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FOREWORD

This report was prepared by the University of Minnesota,
Department of Mechanical Engineering, Minneapolis, Minnesota,
under U. S. Bureau of Mines Contract No. HO177026. The contract
was initiated under the Coal Mine Health and Safety Program. It
was administered under the technical direction of Twin Cities
Mining Research Center with Mr. H., W. Zeller acting as the
Technical Project Officer. Mr. J. A, Herickes was the Contract
Administrator for the Bureau of Mines.

This report is a summary of the work recently completed as part
of this contract during the period December 1, 1976 to November
30, 1980. This report was submitted by the authors in January,
1981.

Reference to specific brands, equipment, or trade names in this
report is to facilitate understanding and does not imply endorse-
ment by the Bureau of Mines.
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CHAPTER I
EXECUTIVE SUMMARY

1.1 Background

One of the concerns in the mining industry is the quantity of respirable
dust to which coal miners are exposed. It is important that the dust con-
centrations in the coal mine be kept low enough to ensure a safe working
atmosphere and yet not so low as to make the mining of coal unreasonably
expensive.

Before any standards can be enforced, it is necessary that instruments be
available to measure the dust concentrations within the mining atmosphere.
Furthermore, it is important that the instruments be properly calibrated and
their response characteristics understood.

1.2 Purpose and Scope of the Contract

It was the purpose of this contract to conduct research in several areas of
instrumentation used to determine the quantity of respirable dust in the mining
atmosphere. The contract was divided into tasks which are described in the
various chapters of this report as follows:

Chapter 2 - A feasibility study of using a dichotomous impactor in
conjunction with two photometers for a machine mounted dust
monitor.

Chapter 3 - The development of a laser diode optical particle counter.

Chapter 4 - The development of an instrument evaluation chamber.

Chapter 5 - Instrument evaluations and calibrations.

Chapter 6 - The development of a new personal respirable dust sampler.

Chapter 7 - The development of a uniform deposit cascade impactor.

Chapter 8 - Inertial impactor calibrations and theoretical
investigations.

Chapter 9 - Description of field studies.

1.3 Results

There have been many significant results from this contract. In Chapters 2
and 3, two of the most important results were the theoretical evaluation of
dichotomous impaction devices and the development of an optical device which can
be used either as an optical particle counter to obtain particle size distribu-
tions or a photometer to obtain the mass concentration.

The primary result of the work described in Chapter 4 has been the develop-
ment of an evaluation chamber. This chamber provides a means by which many
instruments can be exposed to a uniform dust concentration over long periods of
time.

Photometers, mass monitors and cascade impactors were evaluated and
calibrated as reported in Chapter 5. It was found that the instruments measured
aerosol mass concentration with varying degrees of accuracy and detailed eval-
uations are necessary to thoroughly understand the operating characteristics of
such instruments. '
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The results in Chapter 6 have been both an evaluation of the previously
developed MESA personal respirable impactor and the development of a new per-
sonal respirable impactor which can approximate any respirable curve at any flow
rate. Both devices use impactors instead of a cyclone as a preclassifier to
remove the large nonrespirable particles.

In Chapter 7 the results are again the development of a new device; a uni-
form deposit impactor. This impactor collects the particles over the entire
surface of the impaction plate rather than at discrete points. Some of the
advantages of this impactor are its ease of operation, a low tareweight compared
to the mass collected upon the impaction plate, and the substrates can be used
in x-ray fluorescence analysis.

In Chapter 8 the results of the QCM cascade impactor evaluation are
discussed and as a result of this evaluation several impaction characteristic
phenomena were observed. A theoretical investigation into this phenomena has
increased the understanding of the impaction process. For example, it was found
that the efficiency curve of the cascade impactor is an "S" shaped curve which
has been demonstrated experimentally and now is shown from theory. It has also
been proven that there are real discrepancies between theoretical and
experimental efficiency curves for large particle collection and low Reynolds
numbers.

Chapter 9 discusses the results of dust measurement in a silica sand plant
and a tungsten mine. Dust size distributions and concentration from various
operations in these facilities are presented.

1.4 Recommendations for Future Work

Much of the effort in this contract has been in the development and charac-
terization of the instrument evaluation chamber. Although evaluation of photo-
meters was the initial application of the chamber, many more experiments can be
performed. These experiments will be primarily in the area of detailed eval-
uation of instruments used in measuring mine dust size distributions and con-
centrations and in special studies such as inlet sampling efficiencies.

Now that the chamber has been constructed, further areas of investigation
should include developing procedures and methods which can be used as standards.
For example, the particle size distribution and concentration of the dust can be
measured and the correct respirable efficiency curve applied to the data, or the
classification device can be one with the same penetration characteristics as
that of a particular respirable curve and the penetrating dust measured gravi-
metrically to determine the concentration.

Another area of future work should be in the further understanding of impac-
tion devices. As pointed out in this report, there have been areas of impactor
operation where the experimental and theoretical efficiency curves do not agree.
Since the theoretical efficiency curves have been determined from basic laws of
fluid mechanics and particle motion within a fluid, there is seemingly no reason
for these differences. However, such secondary effects as electrostatic forces,
turbulence, gravity, and the motion of particles in a shear flow have not been
thoroughly investigated and may be significant in some cases. Since impaction
devices are some of the most basic instruments used in aerosol studies, a
complete understanding of their characteristics is imperative.
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CHAPTER 2
DICHOTOMOUS IMPACTOR/PHOTOMETER AEROSOL ANALYZING SYSTEM

2sl Introduction

One of the techniques investigated for a machine mounted dust monitor was
the feasibility of utilizing two photometers monitoring the two air streams from
a dichotomous impactor. The reason for using two photometers instead of one is
that the output of a photometer has been shown to be sensitive to the size
distribution of the aerosol as described in the SRI photometer evaluation sec-
tion of the report (Section 5.2). To reduce this sensitivity, the particles can
be classified into various size ranges with each range monitored by a
photometer. In this manner, the sensitivity of the photometers to the particle
size distribution is not a significant source of error, if the size range of the
particle is not too large. For this technique to be feasible, however, the par-
ticles in the different size ranges must remain airborne to pass through the
photometer. Thus, it is not possible to use size classification devices such as
cascade impactors or cyclones. Instead a dichotomous impactor, which classifies
particles in a manner similar to a real impactor but with the particles
remaining airborne, must be used.

A schematic diagram of a dichotomous impactor/photometer system is shown in
Figure 1. As indicated in the figure, the dust particles pass through the
nozzle of the dichotomous impactor and impinge into a collection probe through
which a small fraction of the air is being passed. The large particles, which
have high inertia, cross the streamlines and enter the collection probe, while
the small particles with low inertia remain in the airstream and pass out
through the side of the dichotomous impactor. Each of these aerosol streams
then passes through a photometer.

