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ABSTRACT 

Techniques are being developed for measuring the 
mass concentrat10n of respirable diesel exhaust 
particles found in underground coal mines. Studies 
have been conducted over the past five years to 
investigate size selective sampling techniques to 
measure the respirable mass concentrations of diesel 
exhaust and mine dust aerosol particles in 
underground coal mines. Results from these studies 
have been used to develop design and performance 
criteria for a personal diesel exhaust aerosol sampler. 

Three personal diesel exhaust aerosol samplers 
have subsequently been designed and evaluated in 
both laboratory and field settings. These samplers use 
size selective classifiers for the determination of the 
respirable mass concentrations of mineral dust and 
diesel exhaust particles. Their designs are based on 
the premise that diesel exhaust particles are 
predominantly less than 0.8 µm while mineral dust is 
greater than 0.8 µm. 

One design, selected for field evaluation, consists 
of a 10 mm nylon respirable dust cyclone followed by 
a 0.8 µm cutpoint impactor and afterfilter. The 
cyclone removes the large nonrespirable particles 
while the inertial impactor stage, collects the mineral 
dust on an impaction plate and allows the diesel 
particles to penetrate to an afterfilter. The two 
sample fractions of the respirable particles (<0.8 µm 
and >0.8 µm) are gravimetrically analyzed to 
determine the concentrations of the diesel and 
mineral dust portions in the respirable coal mine 
aerosol. 

INTRODUCTION 

Historically, coal mines have used electric­
powered equipment to perform mining operations in 
underground mines. However, in recent years diesel­
powered equipment has been introduced because this 
equipment offers greater flexibility, 
maneuverability, and efficiency. 

One of the current concerns in the use of diesel 
engines is that the exhaust contains particles in the 
respirable particle size range. The National Institute 
for Occupational Safety and Health (NIOSH) has 
recommended that "whole diesel exhaust be regarded 
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as a potential occupational carcinogen as defined in 
the Cancer Policy of the Occupational Safety and 
Health Administration" (NIOSH, 1988). Furthermore, a 
Mine Safety and Health Administration (MSHA) 
advisory committee directed MSHA to develop a 
sampling protocol for assessing worker exposure to 
diesel exhaust particles (MSHA, 1988). 

Since both coal and diesel particles are primarily 
carbonaceous matter, it was not readily apparent what 
type of sampling and analysis techniques could be 
used to determine the fraction of diesel particles in a 
sample containing both diesel and coal particles. 
Therefore, the Bureau of Mines initiated a program in 
1984 to study methods by which the diesel particles 
could be discriminated from coal particles in a 
respirable sample (Marple et al., 1986). A hypothesis 
was made that the diesel and coal particle size 
distributions were sufficiently different such that the 
fraction of diesel particles in the total aerosol could be 
inferred from the total size distribution. It was felt 
this may require computer assisted curve fitting 
techniques to separate the total particle size 
distribution into the diesel and coal particle size 
fractions. 

Marple et al. (1986) performed studies in the 
laboratory and in underground coal mines with a 
microorifice uniform deposit impactor (MOUDI) 
sampling various mixtures of diesel and coal particles 
to measure the total particle size distribution. The 
objective of the study was to determine if the mass 
concentration of diesel particles, in an airborne 
mixture of coal dust and diesel exhaust particles, could 
be determined on the basis of particle size. The MOUDI 
is a cascade impactor with cut sizes ranging from 
0 .056 to 18 µm in eight or ten stages to enable 
obtaining a fairly detailed size distribution analysis in 
the respirable particle size range (Rubow and Marple, 
1988; Marple et al., 1991). Although the MOUDI is not 
suitable for use as a personal sampler, it was 
necessary to obtain detailed insight into the particle 
size distributions before criteria for a personal 
sampler and sampling strategy could be formulated. 
The results from these studies showed that the mass 
concentration of coal dust and diesel particles could 
be separated and measured on the basis of particle 
size. 

