
IRII 87641 

Bureau of Mines Report of lnvestigations/1983 

Velocity and Orientation Effects 
on the 10-mm Dorr-Oliver Cyclone 

By Andrew B. Cecala, Jon C. Volkwein, 

Robert J. Timko, and Kenneth L. Williams 

UNITED STATES DEPARTMENT OF THE INTERIOR 





Report of Investigations 8764 

Velocity and Orientation Effects 
on the 10-mm Dorr-Oliver Cyclone 

By Andrew B. Cecala, Jon C. Volkwein, 

Robert J. Timko, and Kenneth L. Williams 

UNITED STATES DEPARTMENT OF THE INTERIOR 

James G. Watt, Secretary 

BUREAU OF MINES 

Robert C. Horton, Director 



This publication has been cataloged as follows: 

Velocity and orientation effects on the 10-mm Dorr-Oliver cyclone. 

(Bureau of Mines report of investigations ; 8764) 

Bibliography: p. 11. 

Supt. of Docs. no.: I 28.23:8764. 

1. Mine dusts-Measurement-Equipment and supplies-Testing. 2. 
Separators (Machines)-Testing. I. Cecala, Andrew B. II. Series: 
Report of investigations (United States. Bureau of Mines) ; 8764. 

TN23.U43 (TN312] 622s [622' .42] 83-600008 



CONTENTS 

Abstract . ...••..•••••••••••••.••.....••••..•••••••••••••...•.•••••••••.•••••.•. 1 
Introduction••...............•.....•...........•......•...........•.••.•••..••• 2 

Low-velocity studies (10-mm cyclone)•••••••••••••••••••••••••••••••••••••• 2 
High-velocity areas .•..........•...•.•...........•...... •.••..•....•..•... 2 
High-velocity studies .....•...••............•..•...........•..........•••• 3 

Equipment • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 3 
Test procedures •••••••••• ...................................................... 4 

Air velocity •••••••• . . ... . . . . . . . . . . . ... . . . . . .. . .. . . . . . . . . . . .. . . . . . ....... . 4 
Inlet orientation••• . . . . . . . . . . . . . . .... . . . . ... . . . .. . . . . . .. . . .. . ... . . . . . . . .. 6 

Inlet shielding••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 6 
Results ......................................................•.•...........•.•. 6 
Discussion........ • ••••••••••••••••••••••••••••••••••••••••••••••••••••••• 9 
Conclusion••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 10 
References •• . . . . . . . . . . . . . . .... . . . . . . . . . . . . . . . . . . ... . ... . . . . . . .. . . . . . .. . . .. . .. . . 11 

ILLUSTRATIONS 

1. Testing setup•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 4 
2. Shield~d and unshielded cyclones••••••••••••••••••••••••••••••••••••••••••• 5 
3. Testing orientation to airflow••••••••••••••••••••••••••••••••••••••••••••• 6 
4. Unshielded velocity results••••••••••••••••••••••••••••••••••••••••••••• 7 
s. Unshielded orientation results•••••••••••••••••••••••••••••••••••••••••• 7 
6. Shielded velocity results•••••••••••••••••••••••••••••••••••••••••••••••••• 8 
7. Shielded orientation results••••••••••••••••••••••••••••••••••••••••••••••• 8 
8. Sampling flow conditions ••••••••••••••••••••••••••••••••••••••••••••••••••• 9 
9. Flow pattern around a circular object•••••••••••••••••••••••••••••••••••••• 10 

TABLES 

1. Air velocities tested •• .................................................... 4 
2. Particle size analysis, mass median aerodynamic diameter••••••••••••••• 8 



UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT 

ft/min foot per minute mg/m3 milligram per cubic meter 

L/min liter per minute mm millimeter 

mi/hr mile per hour µm micrometer 

min minute pct percent 



VELOCITY AND ORIENTATION EFFECTS ON THE 10-mm DORR-OLIVER CYCLONE 

By Andrew B, Cecala, 1 Jon C, Volkwein, 2 Robert J, Timko,2 and Kenneth L. Williams 3 

