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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. H0177026. 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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1.1 Background 

CHAPTER I 
EXECUTIVE SUMMARY 

One of the concerns in the m1n1ng 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 11S11 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. 



-16-

CHAPTER 2 
DICHOTOMOUS IMPACTOR/PHOTOMETER AEROSOL ANALYZING SYSTEM 

2.1 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 perfonned 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 comnercial 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 µm (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 compaied with 
the gravimetrically determined concentration of particles greater than 3.5 µmin 
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 µmis 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 
light 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 
light 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 pennissible 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 light 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 1pm, 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 11 + 12", 11 -12 11

, 
11 -9 11

, or "PHOTOMETER 1, 2, 
3 11 positions, respectively. The cont ro 1 valve 1 abe led "AEROSOL FLOW ADJUST 11 

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 1pm. The tubing union allows for the insertion of a silica gel 
dryer in the sheath air line. The cable connection labeled 11 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 µm. 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 

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 
11 diameter 11 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 lower 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 82141 8x8x4 inch HEPA filters (Mine Safety 
Appliances 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 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 1pm. 

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 1.7 
7.07 7 .11 7.09 0.3 
7 .88 -7 .91 7.90 1.9 

2.86 3.12 2.99 4.3 
3.76 3.80 3.78 0.5 
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 perfonned to detennine 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 1pm, respectively. This is about the same time required for one 
change of air in the chamber. 
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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 ROM 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 !Is (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 50-11. 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 µmas the aerosol preseparator. This cri­
teria approximates the ACGIH criteria which classifies 50% of the 3.5 µm 
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 
50-11 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 µm. This type of analy­
sis was required since no stage within the cascade impactor had a particle 
cutoff at 3.5 µm. 

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 (Illinois 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). 

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 (crg) 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, 

µm* 

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. 

All 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 be~n 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 1pm 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 photome5ers were operated with 
the mass concentration range switch in the Oto 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 rrust 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/m3 • 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 1 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 ma~s 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 1 s responses were proportional to respirable mass 
concen5ration. 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 
pet untt 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 



Respirable Mass Concentration, mg/m3, 
Dust Type For Criteria (4): 

ACGIH BMRC TBF 501 I <3.5µm 
Coal I 0.62 0.61 0.48 0.52 

1.07 1.24 0.80 0.92 
1.33 1.49 0.88 1.21 
1.48 1.61 0.86 1.38 
1.55 1.62 0.58 1.50 
3.12 3.41 1.71 2.96 
3.63 3.97 2.30 3.52 
3.82 4.19 2.31 3.61 
4.07 4.36 2.23 4.11 
4.35 4.84 2.49 4.19 
7.06 7.19 3.66 7.79 

Coal II 1.64 1.83 0.92 1.66 
1.78 1.76 0.76 1. 76 
1.98 2.15 1.10 2.00 
2.07 2.29 1.22 2.09 
2.37 2.57 1.28 2.18 
2.40 2.67 1.22 2.50 
3.57 3.88 2.06 --
3.74 4.14 2.10 --
3.98 4.19 1.98 · 4.04 
5.06 5.46 2.74 --
5.19 5.58 2.67 --

Arizona 2.46 2.51 0.86 2.49 
Road 2.49 2.52 0.90 2.45 
Dust 5.95 6.28 2.79 5.76 

7.02 7.19 2.74 7. 10 
11.3 11.8 4.34 11.6 
25.0 25.6 9.33 24.7 

1. Except for TS! RAP, counts/min. 
2. Instruments listed by serial number. 
3. GCA sample flowrate: for coal-2.0 1pm; 

for Arizona raod dust - 1.7 1pm. 
4. Calculated from aerosol mass size distribution. 

Table 3 
Respirable Mass Instrument Calibration Data 

Instrument Response mq/m3 (1) for listed instruments (2 (5) 
GCA/RDM Leitz S IMSLIN II TS! no. 

GCA RAM -I (3) 101-1(3 Tyndallometer 5150 
1098 1097 1012B 1018B 2154 575 586 126 133 98343 
-- -- 0.69 0.71 -- 0.38 0.46 -- 0.65 27 
-- -- 1.40 1.44 1.38 0.84 ;0.89 -- 1.14 54 -- -- 1.02 1.08 1.14 0.60 0.65 1.22 -- 38 
-- -- 1.15 1.24 1.29 0.68 0.78 1.27 1.01 45 
1.95 1.80 1.59 1. 61 -- -- -- 1.30 1.40 65 
-- 3. 72 -- 3. 72 3.75 1 .89 2.00 -- 2.69 126 
4.30 4.27 3.37 3.73 5.11 2.04 2.00 -- 3.27 --
3.79 3.95 3.18 3.53 3.54 1.92 2.07 -- 3.20 128 
4.08 3.88 3.16 3.55 4.27 1.98 1.97 -- -- 126 
-- -- -- -- -- -- 2.79 -- 4.02 162 
5.58 . 5.06 4.39 5.03 5.30 2.89 2.86 -- 4.24 178 
2.30 1.88 1.65 1.84 -- 1.02 1.05 -- 1.67 --
-- -- -- -- -- 1.25 1.27 -- 1.96 78 
2.81 2.30 2.14 2.20 -- 1.23 1. 30 -- 2.00 80 
-- -- -- -- -- 1 .49 1.50 -- 2.36 84 
-- -- -- -- -- 1.91 1.89 -- 2.98 110 
-- -- -- -- -- 1 .45 1.41 -- 2.31 84 
5.66 4.89 4.20 4.91 -- -- -- -- -- --
5.16 4.84 3.98 4.39 

.,_ -- -- -- -- -- --
-- -- -- -- -- 2.06 2.04 -- 3.22 120 
7.67 6.69 5.85 6.60 -- -- -- -- -- --
7.54 7.14 5.78 6.65 -- -- -- -- -- --
3.19 3.04 2.47 2.67 -- -- 1.38 -- 1.55 86 
3.00 2.96 2.44 2.71 -- -- 1. 31 -- 1.81 --
5.98 5.38 4.29 5.82 -- 3.09 2.97 3.48 3.86 185 
8.24 7.90 6.22 6.80 -- 3.50 3.53 -- 4.96 227 
9.35 8.55 6.55 7.44 -- 3.92 3.83 -- 5.45 259 
18.5 18.8 15.6 17.0 -- -- 8.17 -- 11.3 551 

&. Respirable criteria associated with each instrument: 

Instrument 
GCA RAM-1 & RDM 
Leitz Tyndallometer 
SIMSLIM II 
TSI 5150 & 3500 

Criteria 
ACGIH 
TBF 50-II 
BMRC 
<3. 5 µm 

TS! model 
3500 
104 79485 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- 1.60 

--
-- 1.85 
-- 2.18 
-- 1.83 
-- --
-- --
-- 2.83 
-- --
-- --
1.98 1.50 
1.95 1.49 
-- 3.62 
4.86 4.04 
4.11 6.39 
-- --

I 
-1:' 
00 
I 
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Figure 18. Calibration curves for GCA RAM-1 serial number 1012B •. (Data 
presented in Table 3.) 
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Figure 19. Calibration curves for GCA RAM-1 serial number 1018B. (Data 
presented in Table 3.) 
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Figure 20. Calibration curves for GCA RAM-1 serial number 1097. (Data 
presented in Table 3.) 
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Figure 21. Calibration curves for GCA RAM-1 serial number 1098. (Data 
presented in Table 3.) 
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Figure 22. Calibration curves for SIMSLIN II serial number 126. (Data 
presented in Table 3.) 
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Figure 23. Calibration curves for SIMSLIN II serial number 133. (Data 
presented in Table 3.) 
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Figure 24. Calibration curves for Leitz Tyndallometer TM Digital serial 
number 575. (Data presented in Table 3.) 
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Figure 25. Calibration curves for Leitz Tyndallometer TM Digital serial 
number 586. (Data presented in Table 3.) 
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Figure 26. Calibration curves for TSI Model 5150 respirable aerosol pho­
tometer serial number 98343. (Data presented in Table 3.) 
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Table 4 

Regression Coefficients 
for Photometer Response Calibration Curves 

Regression Coefficientl for: 
Instrument Coal-I Coal-II Arizona Road Dust 

GCA: 111098 1.08 1. 47 1. 14 
Ill 097 1.09 1. 31 1.08 
111012B 0.89 l.ll 0.86 
/ll018B 1.00 1.26 1.00 
average 1.02 1.29 1.02 

Leitz: 11575 0.87 1. 23 1.06 
11586 0.93 1. 23 l. 12 

average 0.90 1.23 1.09 

SIMSLIN 11126 0.80 -- 0.55 
11133 o. 77 0.95 0.66 

average 0.78 0.95 0.60 

TSI: 1198343 37.8 38.2 32.8 

1. Based on respirable mass concentration less than 6.0 mg/rn3. 

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 1. 27 1.00 
Leitz 1. 36 1.21 
SIMSLIN 1. 23 0.78 
TSI 1.01 0.86 



-59-

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 depend~ncy. 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 ROM 101-1 Calibrations 

Several GCA ROM 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 ROM 101-1 study involved the calibration of seven GCA ROM 
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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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 µm. 

The results of ROM 101-1 calibrations are shown in Tables 7 and 8 and 
Figures 29 to 35. Here the gravimetrically determined mass concentration is 
given along with the average concentration provided by each instrument. The 
uncerta i nty bar associated with each data point is the standard deviation of the 
ROM 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 lower instrument mass 
sensitivity. One should note that all seven units were adjusted so that they 
correctly determined the appropriate mass concentration indicated on their 
calibration disks. The instrument sampling flow rate for the Arizona road dust 
tests was 1.7 1pm; whereas, it was 2.0 1pm for the coal tests. For the lower 
flow rate case, the instrument outputs were corrected to account for the lower 
sampling flow rate. 

In the second series of tests the mass concentration response of one unit 
with a cyclone on the inlet was calibrated. For this study, the respirable dust 
concentration was calculated from the test dust mass size distribution as 
explained in Section 5.3. The tests were made using both coal and Arizona road 
dust aerosol. The resulting data is presented in Table 3 and Figure 36. The 
unit used in this evaluation was serial number 2154, which is the same unit used 
in a previously published study (10). These results are in excellent agreement 
with the results from that study. 

5.5 TSI Model 3500 Respirable Aerosol Mass Monitor Calibration 

Two TSI Model 3500 respirable aerosol mass monitors (TSI, Inc., 500 Cardigan 
Road, St. Paul, MN 55112) were briefly evaluated using coal and Arizona road 
dust aerosols. The instruments have impactors with a 3.5 µm diameter cutoff as 
an integral part of their inlets. Consequently, the instruments' responses were 
compared to the mass concentrations of particles less than 3.5 µmin diameter, 
as calculated from the test aerosol mass size distribution. This technique is 
described in Section 5.3. 
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Tab 1 e 6 

Standard Filter Sampler Evaluation 

Mass concentration, mg/m3 
Uri ht filter Inverted filter 

2.64 
2.56 
4.14 

2.60 
2.49 
3.85 

Relative Difference,% 

+ 1.5 
- 2.7 
- 7.0 



Gravimentric Ser. No. 2320 
Mass Concentration (AAI, 

m / m3 m /m3 
2 .53 2.3 
2. 58 2.5 
2.99 3.9 
4.07 3.3 
4 .49 4.0 
4.91 3.9 
5.05 3.7 
5.75 5.1 
6.90 4.7 
7 .90 5.3 

Table 7 

GCA ROM 101-1 Calibration 

for Respirable Arizona Roarl Oust 

Average GCA Rearling, mg/m3 
Ser. No. 2319 Ser. No. 2060 Ser. No. 2046 Ser. No. 2334 

(BB), (CC), (DD), (EEl, 

2.7 2.1 2.4 
2.5 3.0 1.9 

3.1 
3.6 3.0 3.1 
4.0 
3.8 3.8 4.9 3.7 
4.4 
5.9 3.8 5.3 3.6 
4.8 4.8 7 .o 6.1 
4.9 6 .4 7 .7 5.3 

I 
Ser . No. 2371 Ser. No. 2372 °' ~ 

(FF), (GGl, I 

2.6 
2.9 

4.6 

4.9 
6.3 

5.7 6.6 



Gravimetric 
Mass Concentration, 

m /m3 

1.58 

2.80 

3.00 
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Table 8 

GCA ROM 101-1 Calibration Data 

for Respirable Coal Oust 

Avera~e GCA Readin[, . mg/m3 
Ser. No. 2046 Ser. No. 2l)2 

( OD), {GG), 

2.3 

1.5 

2.7 

3.2 
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Figure 29. Calibration curve for GCA ROM 101-1 serial number 2046. 
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Figure 30. Calibration curve for GCA ROM 101-1 serial number 2060. 
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Figure 31. Calibration curve for GCA ROM 101-1 serial number 2319. 
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Figure 32. Calibration curve for GCA ROM 101-1 serial number 2320. 
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Table 3 and Figures 37 and 38 contain the resulting calibration data for the 
two mass monitors. For these tests the quartz crystals were cleaned prior to 
each series of runs. The results indicate that the responses of the mass moni­
tors are a linear function of mass concentration. However, the responses are 
less than the respirable mass concentrations. Linear regression analysis shows 
the responses to be 0.82 and 0.58 of the respirable mass concentration for unit 
serial number 79485, respectively, for Coal-II and Arizona road dust test 
aerosols. For unit serial number 104, the response is 0.73 of the respirable 
mass concentration fo3 Arizona road dust if one excludes the data point at a 
response of 4.11 mg/m. One possible explanation for the lower response is that 
the dry irregularly shaped particles are not completely coupled to the 
osci 11 at i ng quartz crystal. 

5.6 Evaluation Of Berkeley Controls QCM Cascade Impactor 

An extensive evaluation of the Berkeley Controls Model C-lOOOA QCM cascade 
impactor (Berkeley Industries, Inc., 2825 Laguna Canyon Road, Laguna Beach, 
92652) was performed during this contract. The evaluation, as summarized in 
Table 9, included the determination of the particle collection efficiency of 
each impactor stage, the interstage particle loss as a functon of particle 
diameter, the evaluation of the mass sensing capabilities of the quartz crystal 
as a function of type of aerosol, and the effect of particle loading on crystal 
response. 

One result of the study is the particle collection efficiency curves for 
each impactor stage. The test aerosols were monodisperse liquid droplets. The 
submicron aerosol was DOP droplets generated by an evaporation condensation 
aerosol generator (15). This aerosol was passed through the differential mobi­
lity analyzer (OMA) electrostatic classifier to obtain the monodisperse test 
aerosol (16). The particle collection efficiency data was obtained by measuring 
the particle concentration upstream and downstream of each stage with a TSI 
Model 3070 electrical aerosol detector (EAD) (TSI, Inc., 500 Cardigan Road, St. 
Paul, MN 55112). This test setup is schematically shown in Figure 39. For 
these tests, the aerosol was drawn out of the impactor through pressure tap 
ports located on each stage. 

The evaluation for particles larger than 1 µm was performed using oleic acid 
particles produced by the vibrating orifice monodisperse aerosol generator 
(VOMA). The particle number concentration was determined using a Royco Model 
215 optical particle counter (OPC), (Royco Instruments, Inc., 141 Jefferson 
Drive, Menlo Park, CA 94025). 

The experimental as well as theoretical collection efficiency curves (3) for 
each impactor stage are shown in Figure 40. This figure shows that the experi­
mental data agree well with the theoretical curyes for stages 5 - 10 but 
deviates for the larger particle collection stages (stages 1 - 4) with the 
amount of deviation increasing with increasing particle size. As will be 
discussed in Chapter 8, there is no apparent reason for this deviation. Based 
on the results presented in Figure 40, the particle cutoff diameters for each 
stage are listed in Table 10. For particle cutoffs less than 2.1 µm, the 
experimental results confirm the theoretically predicted values. Thus, the 
theoretical values are used to predict the cutoff. However, experimentally 
determined cutoff values are listed for cutoffs above 2.1 µm. 
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TABLE 9 
Berkeley Controls QCM Calibration SulTITlary 

Type of Type of Particle Aerosol Measurement 
Evaluation Aerosol Size - µm Generating Technique 

System Analysis 

Stage Collection 1. Monodisperse OOP 0.05 to 0.46 OMA EAO 
Efficiency 
(Cutoffs) 2. Monodisperse Oleic Acid 1.1 to 18.0 VOMA OPC 

3. Monodisperse OOP 0.15 to 0.2 OMA Mass sensing 
from QCM 

4. Monodisperse Oleic Acid 2.3, 3.5, 7' 15 VOMA Fl uoromet ri c 
and Uranine Analysis 

Interstage Losses 1. Monodisperse OOP 0.05 ONA EAO 

2. Monodisperse Oleic Acid 2.3, 3.5, 7, 15 VOMA Fl uromet ri c 
and Uranine Analysis 

Mass Sensitivity 1. Monodisperse OOP 0.15 to 0.2 OMA Electrometer 

2. Polydisperse Dust Suh 3.5 µm Fluidized Bed Gravimetric 
a. Respirable Analysis 

Coal Dust 
b. AC Fine 

Arizona Road 
Dust 

Mass Loading 1. Polydisperse Dust Sub 3.5 µm Fluidized Bed Gravimetric 
a. Coal Oust Analysis 
b. Arizona Road 

Dust 
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Stage 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
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Table 10 

Berkeley Controls QCM Cutoffs 
For Each Stage 

Aerodynamic 
Cutoff Diameter, 

µm 

15.0 

12.0 

7.0 

3.6 

2.1 

1.11 

0.67 

0.40 

0.22 

0.127 

Experimental Calibration 
(Liquid Particles) 

Experimentally Confirmed 
Theoretical Values 
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Another technique utilized to determine both the impactor collection effi­
ciency and interstage losses for particles larger than 1 µm was to sample 
oleic acid particles which contained a uranine dye tracer. Particles of 2.3, 
3.5, 7.0, and 15.0 µm diameter were generated with the VOMA. After sampling 
each size of particle, the QCM impactor stages were disassembled and all inter­
nal surfaces individually washed with known quantities of 0.02 N aqueous solu­
tion of NaOH. Then, by use of a fluorometer (Model 110, G. K. Turner, 
Associates, Palo Alto, CA), the concentration of uranine dye present in the 
wash, which was proportional to the amount of particles collected on a given 
surface, was determined. From this data, the determination of the particle 
collection efficiency and loss curves for each impactor stage, as well as the 
overall loss curve, could be made. The collection efficiency data determined by 
this method was found to be in agreement with results presented in Figure 40. 

From this calibration technique, it was possible to not only determine the 
overall and per stage particle loss within the impactor, but to also determine 
what collection mechanisms were predominant in the losses. For example, it was 
found that most of the losses were on the upper surface of either the impactor 
chamber or the reference crystal. Thus, it appears that the losses were pri­
marily due to settling, which might be expected, since the flow rate is only 
0.25 1pm. In Figure 41 the particle loss per stage is presented for the par­
ticle size range of 2.3 to 15 µm. 

The overall loss curve as shown in Figure 42 indicates maximum losses at 
about 10 µm. Greater losses are not found for larger particle sizes because 
they are collected upon the first stages and there is little time for them to be 
lost. However, for particles collected several stages into the impactor, which 
still have appreciable loss per stage, the accumulated loss is larger than for 
larger particles collected on the initial stages of the impactor. The small 
particles which penetrate deep into the impactor have very small losses per 
stage and thus, their total loss is small. 

As was shown in Figure 41, the particle loss decreases with decreasing par­
ticle size due to diminishing gravitational and inertial effects. However, as 
the particle size decreases, the effects of diffusional loss increases. To 
investigate diffusion losses, an experiment was performed ~sing a particle size 
which was smaller than the smallest particles collected by the QCM. The test 
aerosol was 0.05 µm diameter DOP obtained from the OMA. The particle concen­
trations upstream and down st ream of a 11 10 stages of the QCM were measured 
using the EAD. The overall particle penetration was found to be 70%. Thus, for 
all collectable submicron aerosols, the particle loss will be less than 30% and 
should be negligible for particle sizes just below 1 µm. 

The manufacturer's reported mass sensitivities for the quartz crystals were 
evaluated by investigating the ability of the QCM to accurately sense various 
types of aerosols. This evaluation was performed using several different types 
of particles including dry irregularly shaped dust particles (coal and Arizona 
road dust), diesel particles, and liquid particles. 

The aerosol test chamber was utilized for experiments involving the dust 
aerosols. A 47 mm open faced filter sampler and a filter sampler which had a 
3.5 µm particle cutoff impactor mounted on it's inlet were operated adjacent to 
the QCM. The test duration was 20 to 30 minutes, but the QCM only sampled the 



w 
(!) 
<t 
~ 30 

a:: 
w 
0.. 

en 20 
en 
0 
_J 

10 

.-7 9-

0 .__ ___ .,__ _ __.__ _________ ~ ......... ---__._ _ ____. 

1.0 3.0 10 30 
AERODYNAMIC PARTICLE DIAMETER,µ.m 

Figure 41. Berkeley Controls QCM particle loss per stage. 



50 

40 

~ 0 

... 
Cf) 
(/) 30 
0 
_J 

_J 
<( 
I- 20 
0 
~ 

10 

0 
1.0 3.0 10 30 
AERODYNAMIC PARTICLE DIAMETER, µ.m 

Figure 42. Particle Loss Curve for the 
Berkeley Controls QCM Cascade Impactor• 

I 
00 
0 
I 



-81-

dust for 30 seconds. However, since the dust concentration and size distribu­
tion was constant within the chamber, the mass concentration as determined from 
the filter sample could be compared to the mass concentration as determined from 
the QCM. The QCM had freshly greased impactor crystals. 