2.2 Theoretical Studies

The dichotomous (virtual) impactor has been studied quite extensively
experimentally by other investigators (1) but the effect of the various
parameters, such as the distance from the nozzle to the jet, the fraction of the
flow passing through the central probe, and other geometric variables, on the
classification characteristics of the dichotomous impactor has not been known.
Thus, a theoretical technique which has been used by our laboratory in other
studies was employed to thoroughly theoretically study the dichotomous impactor.
In this technique the full Navier-Stokes equations which govern the flow within
the impactor and the continuity equation are solved by a finite difference tech-
nique over a grid of node points covering the area of interest to determine the
flow field. Particles are then placed into the flow field and their trajec-
tories through the dichotomous impactor theoretically traced. From this infor-
mation it is possible to determine the classification characteristics for any
given set of conditions.

The details of this analysis can be found in references 2 through 4.
Further details and results of this particular study are presented in
Appendix A. As shown in Appendix A, it was found that the theoretical calcula-
tions agreed well with the experimental work of other investigators. Also,
since the entire study was performed with dimensionless parameters such as the
Reynolds number, Stokes number, etc., it should be possible to scale a virtual
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impactor to separate particles at nearly any size. However, this must be
verified experimentally.

2.3 Experimental Studies

To demonstrate the feasibility of this technique, a commercial dichotomous
(virtual) impactor was used to classify coal dust generated in a fluidized bed
type of dust generator. At the time of the study the only photometer available
in our laboratory was a unit built by Stanford Research Institute (SRI), which
has been evaluated and described in Section 5.2. Since only one photometer was
available, the concept was checked by first using the photometer on one air
stream of the dichotomous impactor and then the other. Results of these tests
are shown in Figures 2 and 3. In Figure 2, the SRI photometer output on range
zero is compared to the gravimetrically determined concentration of the par-
ticles less than 3.5 um (the cut size of the dichotmous impactor). The gravi-
metric samples were obtained by replacing the photometer with a filter to obtain
a sample. In Figure 3, the SRI photometer output on range 1 is compared with
the gravimetrically determined concentration of particles greater than 3.5 um in
the same manner. Again, gravimetrically determined concentrations were used as
standards. It can be seen in these figures that the output is linear for both
of the aerosol streams. The reason for the high mass concentration of particles
larger than 3.5 um is due to the dichotomous impactor acting as a concentrator
for the large particle aerosol stream. Thus, the concentration of the large
particles in this aerosol stream is much greater than the concentration of large
particles in the aerosol stream entering the dichotomous impactor.

Since the theoretical studies indicate that the dichotomous impactor is an
acceptable method for the classification of aerosols into two distinct sizes
while keeping the particles airborne, and the experimental studies showed that
results can be obtained from this combination of instruments, the concept is
feasible. In addition, dichotomous impactors and photometers are both com-
merically available. However, since the system requires a dichotomous sampler
plus two photometers, it was determined that the system would be expensive. In
addition, the system would be rather large, unless a miniature photometer was
developed. Therefore, even though the system has been shown to be feasible, it
was felt that the primary effort should be concentrated on the development of
the laser diode opticle particle counter (OPC) which was the other device con-
sidered in our studies for a machine mounted dust monitor. It was felt that
the OPC device would provide more information on the size distribution, be
smaller in size, and less expensive, than the dichotomous impactor/photometer
system.
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CHAPTER 3
LASER DIODE OPTICAL PARTICLE COUNTER

3.1 Introduction

Previously, our laboratory developed two optical particle counter (OPC)
systems for the Bureau of Mines for the purpose of measuring the size distribu-
tion of coal dust aerosols. The first of these systems was a Bausch and Lomb
OPC with a Hewlett Packard multichannel analyzer (5). This system was used to
measure a size distribution of dust particles generated during laboratory
cutting processes. The second system utilized a portable Royco 218 OPC, which
was modified for use in mines (6), and an 8 channel analyzer developed in our
laboratory (7). Both of these components were powered by a single battery pack.
The latter system was portable and could be used in field studies.

One concern with the Royco 218 OPC system was the use of an incandescent
1ight bulb as the light source. It was felt that it was possible for this bulb
to break and be an ignition source for an explosion, making it difficult for the
OPC to be intrinsically safe for coal mine use. Thus, for the OPC described
in this chapter, the incandescent light bulb was replaced by a laser diode
l1ight source and the size of the system was reduced so that it could be more
easily used in field studies or possibly as a machine mounted dust monitor. In
addition, the use of a laser diode, which requires little power, rather than an
incandescent light source allowed for a smaller battery pack.

Finally, a technique was devised so that the individual pulses from the
single particle pulses could be continuously conditioned and summed to provide
an output proportional to the volume or mass of particles passing through the
OPC. In this manner, the optical device also serves as a photometer with an
output completely independent of the size distribution of the particles passing
through it. This feature is in contrast to most conventional photometers which
have outputs somewhat dependent on the dust size distribution (see Chapter 5).

3.2 The Instrument

The laser diode optical particle counter is shown in Figures 4 and 5. The
instrument is contained in a Zero Model ZIP-810 instrument case (Zero Corp.,
Burbank, CA) and weighs 6.6 kg including the pump. The case dimensions are 28
by 18 by 25 cm. Aerosol is drawn through the OPC by a personal sampler pump
which is attached to the cover of the instrument. Currently a Bendix Micronair
II permissible air sampling pump (Bendix Environmental Process Instruments Div.,
Lewisburg Plant, Lewisburg, WV 24901) is used but any pump can be employed. The
instrument as shown only contains the electronics to operate as a photometer.
However, if data from the single optical particle counting circuit is to be used
in determining the size distribution, the 8 channel analyzer, also shown in
Figure 4, must be added to the system. A description of the design and use of
the MCA is given in a previous Bureau of Mines final report (7). The analyzer
can be operated on batteries in the same manner as with the Royco 218 OPC
system.

The details of the optical particle counter design and operation specifica-
tions are presented in Appendix B. A schematic diagram of the optics is shown
in Figure 6. The light from the laser diode is focused to form a light beam
with a slit cross-sectional shape at the viewing volume by passing the light
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Figure 4. Laser diode optical particle counter/photometer and
multichannel analyzer.