ABSTRACT 

The Bureau of Mines conducted a brief laboratory study on the 10-mm 
diam Dorr-Oliver nylon cyclone to investigate (1) whether high wind 
speed (>300 ft/min), or sampler inlet orientation with respect to wind 
direction, can introduce errors when sampling respirable dust, and (2) 
whether any such errors can be reduced by using an inlet shield. Being 
preliminary in nature, the study was not structured to produce defini­
tive results, but rather to discern likely trends and to indicate 
whether or not a more in-depth study of the problem is warranted. 

Photometric mass sensing measurements suggested that as the wind 
velocity increased, the cyclone sampling directly into the high-velocity 
airstream tended to oversample, relative to the cyclone sampling in a 
low-velocity airstream. Orientation of the sampler introduced measur­
able differences in sampling efficiency at higher wind velocities. A 
shield placed around the cyclone diminished the effects of wind velocity 
and sampler orientation on sampler performance. Results of this work 
offer sufficient evidence to substantiate the need for a more in-depth 
study. 

Mining engineer. 
2physical scientist. 
3Physicist. 
All authors are with the Pittsburgh Research Center, Bureau of Mines, Pitts­

burgh, Pa. 
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INTRODUCTION 

In the United States, the 10-mm Dorr­
Oliver cyclone is used for dust com­
pliance sampling, which includes both 
stationary and personal sampling. The 
cyclone classifies "respirable" size par­
ticles, which are particles that reach 
the alveolar regions of the lungs, usu­
ally considered to have aerodynamic diam­
eters (AED) of 10 µm or less. Although 
there are believed to be no instruments 
that actually sample true respirable size 
dust, the cyclone has been chosen in the 
United States as the device that most 
closely simu-lates the penetration of 
dust into the lung. 

The purpose of this Bureau of Mines 
study was to perform a simple screening 
test on the 10-mm Dorr-Oliver cyclone to 
determine if the effects of increased 
wind velocities and orientation need to 
be further investigated. 

The study looked specifically at three 
areas: 

Effects due to increased air velocity. 

Orientation effects at increased 
velocities. 

Effects of a shield around the cyclone 
inlet. 

LOW-VELOCITY STUDIES (10-mm CYCLONE) 

The sampling performance of the 10-mm 
cyclone has been studied in static and 
low air velocities (<300 ft/min). These 
studies have shown no significant sam­
pling differences due to velocity or sam­
pler orientation. 

One study that evaluated the sampling 
inlet efficiency of the 10-mm cyclone in 
static air conditions (__!_)4 showed that 
losses due to improper inlet sizing had 
little effect on the respirable dust mea­
surement of the cyclone when operated 
at 2 L/min. Sampling inlet losses were 

4underlined numbers in parentheses re­
fer to the list of references at the end 
of this report. 

under 5 pct whenever the radius of the 
sampler opening, divided by the particle 
stop distance, was greater than 1.5.5 
This is true for the 10-mm cyclone for 
all particles smaller than 6-µm AED. 
Since 85 pct or more of the particles 
larger than 6 µm will be captured, inlet 
loss is insignificant in static air. 

In another study, there were no sig­
nificant differences on the 10-mm cyclone 
for air velocities ranging from 50 to 300 
ft/min, for dust loads ranging from 0.5 
to 6 mg/m3, or for sampler orientation 
(2). The orientations tested were facing 
toward airflow, facing away from airflow, 
and perpendicular to airflow direction. 

HIGH-VELOCITY AREAS 

Many current factors in mining are con­
tributing to a need for increased air­
flow. For example, as mining expands to 
greater depths, methane levels tend to 
increase (3) and higher air velocities 
are needed-to sufficiently dilute the 
methane gas. 