Average particle mass size distributions 
measured in haulage ways of underground coal mines 
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Figure 1. Average particle size distributions measured 
in haulageways of coal mines utilizing diesel- and 
electric-powered equipment. 

employing diesel-powered and electric-powered 
equipment are shown in Figure 1. These data were 
obtained from joint University of Minnesota - Bureau 
of Mines studies conducted from 1985 through 1990. 
The steps of the histograms in Figure 1 represents the 
mass of particles collected on the various MOUDI 
stages. These distributions indicate the existence of a 
bimodal particle size distribution in mines employing 
diesel-powered equipment. However, only the larger 
particle size (coarse) mode is present in the electric 
mine, inferring that the lower mode is diesel exhaust 
particles and the upper mode is coal dust. 

Further evidence that the lower mode is diesel 
exhaust particles was achieved through chemical 
mass balance (CMB) analysis of respirable particles 
collected in two size fractions separated at 0. 7 µm. 
Instrumental neutron activation analysis was used to 
determine the trace element composition in each size 
fraction. CMB analysis showed that the lower mode 
consisted of diesel particles (Cantrell, 1987; Rubow et 
al. , 1990). 

The analysis of data from several mines and from 
the laboratory indicated that the separation of the 
diesel particle and coal dust modes could be achieved 
by separating the size distribution · at 0.8 µm, with the 
diesel particles being smaller than this size and the 
coal particles being larger. Size distribution and CMB 
analysis showed that if the separation was made at 0.8 
µm, the uncertainty in the diesel particle 
concentration, as gravimetrically determined from 
the mass of material less than 0.8 µm, would be less 
than 10% (Rubow et al., 1990; Cantrell and Rubow, 
1990). 

Operating under the hypothesis that the diesel 
particles are less than 0.8 µm in size and the coal 
particles are larger, a project was undertaken to 
develop a personal sampler which would have the 
capability of separating respirable particles into two 
size classes: one less than and one larger than 0.8 µm. 
The object of this paper is to describe the design and 
calibration of three samplers developed to perform 
this task and to present data collected in field tests 
with one of the samplers. 

The samplers are designed to separate the 
respirable fraction of particles into two size classes 
(<0.8 µm and >0.8 µm) without regard as to the source 
of the particles . Although there is considerable 
evidence that particles (in the haulageway) less than 
0.8 µm are almost exclusively diesel and those larger 
are mineral dust, it is realized that some investigators 
feel that the crossover between the two modes at the 
0.8 µm size may be excessive. Therefore, this paper 
will refer to all of the particles in the lower mode as 
being <0.8 µm and particles in the larger mode as 
being >0.8 µm with no further reference to diesel or 
coal fractions . 

CANDIDATE SAMPLERS 

The primary design criteria for the personal diesel 
exhaust aerosol sampler, as indicated in Figure 2, is to 
sample, classify and collect the respirable fraction of 
the aerosol particles into those larger and smaller 
than 0.8 µm. Since the sampler must be personal , the 
flow rate must be no larger than that obtainable with 
a personal sampling pump. This places an upper limit 
on the flow rate at approximately 4 L/min, with most 
pumps designed to operate at 2 L/min. 

The design criteria dictate the use of a three stage 
sampler. The first stage must remove the large, 
nonrespirable particles which can be discarded, 
while the smaller, respirable particles remain 
airborne. Two possible choices for the first stage 
classifier are the IO mm nylon cyclone or a respirable 
cut impactor. The particles penetrating the first stage 
must be further classified in the second stage, where 
the particles >0.8 µm are removed from the airstream. 
Obvious choices for the second stage separator are 
impactors, cyclones or virtual impactors . The 
particles penetrating the second stage are collected 
on an afterfilter, constituting the third and final 
stage of the sampler. Only the respirable particles in 
the size classificat ions <0.8 and >0 .8 µm must be 
available for analysis. 