Figure 5. Laser diode optical particle counter/photometer.
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through a cylindrical lens. The particle scattered 1ight for a scattering half-
angle of 6° to approximately 33° is reflected from a mirror and focused onto a
photosensor which is located near the view volume. The light passing into the
light trap from the main beam is monitored by another photosensor which allows
the operator to regulate the power to the light source to provide a constant
intensity light beam.

The particles passing through the optics are surrounded by a sheath of
clean air. This is accomplished by use of an inlet which divides the airstream
into two parts, cleaning one part and reintroducing it as a sheath of clean air
around the particles. In this manner recirculated air does not contaminate the
optics with particles. For an inlet flowrate of 2.0 1pm, the sheath air
flowrate is 1.8 T1pm, or 90% of the total flowrate. Provisions have also been
made for a dryer to be inserted in the sheath air line to remove excess humidity.

Experience has shown that an inlet of this type can become partially
clogged with large particles, such as lint, in the sampled aerosol. Thus, the
OPC is equipped with a means for cleaning the aerosol sampling tube. This
cleaning mechanism is a wire located below the view volume which passes through
the sampling tube and dislodges any particles collected within or on top of it
as a shaft is pulled upward.

Figure 5 shows the front panel of the OPC. On this panel are located the
aerosol sample inlet, panel meters, and controls for the electronics, flow and
inlet cleaning rod. The controls include the instrument on/off switch (labeled
"POWER"), instrument "ZERO ADJUST" and "BEAM ADJUST" potentiometers which
control the electronic circuitry reference zero and laser diode output beam
intensity level. The zero and laser beam voltage levels are displayed on the
panel voltmeter (which is located in the upper right corner) by pushing the
"ZERO CHECK" or "BEAM CHECK" switch. The 3 battery voltage levels and photo-
meter output in one of three concentration ranges are displayed on the voltmeter
when the rotary switch is set in the "+12", "-12", "-9", or "PHOTOMETER 1, 2,
3" positions, respectively. The control valve labeled "AEROSOL FLOW ADJUST"
regulates the flow split between the aerosol sample and the sheath air
flowrates. The pressure gage labeled "AEROSOL FLOW" monitors the pressure at
the exit of the aerosol view volume. A pressure of 2.95 inches of water at a
total inlet sample flow rate of 2.0 1pm corresponds to an aerosol sample flow
rate of 0.2 Tpm. The tubing union allows for the insertion of a silica gel
dryer in the sheath air line. The cable connection labeled "P-D OUT" and
"CHARGE" are for the signal cable to the MCA and the battery charger cable,
respectively.

3.3 Calibration

The laser diode OPC was calibrated on both ideal aerosols and dust aerosols.
The ideal aerosol calibration was obtained using oleic acid and PSL particles.
The oleic acid particles were generated with a vibrating orifice monodisperse
aerosol generator (8) and the PSL particles were generated by aerosolizing a PSL
particle/water suspension with a nebulizer and subsequently evaporating the
water from the PSL particles.

The calibration curve for these ideal aerosols is shown in Figure 7, along
with a theoretical calibration curve as predicted by Mie scattering. The
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theoretical predictions are based on an index of refraction of 1.49. It
can be seen that there is good agreement between the theoretical and experimen-
tal curves.

The Mie scattering theoretical curve was obtained from a computer program
which assumed spherical particles with scattering half-angles of 6° to 33°, and
a light wave length of 0.82 uym. This program was employed in the preliminary
design of the laser diode OPC to obtain a response curve for coal particles
which would be a monotonically increasing function with particle size.

For coal particles, the calibration utilized the inertial impactor tech-
nique so that the calibration would be in terms of the aerodynamic diameter (9).
The experimental and theoretical coal dust calibration curves are shown in
Figure 8. The agreement between theory and experiment was found to be not
quite as good as with the ideal aerosols. However, it must be noted that the
theoretical coal calibration is based on spherical particles with a 1.95 - .66i
index of refraction. Thus, perfect agreement was not expected, since coal par-
ticles are certainly not spherical and the true index of refraction is not
known. In addition, light scattering characteristics may vary from particle to
particle. With these uncertainties, the agreement between the theoretical and
experimental calibration curves was determined to be satisfactory.

3.4 Current Status

The development of the electronics for this instrument has been a rather
slow process due to a combination of extremely short pulses from the particles
passing through the optical particle counter, malfunctioning laser diodes and
temperature control elements, and a change in the personnel developing the
electronics. Currently, the single particle counting portion of the instrument
is operating satisfactorily and has been used on two field studies described
later in this report. However, the extremely short pulses from the optical par-
ticle counter are still providing problems in the summation circuitry, which is
a critical part of the photometer electronics of this instrument. Thus, this
portion of the development is still in progress. Most of the photometer
electronics, however, including the linearizing and squaring circuit, (see
Appendix B) are operating properly.
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CHAPTER 4
INSTRUMENT EVALUATION CHAMBER

4.1 Introduction

In previous instrument evaluation programs, dust was supplied to the
instrument's inlet from a dust generator by means of a flexible hose (10).
Essentially this allowed only one instrument to be evaluated at a time and did
not allow for inlet particle sampling efficiency effects to be determined, since
the velocity of the dust was on the order of 40 cm/sec and normally directed
into the inlet of the instrument.

To increase the quality of the instrument evaluations and to also increase
the speed at which they could be performed, an instrument evaluation chamber was
constructed. This chamber consists of three items (three tasks in this
contract); the chamber body, a concentration reducer, and a monodisperse aerosol
classifier. These three tasks are discussed in the following sections.

4.2 Aerosol Chamber

The design of the dust chamber, which has a hexagonal cross-section, is
shown in Figures 9 and 10. The chamber is approximately 2.4 m high with an inside
"diameter" of 1.2 m. Aerosol from a suitable source, such as a fluidized bed
dust generator (11) or a vibrating orifice monodisperse aerosol generator (8),
plus dilution air is introduced at the top of the chamber. The aerosol is
thoroughly mixed in this portion of the chamber by a fan consisting of two 50 cm
long wire mesh blades which rotate at approximately 60 rpm. The aerosol then
flows downward through a 10 cm thick honeycomb structure where turbulence in the
air caused by the fan blades is reduced, thereby providing a low velocity down-
ward flow through the test section area of the chamber. The honeycomb material
used is 3/8-inch cell Hexcel water resistant structural kraft paper (Hexcell
Corp., 2710 Ave. E., Arlington, TX 76001). The instruments are located on a
rotating 114 cm diameter table near the lower end of the chamber. The table is
made to rotate so that any variation of dust concentration within the chamber
would not be a factor in an instrument evaluation test. As will be discussed in
the following section, the dust concentration was very uniform throughout the
test section and the rotating of the table was not necessary. Below the
rotating table the excess aerosol passes through the Tower distribution plate
and absolute filters, where the particles are removed from the airstream. The
particle free air is then exhausted from the chamber by a blower. The absolute
filters used were MSA Model B2141 8x8x4 inch HEPA filters (Mine Safety
App113nces Co/Filter Products Division, 400 Penn Center Blvd. Pittsburgh, PA
15235 )«

Three of the six sides of the chamber are equipped with plexiglas windows
and a pair of glove ports. The windows, which are 50 c¢cm by 76 cm, are held in
place by quick acting toggle clamps and can be removed to provide access into
the chamber. The chamber is equipped with a pair of neoprene dry box gloves at
each work station, allowing up to three people to operate the instrumentation
within the chamber.