Table 11 contains the filter sampler and QCM indicated mass concentration 
for both coal and Arizona road dust aerosols. As can be seen, the comparison 
for the particles less than 3.5 µm showed less than 10% discrepancy. However, 
for the total mass concentration comparison, the QCM indication averages about 
19% less than that obtained from the filter sampler. This discrepancy is pri­
marily due to the high particle loss which occurs for particles greater than 
3.5 µm. 

The liquid particle test was performed using monodisperse DOP particles 
with one elementary unit of charge produced by the OMA. Thus, the particle 
number concentration could be determined with an electrometer. The aerosol con­
centration was measured using a Cary Model 401 electrometer (Varian Instrument 
Div., Cary Products, Inc., Palo Alto, CA 94303) and compared to the con­
centration as determined by the QCM. The resulting mass concentration data and 
the corresponding ratio of QCM to electrometer mass concentration ratio are pre­
sented in Table 12. 

The QCM was also evaluated using diesel aerosol. For dry diesel aerosols, 
the QCM was found to have essentially no mass sensing capabilities, even though 
the particles were visually observed to be deposited upon the crystal. 
Apparently the diesel particles do not couple to the quartz crystal. 

The effects of mass loading on crystal sensitivity was investigated using 
coal and Arizona road dust aerosols. The experiments were performed in the 
aerosol test chamber. A photometer which was used to monitor the chamber dust 
concentration showed a constant dust concentration for the duration of the 
tests, which lasted 20 to 30 minutes with 30 second samples taken by the QCM 
approximately once every 3 minutes. 

Figures 43 and 44 show the resulting effects of mass loading on crystal 
sensitivi;Y· The mass concentration for particles less than 3.5 µm was 2.10 and 
3.4. mg/m, respectively, for the coal and Arizona road dust aerosols. The data 
obtained for stages 1, 2, 3, and 10 are not included due to insufficient mass 
loading. For stages 1, 2, and 3, the total accumulative frequency shift was 
less than 50 Hz per stage. However, these three stages should perform similarly 
to stage 4, due to their large particle deposition area. The crystals were 
freshly greased at the beginning of each series of tests. The accumulation fre­
quency shift was obtained by summing each sample frequency shift. The relative 
sample frequency is the ratio of the frequency shift for each sample period to 
the frequency shift obtained during the first sample period. In computing the 
ratio, the amount of deposited mass is assumed to remain constant for each 
sample. Also, the effect of mass loading is assumed to be insignificant for the 
first sample. Thus, this ratio is the relative crystal sensitivity as a func­
tion of accumulative frequency. 

The QCM 1 s response, in general, decreases with mass loading as shown in 
Figures 43 and 44 for Arizona road dust and coal, respectively. This effect 
becomes more pronounced with decreasing particle cutoff size (increasing stage 
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Table 11 

Comparison Between QCM and Gravimetrically Determined Dust Mass Concentration 

Filter Mass 

Total Mass 

---

2.99 

1.58 

3.00 

Conc •• mq/m3 0CM Cascade Conc •• mq/m3 
Total Mass 

Mass < 3.5µm Total Mass Mass < 3.5µm QCM/Fi lter 

3.43 --- 3.66 ---

2.06 2.42 2.05 81.0% 

0.98 1.18 0.88 74. 7% 

2.10 2.62 2.25 87.2% 

TABLE 12 

Comparison Between QCM and Electrically Determined 
Liquid Aerosol Mass Concentration 

Dp, µm Measured Mass Concentration, µg/m-' 
Electrometer 0CM QCM/Electrometer 

0.15 38.3 42.5 1.11 
0.20 184.7 178.7 0.97 

Mass< 3.5 
QCM/Filter 

107. 0% 

99.6% 

90.1% 

106.0% 

µm 
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number). One explanation of this trend is that with decreasing particle cutoff 
size, the area of the sample collection depositon decreases. Thus, for the 
same mass loading (frequency shift), the depth of particle deposit will increase 
with the decrease in particle cutoff size. Consequently, the effects of mass 
loading become more pronounced. 

For the case of the coal aerosol, particle bounce is the probable reason 
for the increase in relative crystal sensitivity. For particle bounce to occur, 
the deposited coal must be in some way impeding the wicking process of the 
grease through the particle deposit. This effect should be more pronounced on 
stages experiencing high mass loading. The experimental results indicate that 
the increase in relative crystal sensitivity occurred for stages downstream of 
those stages which received high mass loading. 

The manufacturer's instrument manual acknowledges the existence of mass 
loading effects by stating that the maximum allowable crystal mass loading 
11 normally 11 corresponds to 1000 Hz accumulative frequency shift. While this 
can be assumed to be true for stages 1 to 4, the maximum frequency shift 
decreases to less than 200 Hz for stage 9. 

The effects of mass loading are also dependent on the type of aerosol. The 
effect is expected to be different for liquid and solid particles. But, even 
for solid particles, the effect is dependent on particle composition and perhaps 
on particle shape. Additional work is currently being performed to further 
characterize these effects. 
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CHAPTER 6 
PERSONAL RESPIRABLE IMPACTORS 

6.1 Introduction 

The normal method of obtaining a personal respirable dust sample is to use 
the Dorr Oliver 10 mm cyclone/filter personal respirable dust sampler. However, 
in the course of this contract, two samplers which use inertial impactors as the 
respirable classifier have been evaluated. One of these devices is the MESA 
disposable respirable impactor and the other is a respirable personal impactor 
developed in our laboratory. Both of these are discussed in the following 
sections. 

6.2 MESA Disposable Respirable Impactor 

The evaluation of the MESA Disposable Respirable Impactor (17) was performed 
using monodisperse aerosols generated by a vibrating orifice monodisperse aero­
sol generator to determine the efficiency curve for the impactor. The details 
of the test are given in Appendix D. 

The results of this study show that the efficiency curve presented in 
Figure 3 of Appendix D has approximately the same shape as the BMRC curve but is 
displaced to the right. This implies that the penetration characteristics of 
the impactor are such that the percent penetration for all particle sizes is 
larger than that of the BMRC criteria. As indicated in reference 17, the BMRC 
concentration values can be obtained by multiplying the concentrations deter­
mined with the MESA impactor by a factor of 0.5. However, it must be realized 
that this factor will be a function of the particle size distribution of the 
aerosol. 

By changing the impactor nozzle head of this personal sampler as described 
in the following section, it is possible to obtain a penetration curve which 
approximates either the BMRC or the ACGIH respirable curves very closely. 

6.3 University of Minnesota Personal Respirable Impactor 

A method for designing impactors so that the penetration characteristics are 
approximately that of any respirable curve was previously developed in our 
laboratory (18). This technique involved using a single stage impactor with 
multiple nozzles of different sizes. By proper selection of the flow rate, 
nozzle sizes, and number of nozzles of each size, it is possible to approximate 
a curve in a stepwise fashion. The number of nozzle sizes determines the number 
of steps in the approximation. 

In reference (18) the design parameters are given for impactors which would 
approximate the ACGIH curve at a flow rate of 2 1pm. To evaluate the feasibi­
lity of using this device as a personal sampler, three special heads containing 
nozzles and impaction plates were designed and built to fit on the filter holder 
and body of the MESA disposable respirable impactor described in the previous 
section. The three different heads corresponded to approximating the ACGIH 
curve with two nozzle sizes and three nozzle sizes and approximating the BMRC 
respirable curve with three nozzle sizes. 
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The results of this study and the details of the design are presented in 
Appendix E. As indicated in this appendix, the experimental curves determined 
by using monodisperse aerosols with a dye tracer are in good agreement with the 
theoretically expected curves for both the ACGIH and the BMRC criteria. 

Another important aspect of the work presented in Appendix Eis the use of 
an oil saturated porous impaction plate. As particles impact upon the 
impaction plate, the oil wicks up through the deposit and presents the oncoming 
particles with a fresh surface, and the problem of particle bounce and blowoff 
is minimized. 

It was found in this study that sampling coal dust with a total mass con­
centration of approximately 8 mg/m3 and a respirable concentration of 2 mg/m3, 
the performance of the impactor did not deteriorate over approximately six 
hours. It was found, however, that the deposits on the impaction plate were 
large tree-like structures but it did not appear as through they were detrimen­
tal to the performance of the impactor. 

The conclusion for this study was that impactor classifiers could be used as 
an alternate for the respirable cyclone. It appears as through the impaction 
device would be lighter, smaller, and could also be operated with the same per­
sonal sampler pump. Two important advantages of using the impactor as compared 
to a cyclone are as follows. First, the impactor could be designed to operate 
at any flow rate so that a flow rate larger than 2 1pm could be used and more 
material collected. For example, a 4 1pm impactor would provide twice the mass 
or one half the sampling time for the same mass. Second, the impactor can be 
designed to approximate the BMRC curve directly, then no correction factor would 
have to be applied to the data. This would be a more accurate method of 
obtaining the BMRC equivalent respirable dust concentration than using the Door 
Oliver 10 ll1l1 cyclone, since the conversion factor between the BMRC and the ACGIH 
must be a function of particle size distribution. 
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CHAPTER 7 
UNIFORM DEPOSIT IMPACTOR 

One characteristic of conventional cascade impactors is that the deposits 
are collected in discrete locations. This characteristic leads to several 
problems including those of particle bounce and reentrainment, particles being 
collected on only a small part of the impaction plate requiring a larger 
tareweight than necessary when performing gravimetric analysis, and deposits not 
being suitable for analysis by techniques which require the particles to be uni­
formly distributed over a larger area such as x-ray fluorescence elemental ana­
lysis techniques. Thus, to correct these problems, a new type of cascade 
impactor, known as the uniform deposit cascade impactor, was developed in our 
laboratory. 

Under partial support of this contract a prototype unit was built and has 
been used on several field projects. The principle of operation and the details 
of the design are presented in Appendix F. Basically, the technique is to use 
an impaction plate assembly containing a number of nozzles of uniform diameter. 
Each nozzle is located at a different distance from the center of an impaction 
plate which is rotating. The radial distances of the nozzles are such that the 
deposit on the impaction plate will be evenly distributed. The specific 
requirements as to the positioning of these nozzles is presented in Appendix F. 

7.2 Impactor Design 

The particular impactor that has been used under this contract has a design 
somewhat different than that described in Appendix F. However, the principles 
of operation are still the same. One of the differences is that the impaction 
plates are driven by worm and worm gear sets instead of bevel gears. Another 
change is that the coupling between the drive assembly and the impaction plate 
assembly is through the use of magnets instead of shafts. A thin sheet of metal 
has been used to make an airtight chamber for the cascade impactor. Two disk 
magnets are used for each impaction plate, one on each side of the thin metal 
sheet. The lower magnet is driven by the worm gear assembly and the magnetic 
attraction between the magnets rotates the upper magnet which is attached to the 
impaction plate. 

Some problems have arisen because of these changes. One has been that the 
wonn and wonn gear sets have been difficult to align and there has been some 
wearing of the gears. Secondly, it has been difficult to precisely locate the 
center of rotation of the impaction plates since they are attached to magnets. 
Thus, the deposit is sometimes uneven. 

Besides the uniform deposit feature of the impactor, another advancement in 
impactor development has been that the nozzles have been machined by a photo 
chemical etching process. With this technique it has been possible to machine 
very small diameter nozzles (as small as 25 µm diameter) which means that the 
cutoff sizes of the impactor can be very small. The cutoff size of this par­
ticular impactor has been about 0.06 microns aerodynamic diameter at a flow rate 
of approximately 30 1pm. Thus, a high volume of gases can be sampled by the 
impactor and yet the cutoff size can be kept small. This makes the instrument 
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usable for separating combustion aerosols, such as diesel exhaust particles, 
from other mining type aerosols. 

Another feature of the instrument is that by removing the impaction plate 
assembly from the nozzle plate and drive assemblies, all of the impaction 
plates can be changed at one time. In addition, by placing a cover on these 
impaction plates, it is possible to not have to touch the impaction plate 
substrates in the field. The impactor surfaces can be prepared in a laboratory 
before the test and disassembled in the laboratory after the test. 

Finally, by spreading the deposits over a large area the deposits can be 
analyzed by x-ray fluorescence analysis. In all of the field tests where this 
impactor has been used, this has been the analysis method. 

7.3 Current Status 

The development of the instrument is still in progress. However, the 
instrument has been used in several field tests for both the Bureau of Mines and 
EPA. In most cases the instrument has operated satisfactorily. The most recent 
application of this impactor has been in the field study at a tungsten mine. 
The details of that study are presented in Chapter 9 of this report. 
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CHAPTER 8 
GENERAL IMPACTOR CALIBRATION, CALCULATIONS, AND DEVELOPMENT 

8.1 Introduction 

During the course of this contract there have been intermittent studies con­
cerning the calibration of impactors. Many of these studies have led to signi­
ficant results and insights into the operation of impactors and, in some cases, 
new problem areas have been defined for which no answer has yet been obtained. 
Brief descriptions of these studies are presented in the following sections. 

8.2 Calibration of Berkeley Controls QCM Cascade Impactor 

The results of the Berkeley Controls QCM impactor stage cutoff evaluation 
have been presented in Section 5.6. In all cases it was expected that the 
cutoff characteristics would agree well with that predicted by theory. However, 
as shown in Figure 40, the agreement between theory and experiment is only 
completely satisfactory for particles of size less than approximately 2 µm 
diameter. For larger particles there is a difference between the experimental 
and theoretical efficiency curves which becomes more pronounced as the size 
increases. There is no apparent reason for this discrepancy and this phenomena 
has initiated some further work which is described in the following section. 

8.3 Further Investigations of Inertial Impactors 

The problem of the differences between the experimental and theoretical 
efficiency curves for the larger particles is considered very important since 
the application of impactors is being applied to larger particles at an 
increasing rate. This is especially true since EPA became interested in 
inhalable particles at 15 microns in diameter. Thus, a program involving both 
theoretical and experimental studies was initiated. 

From a theoretical point of view, there appears to be no reason why large 
particles should not be modeled as well as small particles. However, in the 
original theory the particles were assumed to be of such small sizes that they 
w~r~ con~idered to have all their mass at a point (no physical dimension). The 
f1n1te size of the particles, however, becomes significant when the particles 
are near the impaction plate. Thus, since the time the original work on impac­
tors had been performed, a technique had been developed by which the physical 
size of the particles can be expressed as a function of the Reynolds number, 
Stokes number, and the particle density. 

Therefore, the theoretical programs were run again with the physical size of 
the particles being considered. A comparison of the efficiency curves for both 
round and rectangular impactors using these two techniques are shown in Figure 
45. As expected, at the low values of collection efficiency, the particles are 
very near the impaction plate and would be collected if their physical size are 
considered. Thus, the characteristic 1S1 shape, which is normally found only in 
experiments, has been shown to be the case in the theory as well. However, the 
50% cutoff point has been essentially unchanged by this correction to the theory 
and does not predict a shift as was found in the QCM cascade study. 
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As a consequence of considering the physical size of the particles, the den­
sity of the particles is now a new parameter. This parameter can actually be 
defined as a ratio of the particle density to the fluid density and, thus, be 
kept in dimensionless form. However, this was not found to be a large factor as 
shown in Figure 46, where collection efficiencies for particle densities of 0.5, 
1.0, 2.0, and 10.0 are presented. 

Another parameter which was investigated was the value of the Reynolds 
number of the particles passing through the air. In the theory, the particles 
are assumed to be Stokesian, (particle Reynolds numbers less than 0.1) but a 
theoretical study indicated that the Reynolds numbers could be as large as 1.5. 
However, as the drag coefficients were modified for the larger particles• 
Reynolds number, it was found that there was little influence on the resulting 
efficiency curve. Thus, the ultra-Stokesian Reynolds numbers of the particles 
is not the reason for the differences between the experimentally and theoreti­
cally determined efficiency curves. 

In the experimental study, calibrations were made on single stage impactors 
other than the QCM cascade and similar differences between the theoretical and 
experimental curves were found. However, for one set of tests, it was found 
that the theoretical and experimental efficiency curves agreed if the particles 
were solid but efficiency curves for liquid particles of the same size had a 
shift similar to that of the QCM cascade. Although these tests were 
interesting, when they were further investigated, the differences between solid 
and liquid particles were not found to be significant. 

Due to the inconsistencies which have been found and scatter in the data, 
the experimental techniques for calibrating impactors of large sizes are being 
investigated further. It may be found that liquid particles are not completely 
dried or are becoming deformed as they pass through the nozzle and thus do not 
conform to the theory. 
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CHAPTER 9 
FIELD STUDIES 

During the course of the contract period two experimental field studies 
were performed. The location of the two field studies were a silica sand plant 
and a tungsten underground mine. Both of these studies were performed in con­
junction with the Twin Cities Mining Research Center (TCMRC) personnel and in 
the case of the tungsten mine, in conjunction with personnel from Illinois 
Institute of Technology Research Institute (IITRI). The work performed by the 
TCMRC personnel at the silica sand plant will be published as Bureau of Mines 
Information Circulars (IC). This report will only highlight some of the preli­
minary f i ndi ng·s of the studies. 

9.1 Objectives and Instrumentation 

The primary purpose of these studies was to evaluate the instrumentation 
either developed and/or evaluated during the contract under actual field con­
ditions and to determine aerosol size distributions and concentrations in the 
work place. The objectives of these two studies were as follows: 

1. Evaluate the in-field use of the laser diode OPC by comparing the 
aerosol size distribution obtained with it to that measured with a 
cascade impactor. 

2. Evaluate the response of photometers and mass monitors to changes 
in aerosol concentration and size distribution. 

3. Evaluate the use of the uniform deposit impactor (UDI) to obtain 
elemental composition via x-ray fluorescence analysis of submicron 
aerosols. 

4. Determine the aerosol concentration and size distribution as a function 
of specific work activity or location and time of day. 

5. Determine the diesel aerosol concentration in the tungsten mine. 
6. Assist the Bureau of Mines and IITRI personnel in obtaining data for 

their sampling programs. 

Instrumentation used in one or both of these studies was either developed 
in our laboratory or was commercially available. The developmental instrumen­
tation included the laser diode optical particle counter (OPC) and the UDI. 
The instrumentation used at the silica sand plant included: 

1. laser diode OPC 
2. TSI Model 3500 Respirable Aerosol Mass Monitor 
3. TSI Model 5150 Respirable Aerosol Photometer 

The Sierra Model 266 cascade impactor was also intended to be used, but the 
aerosol concentration was too low to obtain an adequate sample. The instrumen­
tation used in the tungsten mine included: 

1. laser diode OPC 
2. uniform deposit impactor 
3. TSI Model 3500 Respirable Aerosol Mass Monitor 
4. GCA RAM-1 photometer 
5. Sierra Model 266 Cascade Impactor 

9.2 Instrument Calibration 

The data analysis presented in this report is based on the instrument 
calibration data obtained with either coal or Arizona road dust aerosols. The 
results of these calibrations are presented in Chapters 3 and 5. 
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The laser diode OPC used in both of these studies has only been calibrated 
with coal dust and ideal particles. Therefore, the laser diode OPC calibration 
curve was estimated from the calibration curves obtained for the Royea 218 OPC 
(6) which has previously been calibrated on silica and Arizona road dust as well 
as coal and ideal particles. By comparing the response of the two OPCs for coal 
and ideal particles, the estimated calibration curve for silica and Arizona road 
dust for the laser diode OPC was obtained. This comparison was possible since 
both instruments had near forward scattering optics. However, both the actual 
light scattering angles and light wave length were slightly different. Figure 
47 shows the laser diode OPC coal calibration as well as the estimated calibra­
tion curve for the silica and Arizona road dust. 

For the tungsten mine preliminary data analysis, the GCA RAM-1 photometer 
sensitivity was assumed to be equivalent to the manufacturer's provided value. 
As presented in Section 5.3, the photometer's response for coal and Arizona road 
dust aerosols agrees well with this provided value. However, since the majority 
of the respirable aerosol in the mine was diesel aerosol, the photometer's sen­
sitivity could significantly differ from the provided value. This is because 
almost all of the diesel aerosol is contained in particles less than 1 µmin 
diameter. Consequently, the fraction of the diesel aerosol large enough to 
scatter sufficient light to be detected by the instrument is unknown. The 
second source of uncertainty is the instrument's sensitivity to that portion of 
the diesel particulate matter which does scatter a detectable amount of light, 
since the index of refraction for diesel particulates is much different than for 
r ock dust. 

9.3 Silica Sand Plant 

The silica sand plant study occurred on June 25, 1980 and involved 6 hours 
of aerosol sampling during the day shift. The particular area of the plant 
studied was the sand bagging operation. This plant is less than one year old 
and incorporates the latest sand bagging equipment. The air in the sand bagging 
room was not subject to any particle control measures and outdoor air freely 
could infiltrate into the room. The material being bagged was sifted and 
screened silica sand with a nominal particle size of approximately 100 µm. The 
instrumentation was set up approximately 8 m from the sand bagging machines at a 
height of approximately 0.3 m above the floor. During the sampling time, one or 
both of the machines were in operation, except for a 20 minute lunch break. One 
routine room cleanup also occured during the sampling period. 

The TSI Model 5150 photometer was used to continuously monitor the aerosol 
concentration by recording the output analog signal with a strip chart recorder. 
Due to an improper instrument adjustment, the absolute aerosol concentration 
could not be obtained. Consequently, the photometer reading was used solely to 
obtain the relative information of the aerosol concentration and, in particular, 
periods of minimum and maximum concentration. This information was especially 
useful to determine the periods of maximum concentration which occured during 
the morning clean-up and minimum concentration which occured during the lunch 
break. The data also showed that, with the exception of brief periods of dust 
increases, the dust concentration was very stable during the time the bagging 
operations were being performed. 