For the study performed here, personal diesel 
aerosol samplers based on three combinations of 
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Figure 2. Schematic block diagram of personal diesel 
aerosol sampler. 

particle classifiers were selected for study, as outlined 
in Table 1. For two of the samplers, the 10 mm nylon 
cyclone was used as the respirable classifier to 
remove the large nonrespirable particles. The 
advantages of this cyclone are that it is currently 
used in the standard compliance respirable dust 
sampler and it has high dust loading capacity. The 
respirable cut impactor is not commonly used but does 
have the advantage that it can be designed to operate 
at any flow rate. Therefore, it is possible to design a 
classifier, operating at 4 L/min, that collects larger 
quantities of particles for analysis. 

Three choices are available for the 0 .8 µm 
cutpoint classifier: a cyclone , an impactor and a 
virtual impactor. Only the impactor and the cyclone 
were used for this study since virtual impactors 
require control of two flows. Since the 0.8 µm 
cutpoint is a new requirement for a personal sampler, 
new classifiers were developed. 

2 

3 

Table 1 

Personal Diesel Aerosol Sampler 
Design Configurations 

Respirable 
Separator 

0.8 µm Cutpoint Sampling 

10 mm cyclone 

Respirable 
impactor 

Inertial Device Flow Rate. Lim 

Impactor 

Cyclone 

Impactor 

2 

2 

4 

Samplers were built, calibrated and tested for the 
three cases listed in Table 1. Details of the designs are 
described in the following sections. Twelve units of 
the respirable cut cyclone/0.8 µm cutpoint impactor 
were designed, constructed, and subsequently used in 
a variety of field studies. Data obtained with the 
personal samplers in these studies were compared to 
those obtained with the MOUDI. These samplers were 
also used to determine the fraction of respirable diesel 
particles at a variety of locations in the working 
sections of three underground coal mines. 

Respirable Cyclone/0.8 µm Cyclone Sampler 

Cyclones have long been used in personal 
respirable dust samplers for collecting the large 
nonrespirable particles. They have the .advantage in 
that they can hold large quantities of collected 
particles. The 10 mm nylon cyclone is a common 
classifier for separating the large nonrespirable 
particles from the respirable particles. The large 
particles are collected within the cyclone and 
discarded while the respirable particles penetrate 
through the cyclone. A natural extension of this 
respirable dust sampler for the personal diesel 
exhaust aerosol sampler is the addition of a second 
cyclone at the exit of the 10 mm nylon cyclone to 
classify the particles at 0.8 µm. The particles >0.8 µm 
would be collected in the second cyclone while the 
smaller particles would penetrate through the 
cyclone and be collected upon an afterfilter, in the 
same manner as respirable particles are collected on a 
filter in the standard personal sampler. 

The design of this sampler is shown schematically 
in Figure 3 and a photograph shown in Figure 4. As 
indicated in these figures, this sampler consists of two 
cascaded cyclone classifiers and an afterfilter. Since 
the second cyclone is collecting the respirable 
particles >0.8 µm, a method must be devised by which 
the particles can be weighed or analyzed . The 
particles <0.8 µm are collected on an afterfilter and 
can be analyzed in the same fashion as respirable 
particles analyzed in the Slandard personal respirable 
dust sampler. To facilitate the analysis of the particles 
in the 0.8 µm cutpoint cyclone, a lightweight (70 mg), 
removable foil insert has been designed to fit into the 
cylindrical section of the cyclone. After a test, this 
foil insert, together with the deposited particles, can 
be removed and weighed to determine the quantity of 
respirable particles >0.8 µm. The critical dimensions 
of the 0.8 µm cutpoint cyclone are: cylindrical body 
of 0.95 cm diameter by 3.0 cm long, tangential inlet of 
0.094 cm diameter, and exit of 0.132 cm diameter. The 
flowrate is 2 L/min, the same as the 10 mm nylon 
cyclone. 

The 0.8 µm cutpoint cyclone was calibrated using 
monodisperse aerosols. The resulting particle 
collection efficiency curve is shown in Figure 5. The 
efficiency curve shows that the cutpoint is at 0.8 µm 
and the sharpness-of-cut is fairly good. If the 
sharpness-of-cut is defined as the geometric standard 
deviation of the curve, analysis of the curve in Figure 
5 shows the geometric standard deviation to be 1.24. 
The geometric standard de-viation 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%. 
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3. Schematic diagram of personal diesel 
sampler- respirable cyclone/0.8µm cyclone. 