The chamber is split horizontally between the plexiglass windows and the
glove ports. Thus, the upper portion of the chamber can be removed for the
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Figure 10. Aerosol chamber.
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assembly of the table within the chamber or for the installation of any very
large instruments. This also aids in transporting the chamber through doors,
etc., if this is necessary.

The chamber is supported by a triangular frame of such a size that the
three sides of the chamber containing the windows will be coincident with the
three sides of the triangle. The three apexes extend beyond the three sides
without windows and are used as platforms for supporting aerosol generation
systems, strip chart recorders, etc.

In many instances, electrical leads or air lines must pass from the instru-
ments to the exterior of the chamber. This would be necessary for attaching
strip recorders to an instrument or an air line from a pump to a filter sampler
or cascade impactor. To accomplish this, the axis of the turntable was made
from a pipe so that the leads could pass through the axis of the turntable into
the chamber above the absolute filters. The electrical leads and air lines are
then brought into the chamber by use of bulkhead fittings attached to the hori-
zontal plate supporting the absolute filters. An access door was provided into
this lower part of the chamber to aid in threading leads through the table axis
and also for attaching them to the bulkhead fittings. The door can be seen in
Figure 10.

The standard instrumentation within the chamber consisted of several
devices. First, a photometer is operated continuously with its output recorded
on a strip chart. This aids in determining the concentration stability within
the chamber. It is not necessary that the calibration of the photometer be
known, but only that it be sensitive to changing concentrations. Second, the
mass concentration of dust within the chamber is determined by use of open faced
filters and the mass collected on the filters determined gravimetrically. It
should be noted that in all tests two filters were used for the measurement of
the dust concentrations. Third, the size distribution of the dust must also be
measured and this is accomplished with a cascade impactor. The impactor
currently being utilized is a Sierra Model 266 cascade impactor (Sierra
Instruments, Inc., PO Box 909, Carmel Valley CA 93924). It is not necessary to
operate the cascade impactor to determine the size distribution for all tests
if the conditions of the dust generator remained constant.

In all of the tests performed so far, the fluidized bed dust generator has
been the dust source. Besides using the generator air output to force the aero-
sol through the chamber, it was found advantageous to also use a blower to
exhaust air from the chamber. Using this technique, the differential pressure
between the interior and exterior of the chamber could be kept at 0.05 cm of
water vacuum to ensure that no aerosol could pass into the room. Under this
condition the leakage into or out of the chamber was negligible and it was
possible to remove the windows for brief periods of time without disturbing the
dust concentration equilibrium within the chamber. It was found that a window
could be removed and an instrument transfered into or out of the chamber without
any indication of a change of dust concentration within the chamber.

4.3 Concentration Reducer

Although the fluidized bed dust generator is capable of maintaining a
constant concentration over long periods of time, it was found that if the con-
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ditions of the dust generator are changed, such as increasing the feed rate or
changing the bed flow rate, the dust generator must be operated several hours
before a constant concentration is again obtained. Thus, it is desirable to
operate the bed at a high concentration and control the dust concentration
entering the chamber by means of a dust concentration reducer.

The concentration reducer that has been developed for this chamber is shown
in Figure 11. The principle of operation of the concentration reducer is to
split the dust stream output of the dust generator into two parts, remove the
particles from one of the parts and reintroduce the clean air into the stream
containing the dust. The initial split of the air stream is made isokinetically
with a knife edge so as to preserve the size distribution in both of the air
streams.

As shown in Figure 11, the dust passes into a flow channel with a semi-
circular cross-section at the inlet of the concentration reducer. At the end
of this semi-circular channel a knife edge, bisecting a second tube, can be
rotated from 0° to 180°. On one side of the knife edge the particles are
removed in an absolute filter, while on the other side of the knife edge the
particles pass on to the chamber. By correctly positioning the knife edge and
regulating the flow of air through the filter, it is possible to have isokinetic
conditions at the knife edge. The filtered air is then passed through a pump
and reintroduced downstream of the concentration reducer to maintain constant
airflow.

It has been found that with this device the concentration can be reliably
reduced to 10% of the initial concentration. Thus, the concentration reducer
provides the capablility of supplying a dust concentration from 10% to 100% of
the dust generator output.

4.4 Monodisperse Aerosol Classifier

Often times it is desirable to expose the instruments to dust particles of
a specific size to determine what the instruments' output will be as a function
of particle size. To do this type of test with an ideal aerosol, such genera-
tors as a vibrating orifice monodisperse aerosol generator can be used.
However, to obtain a monodisperse dust, a polydisperse dust must first be
generated and then the large and small particles removed from the dust laden
stream.

The method that was attempted on this project was to use a virtual impactor
to remove the small particles and a real impactor to remove the large particles.
As indicated in Appendix A, a virtual impactor can be designed so that the
cutoff characteristics are relatively sharp. This is also the case for real
impactors (3). Thus, by passing the aerosol through both types of impactors as
shown in Figure 12, it should be possible to obtain a fairly monodisperse
aerosol. It should be noted that the aerosol can not be perfectly monodisperse
since the sharpness of cut of the real and virtual impactors are not ideal.

The type of distribution that can be expected from this type of system is shown
in Figure 13. Here, the efficiency curves for both real and virtual impactors
have been applied to a polydisperse size distribution.

Several virtual impactors were tested in attempting to develop this system.
These consisted of two commercial units and three which had been constructed in
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our laboratory. In all cases it was found that the aerosol passing through the
central tube contained an excess amount of small particles. This indicated that
the virtual impactors were not operating as expected. Currently, we are in the
process of experimentally investigating virtual impactors, and once they are
operating correctly, one will be incorporated into the system with the real
impactor to aid us in obtaining monodisperse aerosols.