Table 13 contains a listing of the major activities which occured during the 
sampling period and corresponding respirable mass concentrations. The 
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Table 13 

Activity and Average Respirable Aerosol Mass Concentration 
for Silica Sand Plant Bagging Operation 

Activity Average respirable 
1,2 mg/m3 mass concentration , 

Minimum during lunch break 0.08 

Typical bagging operation 0.10 

Sweeping floor around bagging 
machine No Data 

Maximum during general room 
clean up 0.41 

1 Data obtained with TSI Model 3500, serial number 79435. which 
monitors the mass of particles less than 3.5µm aerodynamic 
diameter. 

2 TLV is not known because quartz concentration was not determined. 
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respirable mass concentration was obtained with the TSI Model 3500 respirable 
aerosol mass monitor. These data were reduced using the calibration sen­
sitivities reported in Section 5.5. Results show that the most significant 
respirable mass concentration increase occurred during the general morning 
cleaning, which involved sweeping and vacuuming of the building bulkheads, 
floors, and equipment. During this time the concentration increased by a factor 
of 5 over the minimum lunch break concentration. Otherwise, the respirable 
aerosol concentration was within a factor of 2 of the minimum value (lunch 
break). The TLV concentration is not known because the quartz concentration was 
not determined. 

Typical aerosol size distributions obtained with the OPC are shown in 
Figure 48. Each curve represents the average of the two to seven 
one-minute-samples. The data is plotted at the geometric mean diameter for each 
particle size range as obtained from the multichannel analyzer. The four sets 
of data represent the episodes at lunch break, typical concentrations observed 
during the bagging operations, maximum concentrations which occured during the 
sweeping of the accumulated silica dust around the bagging machine, and the 
grand average of 15 runs made during the six hour work shift. Consequently, 
comparing the data obtained during the bagging operation to that observed at the 
lunch break indicates that there is a preferential increase in the larger par­
ticle concentration occuring during the bagging operation. However, when com­
paring the data for typical bagging operations to that of sweeping around the 
bagging machine, the concentration increased by approximately a factor of 2 for 
all particle sizes in the range of 1 to 20 µm. The grand average particle size 
distribution was also essentially the same as the typical bagging operation con­
centration size distribution. The concentration peak which occurred at approxi­
mately 10 µm may be real or may result from the use of the estimated calibration 
curve. This will be further investigated during the final data analysis. 

9.4 Tungsten Mine 

The study at the underground tungsten mine, which extensively used diesel 
powered equipment, occured from October 26-30, 1980. This mine was found to be 
extremely wet, which greatly reduced the mine generated dust concentration. The 
ore being mined contains tungsten, molybdenum, copper, and trace amounts of gold 
and silver, with the host rock being granite and metamorphosed limestone. The 
main ore body strikes were approximately due north-south and dipped almost 
vertically. 

A schematic of the mine is shown in Figure 49. The main mine entrance and 
haulage track was at the 8100 ft level. All the mining activity took place at 
elevations above this level. The mine was divided into two working areas. The 
south workings were between the 8100 and 11,200 ft levels. Ore being mined in 
this area was dumped via diesel powered front-end loaders into the main vertical 
ore pass. The north workings were located above the 9400 ft level. Ore from 
this area was dumped into ore passes and loaded into ore haul cars at the 9400 
ft level. The ore was dumped by a rotary car dump into the main ore pass. At 
the bottom of the main ore pass the ore was loaded from chutes (1 and 2) into 
ore cars at the 8100 ft level. 

The mine ventilation air was brought in at the 9400 ft level where it was 
equally divided between the upper and lower portions of the mine. The mine 1 s 
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ventilation air, which was passed through the lower portion of the mine, tra­
veled through the workings, vertical ore pass, and the elevator shaft to the 
8100 ft level, where it was exhausted through the mine entrance. 

The primary sampling sites were at the 8100 ft level, and approximately 
25 m downwind of the chute areas used for loading ore cars. These sites are 
listed as sampling sites A and Bin Figure 49. At these sites 110 v. AC power 
was available for operating non-battery powered instrumentation. These loca­
tions are also in the exit region of the mine ventilation system. Consequently, 
the aerosol sampled here would include aerosol from all mine operations. A 
total of 98 and 95 one minute sample runs were made with the laser diode OPC at 
sampling sites A and B, respectively. Data were simultaneously obtained with 
the GCA RAM-1 photometers. 

On October 29, 1980, a sampling walk through tour was conducted in the lower 
portions of the mine. For this tour two GCA photometers were used, one moni­
toring the respirable aerosol concentration and the other monitoring the mass 
concentration of particles less than 1.5 µmin diameter. This tour included 
mine operations which occured between the 8100 and 9400 ft levels. 

Table 14 presents the aerosol mass concentrations as a function of mine 
location or source and time of day. Two aerosol mass concentrations are listed, 
the respirable mass concentration and the mass concentration for particles less 
than 1.5 µm aerodynamic diameter (diesel particles). For the case of the mass 
less than 1.5 microns, the instrument's respirable cyclone was replaced with an 
impactor (9). These RAM-ls were a matched pair and read exactly the same aero­
sol concentration when operated with their respirable cyclones in place. With 
the exceptions of noted dust sources or ore dumping, as shown in Table 14, 
diesel particles are the major respirable aerosol source, since the respirable 
and <1.5 µm diameter particle concentrations 1re the same. The respirable aero­
sol concentration was approximat~ly 0.08 mg/m at the start of the morning shift 
at sampling site A and 0.04 mg/m in the incoming ventilation air. The 
respirable concentration increases during the shift to values of 1 to 3 mg/m3 at 
sampling site A and Bas well as most locations surveyed in the work areas. The 
data also shows that 80-90% of the respirable aerosol is less than 1.5 µm. 

Table 15 contains the date, time, and sampling locations for the cascade 
impactor runs made in the tungsten mine. Five runs were made with the Sierra 
cascade impactor and three runs were made with the UDI. The theoretically 
determined particle cutoff sizes of the Sierra impactor are listed in Table 2 
for a flow rate of 4 1pm. The UDI had cut sizes of 0.4, 0.4, 0.16, and 0.16 µm 
aerodynamic diameter for a flow rate of 30 1pm. The redundant stages were used 
to evaluate possible particle bounce. An after filter collected all the 
material leaving the impactor. The UDI was operated with a cyclone preseperator 
mounted on the inlet of the impactor which had a cut size of 1.3 µm. The depo­
sited material in the Sierra impactor was used to obtain the aerosol mass size 
distribution, whereas the deposited material in the UDI was used to determine 
elemental concentrations by x-ray fluoresence analysis. The laser diode OPC and 
the GCA photometer were operated continuously during the periods when the impac­
tor samples were being obtained. 

A mass stability problem for the coating used on the Sierra impactor impac­
tion plates was found during this study. The impaction plates used in the 
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Table 14 

Aerosol Mass Concentration as a Function of Source 
and/or Location and Time of Day in Tungsten Mine 

Source and/or location 

Incoming ventilation air shaft 

Exhaust ventilation at sample sites 
A and B 

- 9:00 am2 
- typical 3 
- maximum3 

9100 ft level shaft at 1570 chute 
before blast 

maximum duri n~ 
blast 

Muck scram operation at 1570 chute 
operation station 

Idling diesel powered front end loader 
upwind 

downwind 

Mucking operation with diesel powered 
front end loader 

typical 

maximum 

Adjacent to ore pass between 9100 and 
8157 ft. level during dumping of ore 

Cage hoist area at the 8157 ft. level 

mass concentration 1, mg/m3 

respirable 

0.04 

0.08 
1.0 
3.0 

0.15 

1.20 

0.095 

0.04 

2.2 

4.0 

2.50 

0.2-0.6 

aerosol <1.5 µm 
diameter 

0.04 

0.06 
0.8 

0.13 

0.13 

0.07 

0.04 

1.10 

2.0 

1.00 

1 Data obtained using GCA RAM-1 photometer serial number 1097 and 1098. 

2 Before any mining activity commenced. 

3 Due to water in ore, no detectable increase in aerosol concentration 
during ore car loading operation. 
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Table 15 

Log for Cascade Impactor Operation 

Impactor Date Time, Hr:min Location 

Sierra 266 27 Oct 14:33-15:02 A 
28 Oct 24:03-15:05 A 
30 Oct 10: 24-11: 34 B 
30 Oct 12:03-13:06 B 
30 Oct 13:31-14:35 B 

UDI 28 Oct 11 :20-14:44 A 
30 Oct 11: 00-12: 04 B 
30 OCt 12:47-13:44 B 
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Sierra impactor were 18 mm diameter glass microscope slide cover slips coated 
with Apiezon type L grease (James G. Biddle Co., Plymouth Meeting, PA 19462). 
The plates were weighed out of the mine before and after the mine sampling runs 
and were transported in Millipore 47 mm petri dishes. A study was performed 
with this particular coating in the laboratory using dehumidified air in the 
laboratory aerosol dust generators. In this case the coating instability was 
found to be less than 5 µg, which is the uncertainty in the mass determination 
procedure. However, control coating surfaces, when exposed to the mine 
atmosphere were found to gain on the average 48 µg. Because of the significant 
amount of mass gain by the control surfaces, the mass determined for each stage 
of the impactor was corrected for this weight gain. Consequently, there is 
significant uncertainty in the cascade impactor determined aerosol size 
distribution. 

Figure 50 shows a typical size distribution obtained with the Sierra cascade 
impactor. Note that 53% of the mass was in a size range less than 0.55 µm 
diameter and collected on the after filter. This sample was obtained at sample 
site Bon October 30, 1980 during the times from 12:03 to 13:06. The total mass 
concentration determined from the cascade impactor data was 1.35 mg/m3. The 
average respirable concentration and mass concentration for particles less than 
1.5 ~m obtained with the GCA photometers during this time was 1.51 and 1.48 
mg/m, respectively. Thus, the cascade impactor data correlates well with the 
photometer data indicating that most of the respirable mass is contained in par­
ticles less than 1.5 µm. 
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Abstract 

The characteristics of virtual impactors have been determined by the numer­
ical solution of the Navier-Stokes equations and of the equations of motion of 
the particles. The effect of the nozzle Reynolds number, the fraction of flow 
passing through the collection probe, collection probe diameter, nozzle throat 
length, nozzle-to-collection probe distance, and collection probe inlet design 
on the small and large particle collection efficiencies has been studied. In 
addition, it was found that at the cutoff particle size there were significant 
losses on the inner surface of the collection probe. The results show that most 
parameters, with the exception of the nozzle Reynolds number, have little effect 
on the large particle collection efficiency. However, the effect on the small 
particle collection efficiency and collection probe losses was significant for 
many of these parameters. 
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INTRODUCTION 

The virtual impactor is a device used for the inertial separation of air­
borne particles (1,2). In this impactor, shown schematically in Figure la, a 
jet of particle-laden air is directed at a collection probe which is slightly 
larger in diameter than the acceleration nozzle. The large particles cross the 
air streamlines and enter the collection probe, while the small particles follow 
the air streamlines into the side passage. To remove the large particles from 
the collection probe, a fraction of the total flow passing through the nozzle of 
the virtual impactor is allowed to pass through the collection probe. This flow 
will be referred to as the minor flow, while the flow through the side passage 
will be referred to as the major flow. 

As is the case with real impactors, the virtual impactor's performance is 
characterized by a collection efficiency curve. For the ideal virtual impactor, 
the separation between the large and small particles should be perfectly sharp, 
as shown for the ideal case in Figure lb. Note, however, that in the virtual 
impactor, there will always be some of the small particles with the large par­
ticles due to the air flow through the collection probe. 

In an actual virtual impactor, the efficiency curve is not quite so simple, 
since there are not only large particles passing through the collection probe 
and small particles passing through the side passage, but also a fraction of 
the particles impacting upon the inner surfaces of the collection probe. Thus, 
as shown in Figure lb, there are actually two efficiency curves separating the 
particles into the following three regions: (1) small particles passing out the 
side passage, (2) particles which are impacted upon the collection probe 
(losses), and (3) large particles passing through the collection probe. Since 
losses in the virtual impactor are highly undesirable, an impactor should be 
designed such that the displacement of the two efficiency curves shown in Figure 
lb is as small as possible, with the two efficiency curves coinciding for the 
desirable case of a virtual impactor with no losses. 

It is the purpose of this paper to use numerical methods to determine the 
flow fields, particle trajectories, and finally, the efficiency and loss curves 
for virtual impactors operating at different conditions of Reynolds numbers, 
fraction of flow passing through the collection probe, and virtual impactor 
design. 

THEORETICAL TECHNIQUES 

Although theoretical studies of virtual impaction devices have been made 
previously (3,4), the studies have assumed potential flow, which does not take 
viscous effects into account. The method used here to theoretically analyze the 
performance of the virtual impactor, which does include the viscous effects, is 
to first determine the flow field within the impactor by solving the full 
Navier-Stokes equations using numerical analysis techniques, and then to solve 
for the particle trajectory within this flow field by numerically integrating 
the particle's equation of motion. This method has been used successfully in a 
fundamental study of real impactors to determine the influence of various para­
meters on the characteristic collection efficiency curves (5). Comparisons of 
the theoretical efficiency curves with those of experimental investigations 
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(6,7,8,9,10) have shown that the agreement is good if the impactor inlet con­
ditions, shape, and Reynolds number are similar. Since the flow field and par­
ticle trajectories are similar in real and virtual impactors, this theoretical 
technique should be equally successful in determining the efficiency curves of 
virtual impactors. 

The general method of solution of the flow field is to first express 
the Navier-Stokes equations in terms of the vorticity and the stream function. 
The resulting differential equations are then made dimensionless, with the 
radial, r, and axial, z, dimensions being in units of the nozzle throat diam­
eter, D0 • The Reynolds number 

Re= 
p D V 

0 0 
µ 

where pis the fluid density, V0 is the mean fluid velocity at the nozzle 
throat, andµ is the absolute viscosity of the fluid, will be a parameter in 
these equations. The dimensionless differential equations are next expressed 
in a finite difference form and solved by the method of relaxation over a grid 
of node points covering the field of interest, as shown in Figure 2a. (Note 
that the flow is symmetrical about the centerline.) Although the solution is 
the determination of the vorticity and stream function values at each node 
point, the values of the velocity components at the node points can be calcu­
lated from the stream function values. For details on the derivation of the 
finite difference equations, boundary conditions, and relaxation technique, 
the reader is referred to a previous paper by Marple et al. ( 11). 

After the flow field has been determined, it is then necessary to follow 
particle trajectories through the virtual impactor. To accomplish this, the 
particle's equations of motion in the rand z directions are made dimension­
less by again expressing the rand z dimensions in units of D0 • For these 
equations, the Stokes number, St, defined by Fuchs (12) as the ratio of the 
particle stopping distance to D0 /2, will be a parameter. The Stokes number 
is thus expressed as 

V C D 2 
St = Pp o p 

9 µ D
0 

(2) 

where Pp is the particle density, C is the Cunningham slip correction, and Dp 
is the_particle diameter. Since St is dimensionless, Equation (2) indicates 
that {St is a measure of the dimensionless particle diameter. The dimension­
less equations of motion are next put in finite difference form and integrated 
numerically through the area of interest. This technique, which is described 
in detail by Marple and Liu (6), is capable of describing the particle's 
trajectory once the particle's initial position and velocity have been given. 

The integration process is started by first assigning a specific value 
of /st, to a particle, and giving the particle an initial velocity equal to the 
local fluid velocity at a position near the entrance. By use of the Runge-Kutta 
integration method, the movement of the particle, 6z and 6r, during a small 
increment of time, 6t, is determined. This gives the position of the particle 
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at the end of the time increment. This process is then repeated, and the move­
ment of the particle through the impactor is followed until the particle either 
exits through the collection probe, exits to the side of the virtual impactor, 
or impacts upon the wall of the collection probe. 

The particle is considered impacted when the center of the particle comes 
within one particle radius, rp, of a surface. Since all dimensions of the 
virtual impactor are in units of the nozzle diameter, D0 , the particle radius 
must also be expressed in units of D0 • Thus, from Equations (1) and (2), 

( 3) 

A detailed description of the numerical procedure and the computer program used 
has been given by Marple (5). 

RESULTS 

As described above, the flow fields, particle trajectories and correspond­
ing efficiency curves of a virtual impactor will depend on the flow parameters, 
Re, Q1/Q0 , and the physical design parameters, D1/D0 , L0 /D 0 , S/D 0 , e0 , and the 
shape of the entrance to the collection probe. 

To initiate the parametric study, a set of base values for the parameters 
were chosen and are listed in the "boxed-in" portion of Table I. The other 
values of the parameters in Table I were then varied one at a time to the values 
listed, while the remaining parameters remained at the base values. Following 
is a discussion of the results for the base case, and then discussions of the 
effects of the various parameters. 

Base Case 

The grid used for the base case, corresponding to the parameters in 
Table I, is shown in Figure 2a. A thin-walled tube collection probe, which 
simulates a collection probe with its wall tapered to a sharp edge at the en­
trance, was chosen, since this design introduces no new variables such as wall 
thickness, or radius of curvature of the probe entrance. 

The flow field streamlines for the base case are shown in Figure 2b for 
streamlines corresponding to 5%, 10%, 20%, 40%, 80%, and 100% of the flow inside 
that streamline. Note that the 0% streamline is at the center line, the 10% 
streamline intersects the collection probe (Q1/Q 0 = 10%), and the 100% streamline 
corresponds to the nozzle wall. Also note that the free streamline emitting 
from the nozzle reattaches to the surface defining the nozzle exit plane, form­
ing a recirculation region between that surface and the free streamline . A 
second recirculation region is formed between the air flowing out the side 
passage and the lower surface, causing a 5% streamline to be indicated in this 
region. 

In Figure 3a, the particle trajectories for five particles with different 
values of lsf,, all starting at the 50% streamline, are shown. These five par­
ticle trajectories include the three cases where particles (1) pass through 
the collection probe, (2) are impacted on the collector probe inner surface, 
and (3) pass through the side passage. Also included are the two critical tra-
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Table I 

Values of Design Parameters Used in Study 

Re Ql/Qo Dl/Do L /D S/D 0 Collection 
0 0 0 0 

Probe** 

1 

10 (B)~ ! 
I 

100 
(C)~\ 

500 
_j I 

1,000 .05 1.16 .013 .25 30° (D) h I 

I 5,000 .10 1.33 2.5 1 45° 
_j I 

(A) I I * 

15,000 .15 1.49 2 

.25 

* Base values from which parameters are varied. 

** Collection probe A - thin wall 

Collection probe B - infinite wall thickness 

Collection probe C - finite wall thickness 

Collection probe D - finite wall thickness with taper 

(Collection probe designs are shown in Figure 18.) 
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jectories between these three cases. For example, if the value of ...rif_ of a 
particle is greater than 0.881, the particle will pass through the collection 
probe; if it is less than 0.677, the particle will pass through the side exit; 
and if it is between these two critical values, the particle will impact on the 
collection probe inner surface. 

Another method by which the critical values of /St, can be determined is to 
keep ./SE constant while varying the inlet starting position of the particle, 
as shown in Figure 3b. This shows that particles with~= 0.5 starting be­
tween the 24% streamline and the centerline will pass through the collection 
probe, those starting between the 24% and 75% streamlines will impact on the 
collection probe, and those starting at streamlines greater than 75% will pass 
out the side exit. 

By using data such as represented in Figure 3a for particles starting 
at several positions, or as in Figure 3b for particles with different values 
of 1st, the "large particle collection efficiency" and the "small particle 
collection efficiency" curves shown in Figure 4 can be determined. In either 
case, the collection efficiencies are the percent of particles emitting from 
the nozzle which pass through the collection probe or side passage, respec­
tively. The value of {sf as a function of these efficiencies are presented as 
the base case in the two tables of the addendum to this Appendix. Also note 
that this information for all cases listed in Table I are presented in this 
addendum. 

For the purpose of determining the percent of the particles being im­
pacted on the inner surface of the collection probe, referred to as "collection 
probe loss II in this paper, it is best to construct the curve "100% - small 
particle collection efficiency." This curve, along with the large particle 
collection efficiency curve, represents the two efficiency curves in Figure lb. 
As stated before, the difference in efficiencies at any value of ,fs-f represents 
the collection probe loss, and thus the loss curve can be constructed. 

It should be noted in Figure 4 that collection characteristics of a virtual 
impactor can be specified by the large particle collection efficiency curve and 
any one of the other three curves. However, since collection probe losses are 
of considerable importance, this curve will be used in this paper. Also note 
that the quantity of collection probe losses is quite large, being greater than 
has been reported in experimental investigations (13,14). However, investiga­
tions of the computer outputs indicated that nearly all losses occurred at the 
tip of the collection probe by particles that were traveling vertically upward 
directly adjacent to the probe inner surface. As will be shown later, it is 
possible to reduce these losses by proper contouring of the probe entrance. 
Therefore, the absolute values of the losses in this paper may be high, but the 
relative effects of the various parameters on these losses are of interest. 

Although the contour of the collection probe entrance affects the probe 
losses, it has little effect on the large particle collection efficiency curve. 
Thus, this curve should be considered as the most significant characteristic 
curve for virtual impactors, and it is the curve by which virtual impactors 
will be characterized in this paper. 
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It is of interest to compare the large particle collection efficiency 
curve determined theoretically to experiments by other investiagators (13, 14) 
in Figure 5. The value of the parameters listed in Figure 5 for each curve 
indicates that the virtual impactors are similar. The comparison shows that 
the theory agrees well with the experimental results, with the theoretical 
curve and experimental curve by Loo being nearly identical. 

Having confidence that the theoretical solution of the virtual impactor is 
indicating collection curves that agree well with experimental results for the 
base case, the other cases listed in Table I were analyzed by varying the value 
of each parameter one at a time, while the other parameters were held at the 
base values. The influences of these parameters are discussed in the following 
sections. 