Figure 4. Personal diesel aerosol sampler- respirable 
cyclone/0.8µm cyclone. 
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Although cyclones have been used extensively in 
personal samplers for the collection of particles, 
inertial impactors have also been used as personal 
samplers, especially cascade impactors (e.g., Rubow, et 
al. , 1987). It is, therefore, feasible to design a two­
stage cascade impactor with an afterfilter to serve as a 
personal diesel aerosol sampler. The major difference 
between this cascade impactor and other cascade 
impactors is that the first stage of the personal 
cascade impactor must have a respirable cut. 

10 

Respirable cut impactors can be designed for a 
specific flowrate by using multiple round nozzles of 
different diameters (Marple and McCormack, 1983; 
Marple and Rubow, 1983). The technique is shown 
schematically in Figure 6 where the respirable curve 
is approximated by a series of steps, with each step 
being represented by one size of nozzles in the 
respirable cut impactor. In the example shown in 
Figure 6, three nozzle sizes have been used to 
approximate the respirable curve in three steps. The 
largest nozzle diameters are designed to collect the 
largest cut of the three steps and smaller nozzles are 
designed for the smaller cuts. The number of nozzles 
must be balanced so that 1/3 of the flow will pass 
through each set of nozzles. 

The sampler designed for this study is shown 
schematically in Figure 7 and a photograph shown in 
Figure 8. The nozzles for the respirable cut impactor 
are located in an annular ring so that the impaction 
plate can be an annular disk. Particles not collected 
on this plate are directed to the center of the annular 
disk and then passed through nozzles of a 0.8 µm 
cutpoint impactor. The particles larger than 0.8 µm 
are collected upon the impaction plate while the 
particles less than 0.8 µm penetrate to an afterfilter 
where they are collected. Since the respirable cut 
impactor can be designed for any flowrate, a 4 L/min 
flowrate was chosen to collect more material for 
analysis. With these design criteria, the two impactor 
stages were designed following the specific 
dimensions and operating parameters given in Table 
2. The 0.8 µm cutpoint impactor was designed using 
impactor theory and design guidelines given by 
Marple (1970), Marple and Rubow (1986) and Rader 
and Marple (1985). 
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Table 2 

Design Parameters 
for Respirable Cut Impactor 

and 0.8 µm Cutpoint Impactor 

Nozzle 
Diameter, 
~ 

Number 
of 

Nozzles 

Nozzle 
Reynolds 
Number 

Jet-to -Plate 
Distance, 

_Q__fil 

ACGIH Respjrahle Cut Impactor <4 Lim} 
5.8 0.24 2 380 0.24 

3.5 0.087 16 130 0.10 

2.2 0.033 106 50 0.07 

Q,8 IJam Cutpoint Impactor (4 Llmin} 
0.8 0.057 8 1200 0.20 

Q.8 l,!ffi Cut11oint Im1rnctor (2 Llmin} 
0.8 0.057 4 1200 0.20 

One additional advantage of using an impactor for 
the respirable classifier is that the impactor can be 
designed with cutoff characteristics approximating 
either the American Conference of Governmental 
Industrial Hygienists (ACGIH) or British Medical 
Research Council (BMRC) respirable dust criteria. For 
this particular case, the ACGIH criteria was used for 
the design. 

The 0.8 µm cutpoint impactor was calibrated using 
monodisperse aerosols in the same manner as the 0.8 
µm cutpoint cyclone was calibrated. The calibration 
curve for this impactor is shown in Figure 9. The 
sharpness of cut for the 0.8 µm cutpoint impactor, 
with a geometric standard deviation of 1.15, is sharper 
than for the 0.8 µm cutpoint cyclone. The cutpoint is 
at the desired 0.8 µm aerodynamic diameter. 