4.5 Chamber Evaluation

The chamber was evaluated to determine the uniformity of the dust con-
centration at various points within the chamber and also to determine how
constant the concentration was with time. The primary method used to determine
the dust concentration was to sample the aerosol using open faced filter
samplers, each of which consisted of a Millipore model XX 50 047 10 open faced
47 mm filter holder and a Millipore AA filter (Millipore Corp., Bedford, MA
01730). The flow rate through the samplers was 20 Tpm.

Two filters were placed at a distance of 37 cm from the center of the
chamber and at the height comparable to the test instrument inlets. The loca-
tion of the two filter holders was varied to simultaneously examine the spatial
concentration within the chamber at any two of four points. These four sampling
points were chosen so as to determine the spatial concentration within the
chamber relative to the point of aerosol input into the chamber. Each point
varied by 90° with 1 being defined as the point of aerosol input into the
chamber. The points were then numbered starting with the first position at 1
and proceeding counterclockwise around the chamber.

Table 1 contains the mass concentration data which was gravimetrically
determined using the open faced filters as a function of filter location within
the chamber. The relative deviation from the average concentration is also
listed. The data were obtained using the respirable fraction of the dust from
the dust generator (i.e., the dust was passed through a respirable cyclone
located at the fluidized dust generator exit). The first eight sets of data
were obtained using Arizona road dust and the last two sets using coal dust.
The sampling time for these tests ranged from 15 to 20 minutes. The data indi-
cate that the variation in mass concentration between filter samplers is less
than 5%, which is the estimated measurement uncertainty, and independent of the
level of mass concentration or type of dust material. Note here that the
deviation of the mass concentrations from the average of each run ranges from
0.3% to 4.6% with an average relative deviation of 1.8%.

Several different types of aerosol monitoring instruments were used to
determine the variation of the aerosol concentration within the chamber for
sampling times of two minutes or less. A modified Royco 218 OPC (6) was used to
sample the dust for one minute intervals and these results indicate that the
number concentration and particle size distributions were uniform throughout the
chamber. Also, a TSI Model 3500 respirable aerosol mass monitor and a TSI Model
5150 respirable aerosol photometer (TSI, Inc., 500 Cardigan Rd., St. Paul, MN
55112) were used to study the aerosol concentration both as a function of time
and location. The results from these instruments also showed less than 5%
variation in dust concentration in the chamber.
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Table 1

~Gravimetrically Determined Mass Concentration

as a Function of Filter Location Within Chamber

Mass Concentration, mg/m3 Average Relative
at location - Concentration Deviation, %
1 2 3 4 '

1.03 - 1.12 - 1.08 4.2
2.49 - 2.56 - 2.53 1.4
2:52 - 2.64 - 2.58 1.6
4.00 - 4.14 - 4.07 157
7.07 - - w11 7.09 0.3
7.88 - B 7.91 7.90 1.9
- 2.86 - 3.12 2.99 4.3
- 3.76 - 3.80 3.78 0.5
B 2.77 - 2.84 2.80 1.2
- 3.02 - 2.98 3.00 0.7
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In addition to the uniformity of the dust concentration within the chamber,
studies were performed to determine the stability of the dust concentration with
time. For these studies the voltage output from the TSI photometer was moni-
tored with a strip chart recorder. Two typical strip charts are shown in
Figure 14. The test aerosol used for this evaluation was the respirable frac-
tion of Arizona road dust.

The gravimetrically determined mass concentrations were 3.0 and 3.8 mg/m3
for the data shown in Figures 14a and 14b, respectively. The length of sampling
times for the strip chart data shown in the figures were 35 and 25 minutes. As
can be seen from this photometer data, the aerosol concentration is indeed
steady with time.

The time required for the dust concentration to reach equilibrium in the
dust chamber was determined based on the time required for the photometer output
to stabilize. It was found that the equilibrium time, which was dependent on
the aerosol flow rate, ranged from 10 to 25 minutes for aerosol input flow rates
of 300 and 100 Tpm, respectively. This is about the same time required for one
change of air in the chamber.
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Respirable Arizona road dust, mass concentration = 3.0 mg/m3
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Figure 14. Strip chart records from photometer showing stability of
aerosol concentration in aerosol chamber as a function of time.
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CHAPTER 5
INSTRUMENT EVALUATIONS AND CALIBRATIONS

5.1 Introduction

Although there were many instances in which instruments and devices were
evaluated and calibrated, these were often associated with other tasks.
However, there were several cases in which the tasks were specifically performed
for the purpose of an instrument evaluation or calibration. Five such cases
described in this chapter include the evaluation and calibration of the SRI
portable mine dust instrument, the calibration of several GCA RDM 101-1 and
TSI Model 3500 respirable dust monitors, the calibration of several different
photometers and the evaluation of the Berkeley Controls QCM cascade impactor.

5.2 SRI Portable Mine Dust Concentration Instrument

Two SRI instruments (12) were obtained from the Bureau of Mines for
evaluation. One of the instruments had a severe instability in the electical
baseline and air leakage into the viewing chamber. Thus, only one of the
instruments was satisfactory for evaluation. A complete report on the instru-
ment and the evaluation is presented in Appendix C.

Several conclusions were drawn from the study. First, it was difficult to
eliminate the leakage into the viewing chamber and thus quite difficult to use
the photometer in a reliable manner. In addition, there were problems with the
electrical system and some electrical baseline drift. However, since these
problems could be corrected with a redesign of the instrument, the evaluation
was performed to determine the sensitivity of the photometer to varying particle
size distributions. The size distributions were varied by eliminating the
larger particles with an impactor and performing a calibration at various impac-
tor cutoff sizes. These tests showed that the instrument was quite sensitive
to the size distribution. However, the instrument was sensitive to changing
concentrations and was easy to use. Thus, it is believed that the instrument
could be useful for monitoring dust concentrations with some electrical or

mechanical redesign. Full details of these items are presented in Appendix C.

5.3 Photometer Evaluation and Calibration

An investigation into the response as a function of respirable mass con-
centration of nine commercially available photometers to different types of
aerosols, and in particular, coal dust was initiated during the last portion of
this contract. Consequently, the results to be presented in this report are
only preliminary and part of an on-going project. The photometers used in this
study are four GCA Model RAM-1 (GCA/Environmental Instruments, Burlington Rd.,
Bedford, MA 01730), two SIMSLIN IIs (Rotheroe and Mitchell Ltd., Victoria Road,
South Ruislip, Middlesex, England), two Leitz Tyndallometer TM digitals (Ernst
Leitz, GmbH., Wetzler, Germany), and one TSI Model 5150 Respirable Aerosol
Photometer (TSI, INC., 500 Cardigan Road, St. Paul, MN 55112). From the
resulting data, comparisons can be made between each manufacturers' photometer
as well as comparisons between several photometers from a given manufacturer.