Influence of Reynolds Number 

To determine the influence of the Reynolds number, cases were run for the 
different values of Re listed in Table I, while the other parameters were held 
constant at base values. The flow fields are shown in Figure 6 for Re= 1, 10, 
100, 500, 1,000, and 15,000, and in Figure 2b for Re= 5,000. In Figure 6, 
only the portion of the flow fields in the vicinity of the collection probe 
are shown, since the flow fields in other portions of the impactors are very 
similar to those in Figure 2b. It should be noted that the flow may not be 
laminar for Re= 15,000, but is presented as a limiting case. 

Since the large particle collection efficiency curves are of primary in­
terest, the flow fields within the collection probe are of most importance. It 
is in this region where we observe the unexpected result that the penetration of 
the 10% and 20% streamlines into the collection probe is greater for the cases 
of Re= 100 and 500 instead of for the higher values of Re, where the inertial 
effects of the flow should be larger. The reason for this can be seen by in­
specting the velocity profiles at the nozzle exit plane shown in Figure 7. 
At high values of Re (Re= 5,000 and 15,000), the velocity profile is relatively 
uniform across much of the nozzle, making it difficult for any portion of the 
flow to penetrate into the air in the collection probe. For the cases of Re= 
500 and 100, the velocity profile is more parabolic, and the relatively high 
velocity near the centerline makes it possible for the jet to penetrate farther 
into the collection probe. However, if the value of Re is small (Re= 10), 
there is insufficient inertia in the jet to penetrate into the viscous air 
in the collection probe. Thus, Re in the range of 100 to 500 is the correct 
combination of nozzle velocity profile and inertia to obtain maximum penetra­
tion of the 10% and 20% streamline into the collection probe. 

The large particle collection efficiency curves are shown in Figure 8 with 
Re as a parameter. The influence of the flow penetration into the collection 
probe can be seen in the relative position of the large particle collection 
efficiency curves in Figure 8a. For the cases where the flow penetration into 
the collection probe is largest (Re= 100 and 500), the particle Stokes numbers 
must be larger in order for the particles to penetrate into the minor flow, 
since the Stokes number is defined as the particle stopping distance to the 
radius of the nozzle. Where the flow penetration into the collection probe is 
small, the required distance that the particle must travel, and thus the value 
of the Stokes number, will be smaller. 
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Figure 5. Comparison of theoretical and experimental large particle 
collection efficiency curves at the following conditions: 

Re Ql/Qo S/D Dl/Do L /D 0 
0 0 0 0 

Present theory 5000 0.1 1.0 1.33 2.5 45° 
Loo (1978 ) 6000 0.1 0.8 1.38 0.8 45° 
McFarland (1978) 4500 0.1 0.9 1.31 



.... l .... . ... 
: :::1 
.... . ... . ... 

t f I I ,• I PC::: : ==1 • I::: 

• . ... 

. . . 

Re• I 

.,,,. ........ .. ..... .. J !!! . . ~·-····~;,: 

" I 

: :::~ 

-. -.-. -.-.-......... -.. -_ .... ___ ,: i;II · 
•• • ' ' ' ' ' I "·"•i. . I • ' ••• , .. :. =~ •= 

-~::: - ,:: 
~ :: 

I · · · · ····· ··· ·· ··1Vif •~ 
I• . ' '. . 

1 • 

: • I 
Re = 500 I: • " 

I 

Figure 6, 

• 

. ... L .... . ... 
: ::1 
.... .... 
. ·-

, I ,,Uj :: 
•II ::: 

_. : ==1 
.. . . . . . ' , .• . . . . .. ., .. - . . ... 

. . - .. ·:: ::~ = =n~•;j 
... . _.• . 

• • • r • 

... .......... • . ! rp 

Re= 10 

I , 

. . ... 

Re• 1000 

.· : . : 

" I 
• ... I . ···~ 

: ===1' 

.... . ..• . .. . . .. . . .. . .... 
■ , ••• . . .... ... ............ ~ : : ::: 

1.11 •i1 .. ···~. •,· ::: •L..• . ,..., , .• 
-r.a'-~ i:/ ·-· ·• ·-

ii i 
" I 

values of Re Theoretical streamlines at the specified 
(Q1 /Q = 0,1, D1 /D = 1,33, L /D = 2.5, 

0 0 0 0 
S/D 

0 
= 1, and 0 

0 

. . .. 

... 
• •• II 

,.c 

::: ., .... . 
•• ' ... : ...... ...... ·• : :::¥ 

. • •.'• tJ.IUHzc ·~. :; ::: : ••.• ii•""·, .• ,,. 
·'·J• a, .... :: •· .. ;:- ~ 'i: · .. , r~v .. !' .. , ... .. 

: '· . . ............ . 
i 

~ 

Re• 100 :a 

. I. 

. . . 

,. 
I 

...... .. , "' 
·•"'' ... 
•. , . e 

... 
- :::: ~ ~- :::· f ! 'I f ~ ~ I .. f I I , •,: ' 

I ... I 1111,,·'
1

: "\,,J,' I :,. • 
'-'-t: ' - •;•· 

. . 
,...,,.~ 

v:.- ., 
·' J' . . . .. " ... ,; .... ' .. , 

Re= 15,000 

= 45°). 

I 
I-' 
N 
I-' 
I 



- 122-

DISTANCE FROM AXIS , r 

-0.5 0.4 0.3 0.2 0.1 0 >-0 I-
u 
0 
....J 
w 

Re > 
10--- w 

100 -·- t9 
<( 

500 - ··- 0:: 
1000 -·- w 

0.5 > 
5000 <( 

15000 ----- en 

q . 

~ 
II 

>4 -
~. \; N 

> 
'1~'. 0.1 I-

'1 • X 
w 
w 
....J 
N 
N . 

:----. 0 

---·-·-· z 

\·---. I-

~ ·-·· 1.5 <( 

>-·, I-
u 

~ 0 

' 
....J w 

~ > 
....J 
<( 

X 
2.0 <( 

Figure 7. Influence of the Reynolds number on t he axia l veloci t y pro file 
at t he nozzle exit . 



-123-

Re 
80 15,000 A 

5,000 0 - 1,000 0 
~ 0 500 0 

100 60 'v 
w 10 ◊ 

I • >-u z 
w 40 -u 
LL. 
LL. 
w 

20 

0 L----1------L--1---'---L.......L........L.......L...--------i 

0.2 0.5 1.0 2.0 

✓ST 

( a) LARGE PARTICLE COLLECTION EFFICIENCY 

100 ,-----,.---,------r--r--r--r-,--,i-------, 

-~ 0 
80 -

(/) 
(/) 

0 
_J 

w 60 
CD 
0 
c::: 
Q.. 

Z 40 
0 
J,'..-
u 
w 
-l 20 _J 
0 u 

Re 
15,000 
5,000 · 
1,000 
500 
100 

10 
I 

0 L_ __ L,__.1.,_--1_..1-...J.._...1,__._,'-:-~---:' 

0.2 0.5 I.O 2.0 

✓ST 

( b) COLLECTION PROBE LOSS 

Figure 8. Large particle collection efficiency and collection probe loss curves 
at the specified values of Re (Q1 /Q = 0.1, D

1
/D

0 
= 1.33, L /D = 2.5, 

S / D = 1, and 0 = 4 5 °) • 0 o 0 
0 0 



-124-

It is of interest to note in Figure 8a that the efficiency curves are 
nearly identical for the cases of Re= 1 and 10, and for Re= 5,000 and 15,000, 
indicating that lo\'1er or higher Reynolds number than those listed should have 
little effect on these curves. It is also interesting to note that the slopes 
of the penetration curves are greater for the larger values of Re, indicating 
better cut-off characteristics. However, this effect is small, which is di f-
f erent from real imp actors, where the cut-off characteristics are much poorer 
for low values of Re than for large values (6). 

Concerning the influence of Re on the losses, Figure 8b shows that the 
influence is large. In general, the losses increase from a minimum of about 
10% at low values of Re to about 60% at high values, with the maximum losses 
occurring at the value of -./st, corresponding to 50% efficiency. 

Influ ence of Q1/Q0 

The flow fields corresponding t o Q1/Q0 values of 0. 05, 0.15, and 0. 25 are 
shown in Figure 9, and should be compared to the base case of Q1/Q0 = 0.10 in 
Figure 2b. As can be seen from these figures, more streamlines pass through the 
collection probe for large values of Q1/Q9 and the small amount of flow in the 
side passage leaves more room for recirculation in this area. The flow field 
for Q1/Q0 = 0.05 shows reattachment to the lower surface of the side passage, 
much like the flow at Re= 100 in Figure 6. Whether or not the flow field in 
this region is correct is uncertain. However, since the flow in the region has 
no effect on the flow field in the important area within the collection probe, 
a mo re detailed investigation of the flow in this region was not made. 

The corresponding large particle collection efficiency curves are shown in 
Figure 10. The large particle collection efficiency curves indicate that a 
"sharper" cut between large particles collected and those \<lhich are not is 
obtained for smaller values of Q1/Q0 • Also, the cut -off size increases as 
Q1/Q0 decreases . This is expected, since particles must pass through more air 
to enter the minor flow stream when Q1/Q0 is small. 

The loss curves show more losses associated with the lower Q1/Q 0 values. 
This would be due to the larger percentage of the flow being exposed to the 
inlet of the collection probe where the losses generally occur, and should be 
decreased with proper inlet design . 

Besides D1/D 0 being equal to the base value of 1.33 (Figure 2b), D1/D 
was also set at 1.16 and 1.49 (Figure 11). Although, as shown in Figure 1~, 
this parameter had only a small effect on the large particle collection effi­
ciency and loss curves, there are substantial differences in the flow fields for 
these three cases. For example, the flow field attaches close to the nozzle 
exit when D1/D 0 = 1.49 but does not attach when D1/D 0 = 1.16. Experiments (15) 
have shown that for values of 01/0 0 on the order of 1.49, the reattaching flow 
does cause particles to impact on the nozzle exit plane surface, increasing the 
losses in the virtual impactor. Therefore, it is recoITTnended that the value of 
01/0 0 be kept less than 1.49, and preferably near 1.33. 
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Effect of L0 /D 0 

To investigat~ the effect of L0 /D 0 , the results of a case where L0 /D 0 is 
small (L 0 /D 0 = 0.013) is compared to the base case. Although the streamlines 
emitting from the nozzle are not parallel to the nozzle axis when L0 /D 0 = 
0.013 (Figure 13) as they were when L0 /D 0 = 2.5 (Figure 2b), the effects on 
the large particle collection efficiency and the loss curves ,<Jere negli gible, 
as shown in Figure 14. Similar insensitivity to this parameter was found for 
real impactors (6). 

Influence of S/D 0 

The influence of S/D 0 was determined by using values of S/0 0 = 0.25, 
1 (base), and 2. The flow fields shown in Figures 15 and 26 appear to be qui t e 
different. However, in the region in the collection probe where the 10% 
streamline at t aches to the probe wall, the flow fields are similar. Thus, as 
expected, the resulting large particle collection efficiency curves shown in 
Figure 16 are nearly identical. Again, this is different from the effect found 
for real impactors (6) where small values of S/0 0 have a large effect on col­
lection efficiency. 

However, the probe loss curves shown in Figure 16 are influenced by S/D 0 , 

with larger losses being found with small S/D 0 values. It may be expected that 
additional losses will be experienced on the nozzle exit plane surface and on 
the backside of the collection probe for small S/D 0 values due to turbulence in 
the restricted area between the collection probe and nozzle exit plane. 
Influence of e0 

The effects of the entrance angle on the large particle collection effi­
ciency curve, and the probe loss curve are shown in Figure 17. Since the 
streamlines are very similar to those of the base case shm1n in Figure 2b, the 
streamlines for e0 =30° are not shown. I~ Figure 17, it can be seen that the 
large particle collection efficiency curves are similar in shape f or both 
angles, but the curve for 6 0 = 45° is shifted to smaller particle sizes. This 
is due to the particles being thrown closer to the centerline for the larger 
e0 values, making the collection of particles in the probe slightly easier. The 
losses shown in Figure 17 indicate fewer losses for e0 = 45° than for e0 = 30°. 
Thus, it appears that 6 0 should be at least 45°. 

Influence of the Collection Probe Inlet Design 

Four receiving tube configurations were tested as shown in Figures 2b and 
18. The base design was a thin wall shown as configuration A. In configuration 
B, the wall was infinite in width, and in configuration C, the wall had a finite 
thickness. In configuration D, the wall thickness was also finite, but the 
inner surface was tapered in an attempt to reduce losses. 

The flow fields for these configurations are shown in Figures 2b and 18 and 
the resulting large particle collection efficiency and probe loss curves are 
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shovm in Figure 19 . Since configuration B is essentially a real impactor impac­
tion plate with a hole in its center, particles are collected on the plate, and 
thus lasses are rne ani ngl ess for this case and are not shown. 

It is interesting to note that the configuration of the entrance to the 
collection probe had essentially no effect on the large particle collection 
effic iency curve. This would be expected, since this curve defines the separa­
t ion of particles which impact upon the probe wall and those which pass through 
with the minor flow, and since the region of importance for this curve is 
inside the collection probe rather than at its entrance. 

The losses, hov1ever, are influenced by the collection probe configuration. 
For configurations where there is a sharp edge at the upper entrance, such as 
confi gurat i ans A and C, the probe l asses are quite large and the lass curves 
a re s i mi l a r. 

The losses t hat were found in these cases are from particles ~-✓hich are 
traveling vertically upward along the collection probe wall towards the major 
flow exit. The boundary layer in this region is very thin, and particles pas­
sing within one particle radius of this wall are collected as a loss. If there 
were some mechanism, such as aerodynamic forces, which would keep the particle 
from touching the wall, it would not be collected as a lost particle. 

In addition, lasses should ~e reduced by replacing the sharp corner in 
configuration C with a tapered entrance (configuration D) so the particles 
could not be collected as easily at the upper corner of the probe. As shown in 
Figure 19b, the losses were reduced. Ry replacing the tarer with a radius, the 
losses should be reduced even farther. 

CONCLUSIONS 

An examination of the large particle collection efficiency curves reveals 
that they a 11 have essentially the same shape and are not greatly influenced 
by any of the parameters . The only parameter which appears to influence the 
shape is Q1/Q0 , because the collection efficiency curves are asymptotic to the 
different values of Q1/Q0 at lov, values of {SE. 

The reason none of the parameters have a large effect on the large par­
ticle collection efficiency curve is because this efficiency is governed by 
the flow field within the collection probe. The losses, however, are governed 
by the flow conditions at the tip of the col lection probe inlet, and thus 
are influenced by many of the parameters. This is especially true for the 
case of the collection probe inlet design, where losses \-Jere reduced by adding 
a taper to the probe inlet. 
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Addendum to Appendix A 

The values of ./st for the large particle and small particle collection 
efficiency curves are tabulated in Tables A-I and A-II, respectively. The 
cases are the same as those listed in Table I. The base case is presented 
first and subsequent cases are labeled by the value of the changed variable. 
For example, for the case Re= 1, all variables except Re are at the base 
values. 

The large particle collection efficiency curves are presented in the ap­
propriate figures. The small particle collection efficiency curves are not 
presented, but were used to determine the collection probe loss curves as de­
scribed in Figure 4. The collection probe loss curves are then presented in 
this paper. 
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Table A-I 

Values of /st for 
the Large Particle Collection Efficiency Curves 

Large 

Case 16% 23% 

Base .48 

Re = 1 .42 
10 .40 

100 .54 
500 .56 

1 000 .51 
15:000 .48 

--- - -----

G1IG0 = .05 .57 
.15 .34 
.25 

-
01/Do = 1.16 

1.49 .37 .51 
--------- ------ -·-
Lo/Do = .013 .48 
- ----- -
S/0 0 

= .25 .47 
2 .49 

Particle Collection Efficiency 

35% 50% 

.59 . 67 
- · 

.53 .62 

.51 .60 

.67 .76 

.70 .80 

.64 .73 

.59 .67 

.73 .79 

.49 .59 

.29 .45 

.57 

.52 • 71 

.58 .67 

.58 .65 

.60 .69 

60% 70% 
-· 

• 71 

.67 

.66 

.82 

.85 
• 77 
• 71 

·-

.85 
.64 

.57 

90% 98% 

.84 1.0 
. ------

1 

2 

4 
1 
3 
0 

. 88 1.2 

. 86 
1.02 1.3 
1.03 1.4 

.94 1.2 

.83 1.0 
------·--
. 93 1.1 
.78 .9 
.69 .8 

1 
6 
6 

----·--------- -----·-
.69 . 80 

.80 . 89 1.1 
·--------------- -

3 

6 

8 
7 

.85 1.0 
---

.73 .87 .9 
.87 1.0 

·- - - - -- --

8 0 = 30° 
----· 

Collection Probes** 

**Collection probe A - thin wall 
Collection probe B - infinite wall 

thickness 

.65 

.57 

.59 

.59 

.78 

.69 
• 71 
• 71 

.96 

.80 

.83 

.84 

Coll ection probe C - finite wall thickness 
Collection probe D - finite wall thickness 

v1ith taper 

(Collection probe designs are shown in figure 18.) 



-140-

Table A-II 

Values of /sf for 
the Small Particle Collection Efficiency Curves 

Small Particle Collection Efficiency 

Case 84% 77% 65% 50% 40% 30% 10% -- -------+-----------------------
Base 

Re= 1 
10 

100 
500 

1,000 
15,000 

.23 

.23 

.35 

.35 

.41 

.34 

.28 

.24 

.39 

.46 

.47 

.57 

.54 

.45 

.39 

.46 

.32 

.08 

.47 

.55 

.56 

.68 

.66 

.55 

.47 

.53 

.43 

.32 

.51 

.60 

.61 

.75 

.72 

.59 

.51 

.48 

.39 

.58 

.45 

.58 

.79 

.79 
• 96 
.92 
• 71 
.58 

.60 

.56 

.53 

2% 

.64 

1.00 

1.23 
1.13 

.64 

.66 

.63 

.60 
- - -----+·- - - --- ------------- ------ - ---------·--

1.16 
1.49 .23 

.40 

.43 .52 
.51 

.61 
.59 
.67 . 74 

- --- ---·------ ---·--- ---- -

.23 .38 .46 .53 .56 .63 
---------+--------- ---------- --· 
S/D 0 = .25 

2 
.10 
.29 

.31 

.44 
.40 
.53 

------ ------------
e = 300 

0 .43 
- - - -----·- ---------- ------ · 

Collection Probes** 

rn ~ J .34 
.45 

-----------

**Collection probe A - thin wall Collection 
Collection probe B - infinite wall Collection 

thickness 

.46 

.60 
.49 
.64 

.55 

.69 
------------
.55 .62 

.47 .54 

.57 .65 
------·- ------

probe C - finite wall thickness 
probe D - f i n i t e wa 11 thickness 

with taper 

(Collection probe designs are shown in Figure 18.) 
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Introduction 

The optical particle counter/photometer described in this appendix has been 
designed specifically for use in underground coal mines. Thus, some of the 
important features of this instrument are that it is battery-powered, small, 
portable, and to make the. instrument more easily adaptable for use in explosive 
atmospheres, the light source is a laser diode instead of an incandescent light 
bulb. Although the instrument is designed for coal mines, it can also be used 
equally well in other areas. 

The instrument can actually be used as a photometer or as a single particle 
optical counter. It is presently envisioned that separate instruments would be 
built for these two applications . However, it is possible that one instrument 
could be used as both a photometer and a single particle counter. 

The two instruments are very similar in that the light source, optics, 
flow systems, and signal detection circuits are identical for both units. The 
primary difference between the two instruments is in the processing of the 
signal after detection by the photo sensor. For the photometer, the signals 
are linearized, so that the magnitude of the signal is proportional to the 
volume of the particle. The volumes are then summed to give a resulting output 
of the total volume (or mass) of the aerosol. The single particle counter out­
puts the signals as puls es of different magnitudes, and by use of a multichannel 
analyzer, the size distribution of the aerosol can be determined. 

In the following sections, the design and testing of the various components 
of these instruments and their resulting design specifications are discussed. 
This report is divided into four sections, each section dealing with one of the 
main system components. The four section topics include light beam, particle 
sample port, scattered light receiver optics, and signal processing. The eva­
luation and final design for each component is presented in the section dealing 
with the appropriate component. 
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1 Light Beam 

1.1 Laser Diode Light Source 

The laser diode used is an RCA type C30130. This is a continuous wave, 
room temperature operation, Gallium Aluminum Arsenide Injection laser diode. 
The wavelength of peak radiant intensity is 820 nm. The rated power output is 
6 mw vlith peak power of 15 mw. The radiation is from a 13 x 2 µm area source 
with a half-angle beam spread of 5° in plane parallel to junction, and 20° in 
plane normal to junction. 

To insure long service life, the diode is run at 5 mw power output. In 
order to operate the diode at ambient temperature, the diode current is con­
trolled by a temperature-sensitive circuit to maintain a constant power output. 

The output power as a function of di ode temperature v,as measured \'Jith the 
diode mounted on a thermoelectrically -cooled (and heated) aluminum block. The 
power output was measured by close coupling a United Detector Tech., Inc. PIN 
l0DF silicon photo cell to the diode. Due to the 1 cm2 area of the photo cell 
and the close spacing, the photo cell intercepted almost all the diode output. 

The optical power output as a function of current at different tempera­
tures was measured, and the result is plotted in Figure 1. The diode voltage 
drop as a function of current at each temperature was also measured and is 
shown in Fi gure 2. Ry selecting points on the different temperature curves in 
Figure 1 that correspond to a 5 mw output, and replotting as a function of tem­
perature, the curve of diode current needed for constant power output as a 
function of temperature can be rlotted as shown in Figure 3. 