Respirable Cyclone/0.8 µm Impactor Sampler 

The first sampler consisted of two cyclone 
classifiers and the second sampler of two impactor 
classifiers. However, it is possible to mix the type of 
classifiers and in the third sampler, the 10 mm nylon 
cyclone and a 0.8 µm cutpoint impactor were utilized. 
The advantage of this sampler is that the high dust 
holding capacity of the respirable cyclone and the 
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good "sharpness-of-cut" of the 0.8 µm cutpoint 
impactor can be combined. However, the flowratc 
must now be at 2 L/min because of the respirable 
cyclone. Therefore, the 0.8 µm cutpoint impactor 
differs from that in the second sampler in that only 
four nozzles 0.057 cm in diameter are used rather than 
8 nozzles. 

A schematic diagram and photograph of this 
sampler are shown in Figures 10 and 11, respectively. 
The outlet of the respirable cyclone enters a cavity 
above the impactor. The particles collected on the 
impaction plate are the respirable particles larger 
than 0.8 µm while those particles penetrating to the 
afterfilter are the less than 0.8 µm . 

Calibration of the impactor was performed in the 
same manner as before and the particle collection 
efficiency curve shown in Figure 9. This shows the 
cutpoint is at 0.8 µm and the sharpness-of-cut, as 
defined by the geometric standard deviation, was 
found to be 1.15, the same as the impactor for the 
second sampler. 

FIELD STUDIES 

Besides laboratory evaluations, the personal 
sampler has also been evaluated in comprehensive 
sampling studies performed in three underground 

. coal mines . Twelve personal diesel aerosol samplers 
based on the 10 mm nylon cyclone/0.8 µm impactor 
design were constructed and tested in three 

Figure 11. Personal diesel aerosol sampler- respirable 
cyclone/0.8µm impactor. 

underground coal mines to determine the 
applicability of using a personal sampler to measure 
the concentration of the diesel exhaust and mineral 
dust particles in the respirable size range. Two to five 
personal samplers were located adjacent to a MOUDI so 
that the personal sampler data could be compared to 
MOUDI data. Samplers were also deployed in five 
different locations of a continuous mining section 
utilizing diesel-powered ram cars. These locations 
were the intake entry, haulage way, return entry, on 
the ram cars, and in a few instances, worn by one of 
the research personnel. 

Comparison of Personal Sampler Data with MOUDI Data 

In tests where the data from the personal samplers 
and the MOUDI were compared, the MOUDI sampling 
period was exactly the same as that of the personal 
samplers with the sampling periods varying from 3 to 
6 hours . The sampling periods were selected to 
correspond to periods with sustained mining activity. 

The mass size distribution data obtained from the 
MOUDI were analyzed to determine the BMRC 
respirable mass concentration and the respirable 
mass less than and greater than 0.8 µm. By applying 
the respirable curve to the size distribution, as shown 
in Figure 12, it is possible to calculate the 
concentration of the respirable fraction. By further 
dividing the size distribution at 0.8 µm, it is possible to 
determine what quantities should be collected on the 
impaction plate and the afterfilter of the personal 
sampler. 
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Figure 12. Illustration of the particle size 
distributions for the total dust, respirable dust and 
mass fraction less than 0.8 µm . 

The BMRC respirable mass concentration for the 
personal sampler was computed by summing the mass 
of particles collected on the afterfilter and the 0.8 µm 
impactor substrate . BMRC respirable mass for 
particles greater than 0.8 µm was computed by 
multiplying the mass concentration by the 1.38 factor 
used by MSHA (Tomb et al. , 1973). Data from 30 
personal sampler tests were compared to those 
obtained with 16 simultaneous tests with the MOUDI. 
Six of these data sets were from tests conducted in the 
return airways and ten from tests conducted in the 
haulageway of three different mines, two eastern and 
one western. The comparison of the data is shown in 
Table 3. These data indicate , on the average, mass 
concentration as determined with the personal 
sampler compared to within 11 % of those computed 
from the MOUDI data. This is considered close 
agreement since the coefficient of variation for these 
data is approximately 20%. The quantity of mass 
collected on the impactor substrate ranged from 0.06 
to 0.6 mg and the variation in the ratio of material less 
than 0.8 µm was found to be independent of substrate 
mass loadings . Thus, the personal samplers showed no 
evidence of particle overloading. 