The response of each photometer is designed to correspond to one of several
different respirable dust criteria. Consequently, each photometer has a dif-
ferent type of particle preseparator incorporated into its inlet and in most
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cases, the preseperator is an integral part of the instrument. The three dif-
ferent criteria utilized by the photometers studied here are the American
Conference of Governmental Industrial Hygienist (ACGIH), British Medical
Research Council (BMRC) and the German TBF 50-II. These criteria correspond
respectively to those used for the GCA, SIMSLIN, and the Leitz photometers. An
additional approximation criteria employed by the TSI photometer is obtained by
using an impactor with a cut at 3.5 um as the aerosol preseparator. This cri-
teria approximates the ACGIH criteria which classifies 50% of the 3.5 um
diameter particles as respirable. Figure 15 illustrates the fraction of
respirable dust as a function of particle size for the ACGIH, BMRC and the TBF
50-IT criteria.

The respirable dust mass concentration used in the calibration of these pho-
tometers was computed from the aerosol size distribution as measured with a
Sierra Model 266 cascade impactor (Sierra Instruments, Inc., PO Box 909, Carmel
Valley, CA 93924). The respirable dust mass concentration was calculated from
the size distribution data by applying the appropriate respirable dust criteria.
Table 2 contains the cutoff diameters as theoretically determined for the Sierra
Model 266 cascade impactor when operated at a flow rate of 4.0 1pm. For the
case of the TSI photometer, the respirable mass concentration was determined by
plotting the aerosol mass size distribution as an accumulative size distribution
and then determining the amount of mass less than 3.5 um. This type of analy-
sis was required since no stage within the cascade impactor had a particle
cutoff at 3.5 um.

The photometers currently have been evaluated with several different
aerosols to determine their response as a function of particle size distribution
and particle composition. These aerosols, which were generated with the
fluidized bed dust generator, have included coal (I11inois no. 6) and the AC
Fine Arizona road dust (AC Spark Plug Div., General Motors Corp., 1300 N. Dort
Hwy., Flint, MI 48556). The intrinsic density of the coal and Arizona road dust
was measured to be respectively 1.45 and 2.61 gm/cm3 {7 }s

To further vary the test aerosol, two different size distributions of coal
were used, "Coal-I" and "Coal-II", where the "Coal-II" aerosol is the respirable
fraction of the "Coal-I" aerosol. "Coal-II" aerosol is obtained by passing the
aerosol through a respirable cyclone placed at the exit of the fluidized bed
dust generator which removed the large nonrespirable particles.

The size distributions of these test dust aerosols as obtained from the
cascade impactor, for the three different aerosols are presented in Figure 16.
Assuming that these aerosols have log-normal size distributions, the value of
the aerosol mass mean diameter (MMD) and geometric standard deviation (cg) have
been calculated and are presented in the figure.

Although the size distributions of the aerosol in the chamber are those
shown in Figure 16, the aerosol size distributions in the instruments' sensors
were different for the instruments which only monitor the respirable fraction of
the aerosol. For example, the aerosol size distributions presented in Figure 17
are for the case of instruments equipped with aerosol preseparators based on the
ACGIH criteria. Since the preseparator preferentially removes only the larger
particles, the difference between the resulting size distributions decreases
from that which existed in the original sampled aerosol size distribution. For
the case of the two coal size distributions, the ratio of the MMD decreased from
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Table 2

Sierra Model 266 Cascade Impactor

Stage Cutoff diameters

Impactor Aerodynamic
stage No. Cutoff Diameter,
um*

1 14.5

2 9.5

3 5.2

4 2.5

5 1.1

6 0.55

Theoretically determined for flowrate

of 4.0 1pm.
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1.8 to 1.1. Consequently, the differences between the test aerosols actually
monitored as compared to those sampled by the instruments are significantly
decreased.

The entire instrument is evaluated as a consequence of comparing the instru-
ment response to the calculated respirable mass concentration, based on each
respirable criteria. This means that any discrepancies between the instrument
response and the calculated concentration could result from the aerosol mass
sensing technique, preseparator, or particle loss within the instrument. This
consideration is especially important for the GCA instruments since the cutoff
characterisitics of the 10mm nylon cyclone preseparator do not exactly match the
ACGIH criteria. Also, the recommended flow rate for this cyclone is 2.0 1pm
when sampling coal dust and 1.7 1pm for all other materials. Consequently,
since the cyclone's particle cutoff is a function of flow rate, the use of these
two different flow rates represents an additional source of uncertainty between
actual and calculated aerosol size distribution passing into the instrument's
sensing region.

A11 manufacturers state that their photometers must be calibrated with the
particular aerosol that the instrument will later be used to monitor. This
calibration is necessary since the response of a photometer is dependent on
aerosol composition, size distribution, shape, and index of refraction.
Consequently, all photometers are equipped with calibration or gain controls.

In addition, all photometers used in this evaluation, except the SIMSLIN II are
equipped with some type of reference scatterers. Through use of these reference
scatterers, the instruments' gains can be set at a value provided by the manu-
facturer or at a value which has bean obtained through instrument calibration
with a particular aerosol.

For this study all photometer gains were set at the manufacturers' provided
values. These values were used since the intent of this study was to evaluate
the relative response of these photometers to different aerosols and determine
the applicability of the manufacturers' calibration value to various aerosols.

Since the SIMSLIN II instruments did not have reference scatterers, the
instruments' gains were adjusted to provide a response approximately equal to
that gravimetrically determined for the Coal-I test aerosol. The gains were
then left constant for all other test aerosols.

The flow rate of each instrument was at the value supplied by the manufac-
turer. These values were 0.625 and 1.0 1pm respectively for the SIMSLIN and TSI
photometer. The GCA photometers were operated at 2.0 Tpm when sampling coal
aerosol and 1.7 1pm when sampling all other aerosols. The Leitz photometer has
a passive sampling system. The GCA and SIMSLIN photomegers were operated with
the mass concentration range switch in the 0 to 20 mg/m° range.

The photometer evaluation data presented in this report is considered only
preliminarily since the Sierra impactor has not been experimentally evaluated.
Possible sources of error which would affect the resulting aerosol mass size
distribution are the discrepancy between the actual and theoretically predicted
impactor particle cutoff and particle losses within the impactor. The discre-
pancy is especially important for the largest cut sizes and will be discussed in
greater detail in Chapter 8. While this impactor has been designed to minimize
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the effects of particle loss, losses are known to exist. Thus, once the impac-
tor has been calibrated, the aerosol size distributions can be corrected to
account for these two sources of error. However, the resulting respirable mass
concentration correction is expected to be small since both sources of potential
error primarily affect the larger nonrespirable particles.

