a maximum concentration of 500,000 particles/cm®. For this reason, a
dilutor was necessary to reduce the exhaust aerosol concentration to within operating limits of
the CPC. The leaky-filter dilutor design was chosen because of its repeatable dilution and
simple design. The leaky filter dilutor works passively and is therefore dependent upon the
flow rate generated by the measurement instrument. A glass capillary tube was placed inside
a capsule filter (No. 12144, Pall-Gelman Laboratory) to create a leak through the filter. The
diameter of the capillary tube determines the dilution ratio. Figure 3 is a schematic diagram
of a leaky filter dilutor.

The dilution ratio, D, , is defined as

D ===, (0.1)

where C, and C,, are the initial and diluted concentrations, respectively. The diluted

concentration i1s defined as
C +C
Cou = “Q‘""Q . (0.2)
st

where C,is the filtered concentration, Q,,, is the capillary aerosol flow rate, Qis the
filtered aerosol flow rate, and Q,, is the measurement instrument flow rate. Since the

filtered aerosol concentration is essentially zero, Cp; =0, we have

0.
Coe =G, Q—“‘: (0.3)

Substituting C,, into (0.1), the final dilution ratio is

0.
D, ==t 0.4
=0, 0.4)

The pressure vs. flow relationship of the capsule filter was measured. The results were
approximated by a linear regression to obtain an empirical relation for the filter pressure vs.
flow such that

'&p Sil =m inst (05)
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Appendix E. PAH and Hopane Daily Values
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