Table 3 

Comparison of Diesel Personal Sampler Data 
with MOUDI Data 

J2i1m:I SamplerlMQl!IU* 
Mine <0 8 wn >0 8 1,1,m Respirable 

J 1.09 0.90 0.92 

K 0.96 0.98 0.98 

.k .l...li D....8..0 D....21 

Ave 1.06 0.89 0.98 

*Corrected for average particle loss of 10% in MOUDI. 

**Based on 30 data sets from the 3 mines. 

Field Evaluation 

Table 4 and Figures 13 and 14 show a comparison of 
the average respirable mass concentration derived 
from the personal sampler as well as the mass 
concentration in each of the two size fractions, i.e. 
respirable particles >0.8 µm and <0.8 µm. The data 
include the averages at five locations in three mines : 
the intake entry, haulageway, return entry, ram cars 
and one researcher. The researcher spent time at all 
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Figure 13 . Average mass concentration measured at 4 
locations in each of 3 mines for the <0.8 µm, >0.8µm 
and respirable particles. 
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Table 4 

Grand Average 
Aerosol Mass Concentration 

from Personal Diesel Aerosol 
Data 

Sampler 

Mass Concentration. mgtm3 Fraction 

<0.8 µm/ 
Respirable 

<0.8 u.m >0 8 um Respjrab!e 
Location Mun Std. Dey 

0.084 0.041 

Mun Std Dey Mun Std Dey. 

Intake Entry 

Haulageway 

Ram Car 

0.063 

0.80 0.19 0.43 

0.74 0.19 0.98 

Return Entry 0.82 0.17 1.13 

Re searcher 0.50 0.07 0.50 
1 Average for 3 mines 
2Based on BMRC respirable dust criteria 

test sites. The respirable fraction is based on the 
BMRC criteria. These data indicate that the largest 
fraction of respirable particles less than 0.8 µm is in 
the haulageway with 65%. The mass concentration of 
these particles is 0.74 mg/m3 . The mass concentration 
of respirable particles <0 .8 µm ranged from 0.084 
m g Im 3 in the intake entry, which is primarily 
affected by use of diesel-powered outby equipment, to 
0.82 mg/m3 in the return, which results from diesel­
powered equipment in the working sections. A 
comparison of the ram car and haulageway data show 
that the mass concentration of the particles <0.8 µm 
was similar, but that the concentration of particles 
>0.8 µm about 40% higher at the ram car. 

CONCLUSIONS 

Three personal diesel aerosol samplers have been 
designed and tested in laboratory and underground 
coal mine settings. These three-stage samplers use 
size selective sampling to separate respirable mineral 
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Figure 14. Ratio of the mass concentration of particle 
<0.8 µm to the respirable particles as measured at 4 
locations in each of 3 mines. 
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dust and diesel exhaust particles into two size 
fractions at 0.8 µm. The premise is that the material 
<0.8 µm is diesel exhaust particles while the portion 
>0.8 µm is mineral matter. 

A comparative study of the particle mass 
concentration data obtained from field studies showed 
good agreement between those data obtained with the 
personal sampler and those computed from the MOUDI 
size distribution data. This comparison holds for 
particle mass fractions less than and greater than 0.8 
µm. 

Lastly, the sampler was used to obtain mass 
concentration data at several locations in the working 
sections of three underground coal mines utilizing 
diesel-powered equipment. From the standpoint of 
worker exposure, this study shows that the 
haulageways have the highest concentrations of <0 .8 
µm particles . The data show the average fraction of 
respirable particles less than 0 .8 µm in the 
haulageways to be 65% with a mass concentration of 
0.74 mg/m3. 
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