The photometer calibration data are presented in Table 3 and Figures 18 to
26. These data are presented as the response of the instrument as a function of
mass concentration and type of test aerosol. Listed in the table for each test
are the mass concentrations corresponding to the four respirable dust criteria
and the mass concentration readings from the nine instruments. One must be
careful to compare the instrument response to the appropriate respirable dust
criteria. The respirable mass concentration ranged from approximately 0.5 to
25 mg/m°. The limited amount of data reported for the SIMSLIN (serial number
126) is the result of mechanical problems with the unit.

The responses from all instruments except the TSI photometer are read out
directly as mass concentration in units of mg/m3. For the TSI photometer, the
mass concentration is read out in units of counts/minute. Consequently the user
must either use the instrument's calibration curve or the empirically determined
conversion factor in order to relate counts/minute to mass concentration.

The results indicated that the response of all photometers is a linear func-
tion of respirable mags concentration for all test aerosols up to mass con-
centrations of 6 mg/m°. Based on the limited higher concentration data, the
response no longer appears to be linear. Since this observation is based on
only three data points at most for each instrument, additional tests are
currently being performed at these higher mass concentrations.

Linear regression analysis was performed for each photometer by assuming
that the photometer's responses were proportional to respirable mass
concentration. The analysis utilized all data for mass concentrations less than
6 mg/m°. The resulting regression coefficients are presented in Table 4 and the
lines drawn in Figures 18 to 26 are those resulting from the regression
analysis. For the GCA and Leitz photometers, the coefficient represents the
ratio of the instruments response when the span adjust is set at the
manufacturers' provided value to the actual span value for each test aerosol.

In general, these coefficients show that the instruments' response for these
aerosols agrees well with the calculated mass concentration.

The comparison of the regression coefficients provides a relative measure of
how the test aerosol composition and size distribution effects the photometer
response. In Table 5, the ratio of the average regression coefficients for
Coal-II and Arizona road dust to Coal-I for each manufacturers' photometer is
presented. The comparison indicates that the photometers' sensitivities are
from 1 to 36% greater for the test aerosol containing the larger fraction of
smaller particles. This result is expected since the amount of light scattered
per unit mass of aerosol increases with decreasing particle size for supermicron
particles. The comparison also shows excellent relative agreement between the
coal and Arizona road dust. This agreement is especially important for the
RAM-I, since GCA calibrates the RAM-I using Arizona road dust (13).

In addition to comparing the photometers' response to a standard, the
correlations of the responses between photometers from the same manufacturer



Table 3
Respirable Mass Instrument Calibration Data

Respirable Mass Concentration, mg/m3,

Dust Type | For Criteria (4): Instrument Response, mg/m3 (1), for listed instruments (2) (5)
GCA/RDM | Leitz SIMSLIN II TSI no.| TSI model
GCA RAM -1 (3) 101-1(3) Tyndallometer 5150 3500
ACGIH BMRC ~ TBF 5011 <3.5um 1098 1097 10128 1018B 2154 575 586 126 133 98343 | 104 79485
Coal I 0.62 0.61 0.48 0.52 -- -- 0.69 0.71 -- 0.38 0.46 | -- 0.65 |27 -- --
1.07 1.24 0.80 0.92 -- -- 1.40 1.44 1.38 0.84 0.89 | -- 1.14 | 54 -- -
1.33 1.49 0.88 1.21 -- -- 1.02 1.08 1..14 0.60 0.65 | 1.22 -- 38 - —
1.48 1.61 0.86 1.38 -- -- 1.15 1.24 1.29 0.68 0.78 |1.27 1.01 |45 - --
1.55 1.62 0.58 1.50 1.95 1.80 1.59 1.61 -- -- -- 1.30 1.40 |65 - -
3.12 3.41 .71 2.96 - 3.72 -- 3+72 3«75 1.89 2.00 | -~ 2.69 | 126 -- -
3.63 3.97 2.30 3.52 4.30 4,27 3.37 3.73 5.11 2.04 2.00 | -- 3.27 | -- -- -
3.82 4.19 2:31 3.61 3.79 3.95 3.18 3.53 3.54 1.92 2.07 | -- 3.20 | 128 -- --
4.07 4.36 2:23 4.11 4.08 3.88 3.16 3.55 4.27 1.98 1.97 | -- - 126 -- --
4,35 4.84 2.49 4.19 -- -- -- -- -- - 2.79 | -- 4.02 | 162 -- --
7.06 7.19 3.66 7.79 5.58 5.06 4.39 5.03 5.30 2.89 2.86 | -- 4.24 1178 -- -
Coal II 1.64 1.83 0.92 1.66 2.30 1.88 1.65 1.84 -- 1.02 1.05 | -- 1.67 | -- -- --
1.78 1.76 0.76 1.76 -- -- -- -- - 1.25 1.27 | -- 1.96 |78 -- 1.60
1.98 2.15 1.10 2.00 2.81 2.30 2.14 2.20 - 1.23 1.30 | -- 2.00 |80 --
2.07 2.29 1.22 2.09 - - - -- - 1.49 1.50 | -- 2.36 | 84 - 1.85
2.37 2.57 1.28 2.18 -- -- e -- -- 1.91 1.89 | -- 2.98 | 110 - 2.18
2.40 2.67 1.22 2.50 -- -- -- -- -- 1.45 1.41 | -- 2.31 | 84 -- 1.83
3.57 3.88 2.06 -- 5.66 4.89 4.20 4.91 -- - -- -- -- - - --
3.74 4.14 2.10 - 5.16 4,84 3.98 4,39 -- -- -- - -- -- - --
3.98 4,19 1.98 - 4.04 -- -- -- -- -- 2.06 2.04 | -- 3.22 | 120 -- 2.83
5.06 5.46 2.74 -- 7.67 6.69 5.85 6.60 -- -- -- -- -- -- - -
5.19 5.58 2.67 -- 7.54 7.14 5.78 6.65 -- -- -- -- - -~ -- -
Arizona | 2.46 2.51 0.86 2.49 3.19 3.04 2.47 2.67 -- e 1.38 | -- 1.55 | 86 1.98  1.50
Road 2.49 2.52 0.90 2.45 3.00 2.96 2.44 271 -- -- 1.31 | -- 1.81 | -- 1.95  1.49
Dust 5.95 6.28 2.79 5.76 5.98 5.38 4.29 5.82 -- 3.09 2.97 |3.48 3.86 | 185 -- 3.62
7.02 7.19 2.74 7.10 8.24 7.90 6.22 6.80 -- 3.50 3.53 | -- 4.96 | 227 4.86 4.04
11.3 11.8 4.34 11.6 9.35 8.55 6.55 7.44 - 3.92 3.83 | -- 5.45 | 259 4.11 6.39
25.0 25.6 9.33 24.7 18.5 18.8 15.6 17.0 -- -- 8.17 | -- 11.3 | 551 -- -

1. Except for TSI RAP, counts/min.
2. Instruments Tisted by serial number.
3. GCA sample flowrate: for coal-2.0 lpm;
for Arizona raod dust - 1.7 lpm.
4. Calculated from aerosol mass size distribution.