1.11 Thermistor Current Control 

The thermistor is a large area disc that is kept in thermal equilibrium 
with the diode heat sink. From the data in Figures 2 and 3, and by assuming 
constant supply voltage, a resistor-thermistor network can be calculated 
that will maintain constant power output to within about 1% over the range of 
0°C to 30°C. The calculated networks for 4 V and 6 V are shown in Figure 4. 
The networks can be designed to operate directly from the a 6 V Gel/cell bat­
tery, or from a lower voltage regulated down from the battery voltage. 

1.12 Beam Monitor 

In order to control the photo diode output beam intensity, a photo cell is 
placed in the beam dump (S ection 1.23) to intercept and absorb the unused por­
tion of the beam. The energy lost to the particles is a small fraction of the 
total beam energy. The output of the photo cell is a measure of the beam inten­
sity passing through the test section. The output is amplified and displayed on 
the meter to test the otherwise invisible infrared beam. The output is also fed 
back to the laser diode as negative feedback to maintain constant beam energy 
(Figure 5). The feedback is via a parallel resistor to the temperature compen­
sation network, and has the ability to change the diode output by about 10%. 
If the correction needed is outside this range, the indicated output will drop, 
and corrective action, such as cleaning of the optical surfaces, is needed. 
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The feedback circuit will not compensate for loss due to particle scat­
tering, since there is rarely more than one valid count in the beam at once. 
When more than one is present, the electronics detects them as a single par­
ticle. The maximum particl e concentration limit is set by whatever error limit 
for multiple counts one deems acceptable. (See Section 4.1 for in-depth dis­
cussion.) The feedback circuit has not been incorporated into the system at 
this time. Consequently, the beam intensity is manually controlled to maintain 
a constant output which is monitored and displayed on the panel meter. However, 
after the initial electronic "warm up" time, there is no drift in the laser 
output. 

1.2 Optics 

1.21 Beam-Forming Optics 

The light is emitted from a laser pellet inside the diode package. The 
pellet is 2.03 mm from the outside surface of a glass window 0.89 -1.65 mm thick 
(Figure 6). These distances define the minimufTl free working distance of the 
objective lens used to collect and focus the light. The light exits from the 
edge of the pellet as an asymmetrical beam. The beam spread (112 power angle) 
has a maximum of 20° in the plane normal to junction, and this defines the lens 
numerical aperture, N.A., needed to collect the emitted light. The largest 
N.A. lens vlith the necessary working distance that is available at lov, cost 
is a 20 power microscope objective lens (Rolyn 80 .3070). The N.A. is 0.35, 
and the working distance is 4.0 mn. From the definition of N.A. as: 

N.A. . a 
= Sl n -

2 

~ = 20.49° 

Using a half-angle of 20.49°, the percent of the total emitted radiant flux 
collected should be about 40% from the published curves in RCA Data Sheet 
C 30130. When the power was measured with and without the objective lens in 
place, using the PIN lODF large area photo cell, 34% was collected. Since the 
lens may not be the proper di stance for the 0.35 N.A. to be valid, a corrected 
N.A. of 0.31 was calculated as the equivalent N.A. when used with the laser 
diode source. The N.A. is used to define the entrance aperture of the lens, and 
thus, the beam spread angle of the output. When used at a 150 mm back focal 
length, the beam angle is calculated at 1.91°. 

From this beam angle, the beam waist at the focal point where the particles 
pass through can be calculated: 

s = 1.22 >. F 
= 0.92 µm 

F beam F number 1 
= ---tan a 

a = 1.19° 
s = 33.6 µm 
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1.22 Cylindrical Lens 

The beam is focused to a line by the use of a cylindrical lens which has 
a back focal length of 150 mm in one plane and infinity in the other (parallel 
surfaces). This lens is placed 30 mm behind the objective lens and brings the 
beam to focus at 101 mm in one plane. The width of the beam at that point is 
calculated to be 1.15 mm. Thus, if the lens performance were perfect, the 
beam shape at the point where particles pass through it would be as shown in 
Figure 7. 

1.23 Beam Shape Testing 

An important feature of this instrument is the shaped light beam that 
allows high count rates. The aerosol flow field in the region of the light beam 
has a circular cross-section of about 0.6 mm in diameter. The ideal case would 
be to have the light pass through this region as a parallel beam. Any change 
in light intensity across or along the beam causes an error in the indicated 
particle size. 

Several factors affect the beam shape: 
1) Source shape 
2) Lens characteristics 
3) F number of beam 

1) Source shape 

The laser di ode used has a multi mode source. There are several lasing 
regions in the strip junction, and power is emitted from a series of points 
along the middle of the exposed junction. 

The center spots tend to be the strongest, but there can be up to three 
or four nearly equal spots. It is the nature of lasing media to have opposite 
polarizations of adjacent regions. When the junction is focused to a remote 
spot, the difference in polarization causes a complete cancellation of light 
intensity at a point between the spots on the image. When the beam is expanded 
into a line source by the use of a cylindrical lens, the dark region can be 
oriented either parallel to the line or perpendicular to the line. If the dark 
region is perpendicular, there will exist a region where particles can pass 
through the beam without being illuminated, so the selected orientation is with 
the dark regions parallel to the line directions. The particles now pass 
through light and dark regions while going through the beam, but the average 
intensity is the same over the cross-section of all particle paths. The output 
light signal is a replica of a scan along the emitting surface of the exposed 
end of the junction of the laser diode. The response time of the photo cell 
receivers integrates this variation into a single Gaussian shaped pulse, how­
ever, and the electronics does not see the fine structure of the beam intensity 
profile. 

The source region on the laser diode can now move about, with the only 
effect that the beam will intercept the particle paths at a different point 
along its path, but well within the focal spot of the photo cell receiver. 
Small changes within the diode junction and on the emitting surfaces can move 
the preferred lasing regions a few hundred nanometers. 
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2) Lens characteristics 

The lenses used are standard and do not apodize the beam other than the 
normal limits of the aperture set by the N.A. The beams are thus focused as 
ideal Gaus sian beams, since the source is coherent. The intensity distribu­
tion in space from each point source at the junction is defined by the equation 

I 
X 

The shape is as shown in f igure 8. The beam width has been chosen to be the 
distance between the points where the intensity is 0.7 of the peak intensity. 
The actual beam will be a complex superposition of the intensity distributions 
of all the point sou rces focused to nearly the same region of space. 

3) F number of beam 

The F number of the back focal length of the lens determines the angle of 
convergence and divergence of the beam at the focal point. This number deter­
mines both the thickness of the beam at the waist and the depth of field of the 
focal point. 

The depth of field is defined as the region where the beam diameter is not 
larger than 1/0.7 of the diameter at the waist. The depth of field, d, needed 
is defined by the diameter of the particle beam (Figure 9). Thus, the beam 
shape is a complex function of the optical components used, and is critical to 
the performance of the instrument. 

A special instrument was made to rneasure the beam intensity di st ri but ion 
in space at the focal point. The source optics assembly (laser diode, objective 
lens, and cylindrical lens) was mounted on a short section of optical bench, so 
that it coul d be translated along the beam axis and rotated about the beam edge 
(Figure 10). At the focal point, a knife edge was mounted on a micrometer drive 
that would vertically translate 1 rrm perpendicular to the knife edge surface. 
The position was transduced electrically using a precision 10 turn potentiometer 
on the drive knob. The knife edge was moved through the beam to block it pro­
gressively with an accuracy of about 1 ~m. 

The beam was directed into a large area photo cell (PIN lOOf) positioned 
on the opposite side of the knife edge from the source, and the photo cell 
output was recorded on one axis of an x-y plotter. The transduced knife edge 
position was recorded on the other axis. 

The knife edge is scanned manually through the beam at progressive loca­
tions along the beam in the regions of focus. The output plot is a curve that 
represents the unblocked portion of the beam. If this curve is differentiated, 
the result is the •intensity profile of the beam. The beam intensity can thus 
be experiment ally determined in both planes and along the beam. Figures 11 
and 12 show examples of the output plots for a scan across the waist region 
parallel to the particle flow direction and a scan perpendicular to the particle 
flow direction. The differential, which is the beam power profile, is also 
shown for each scan. 
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Figure 8 Ideal intensity profile of laser beam at view volune. 
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To determine the beam profi 1 e along the beam, scans ~-,ere made at 0.038 mm 
intervals. When reduced to intensity profile, the beam shapes were similar to 
those shown in Figures 11 and 12. The effect of the multiple sources can be 
seen in the profiles across the waist of the beam. 

1.24 Beam Dump 

The laser beam that passes through the sample chamber is absorbed in the 
beam dump chamber. The beam has a low divergence and is apertured at the 
cylindrical lens to remove the edges of the Gaussian distribution far enough 
frrnn the receiver optic to prevent defracted light from entering the receiver 
photo cell. The inside of the beam channel from the cylindrical lens to the 
sample chamber is painted black to absorb this defracted light. 

The beam exits the sample chamber through the hole in the spherical mirror 
receiver optics. The photo cell beam monitor (Section 1.12) is placed at an 
angle to the beam, so that surface reflected 1 i ght reinai ns in the beam dump 
chamber. The inside of the chamber is painted black with 3M Nextel 101-Cl0 
black velvet-coating paint to absorb the beam energy that is not absorbed by the 
beam monitor. In addition, the rnonit:Jr i-s placed as far as possible behind the 
aperture to minimize the beam energy that wi 11 be scattered due to diffuse scat­
tering frrnn dust and imperfections on the surface. The beam dump surface normal 
to the photo cell is an area that can only be illuminated after the radiation 
has been scattered at 1 east twice inside the chamber and is very much 
attenuated. A schematic of the beam paths and apertures is shown in Figure 13. 

1.3 Mechanical Design of Light Source 

Although the individual components (laser diode, objective lens, and 
cylindrical lens) are accurately constructed, the magnification of the source 
image at the vie·i, volume dictates that prov isions be made for adjustments during 
assembly to ensure focus of the light beam at the view volume. 

The procedure used is to assemble the laser diode and the two lenses as a 
separate unit that projects a beam to the approximate location in space relative 
to these components (Figure 14). This unit is then mounted into the sample 
chamber by an adjustable mount that allows lateral and longitudinal adjust:nent 
of the beam waist location to intersect with the particle flow path. By making 
the adjustment in two steps, the 20:1 magnification does not limit the final 
adjustment accuracy which is a 1:1 ratio between beam location and movement of 
the component. 

The laser diode is enclosed in a sealed chamber and is in close thermal 
contact with Fenwal \~asher thermistors for current control. The low power 
dissipation from this assembly of only about 1 watt makes any special heat 
sinking unnecessary. The positive terminal of the diode is the diode heat sink 
stud, and the return current is via the aluminum encloser. The main power and 
the feedback cont ro 1 1 i nes enter th rough hermetic feed th roughs. 

2 Particle Sampling Port 

The inlet was adapted from the modified design for the Royco 2181 and is 
shown in Figure 15. A small bore tube isokinetically samples 0.28 1pm of the 
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2 1pm inlet flow. The 0.28 1pm aerosol flow passes into the instrument, and 
the remaining flow passes through a filter and is returned as a clean air sheath 
surrounding the inlet tube where the particles enter the light beam. The pres­
sure drop through the small bore inlet tube provides the driving force for the 
filter. 

When this inlet assembly was used with the prototype laser particle 
counter, it was found that the flow was turbulent when operated at the design 
flow rate of 2 1pm. The incoherent and large beam used in the Royea does not 
detect this, but the slit optics of the present design indicates a much broader 
apparent particle size distribution at high velocity rather than at low velocity 
when monodisperse, ideal particles are sampled. In order to determine the best 
flow velocity for both the sample flow and the clean air sheath, a test set-up 
was constructed with separate controls on each air flow. 

It was found that the ratio of sample to sheath flow is dictated~ the 
area ratio at the exit. The aerosol sample flow velocity mus t be somewhat 
larger than the velocity of the surrounding coaxial sheath flow in order to 
maintain a velocity gradient from the center outward. If the sample velocity 
is less than the sheath velocity, an instability results, and the particle flow 
becomes turbulent, resulting in a wide range of particle velocities through the 
beam. 

However, if the sample velocity is much larger than the sheath air veloc­
ity, there is a large gradient in the otherwise stable particle flow. This 
gives a range of individual particle velocities through the beam and the appar­
ent particle size varies from some minimum corresponding to the center line 
velocity up to much larger apparent particle sizes corresponding to the slower 
particles near the edge of the sample flow. As the sheath flow is increased in 
velocity, the larger apparent sizes rrogressively disappear with the distribu­
tion becoming very narrow just before the sheath air velocity exceeds the sample 
velocity. 

It was f ou nd that the best flow rate at the inlet of this test unit was 
0.57 1pm with the sample flow at 0.21 1pm. The following aerosol test data was 
taken at these flow rates. If a 2.0 1pm inlet flow is needed, the dimension of 
the inlet can be adjusted to maintain the velocities determined to give stable 
flows. 

The particle residence time in the beam as measured~ the oscilloscope 
on the output photocell pulses is about 1 µsec. This is a little longer with 
larger particles, since the pulse starts when the particle enters the edge 
of the beam and the particle length in the direction of the flow is added to the 
65 µm beam thickness. This residence time is important from the standpoint of 
particle coincidence loss, which results when two or more particles are simul­
taneously present in the view volume, since this particle counter is being de­
signed for possible use to monitor extremely high dust concentrations. This 
subject is discussed in greater detail in Section 4.1. 

2.1 Sample Tube Assembly 

The final design of the inlet to be used with this instrument is shown 
in Figure 16. The center tube portion of the inlet assembly is removable for 
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cleaning, while the outside passageways to and from the filters are drilled 
int o the inlet block. 0 ring seals are used on the inlet tube fitting. 

The end of the sample tube extends into the beam chamber to about 1 rrm 
above the slit beam, and is centered by guide vanes soldered to the tube. 
These vanes also serve as sheath flow straighteners. 

2.2 Sheath Air 

Some of t he inlet sample flow is shunted through a filter element to pro­
vide a supply of clean air for the sheath air flow. This flow prevents par­
ticles from circulating in the beam chamber~ purging it with a flow of clean 
air. The filter used is a Balston Model DFU, Grade B filter tube which is only 
2.5 cm in diameter an d 8 .1 cm long. The filter press ure drop is low, so the 
f ilter flow rate must be regulated~ a series valve. The overall flow system, 
which includes the filter, valve, and pump, is schematically shown in Figure 17. 

In order to prevent condensation of water vapor on the optical components, 
the sheath ai r is also partially dried by a silica gel dryer element. A low 
resistance flow through design is used to minimize pressure drop. 

2.3 Pump 

The system is designed to be used with either an internal pump or a self­
contained personal sampler pump. The system requires a pump capable of drawing 
2. 0 1pm at a press ure of 8 cm water. Currently, a Bendix Micronair II per­
missi ble personal sampler pump is ~eing used. 

2.4 Inlet Cleaning Rod 

Since the inlet is exposed directly to the outside air, large particles 
can lodge in the small bore tube and block the flow. The laboratory technique 
is to clean the tube periodically with a wire. This would be difficult under 
field conditions, so an internal cleaning rod is incorporated in the inlet 
block (Figure 18 ). The beam chamber outlet to the pump is at an angle, so that 
a piston with a cleanin g wire can be aligned with the inlet tube. The piston 
is stored retracted, so the wire is out of the flow path. The piston can be 
manually pushed up to its seated position, which will push the aligned cleaning 
wire up through the inlet tube and extend a small distance out of the inlet. 
Accumulated debris will be pushed backwards out of the inlet and can be brushed 
off of the wire before it is retracted. 

This cleaning mechanism could be automated~ using an air piston powered 
by the pump output to push the cleaning wire into the inlet tube at regular 
intervals. 

2.5 Inlet Block Mechanical Design 

The inlet block (as shown in Figure 19) is the support for the com-
plete optical head assembly. The laser projector unit mounts on one side, and 
the optical receiver and beam dump on the other side. The printed circuit board 
containing the photo cell, preamp, and pulse shaping circuits is clamped between 
the two mounting plates. The top part of the inlet block bolts to the upper 
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panel of the instrument, so that the inlet port extends through the panel. 

The assembly sequence of the parts shown in Figure 20 is as follows: 

1) The projector mounting ring is cemented to the printed circuit board, 
which contains all electrical components and is electrically checked. Silicone 
rubber is used to seal the printed electrical output leads from the photo cell. 

2) The inlet block is bolted to the projector mounting ring, thus clamping 
the P.C. board in place. An O ring is used to seal between the P.C. board and 
the inlet block. The photo cell position is carefully aligned to place the 
photo sensitive surface at the point where the illuminated particle images 
appear. 

3) The laser projector assembly which has previously been assembled and 
focused is now bolted onto the projector mounting flange. The bolt holes have 
enough adjustment to allow the projected beam to be aligned to intersect the 
center of the particle path. 

4) The spherical mirror block can now be aligned and bolted in place. 
Since both the laser projector and the photo cell are in place, the alignment 
of the mirror can be functionally tested with either particles or by using the 
cleaning rod as a test scatterer. (The actual design of the mirror is described 
in Section 3.) 

5) The beam intensity through the mirror hole can be measured with a 
photometer before the beam dump assembly is bolted in place. The output of the 
beam dump photo cell should agree with the photometer. 

6) The tubes connecting the optical head to the filter and the air pump 
can now be connected. 

7) The completed assembly can now be bolted to the front panel of the 
instrument. The filter, pump, and batteries also mount onto this panel. 

3 Scattered Light Receiver 

3.1 Theoretical and Experimental Light Scattering Evaluations 

Particles that pass through the slit beam of coherent light each scatter 
a pulse of light that has an intensity and angular distribution that depends 
on its size, shape, and optical properties. 

The scattering intensity as a function of angle for spherical particles 
with a specified complex index of refraction (a+ i b) can be calculated 
from Mie scattering theory. In order to select optimum receiver optics for 
the wavelength used (0.82 µm) and the particulate type (coal), the scattering 
intensity as a function of angle and different particle size was n~merically 
calculated using a computer program developed by Adrian and Earley. For the 
purpose of this calculation, the index of fraction for coal was assumed to be 
equal to that of carbon, which is l.95-0.66i. Figure 21 shows the calculated 
normalized accumulative scattering intensity for spherical particles from 0.3 
to 12 µm diameter as a function of scattering half-angle relative to the forward 
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direction. The data for each indicated particle diameter was normalized using 
the total accumulated scattered light from Oto 45 degrees for that particle 
diameter. 

The center portions of the forward-scattered light must be dumped along 
with the illuminating beam from the laser. The beam divergence of the slit­
forming optics is much smaller than that of incoherent optic systems. As can 
be seen in Figure 21, the larger particles have a very intense forward scat­
tering at lov, forward angles. Thus, the large difference in total scattered 
light from large and small particles can be reduced by using a large center 
beam trap area and as large as possible total aperture. 

The unit has been designed with a 6° half-angle for the center beam trap 
and an average collecting aperture half-angle of 33°. This aperture half-angle 
is only an approximate average because the photo diode is not at the focal point 
of the spherical mirror. 

The total light collected by the photo diode using monochromatic light 
with a wavelength of 0. 82 µm was numerically calculated as a function of par­
ticle size for oleic acid (with an index of refraction of 1.46) and for coal 
dust over the size range from 0.3 µm to 12 µm. These theoretical curves are 
respectively shown in Figure 22 and Figure 23. Sin:e the absolute value of the 
calculated scattered intensity can be arbitrarily set, the absolute values of 
the calculated scattering intensity as plotted in Figures 22 and 23 have been 
set to match the experimental output response of the prototype system. Thus, 
the relative shape of the calculated and experimentally determined calibration 
curves can be directly compared. One should note that the theoretical light 
scattering calculations were only made for a few particle diameters, so that 
the general shape of the response curve could be determined. As a consequence, 
with the exception of the large primary inflection point which occurs at approx­
imately 1.5 µm, the fine oscillations in the response curve which are known to 
be present are not apparent. 

The output voltage response of the instrument as a function of particle 
size has been experimentally determined using both ideal and coal dust aerosols. 
This calibration was performed using the samf calibration techniques that were 
used for the original Royea 218 calibration. The ideal monodisperse particles 
used were PSL and oleic acid, which ranged in size from 0.6 to 2.0 and 2.5 to 
16 µm diameters, respectively. The oleic acid partic1es were generated using 
the vibrating orifice monodisperse aerosol generator. The prototype calibra­
tion data for the ideal aerosol is presented in Figure 22. 

The coal dust calibration was obtained using a polydisperse coal dust aero­
sol and inertial impactor technique which yields a calibration of the ~ystem 
based on the particle's Stokes' diameter as determined by an ~mpactor. The 
coal dust was generated using a fluidized bed dust generator. Basically, for 
the inertial impactor calibration technique, two coal dust size distribution 
runs are made with the particle counter and the particle pulses accumulated with 
a multi channel analyzer (MCA). For the first run, the particle counter samples 
the dust aerosol through an impactor on its inlet, while in the second run, the 
impactor is removed. A ratio, R, for each MCA channel is then found by dividing 
the number of particles in each channel of the MCA for the first run by the 
number of particles in the corresponding channel of the second run. The channel 
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number, or the corresponding pulse voltage, for which this ratio is 0.5, cor­
responds to the 50% cut-off of the impactor. The resulting coal calibration 
data is presented in Figure 23. One should note that the system has only been 
calibrated in the particle size range of 1.5 to 12 µm. This calibrated range is 
not limited by the particle counter, but rather results from limitations in the 
current impactor calibration technique . 