5. Respirable criteria associated with each instrument:
Criteria

Instrument

GCA RAM-1 & RDM

Leitz Tyndallometer
SIMSLIM II

TSI 5150 & 3500

ACGIH
TBF 50-11
BMRC
<3.5 um

_817_
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Table 4

Regression Coefficients
for Photometer Response Calibration Curves

Regression Coefficient! for:
Instrument Coal-I Coal-TI1 Arizona Road Dust

GCA: #1098 1.08 1.47 1.14
#1097 1.09 1531 1.08
#1012B 0.89 1511 0.86
#1018B 1.00 126 1.00
average 1..02 1.29 1.02
Leitz: #575 0.87 1.23 1.06
#586 0.93 1.23 1,12
average 0.90 1.23 1.09
SIMSLIN #126 0.80 = 0..55
#133 0.77 0.95 0.66

average 0.78 0.95 0.60

TSI: #98343 37.8 38.2 32.8

1. Based on respirable mass concentration less than 6.0 mg/m3.

Table 5

Relative Photometer Response as Function of Aerosol

Ratio of Regression Coefficient for Aerosols of

Photometer Coal-II / Coal-I| Arizona Road Dust/ Coal I
GCA La27 1.00
Leitz 1.36 1:.21
SIMSLIN 1423 0.78
TSI 1,01 0.86
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were also investigated. This type of investigation was straightforward since
all photometers were simultaneously exposed to the same test aerosol in the
aerosol chamber. To illustrate this correlation, scatter plots of the response
of two photometers from the same manufacturer are shown in Figures 27 and 28,
respectively, for the GCA RAM-I and Leitz Tyndallometer TM digital. These data
show good agreement between each photometer as a function of instrument response
regardless of the type of test aerosol. The average correlation coefficient
obtained from statistical analysis was 0.998.

The data scatter in the photometer calibration plots, Figure 18 to 26, is
due to systematic variations in the photometer response and random errors in the
aerosol mass size distribution determination with the cascade impactor. Based
on the excellent correlation between photometers from the same manufacturer, the
data scatter does not result from significant random variation in photometer
response. However, the scatter could be due to systematic variations which
would affect all photometers equally. One such example would be a shift in the
respirable aerosol size distribution which would affect the amount of light
scattered, but not the actual mass concentration. The random errors in calcu-
lating the respirable mass concentration result from the uncertainty in the
weighing of the impactor deposits, estimated to be approximately +15%.

Additional work is planned in the areas of the effect of particle size
distribution and higher mass concentrations on the photometer response. The
response of all photometers was found to be affected by the relatively small
difference in the size distributions between Coal-I and Coal-II. Thus, further
studies need to be performed using test aerosols with larger differences between
the particle size distributions to determine the significance of this size
distribution dependency. Additional data are also needed for mass concentration
in excess of 6 mg/m® to determine the linearity of the photometer response at
high mass concentrations. The very limited data currently obtained indicate a
possible decrease in the instrument sensitivity at these higher mass
concentrations.

5.4 GCA RDM 101-1 Calibrations

Several GCA RDM 101-1 (GCA/Environmental Instruments, Burlington Road,
Bedford, MA 01730) respirable aerosol mass monitors were calibrated in the aero-
sol chamber during this contract. These calibrations were made with and without
the 10 mm nylon cyclone, which is used as a particle preseparator, on the inlet
of the instruments. For the initial series of tests, the cyclone was removed
from the inlet and respirable dust, as generated by the fluidized bed dust
generator, was injected into the aerosol chamber. The second series of tests
involved calibrating the unit with the cyclone mounted on its inlet.

The initial GCA RDM 101-1 study involved the calibration of seven GCA RDM
101-1 instruments for the Twin Cities Mining Research Center. These calibra-
tions were performed by placing the instruments into the chamber without the
respirable cyclone on their inlets and determining the mass concentration in the
chamber with two filter samplers. The filter samplers used were Millipore Model
XX 50 047 10 open faced filters placed 180° apart. These open faced filters
became the standards to which the instruments were compared.

Tests were made to insure that the mass concentration, as determined through
use of the open faced filters, was the true concentration and not biased by
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Figure 27. Response comparison between 2 GCA RAM-1 photometers.
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large particles settling onto the filters. For this study, two identical adja-
cent open faced filter samplers (one upright and the other inverted) collected
the respirable fraction of Arizona road dust. The resulting mass concentration
data obtained for these two filter samplers for several sampling runs are shown
in Table 6. The average relative difference between the mass concentration
determined from the upright and inverted filter was 3.2% which is within the
experimental test uncertainty.

The theoretical inlet sampling efficiency of the open faced filter was also
investigated using the numerical results obtained by Agarwal and Liu (14).
Based on their work, the open faced filter when mounted in an upright position
and sampling at a flow rate of 20 1pm from calm air should have a particle
sampling efficiency near 100% for all particles less than 10 um.

The results of RDM 101-1 calibrations are shown in Tables 7 and 8 and
Figures 25 to 35. Here the gravimetrically determined mass concentration is
given along with the average concentration provided by each instrument. The
uncertainty bar associated with each data point is the standard deviation of the
RDM 101-1 readings averaged together for that data point.

The test aerosols used for this evaluation were the respirable fraction of
the aerosol from the fluidized bed dust generator. All seven units were ini-
tially calibrated using Arizona road dust and later two units were calibrated
using coal dust. From the calibration data two distinct calibration curves were
observed. Units with the serial numbers 2046 (Figure 29) and 2372 (Figure 35)
had calibration curves which were similar to the calibration data obtained in
past calibrations performed in our laboratory (10). While the other five units
all have similar calibration curves, these curves indicate Tower instrument mass
sensitivity. One should note that all seven units were adjusted so that they
correctly determined the appropriate mass concentration indicated on their
calibr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>