As one can see from the co1npari son betv,een the theory and experimental 
data, there is agreement in the general slope of these two response curves for 
both the ideal and coal dust particles. However, there is some discrepancy in 
the finer structure of the curves. Nevertheless, since the response of the 
prototype system to ideal and coal dust particles behaves in a theoretically 
predictable manner, these comparisons confirm the integrity of the complete 
mechanical and electronic design . This also implies that, in general, it is 
possible to obtain a monotonically increasing relationship between particle 
size and the instrument response for coal dust aerosols. This coal calibration 
data also agrees well with the previously1obtained coal calibration data for 
the Royea 218 with its white light source ~~hich further confirms the feasi­
bility of using this laser light source. 

3.2 Receiver Optic 

In order to make the instrument rnore co1npact, reflective rece1 v1 ng optics 
were selected for the portable instrument . As shown in the schematic of the 
optics (Figure 13), a spherical mirror is used to collect the scattered light 
and focus it onto on the photo cell. The small size of the silicon photo cell 
allows it to be placed to one side of the illuminative beam, and the mirror 
operates as a 1:1 reflector in which the two focal planes are superimposed. 
Light from a point on this plane is brought to a focus on a point equidistant 
on the other side of the optical axis. The image quality is good, since the 
two image points are separated by a 1 i tt 1 e more than the diameter of the photo 
cell (~.64 cm). If the image points were on the axis, the image would have no 
geometric or chro,11atic distortion. 

The center of the spherical mirror is removed to allow the illuminative 
beam to pass into the remotely placed beam dump. The off-axis location of both 
the illuminative beam and the photo cell allows the aperture in the mirror to 
shield the photo cell from direct view of the beam image in the beam dump. This 
makes it necessary for scattered light to make several reflections on the low 
reflection surface of the beam dump cavity before it can reach the photo cell. 

The use of a spherical mirror gives a high quality large aperture receiver 
at low cost. The coated aluminum front surface reflection has a high reflection 
coefficient (~0.95) in the near I.R. (.82 µm). 

3.3 Photo Cell and Preamp 

The photo cell used is the Bell and Howell, Control Product Div. Type 
539-01-5 integral silicon photo cell and operational amplifier. Externally 
connected feedback resistors and photo cell biasing connect the unit as a D.C. 
coupled light detector . The specification of this photo cell is given in the 
data sheet entitled "Type 539 data sheet 11

• The photo ce 11 is capacitor­
coupled to the preamp as shown in Figure 24. 
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The photo cell response using the interval 100K feedback resistor is 
60 mv/rnw at the laser wavelength. The preamp is an LF 357 N connected as 
a noninverting amplifier with a gain of 10. This brings the system response 
to 0.6 V/rnw. No filtering is used to maintain the maximu~ frequency response, 
since the light pulse duration is only about one microsecond. 

3.4 Mechanical Design of Scattered Light Receivers 

The side and end view of the spherical mirror mounting block is shown in 
Figure 19. The mirror is held in place with an O ring under the mounting flange 
to allow thermal expansion of the parts without stressing the glass. Lateral 
movement of the mirror is prevented by the rnachi ned recess. The spacer block 
thickness is such that the radius of the spherical surface falls at the plane 
of the photo cell surface and the particle beam path, and is not adjustable. 
Exact focusing is not needed, due to the photo cell surface area and mirror 
depth of field at the focal plane. 

Lateral adjustment is made wit~ the oversized mounting holes through the 
inlet block. Once this block is aligned, it will not be removed. The beam 
location is the only adjustment needed to get the particle image to fall on the 
photo cell. An O ring is used as a seal between the inlet and spacer blocks. 

4 Signal Processing 

After several attempts to increase the speerl of the U of M 170 pulse 
shapin g circuit, it was decided that the digital reset technique of this cir­
cuit could not be used at the response times rnade possible by the slit light 
beam . As a result of these response times, which were approximately 1 µsec, 
the signal processing time would be the limiting factor in determining the max­
imum allowable particle count rate for this counter. If the electronics could 
be designed to handle the high count rate as~ociated with monitoring coal dust 
aerosol \'lith a mass concentration of 20 rng/m (see Section 4.1), then aerosol 
dilution \1/ould be unnecessary, thus greatly simplifying the instrument. 

4.1 Calculated Maximum Allowable Signal Processing Time 

The maximum particle concentration that can be monitored by a single par­
ticle counter sampling at a given aerosol flow rate is limited by the residence 
time of either the particle in the counter's view volume and/or the particle's 
resulting voltage pulse in the system's electronic processing circuit. The 
simultaneous presence of either more than one particle in the view volume or 
more than one particle's voltage pulses in the processing electronics is re­
ferred to as coincidence and will result in an indicated particle concentration 
less than the true concentration. Coincidence loss is then the difference 
between the true and indicated particle concentration. Using statistical prob­
ability and assuming that the number of particles (or voltage signals) present 
in the viev.i volume (or processing electronics) at a given time can be repre­
sented by a Poisson distribution, one can calculate the coincidence loss, c, 
as a function of p8rticle concentration, N, aerosol flow rate, q, and particle 
residence time, t. The coincidence loss is then given by 

c = N (1 - e-Nqt) 
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Thus, for a given coincidence loss, the residence time is inversely proportional 
to particle concentration and aerosol sample flow rate. 

One of the design constraints for this particle counter system was that 
it be capable of monitoring particle size distributions of coal dust aerosols 
with mass concentrations up to 20 mg/m3. The following numerical calculation 
was performed in order to determine the feasibility of designing a single par­
ticle counting instrument that would be capable of monitoring coal dust aerosols 
at this maximum concentration limit. The assumptions about the coal aerosol 
included: 

1. Log-normal size distribution with a number median diameter of 1.0 µm 
and geometric standard deviation of 2.5. This corresponds to a mass 
median diameter of 10 µm. 

2. Coal density of 1.45 gm/cm3. 
3. Coal particles are spherical. 

The resulting pa5ticle number concentration is 600 particles/cm3, with 
500 particles/cm greater than 0.3 µm. Based on this particle concentra­
tion f~r particles greater than 0.3 µm and an aerosol sample flow rate of 
210 cm /min, the resulting maximum particle residence times in the system for 
percentage particle coincidence losses of 1% and 5% are 5.7 and 29 µsec, 
respectively. 

In the current system, the particle residence time in the view volume is 
between 2.5 to 3.0 µsec, and the electronic pulse processing time is approxi­
mately 10 µsec. Since the view volume residence time is small compared to 
the signal processing time, the calculated maximum residence time for a given 
particle coincidencP. loss, in effect, determines the maximum allowable signal 
processing time. These actual residence times also mean that this prototype 
system would be able to accurately monito§ coal dust particles with concentra­
tion up to the design criteria of 20 mg/m. 

4.2 Pulse Shaping 

The circuit that was developed produces an output pulse of fixed length and 
of an amplitude proportional to the total integral of the current pulse from the 
photo diode. 

The output from the photo cell is a waveform that replicates the spatial 
distribution of light intensity in the laser beam. When the high frequencies 
that result from the multiple source interference are filtered out, the signal 
appears as a sine \'lave half-cycle. 

This signal is introduced into an integrator via two paths (Figure 25). 
One path is direct, which causes the integrator to make a step increase in its 
output voltage level proportional to the integral of the applied pulse. The 
integrator now holds this value as the measured value of the scattered light 
from the particle. 

The resetting of the integrator back to ~era for the next particle is 
achieved with the second signal, which has passed through a 10 µsec delay line 
and inverted with an operational amplifier of gain lX. The signal is DC-coupled 
to the input of the integrator. When this inverted and delayed version of the 
pulse arrives at the integrator, it produces an inverted step change that is 
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This brings the integrator output back to 
The pulse out of the integrator has a duration 

line plus the half-widths of the two integrate 

In order to maintain an exact output level, a diode is placed across the 
integrator feedback capacitator and a small bias current applied to the input to 
hold the integrator output clamped to the diode volt drop when a pulse is not 
present. The droop introduced by this bias current is removed by using several 
taps on the delay line and feeding in sustaining pulses ~'lhile a signal is pres­
ent. Ry adjust:nent of these resistors and by peaking the gain of the reset 
pulse amplifier, the integrator output can be made to return to ground level 
within one µsec for pulse amplitudes from a few mv up to 10 volts. 

The offset and temperature sensitivity introduced by the diode clamp is 
removed by a second diode which offsets the input of the times 5 gain output 
amplifier. 

The low frequency noise of the photo cell due to temperature or stray light 
is cancelled by the integrators even though the circuits are all DC coupled past 
the preamp. The low frequency gains of the integrators are zero since the 
signal path is both direct and inverted to its input. Only signals that have 
pulse widths less than the delay line time delay of 2.5 µsec are amplified. 

Since no digital resets are used, the system is free of switching noise. 
A strobe generator was added to the input of the U of M multichannel analyzer 
(MCA) to allow its use to accumulate the output pulse in separate channels by 
pulse height. The high level and stretched pulses can be processed by this 
circuit. 

4.3 Photometer/Particle Counter Output 

The basic unit described in this report will be used for both the photom­
eter and the particle counter. For the particle counter system, this unit can 
be used in conjunction \11ith the portable, battery-powered multichannel analyzer 
(MCA) built in this laboratory and previously delivered to the Bureau of Mines. 
The system calibration data presented in Section 3.1 was obtained using the 
instrument together with an MCA similar to the portable MCA's. 

A circuit was made to linearize the pulse so that simple integration would 
yield a voltage proportional to the particle volume (or mass) . The pulse out of 
the 10 µsec pulse shaping circuit (Figure 25) was sent through a segmented 
linearizer consisting of four operation amplifiers sections set as half wave 
rectifiers with variable gain and threshold. The output of these four ampli­
fiers plus a linear segment using a voltage divider allowed the linearization of 
the signal to the square root of volume (or mass). A commercial squaring cir­
cuit (RC4200) was used to provide a signal which was linear with volume (or 
mass). The outriut was then integrated with an operational amplifier circuitry 
which has a 10 sec. time constant. The output is displayed on the instrument 
panel meter. 

More work is needed on this circuit to set up the proper gains for each 
stage. The wide dynamic range which is required made it difficult to cover both 
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the size and concentration range without serious noise and over range 
conditions. 
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Introduction 

The SRI portable mine dust concentration instrument determines dust con­
centration by monito ring the amount of low-angle forward light scattered from an 
aerosol cloud samp led by the instrument. As shown in Figure 1, the light from a 
lamp is focused onto a view volume through a system of lenses and a light 
baffle , and the light rays which are scattered by the dust cloud are focused by 
a detector lens onto a light detector. The output from the light detector is 
ampli fied and either read out on a panel meter located on the instrument, or 
monitored by a strip chart recorder. Full design details and some test data are 
presented in Reference 1. 

The instrume nt has been designed so that the output of the light detector 
will be proportional to the mass concentration of the dust cloud passing through 
the instrument. However, because of the possibility that the amount of light 
scattered is not only a function of the aerosol mass concentration, but also may 
be a function of the type of aerosol and/or the aerosol size distribution, the 
instrument response :nust be calibrated experimentally. 

Two of the units were supplied to our laboratory by the Bureau of Mines. 
This paper describes problems encountered in using the instruments, the types of 
tests performed, test results, conclusions which can be drawn from these test 
results, and finally, recommendations. 

Initial Instrument Check-Out 

In the initial check-out of the two instruments, problems were found with 
the stability of t~e instruments' baseline and with leakage of air into the 
viewing chamber of the instrument. 

The baseline stability was checked by monitoring the instruments' output 
with a strip chart recorder while clean filtered air Mas passing through the 
instrument. 1n one of the units, the baseline drift was found to be approxi­
mately 0.2 mv over a period of 12 minutes, which is satisfactory. However, the 
second un it was found to have a widely varying baseline, making it impossible to 
evaluate. Therefore, it was returned to the Bu reau of Mines without further 
evaluation and the availability of the units was reduced from two to one for the 
rest of the test program . 

In addition , there was found to be aerosol leakage into the viewing chamber 
when the remaining instrument was operated on the clear mode of sampling, which 
should allow on ly clean filtered air to enter the viewing chamber. Also, it was 
found that when a finger was placed on the inlet of the unit to stop all flow at 
that point, the flow through the instrument dropped very little, indicating that 
the leak passage was large . 

To correct the leakage, RTV adhestve was appl ied to all external seams of 
the i nstru ment which coul d allow a leak into the viewing chamber. Although this 
did not eliminate the leakage entirely, it did reduce it to a level where the 
instrument could be evaluated. 

Although the application of this adhesive would seemingl y solve the leakage 
problem, leakage continued to be a problem throughout the test program due to 
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the fact that the exterior surfaces of the instrument's case are very smooth and 
the adhesive did not adhere well to it. Therefore, leaks between the adhesive 
and the case would unknowingly appear during the course of a test, making 
testing difficult. 

Due to the presence of the leaks in this instrument, it was very difficult 
to obtain an absolute calibration in millivolts output per mg/m3 of dust 
concentration, since leakage of air into the viewing chamber diluted the 
dust concentration as will be shown in the following results. Thus, before an 
absolute calibration can be obtained, the instrument shoud be repackaged into a 
leak-tight case. However, even with some leakage into the optical chamber, the 
general influence of the types of dust and the dust size distributions on the 
instrument's operation can be obtained . 

Test Methods 

The evaluations 1-Jere performed on the SRI instrument by comparing the output 
of the SRI to a mass concentration determined gravimetrically. The dusts, which 
consisted ~f coal or silicon particles, were generated in a fluidized bed dust 
generator. The size distributions of the dusts generated are shown in Figure 
2 and v-1ere determined by gravimetric analysis of the deposits from a cascade 
impactor. It should be noted in this figure that the total mass consists of all 
the particles being generated by the dust generator and the respirable mass 
includes the particles ~vhich have passed through a 9 1pm respirable cyclone . In 
the latter case, the large particles which can be considered nonrespirable are 
remo ved. It should also be noted in Figure 2 that the two total mass size 
distributions for coal, one being determined in the summer of 1977 and the other 
in the spring of 1978 are nearly identical. This indicates that the dust 
generator was providing a consistent size distribution over the time span of our 
testing. 

Refore each test, the SRI was allowed to warm up for at least one hour to 
establish temperature equilibrium and reach stable operation. Also, the flow 
rate was checked before each run to insure that the flow rate was 2 1pm through 
the instrument and the output of the SRI was zeroed on the strip chart at the 
desired range with the zero control of the instrument. Next, the range selector 
switch was set to four and the reference button fully depressed while the 
calibration control was adjusted to read full-scale on the SRI meter. The opti­
cal chamber was cleaned before each run by pumping clean air through an absolute 
filter on the inlet of the SRI instrument. 

In our evaluation of this instrument, three basic types of test set-ups were 
used. In the first set-up, the output of the SRI instrument was compar§d 
directly to the mass concentration as determined by the aerosol divider placed 
on the inlet of the instrument. For these tests, the particles passing through 
the central tube of the aerosol divider were passed through t~e SRI in a manner 
similar to that used for the evaluation of the GCA ROM 101-1. In these tests, 
the dust generator was operated with 9 1pm of fluidizing air and 37 1pm of dilu­
tion air. At the aerosol divider, 2 1pm was passed through the central tube of 
the divider and then through the SRI instrument and 34 1pm was passed through 
the annular filter (0.8 µm pore size). 
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In another set of tests, an impactor was placed between the aerosol divider 
and the SRI instrument, as shown in Figure 3. With the impactor in the line at 
this point, it was possible to remove large particles from the dust aerosol and 
to allow the SRI instrument to respond to the smaller particles. Due to the 
fact that the impactor was removing some particles, it was not possible now to 
use the aerosol divider as a gravimetric standard. Thus, a filter as shown in 
Figure 3 was used alternately with the SRI instrument in the sampling of the 
aerosol passing through the impactor. This filter then became the standard to 
which the SRI instrument was compared. 

The impactor used for these studies is of the type used for the calibtration 
of optical particle counters, 5 which has interchangeable nozzles. Table 1 
lists the nozzle sizes, the particle aerodynamic diameters at the 50% cut-point, 
and the corresponding Stokes diameters of the coal and silica particles. 
Incidentally, these same calibration impactors were used in a cascade arrange­
ment to determine the mass size distributions of the dust aerosols shown in 
Fi gu r e 2. 

N ozzfe--di a .­
(cm) 

0.137-
0.213 
0.328 
0.450 
0.590 
0.688 

Table 1 
Impactor Cut-off Sizes (2 1pm) 

Ae-rodynamfcdi a. 
(µm) 

- -------
1.45 
2.84 
5.50 
8.94 

13.4 
21.4 

1.20 
2.36 
4.57 
7.42 

11.1 
17.8 

Stoke di a. µm 
silica p = 2.6 gm/cm3") 
--~----- ---

0. 90 
1. 76 
3.41 
5.54 
8.31 

13.2 

In the third test set-up, shown in Figure 4, the SRI instrument was used in 
conjunction with a dichotomous impactor, which divides the aerosol stream into 
large and small particle fractions. Since only one SRI instrument was 
available, we alternately evaluated it with the large and small particle streams 
of the dichotomous impactor. In each case, the SRI instrument and a filter were 
alternated every five minutes as described vii th the previous test procedure. 
The filter then became the standard to which the SRI instrument was compared. 

By using a cascade impactor to evaluate the large and small particle 
streams, it was found that the dichotomous impactor was removing the large par­
ticles from the small particle stream and allowing very few small particles to 
go through with the large particles. The cut-off size of the dichotomous 
impactor was approximately 3.5 µm. It was found that no particles larger than 
5.5 µm were in the small particle stream, and only 24% of the particles in this 
stream were larger than 2.8 µm. When compared to the size distribution in 
Figure 2 of the total dust aerosol, it can be seen that the large particles were 
indeed removed. For the large particle stream, it was found that 70% of the 
particles were larger than 4 µm. This indicates that there was a high con­
centration of large particles in this air stream. 
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Results 

The previously described test set-ups were used in several different 
studies. The results of these studies are described in the following sections. 

Response to Total and Respirable Dust 

In this study, the output from the SRI instrument was compared directly to 
the gravimetric standard as determined from the aerosol divider filter. Tests 
were run at several different coal dust concentrations with and without the 
respirable cyclone in the dust generator and the particle size distributions 
are those shown in Figure 2. It should be noted that this set of tests were the 
first that were run after the unit had been sealed wit~ RTV. Thus, the leakage 
was probably less in this set of runs than in any of the subse~uent test series. 

The response curve for these t·,w size distributions are shown in Figure 5. 
It should be noted that the response curves do pass through the origin, indica­
ting that the SRI instrument has zero output for zero concentration, and also 
that the data scatter for the respirable aerosol appears to be less than for the 
total aerosol. The reason for this behavior is believed to be that there is a 
better defined size distribution when the respirable cyclone is removing the 
large particles than when there is no classification device in the dust genera­
tor. When no classification device is used, there can be so:ne fluctuation of 
large particles, giving the type of scatter seen in Figure 5. 

The conclusion which can be drawn fr~n this set of tests is that the 
response of the SRI instrument is proportional to the mass concentration, but is 
also a function of the size distribution of the aerosol. Thus, to further 
define the dependency upon the size distribution, the following set of tests 
were run. 

Removal of Large Particles by an Impactor 

In these tests, an impactor was placed between the aerosol divider and the 
SRI instrument to remove large particles. The aerosol passing through the 
impactor was sampled alternately by the impactor and by a filter which is used 
as a gravimetric standard. For these particular tests, silica dust as well as 
coal dust was used as the aerosol. The results are shown in Figures 6 and 7 for 
coal and silica dust, respectively. Again, the results are in terms of the SRI 
instrument output vs. the gravimetrically determined concentration from the 
filter. It should be noted that the SRI instrument range was O for the coal 
dust ahd 1 for the silica dust. 

In both Figures 6 and 7, it can be seen that the response of the SRI instru­
ment is different for dust with different size distributions. In both cases it 
shows that the sensitivity of the instrument increases as large particles are 
removed from the air stream. This again implies that the SRI instrument is more 
sensitive to small particles than large particles. 

By studying the sensitivity of the SRI instrument to the aerosols of dif­
ferent size distributions, it is possible to obtain some information on the 
contributions of particles in different size ranges to the output of the 
instrument (Table 2). For example, in Table 2, the sensitivity for coal par­
ticles less than 4.57 µmis 10.5 mv/mg/m3 calculated from the data in Figure 6. 
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Table 2 
Sensitivity of SRI Portable Coal Dust Concentration 

Instrument in Different Size Ranges 

Coa 1 Silica 
Size range % <Dp Sens it i vi 1Y Size range % <Dp Sens it i vi 5Y 
Ost ( µm) mv/mg/m Di st ( µm) mv/mg/rn 

<2.36 8 16.7 <l. 76 10 8.7 
<4 . 57 20 10. 5 <3 .41 34 6.1 
<7. 42 35 9.5 <8. 31 78 2.7 
<11. 1 51 6.1 Total 100 3.3 
<17.8 68 3.4 

Total 100 1.7 

2.36-4.57 +6.4 1.76-3.41 +8. 8 
4.57-7.42 +8. 2 3.41-8.31 + .15 
7.42-11.1 -1.3 8.31-Total +5.3 
11.1-17. 8 -4.7 
17.8-Total -1.9 

However , for particles less than 7.42 µm, the sensitivity is 9.5 mv/mg/m3. 
Since the latter sensitivity must be from a combination of particles less than 
4.57 µm and particles in the size range between 4.57 and 7.42 µm, the contribu­
tions to this sensitivity will be as follows: 

( 1 ) 

where m1 and m2 are the mass fractions contained in the two size ranges and 
s1 and s2 are the respective sensitivities in these size ranges. Stotal is 
the combined sensitivity. The mass fractions of the particles in these two size 
ranges can be determined by referring to the size distributions as determined 
with the cascade impactor (Figure 2). Thus, equation 1 will become, 

20 15 9.5 = 35 10.5 + 35 s2 ( 2) 

The solution of equation 2 is s2 = 8.17 mv/mg/m3, which will be the sensitivity 
of the particles in the size range from 4.57 to 7.42 µm. As can be seen from 
Table 2, the sensitivities for the particles in the larger ranges are negative. 
It is felt that the sensitivities in these larger ranges are actually near zero 
and the negative numbers are caused by the approximations of the slopes that 
were made in Figure 6. 

The response of the SRI instrument on silica dust also shows a dependence on 
particle size. Again, sensitivities are given in Table 2. It is of interest to 
note here that the sensitivity for particles in the size range of 8.31 µm to 
11 total 11 is greater than in the size range of 3.41 to 8.31 µm. This may be due 
to the shape of flux versus particle size curves for the particular index of 
refraction exhibited by silica. 
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From these sets of tests the conclusions that the output of the SRI instru­
ment is sensitive to the size distribution of the aerosol can be drawn, as it 
was with the previous set of tests. Also, it appears as though the instrument 
has a higher sensit ivity when sampling coal dust than when sampling silica dust. 
We feel, however, that this conclusion may be influenced somewhat by the leakage 
of air in the instrument s ince all of the coal dust tests were run at one time 
and all of the s ilica dust tests at a later time with several days separating 
the two tests. Thus, we would expect the coal runs to be comparable amongst 
themselves, and also the silica runs to be comparable amongst themselves; but it 
may be difficult to compare the coal and silica results wit~ each other. 

The fact that some leakage was present for the coal runs can be seen by com­
paring Figures 5 and 6. Although Figure 5 was run under conditions where the 
range setting of the SR I instrument •,vas 1 and the range setting in Figure 6 was 
0, these two ranges should be related by a factor of 10. That is, for a 
consta nt concentration, range O should give ten times the value of reading on 
range 1. Although, as described in the next section this factor may be dif­
ferent from 10, a co,nparison of the sensitivities in these t ·.vo curves shows t hat 
the ratio is approximately 2.5, wit~ the tests run at a later date giving the 
lower concentration. Since that data from the later tests gives the lower 
concentration, it is likely that at some time between the t wo sets of tests, a 
leak occured and roo,n air leaked into the photometer, diluting the dust. 

It should also be noted in Figure 6 that the scatter of the data for the 
total aerosol is larger than the scatter of the rlata when an impactor was used 
to remove the large particles, indicating again that the scatter is due to the 
fluctuation of the very large particles in the aerosols. 

SRI Instrument Range Check 

As discussed in the previous section, there appeared to either be an 
increased l eakage in the instrument in the second set of runs, or switching from 
one range to a higher range does not decrease the output voltage by a factor of 
10. To check this, several different concentrations were sampled by the SRI 
instrument and the range switch moved from Oto 1 to 2 to 3 to 4. 

The results of this test are shown in Table 3. The concentration levels in 
these runs are not known, but it is known that the concentration level is 
constant for a 11 the ranges, s i nee they were a 11 checked at es sent i a 1 ly the same 
time. From the data in Table 3, it can be seen that the factor between ranges 0 
and 1 is approximately 5.5, the factor between ranges 1 and 2 is approximately 
2. 0, and the factor between ranges 2 and 3 is approximately 10. No con­
centrations were high enough to determine the factor between 3 and 4. 
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Table 3 
Comparison Betwen SRI Instrument Ranges 

---R A N G E 
RUN** 0 1 2 3 4 

'------ -- - --

1 * 72.5 36.5 3.0 0 
2 * 51.0 25.5 1.5 0 
3 * 46.5 24.0 1.5 0 
4 * 28.5 15.5 0.5 0 
5 * 21.5 12.5 0 0 
6 68.5 11.0 6.5 0 0 
7 44.0 8.5 5.0 0 0 

>---- ------ ----* over scale 
** For each run the dust concentration was constant for all ranges 

The conclusion that can be drawn fro,n these runs is that changing ranges 
does not change the output voltage factor of 10 . The electrical schematic fur­
nished in Reference 1 i ndi cat es that these ranges are changed by simply 
switching in a different resistance into the electrical circuit. These 
resistances are increased by a factor of 10 for each range , '3nd thus, the signal 
is decreased by a factor of 10. Although the in strument ,'/as not dis asse,nbled 
and these resistances checked , it appears as though the resistances were not 
correct. 

Influence of Flow Rate on Leakage 

In the next set of tests, the SRI instrument was to be used in conjunction 
with a di chotoinous impactor. However, with the dichotomous impactor, the fl ow 
rates for the large and small particle streams are 0.28 1pm and 13.7 1pm, 
respectively. Thus, since the SRI instrument would be used at two different 
flow rates, it was decided to det ermine the influence of this flow rate on the 
output of the instrument. 

To perform this test, the concentration vtas set at approximately 3 mg/1 and 
the flow rate increased from 2 to 14 1pm. Since this increase in flow rate will 
increase the pressure drop between the optical chamber and the outside of the 
instrument, the leakage flow rate should be proportional t~ the flow rate of the 
instrument . As shown in Figure 8, the SRI output on range Ovaries from 
approximately 30 mv at 2 1pm to approximately 6 mv at 14 1pm. It is felt that 
this is a good check on the influence of air leakage into the instrument, since 
the output of the instrument should not be influ enced by the fl ow rate if the 
concentration remains constant. This simply indicates that leakage of room ai r 
into the optical chamber diluted the dust passing through the inlet. 

It is als o interesting to note in Figure 8 that if the calibration line is 
extrapolated to O flow rate, corresponding to no leakage, the error between 
this value and the value obtained at 2 1pm (the normal operating condition of 
the SRI) is approximately 10%. 
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The conclusion which can be drawn from this test is that the leakage which 
will be experienced at 13.7 1pm will be sufficient to reduce the concentration 
from the true value by a factor of approximately 4. 

The Use of the SRI Instrument with the Dichotomous Impactor 

In this set of tests, the dichotomous impactor sampled coal dust and the SRI 
instrument was used to monitor the dust concentration in the large particle 
stream (particles greater than 3.5 µm) or the particles in the small particle 
stream (particles less than 3.5 µm). The flow rate of these two streams was 
0.28 1pm and 13.7 1pm, respectively. 

The instrument response to the large and small particles are shown in 
Figures 9 and 10, respectively . It can be seen from these two figures that the 
data points have very little scatter about a straight line passing through the 
origin. It is important to note in Figure 9 that the data points shown are the 
actual data taken in the experiment. If the leakage associated with the high 
flow rate in collecting these small ~artic les is taken into consideration, and 
the calibration curve is adjusted by a factor of 4, as described in the previous 
section, then the calibration line for the particles that are less than 3.5 µm 
would be shown as the dotted line in this figure. It is interesting to note in 
Figure 10 that the concentrations of large particles experienced with the dicho­
tomous impactor are very large. This is due to the dichotomous impactor con­
centrating large particles into a small percentage of the flow. Thus, the 
dichotomous impactor actually acts as a concentrator of large particles. 

Theoretical Considerations 

The reason that the instrument sensitivity decreases with increasing par­
ticle size can be seen more clearly if the response characteristics of light­
scattering photometers are studied. Hodkin son and Greenf ield6 and Cooke and 
Kerker7 have studied the response curves for various optical aerosol counters 
and photometers for particles with different indices of refraction. Although 
thes e two papers disagree somewhat on the exact values of the response from the 
instruments, they both show that photometers are expected to be more sensitive 
to particles of smaller sizes. Of particular interest is one set of curves by 
Hodkinson and Greenfield for an instrument which is similar to the SRI 
photometer. The response curves are shown in Figure 11 with the index of 
refraction of the aerosol particle being a parameter. The dashed-curve labeled 
2-i is the index refraction corresponding to light absorbing particles and is of 
particular interest in our studies with coal. In the figure, a is a particle 
size parameter, 

a= 1rSDp/;\ (3) 

where;\ is the wave length of the incident light and DP is the particle 
diameter. The scale of D shown in this figure is for a wave length of white 
light (A= 0.5 µm) which we would have in the SRI instrument. The flux in this 
figure is the light scattered per unit surface area of the particle. Thus, flux 
is proportional to the instrument response divided by Dp2• If we want the 
instrument response to be proportional to the mass of the particles, then the 
instrument response must be proportional to Dp3, and thus, the flux should be 
proportional to Dp• In other words, in order for the response of this instru-
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ment to be insensitive to the size distribution, the dashed-line labeled 2-i, 
must have a slope parallel to the line labeled m = +l (a line of slope one). 
As can be seen from Figure 11, the instrument would not be expected to have a 
response proportional to the mass of the particle for the larger sizes. By 
following the same reasoning, it can be seen that if the flux curve is horizon­
tal (zero slope), the response of the instrument will be proportional to the 
surface area of the particle and if the flux curve has a slope of m = -1, the 
response curve will be proportional to the diameter of the particle. 

For the index of refraction corresponding to silica, the slope of the flux 
curve for the size range from 3.41 to 8.31 µm must be less than the slope for 
particles larger than 8.31 µm. It should also be noted that the response curves 
shown in Figure 11 are for a collecting angle aperture 8 = 6.25°, illuminating 
cone (inside), 8 = 16.25° and illuminating cone (outside), E = 2G.25°. In the 
SRI instrument, these values are B = 15°, 8 = 55°, and E = 48°. These angles 
and a schematic of the optical syste,n is shown in Figure 12. 

In addition, riue to the Tyndall effect, the light scattered per fixed volume 
of aerosol is proportional to the volu~e of aerosol, or proportional to the 
diameter of the particles cubed, for particles smaller than the wavelength of 
light. However, for particles much larger than the wavelength of light, which 
is what we are concerned wit~, the intensity per volume of aerosol is propor­
tional to □ p- 1 • Thus, for these large particles, the intensity per unit volume 
will decrease as the particle size increases. 

Conclusions 

First of all, the drifting baseline problem, the range change problem, and 
the leakage problem indicate that so•ne ,nechanical and electrical design changes 
must be made on the instrument 0efore it flill be reliable. However, these are 
problems whic:1 can be overco,ne by a redesign of the instrument. 

The second conclusion which can be drawn is that the sensitivity of the 
instrument is influenced by the size distribution of the dust aerosol and 
possibly by the material of the dust aerosol. The influence of the two 
materia ls tested (silica and coal), however, was 1nuch less than the influence of 
the size distribution. Thus, the influence of the size distribution appears to 
be the major factor in considering the usefulness of this instrument. It should 
be noted, however, that this instrument wi 11 be used vii th some type of a 
preclassifier to eliminate large particles. Thus, the size dependency of the 
instrument may not be extre,11ely important, especially if the instrument is used 
with the dichotomous impactor, where the aerosol particles can be classified 
into distinct size ranges. 

It should also be noted that in the testing whic~ we performed on the 
instrument, we found the instrument to be easy to use and required little main­
tenance other than for the leakage problem. The instrument also proved to be 
very sensitive, and we we re able to see small concentration fluctuations of the 
dust coming from the fluidized bed due to the nature at which the dust is fed 
into the bed by the feerl chain conveyor. Thus, the instrument has a very rapid 
response and can follow changing dust concentrations much more readily than any 
other instrument we have tested. 
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Recommendations 

In spite of the mechanical and electrical design problems of this 
instrument, we feel that it has promise as a mass monitor for dust aerosols, and 
recommend that a redesign of the instrument be made. After the redesign, the 
instrument should be calibrated again, so that an accurate calibration can be 
made. Also at this time, we feel that a monodisperse dust generator should be 
developed which v1ill allow the instrument to be interrogated by particle sizes 
in a distinct size range (i.e., with the small particles being removed as well 
as the large particles). 
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APPENDIX D 

Evaluation of the MESA Plastic Disposable Respirable Impactor 
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Introduction 

Theoretical and experimental evaluation of the impactor stage of the new 
two-stage respirable dust sampler (1) developed by Thomas Tomb and Harry 
Treaftis of MESA, U. S. Department of Interior , has been made . The impactor, 
shown schematically in Figure 1, has a round nozzle of 0.4 cm diameter and an 
S/W ratio of about 3, where Si s the nozzle-to-plate distance and Wis the 
nozzle diameter. The entire impactor is made from plastic including the impac­
tion plate. Flow rate through the impactor is 2 1pm. 

Theoretical Evaluation 

The impactor was evaluated using a theoretical technique reported in 
References 2 to 4. In this theoretical procedure, the flow field within an 
impactor is determined by solving the full Navier-Stokes equations using finite 
difference methods. This method of determining the flow field has proven to be 
accurate since all viscous terms are included in the solution. The particle 
trajectories in these flow fields are then solved by expressing the particle 1 s 
equations of motion in finite difference form and solving for the particle 1 s 
path by numerical difference integration of these equations of ,not ion. This 
method has proven to be very accurat~ in the Q(ediction of the collection effi­
ciency curves of inertial impactors,\4,5,6,7,8J 

There are two ways in which this theory can be applied to an existing 
impactor. The first method would be to take the design of the impactor and 
apply the theoretical procedure to the solution of the flow field and then the 
solution of the particle trajectories while determi ning the collection effi­
ciency curve in the process. The second method is to determine if certain 
governing parameters of the existing impactor matches that(8f parameters studied 
previously in the fundamental study of inertial impactors, ) and then apply 
these predetermined efficiency curves to the impactor. The second method can 
only be applied if the governing para1neters fall within a specific range. 

For this particular impactor, it was found that the governing parameters 
were in a specific range allowing the use of the second method of evaluation of 
the impactor. These parameters are: 1) the S/W ratio which should be larger 
than 1.0 and was 3 for the existing impactor, 2) the throat length to nozzle 
diameter ratio which should be larger than a quarter and will certainly be 
satisfied by this impactor, and 3) the Reynolds Number which may be anywhere 
from 10 to 3,000 and was 700 in this impactor. Thus, an impactor with these 
governing parameters should have an efficiency curve which follows that of 
Figure 2. In this figure, the collection efficiency Eis the fraction of the 
particles passing through the nozzle of the impactor which are collected upon 
the impaction plate. The particle diameter DP. is the aerodynamic diameter, 
which refers to a unit density spherical particle. 

Experimental Evaluation 

The impactor was also evaluated experimentally using monodisperse oleic acid 
particles with a uranine dye tracer. This procedure is similar to that 
described in Reference 8 and is a standard method for evaluating impactors in 
our Laboratory. 
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In this procedure, rnonodisperse particles were generated in the range from 3 
to 9 µm by use of a vibrating orifice monodisperse aerosol (VOMA) generator. A 
20 µm diameter orifice was used in the VOMA generator to produce a liquid 
droplet of about 43 µmin diameter. The material of the droplets is a solution 
of alcohol, oleic acid and uranine with the uranine being about 10% of the oleic 
acid. The quantity of alcohol is such that when the alcohol is evaporated from 
the 43 µm droplet, the oleic-acid uranine particle of a desired size (3 to 8 µm) 
is obtained. 

For each run, the monodis?erse aerosol was passed through the impactor at a 
flow rate of 2 1pm. After several minutes of sampling the aerosol, the impactor 
is removed from the test set-up and disassembled. The cover, impaction plate, 
and filter assembly are then washed in known amounts of distilled water. 

The amount of aerosol deposited on the different parts of the impactor is in 
proportion to the fluorescence of the uranine dye vJhich will be found in the 
wash water. Thus, a quantitative analysis can be made by measuring the 
fluorescence of these wash solutions in a fluorometer (Model llO, G. K. Turner 
Associates, Palo Alto, California). The quantity of water used to wash the par­
ticles from the various parts of the impactor were such that all readings on the 
fluorometer would fall within one range of the fluorometer. This procedure 
eliminates any errors one may obtain by having to calibrate between different 
ranges of the fluorometer. 

The mass of the uranine deposited upon each part of the impactor can then be 
calculated by multiplying a concentration by the quantity of the distilled water 
in the wash. The collection efficiency of the impactor is subsequently calcu­
lated by determining what fraction of the total mass deposited in the impactor 
is found on the impaction plate. 

The results of this experimental work is sho~m in Figure 2. The agreement 
between the theory and experimental results is good for collection efficiencies 
of about 30%. Both the experimental and theoretical results indicate that the 
50% cutoff point is at about 7.5 µm. At lower efficiencies (less than 30%) con­
s i derab 1 e differences betv-teen the theory and the experi men ta 1 results were 
found. 

In previous evaluations of impactors, we have not found as large a dif­
ference between experimental results and theory as we have seen for this 
impactor. Since the dimensions of this impactor are such that we would expect 
good agreement with the theory, the disagreement is difficult to explain. One 
possible explanation may be that the nonconducting plastic impaction plate could 
have acquired an electrical charge and influenced impaction at low efficiencies. 
The influence of nonconducting impaction plates has not been completely studied. 

Results 

The theoretical and experimental results of the impactor are shown in Figure 
3 as the percent penetration through the impactor (100-percent efficiency) vs. 
the equivalent aerodynamic diameter. In this figure are three curves other than 
the experimental and theoretical curve just discussed. These three curves are 
the AEC and the BMRC respirable curves and the experimental penetration curve 
found by MESA for this particular impactor. 
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It is of interest to note in Figure 3, that the data points from these 
experiments agree fairly well with the data points that were found by MESA, with 
the exception that we found the penetration curve to be very steep for penetra­
tions less than 70%. Another item of interest is that, for all particle sizes, 
the impactor has higher penetration than an impactor should have to follow 
either the BMRC or the AEC curve. 
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ABSTRACT 

Single stage impactors with penetration characteristics approximating those 
of the BMRC, AEC and ACGIH respirable criteria have been developed for use as 
personal samplers. Three impactors were built for flow rates of 2 1/min. 
Calibration of these impactors shows good agreement with the respirable 
penetration curves. Experiments with coal dust indicated little particle bounce 
when an oil soaked porous impaction plate was used . Finally, a procedure is 
introduced by which samplers can be designed with penetration characteristics 
that differentiate between the AEC and ACGIH respirable criteria. 
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Introduction 

In determining health hazards from inhaled aerosol particles, it is the 
respirable particulate matter, defined as that which penetrates to the 
alveolated regions of the lungs, which are of primary importance. Due to the 
size selective nature of the particle removal mechanisms in the nasal passages 
and lungs air~ays, criteria defining respirable particles must be a function of 
the particle size. Three commonly used criteria defining respirable particle 
penetration are shown in Figure 1. These criteria, discussed in detail by 
Lippmannt 1), have been defined by the British Medical Research Council (BMRC), 
the United States Atomic Energy Commission, (AEC), and the American Conference 
of Governmental Industrial Hygienists (ACGIH). 

The quantity of respirable particles in an aerosol can be measured by use of 
two-stage respirable dust samplers. The first stage consists of a particle 
classifier with penetration characteristics corresponding to one of the 
respirable penetration curves in Figure 1 and the second stage which has a high 
collection efficiency for all particle sizes penetrating the first stage. In 
practice, only the quantity of particles collected on the second stage, repre­
senting the respirable fraction is measured. Cyclonest2J and horizontal 
elutriators(3J have been commonly used for the first stage while filters are 
generally used for the second stage. 

Furthermore it is often advant ageous if the two-stage samplers are small 
enough to be worn by the worker as a personal sampler, enabling the sampler to 
be located in the workers breathing zone. This implies the furt her requirement 
that the flow rate through the sampler be on the order of 2 l/min so as to be 
compatible witli battery operated personal sampling pumps. T'1e cyclones have 
generally been used as the first stage of this type of sampler since they are 
lightweight and being an inertial classifier can operate in any position, an 
important requirement for any personal sampler. 

Another inertial classifier which has potential as a personal sampler is the 
inertial impactor(4 ). Although the penetration characteristics of inertial 
impactors are generally much sharper than those shown in Figure 1, a technique 
has recently been developed where respirable penetration curves can be approxi­
mated through the use of a single stage impactor with multiple nozzles of dif­
ferent sizes(5). 

Since the AEC and ACGIH respirable curves are often considered equivalent 
for practical purposes(l), a sampler with penetration characteristics approxi­
mating the AEC curve may be assumed to also approximate the ACGIH curve. 
However, if distinction between the two curves is necessary, a technique is 
described in the addendum by which the personal sampler impactor can be designed 
to approximate the ACGIH curve, including the characteristic that only 90% of 
the particles smaller than 2 µmare respirable. 

Impactor Nozzle Designs 

Normally, inertial impactors have penetration characteristics which are much 
sharper than those shown in Figure 1. However, a design procedure has been 
recently developed by which the penetration characteristics of single stage 
inertial impactors could be designed to approximate respirable penetration 
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-214-

curves.(5) This design procedure involves using several impactors with different 
nozzle sizes i n a parallel flow arrangement, as shown in Figure 2. Since the 
press ur e drops across the nozzles are the same, each nozzle will have a dif­
ferent particle cutoff size, depending upon the size of the nozzle. The com­
bined penetration curve will then be a function of the number and the size of 
the noz zles used, an d the total flow rate through the nozzles. For example, 
shown in Figure 2, a single stage impactor with three sizes of nozzles would 
possess cut-off characteristics which approximate the respirable curve in three 
steps. The number of nozzles of each size must be sufficient to pass the quan­
tity of flow dictated by the size of each step. For the three steps shown in 
Figure 2, there must be enough nozzles of each size to pass one third of the 
fl ow. 

The stepwise curve in Figure 2 represents impactor cutoff characteristics 
determined from theoretical analysis. I!1 the work gr~sented in Ref. 5 the 
t heoretical curves were based on the work by Marplel6J whereas in this paper the 
curves are based on a more recent theoretical study(?) which is a slight modifi­
cation of the original theory. The major difference is that the modified theory 
does not predict cutoff characteristics that are as sharp as those predicted by 
t he original theory. HovJev er, the predicted particle diameter at 50% collection 
efficiency remained essentially the same for both theoretical studies. 

In reference 5, the no zz le sizes an d number of nozzles for impactors 
operatin g at 2 1/min were determined for impactors with penetration charac­
te r istics which approximate the AEC (or ACGIH) curve using from one to five 
nozzl e s izes (steps). Those values are tabulated in Table 1 of this paper. The 
results for similar calculations made for impactors with penetration charac­
teristics approximating the BMRC criteria are presented in Table 2. 

Since impactors can be designed with either round or rectangular nozzles, 
Tables 1 and 2 present nozzle dimensions for both. Either the round or rec­
tangular nozzles in these tables will provide the same particle cutoff size and 
are interchangeable. For example, in Table 1 if two noz zle sizes are to be 
used, a round impactor with one 0.25 cm diameter nozzle and sixteen 0.063 cm 
diameter nozzles could be used. However, similar characteristics would be 
obtained for an impactor with one 0.10 cm by 0.40 cm rectangular nozzle and one 
0.042 cm by 2.0 cm rectangular nozzle. In addition, since the round and rec­
tangular nozzles are interchangeable an impactor could be designed with one 
0.25 cm diameter round nozzle and one 0.024 cm by 2.0 cm rectangular nozzle. 

In most cases, two or three nozzle sizes are sufficient to approximate a 
respirable curve. Although closer approximations to the respirable penetration 
curves can be obtained by going to four or five nozzle sizes, the nozzle diame­
ters become very small and, therefore, may not be practical. 

P~rsonal Sampler Design 

Three impac t or designs with round nozzles were chosen for construction and 
evaluation. These are the two and three nozzle size designs approximating the 
AEC (or ACGIH) criteria and the three nozzle size design approximating the BMRC 
criteria as indicated by the boxed cases in Tables 1 and 2, respectively. 
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Table 1 
Impactor Designs With 

Penetration Characteristics at 2 1/min Flow Rates 
Which Simulate the AEC (or ACGIH) Respirable Penetration Curve 

ROUND RECTANGULAR 

Number of Pa rt i cl e Nozzle Number of Nozzle Nozzle 
nozzle Cut-off Diam., Nozzles, Width, Length, 
sizes Diameter, cm cm cm 

µm 
1 3.5 0.25 1 0.10 0.49 

2 5.0 0.25 1 0.10 0.49 

2.5 0.063 16 0.024 2.0 

5.8 0.24 1 0.097 0.47 

3 3.5 0.087 8 0.033 1.4 

2.2 0.033 53 0.012 3.8 

6.4 0.23 1 0.093 0.45 

4.2 0.10 5 0.038 1.1 
4 

3.0 0.048 23 0.019 2.2 

2.1 0.022 109 0.0083 5.0 

6.7 0.22 1 0.086 0.44 

4.6 0.11 4 0.042 0.91 

5 3.5 0.057 15 0.022 1.7 

2.7 0.033 44 0.012 3.2 

2.0 0.017 167 0.0066 5.8 
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Table 2 

Impactor Designs With Penetration Characteristics 
at 2 1/min Flow rate Which Simulates the 

BMRC Res pira bl e Penet rat i on Curve 

ROU ND RECTANGULAR 

Pa rt i cl e Nozzle Nu~ber of Nozzle Nozzle 
Cut-off Di am., Nozzles, 1·/i dth, Length, 
Diameter, cm cm cm 
µm 

4.9 .31 1 .13 . 60 

6. 1 .28 1 .11 • 55 

3.5 .093 9 • 035 1. 8 

6.4 .26 1 .10 • 50 

5.0 .15 3 .060 . 85 

2. 9 .048 28 . 01 9 2.7 

6.6 .24 1 . 093 • 47 

5.5 .16 2 .062 .71 

4.3 .10 6 .037 1.2 

2.5 .030 63 .011 3. 4 

6.6 .22 1 .086 . 44 

5.9 .17 2 .066 . 57 

5.0 .13 3 .047 • 81 

3. 8 .072 9 .027 1.4 

2.2 .019 132 .0075 5.1 
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A cross-sectional view of an impactor is shown in Figure 3. Photographs of 
the components and an assembled unit are shown in Figure 4. The impactors are 
constructed from plastic with nozzle lay-outs as shown in Figure 4a. In all 
cases , the nozzles are placed symetrically so that the flow will be symmetrical 
on the impaction plate. The impaction plate shown in Figure 4b is designed to 
be attached to the nozzle pl ate by four pegs. The after-filter and the base 
plate are those that have been us ed by Tomb and Treaftis(4) in a single nozzle 
impactor. The filter is from a model Type 457193 MSA filter cassette. 

Two types of impaction plates have been designed and used in the impactors. 
These are a plastic impaction plate used in the calibration of the impactor with 
liquid droplets and an oil impregnated porous impaction plate(B) used for the 
collection of coal dust particles. With the porous impaction plate, oil wicks 
upward continuously through the deposited particles always presenting the 
incoming dust particles v•lith a fresh oil surface, reducing the particle bounce 
problem often associated with impactors. 

Sampler Calibration 

The particle cutoff characteristics of the personal sampler impactors were 
experimentally determined using monodisperse particles generated by the 
vibrating orifice monodisperse aerosol generator t9). The particles were oleic 
acid with a uranine dye tracer. The quantity of particles penetrating through 
the impactors were determined by fluorometric analysis of the derosited par­
ticles on the impaction plates and the after-filters. The procedure was iden­
tical to that described in reference 5. The experimental results for each of 
the three impactors are shown as data points in Figures 5, 6, and 7. The 
theoretical curves are also presented in these figures. A comparison between 
the experimental data and theoretical curves indicates good agreement with the 
best agreement being for the three nozzle sizes as expected. 

Test of the Oil Impregnated Impaction Plate 

Experiments 1-1ere performed sampling coal dust particles to test the effec­
tiveness of the oil impregnated impaction plate to control particle bounce. 
Coal dust was generate1 at a concentration of about 9 mg/m3 by a fluidized bed 
t ype of dust generato3 10). The conce~tration of the respirable fraction of the 
dust was about 2 mg/m , leaving 7 mg/m to be removed by the impactor. The 
impactor used in this test was the two nozzle size unit which approximates the 
AEC respirable penetration curve. The test was run for a total of 6.5 hours 
with evaluations of particle bounce being made at 0.5, 2.25, 4.0 and 6.5 hours 
into the test. 

The evaluations for particle bounce were made by measuring the dust con­
centration and size distribution with(fn)optical particle counter system speci­
fically calibrated for coal particles 1 • At 0.5. 2.25, 4.0 and 6.5 hours into 
the test, the coal particle number size distribution and concentration was 
measured upstream and downstream of the impactor and the penetration as a func­
tion of particle size calculated. Sampling bias was reduced by normalizing the 
concentration at each particle diameter by the concentration at 1 µm aerodynamic 
diameter, which should represent close to 100% penetration. 
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Figure 3. Cross -sectional view of a personal sampler. 
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a. Nozzle plates with two (2) and three (1) nozzle sizes. 
(The four equally spaced large holes are for the 
impaction plate mounting pegs.) 

b. Impac to r components (1 - assembly, 2- nozzle plate, 
3- i mpacti on plate, 4- fi l ter, 5- base pla te). 
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Fi~ure 7. Comparison of experi me ntal data and th e theoretical penetration curve 
to the n'1f•:C respirable curve for th e th ree nozzle size impactor . 
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The resulting penetration curves, shown in Figure 8, indicate that not only did 
the penetration remain constant over the test period but that the measured 
penetration does agree well with the AEC respirable penetration curve. Thus, 
there is no indication of particle bounce or particle reintrainment. 

In addition to the measure1nent of the particle size distribution, the test 
was stopped at 1, 2 and 6.5 hours and the impaction plate removed for inspect ion 
of the deposits. Photographs of the deposits from the smaller nozzles are shown 
in Figure 9. The deposits appear to form spikes and in some cases the spikes 
bend and a new spike grows from the base. This bending of the spikes may have 
been caused by the removal of the impaction plate from the impactor and may not 
happen if the i1;ipaction plate is not disturbed. 

Conclusions 

It was found that personal sampler imp·actors can be designed with penetra­
tion curves that approximate either the BMRC or AEC (or ACGIH) respirable 
penetration curves. Experiinenta 1 determination of the penetration curves of 
three impactors showed close agreement to theoretically predicted curves. As 
expected, an i rnp actor with three cutoff sizes approximates the respirable curve 
closer than does an impactor with two cutoff sizes but both are sufficiently 
close approximations. Even better approximations could be obtained with more 
nozzle sizes but the small nozzle diameters at the low flow rate of 2 1/min 
would not be practical. 

Experiments with an oil impregnated porous impaction plate showed that large 
amounts of dust particles could be collected without experiencing particle 
bounce. An impactor collecting approximately 7 mg/m3 of coal dust at a flow 
rate of 2 1/min for 6.5 hours showed no signs of particle bounce. 

Finally, it is important to note that impactors with respirable cutoff 
characteristics can be designed for any fl O\'/ rate. The fl 0 11 rates for the 
impactors in this paper were chosen to be 2 1/min to be compatible with standard 
personal sampling pumps. However, personal samplers with larger flow rates 
could be designed if larger flow rate pumps were used. If 4 1/min were used for 
personal sampling, the mass of particles collected on the filter would be 
doubled and the gravimetric accuracy increased. 
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Figure 8. Penetrat ion of part icles throllgh UH~ impactor ~~it h an oil i :npregnated 
porous i'.llp,1ct.ion p1:it,"? r1s a funct ion of time. 
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A. 1.0 HOUR 

B. 2.0 HOURS 

C. 6.5 HOURS 

Deposits on the oil impregnated poro~s impaction plate after 
sampling a coal dust aerosol (9 mg/ml for 1.0, 2.0 and 6.5 hours. 
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Addendum 

Designing a Classifier with Penetration Characteristics Which Approximate the 

ACGIH Respirable Penetration Criteria 

The respirable penetration curves for the AEC and ACGIH criteria 
tical except for particle sizes less than 2 µm aerodynamic dia~eter. 
AEC and the ACGIH criteria the penetration in this range is 100% and 
respectively. 

are iden­
For the 

90%, 

Due to the particle collection principles of classification devices such as 
cyc lones, horizontal elutriators and impractors, the penetration continually 
decreases frrnn 100% to 0% as the particle size increases. T~us, they can be 
designed to approximate respirable penetration criteria which also decreases 
from 100% to 0% such as the AEC criteria but are difficult to design for cri­
teria not having 100% penetration for small particles such as the ACGIH 
criteria. 

However, one method which can be userl to obtain a classifier with penetra­
tion characteristics approximating the ACGIH criteria is to first increase the 
penetration values of the ACGIH criteria~ a factor of 1/0.9 defining the 
modified ACGIH curve shown in Figure lA. The penetration values for the 
modified curve are tabulated in Tahle lA. 

A classifier can now be designed with respirable penetration characteristics 
of the modified ACGIH curve. The number of nozzles and nozzle sizes for per­
sonal sampler impactors with penetration characteristics of this criteria are 
tabulated in Table 2A. The mass of particles penetrating classifiers of this 
design will be 1/0.9 times greater than the mass of particles that would 
penetrate a classifier with penetration characteristics of the original ACGIH 
curve. Thus, the ACGIH respirable concentration will be simply 90% of the con­
centration determined by a classifier with penetration characteristics of the 
modified ACGIH curve. 
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Table lA 

Impactor Designs With Penetration Characteristics at 
2 1/min Flow Rates Which Simulate the Modified ACG IH Respirable 

Penetration Curve 

ROU ND RECTANGULAR 

Number of Imp actor Nozzle Number of Nozzle Nozzle 
nozzle Cut-off Di am. , Nozzles, Width, Length, 
sizes Size um cm cm cm 

1 3.8 0.26 1 0.10 0.53 

5.2 0.26 1 0 .10 0.53 
2 

2.8 0.068 15 0.026 2.1 

5.9 0.24 1 0.097 0.47 
3 3. 8 0.092 7 0.035 1.3 

2.5 0.036 44 0.013 3.4 

6.5 0.23 1 0.093 0.45 
4.4 0.10 5 0.038 1.1 

4 3.3 0.051 20 0.020 2.0 
2.4 0.024 92 0.0091 4.6 

6. 8 0.22 1 0.086 0.44 
4. 8 0.11 4 0.042 0.91 

5 3. 8 0.060 13 0.023 1.6 
3.0 0.035 40 0.013 3.0 
2.3 0.019 134 0.0074 5.1 
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Introduction 

Inertial impactors of various designs are widely used for collecting 
aerosol parti cles. The collected particles can be analyzed by a variety of 
techniques to determine such properties as the mass size distribution or the 
chemical cOJnposition of the particles. 

In this paper, the design of a cascade impactor is described which has 
t he unique feat ure that the particles can be collected unifJrmly over a large 
impaction area of any reasonable size. This is important for several reasons. 
First, the problem of particle bounce is reduced because there is no overloading 
of a single spot on the impaction plate. Secondly, more particles can be 
collected before overloading and blow-off occurs by spreading the deposit over 
nearly the entire area of a sticky surface impaction plate substrate as compared 
t o the quantity of particles collected in localized deposits of a conventional 
i mpactor . Thus, the ratio of t he substrate weight to the deposit weight can be 
minimized and the accuracy of gravimetric analysis maximized. Finally, by 
depositing the particles uniformly over a large area, the deposit can be ana­
lyze d for eleme ntal chemical composition more easily by the technique of X-ray 
fluorescence, (Dzubay, 1978), which has special substrate and sample 
requirements. 

Other features of this impactor include nozzle diameters of small sizes, 
so that the size distribution of subrnicron aerosols can be determined, and a 
design which allows all of the impaction plates to be on one assembly, in­
creasing the ease with whic h the impaction plates can be changed, and reducing 
the possibility of damaging the deposited particles • 

. l\lthough some of these features have been incorporated into previously 
described impactors, the present design integrates all of these features into a 
new cascade i,npactor design which takes advantage of recent advances in tech­
niq ues of gravimetric and ele:nental analysis, as well as extends the range of 
the impactor to submicron aerosols and increases the ease of use of the cascade 
impactor. These various features of the impactor are described in greater 
detail in the following sections. 

Uniform Deposit Impaction 

The usual method for spreading out a deposit on an impaction plate is to 
move the impaction plate below the nozzle of a rectangular nozzle impactor, 
(May, 1956 and Lundgren, 1967). However, this has generally been a means of 
determi ning the time resolution of the aerosol rather than obtaining a uniform 
deposit. Round nozzle impactors have also been designed with moving impaction 
plates, (Carson, 1974), but this was not necessarily designed to obtain a uni­
form deposit on the impaction plate. 

In the impactor described here, a uniform deposit on the impaction plate 
is obtained from multiple round nozzle impaction stages by locating the nozzles 
at predetermined radial distances from the centerline of the stage and rotating 
the impaction plate about the centerline. Several rotations of the impaction 
plate are necessary so that any fluctuations which would be present as a func­
tion of time ~'lill be masked by the multiple passing of the nozzles over the 
impaction plate. 
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The radial position of the holes are placed so that, for any annular area, 
the number of nozzles per unit area is constant. Thus, for any of the annular 
areas bounded by ri and ri + 1 shown in Figure 1, 

Number of nozzles 
2 2 = constant 

n(ri+l - ri) 
( 1 ) 

Equation 
nozzles 

(1) can be 
equal one. 

changed to a more useful form by letting the number of 
Thus, for each nozzle 

2 2 
ri+l - ri = constant 

and the radius of the position of any nozzle, R., can be expressed as 
1 

(2) 

1 
Ri = ri + 2 ~ri (3) 

where 

~ri = ri+l - ri 

Fr0111 Equation (2), it follows that 

r. = r;-;~ 1 - r~ 2 1 ✓ L rl_ 1-

since 
r~ 

1 

2 
r. 1 = 
1-

2 
r. 1 1-

2 
r. ? 1- ... 

( 4) 

(5) 

By combining Equations (3), (4), and (5), an expression for Ri can be found 
to be 

R . = _21 [ r . + r;_;_-2 - r . 12 J 
1 1 ✓ Lr· 1 1- ( 6) 

From the above analysis, it can be seen that Equations (5) and (6) must 
be satisfied to obtain a uniform deposit on the rotating impaction plate. How­
ever, to start the calculations of the rand R values, some initial conditions 
must be assumed. Normally these assumed conditions are the values for r1, r2, 
and R1- Now Equations (5) and (6) can be used to obtain all ri and Ri values 
respectively. The selection of the values of q, r2, and R1 may have to be a 
trial and error process, if the number of holes, N, is fixed and the position of 
the nozzle farthest fro111 the centerline, Rn is limited by the size of the impac­
tion plate. 

It should be noted that the radial separation between adjacent nozzles 
decreases as the radial position increases. Thus, by placing the nozzles suffi­
ciently close together near the center of the stage, the deposits from adjacent 
nozzles will overlap, providing a uniform layer of particles over the entire 
impaction plate. 

An example of a uniform deposit impactor is shown in Figure 2 for an im­
pactor with 200 nozzles. A partial list of the nozzle positions is given in 
Table 1. It has been assumed that r1 = .08000 cm, rz = .08886 cm, and R1 = 
.08443 cm to start the calculations. These assumptions \-Jere necessary to limit 
R200 to less than 0.5523 cm, a requirement of this particular design. 



Figure 1. Annular rings of equa l a rea. 
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Table 1. Example of uniform deposit impactor nozzle placement 

(200 nozzles of 100 ~m diameter) 

Hole number 

1 

2 

3 

99 

100 

101 

198 

199 

200 

R, cm 

.08443 

.09289 

.10064 

.39218 

.39408 

.39598 

.54951 

.55087 

.55223 
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Micro-Orifice Nozzles 

The collection of particles in impactors is governed by the ratio of the 
particle stopping distance at the average fluid velocity in a nozzle to some 
characteristic length such as the nozzle radius. This ratio, commonly known 
as the Stokes number (Fuchs, 1964), St, is also the dimensionless parameter one 
defines by expressing the particle's equations of motion in dimensionless form. 
The equation for St is 

4Q p C o2 
st = __ j)___Q_ 

9 1T µ ~~3 
(7) 

where Q is the flow rate through a nozzle, Pp is the particle density, C is 
the Cunningham slip correction, 00 is the particle diameter,µ is the fluid 
viscosity, and W is the nozzle dia;,1eter. 

By rearranging Equation (7), an expression which can be used to predict 
the size of the particles collected can be found as: 

D = r:::-W3 ./Sf 
P V to~P c (8) 

For round nozzles, particles with values of JsE larger than approximately 0.45 
to 0.55 will be collected, while particles with smaller values will not (Marple 
and Liu, 1974). The exact value of /sf, for collection will depend upon the par­
ticular nozzle design, the Reynolds number of the fluid flowing through the 
nozzle, and to a lesser extent upon the radial position of the particle as it 
passes through the nozzle, (Marple and Liu, 1975). 

One method of collecting small particles is to operate the impactor at low 
pressures so that the particles can more easily slip through the air molecules 
and be collected. Thus, in Equation (8) as the pressure is decreased, the 
Cunningham slip correction will increase and Dp will decrease, in Equation (3). 

Further inspection of Equation 8 indicates that another method of 
collecting small particles is to use nozzles of srnall diameters. It was this 
method which has been used in the impactor described here. For example, the 200 
nozzle array described in Table 1 was designed for nozzle diameters of 100 µm, 
which will collect approximately 0.10 µm diameter aerosol particles at a flow 
rate of 10 1pm. 

The construction of such an impactor would be difficult if the nozzles must 
be drilled in the conventional manner. However, the nozzles in the impactor 
nozzle plate shown in Figure 2 were machined in a 50 µm thick stainless steel 
plate by photochemical etching. Witli this technique, the nozzles are slightly 
conical, providing a tapered inlet to the nozzle. The nozzle diameters are 
controlled by the length of time the etching process is allowed to continue. 
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Impactor Design 

A cascade impactor which incorporates the above features has been designed 
and is under development in our Laboratory. A sketch of the cascade impactor is 
shown in Figure 3. The flow passes through the impactor in a saw-tooth fashion 
so that the impactor nozzles of all stages are in one plane. 

This horizontal design of the impactor simplifies the design of a mechanism 
for rotating the impaction plates. As shown in Figure 3, this is done by using 
a series of bevelled gears. We are currently investigating alternate methods 
of performing this function, such as worm ge~rs, but the same basic layout is 
being preserved. 

In addition, special consideration has been given in the design of the im­
pactor to its ease of use and to minimizing the chance of damaging the deposits 
while changing the impaction plates between runs. As shown in Figure 3, the 
cascade impactor is comprised of three assemblies; nozzle, impaction plate and 
drive. Thus, between runs, all of the impaction plates can be changed by 
changing just one assembly, instead of changing each impaction plate one at a 
time, as is standard practice with conventional impactors. This impaction plate 
arrangement also reduces the chance of deposit damage, since the impaction 
plates themselves need not be handled from the time they are prepared in the 
laboratory to the time they are returned to the laboratory for analysis. A 
cover on the impaction plate assembly can be used to protect the plates during 
transport. 

Summary 

An inertial impactor has been designed with the specific purpose of pro­
viding a uniform deposit of particles over the entire impaction plate, which 
makes max imum use of the impaction plate and makes the particles available for 
X-ray fluorescent analysis. Since the technique to obtain uniform deposits 
employs the use of multiple nozzle impactor stages with the impaction plate 
rotating below the nozzles, the design could be extended to cover a wide range 
of uniform deposit diamet~rs, being limited by the number of nozzles and flow 
rate chosen. 

In addition, the impactor employs the features of very small diameter 
nozzles, so that sub-micron particles can be collected, and a design which 
allows the changing of all impaction plates by changing only one assembly. By 
changing the impaction plates in this manner, the risk of damaging the deposits 
from the time they are prepared in a laboratory to the time they are returned 
for analysis is kept at a minimum. 
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