Longwall mining, which is also increas­
ing each year, generally requires air­
flows that are higher than on continuous 
or conventional mining sections. Air­
flows as high as 1,200 ft/min have been 
recorded on U.S. longwall panels. These 
increases in airflow velocity are pri­
marily due to--

1. The decreased intake area on long­
wall panels. 

2. The increased air volumes needed to 
adequately dilute the large quantities of 

where ds particle stop distance, 

Q = sampler volumetric flowrate, 

and T = relaxation time for the 
largest particles of 
interest. 
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contaminating gases released due to long­
wall mining's high coal extraction rate 
and overburden fracture. 

High air velocities can also be encoun­
tered in surface mining and may affect 
the sampling performance of the cyclone 
whenever strong winds are present. The 
air direction and velocity can change 
drastically in minutes, and as little as 
an 8-mi/hr wind can produce a 700-ft/min 
flow past the cyclone. 

HIGH-VELOCITY STUDIES 

Studies have been performed on various 
samplers at velocities above 300 ft/min, 
but none of these studies have been 
primarily concerned with respirable 
dust sampling by the 10-mm cyclone 
sampler. A study performed on the 
collection efficiency of an environ­
mental aerosol sampler used in the United 
Kingdom showed reduced efficiency at 
high velocities (4). At wind veloci­
ties above 790 ft/min, only 60 pct of 
the 6-µm AED particles and only 15 pct 
of the 10-µm particles were sampled, as 
compared to results with isokinetic 
samplers. 

A similar study was performed on the 
collection efficiency of three types of 
field dust sampling filter cassettes (5). 
Tests were conducted in a chamber -in 
which the cassettes were rotated to gen­
erate relative wind velocities of approx­
imately O, 400, and 1,000 ft/min. The 
worst case recorded was for a 37-mm open­
face cassette which oversampled by a 
factor of 2 when faced into the wind and 

undersampled when its inlet was at 90° 
and 180° to the airflow. 

The effects of wind direction on inlet 
efficiency were also observed by the Uni­
versity of Minnesota's Particle Technol­
ogy Laboratory on a newly designed inlet 
for sampling inhalable particles (6). 
This work suggested that shielding the 
inlet might reduce the effects of 
velocity. 

In this report the term "sampling 
error" refers to the sampling bias re­
sulting from the inlet. Other factors 
can also contribute to the overall sam­
pling error, such as dust deposition of 
the inner tubing walls, response of the 
light-scattering device used, fluctuation 
in dust feed, and other errors. However, 
we feel these errors are small when com­
pared to the effect of velocity on the 
sampler inlet efficiency. 

Dust collection on the inner walls of 
the cyclone and tubing could be a factor 
in dust sampling but was judged insignif­
icant because once the air enters the 
cyclone, it is not dependent on the 
effects of the external air velocity, and 
all inner walls were of equal length. 

Light-scattering photometers, used to 
measure mass dust concentrations, can be 
influenced by changes in the dust size 
distribution. Because the cyclone clas­
sifies the particles to permit only 
"respirable" sized particles to pass into 
the instrument, the effect should be 
minor. However, future research to ver­
ify this may be warranted. 

EQUIPMENT 

Testing was conducted in a wind tunnel 
at the Pittsburgh Research Center. 
Pittsburgh coal seam dust was loaded into 
a hopper. The dust feed was sized so 
that 100 pct passed through a 20-mesh 
screen, and 20 pct through a 200-mesh 
screen. The dust was transported by 
a controlled vibrator from the hopper 
into a grinder. From the grinder, the 
coal dust (approximately all passing 200 

mesh) was blown by a small fan into a 
near-static chamber, where it was uni­
formly mixed with air. 

Figure 1 shows the exhaust ventilating 
wind tunnel setup. The dusty air first 
entered the section where the low­
velocity sampling was performed. This 
was followed by the much narrower (18-in 
diam) high-velocity sampling section. 
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FIGURE l .• Testing setup. 

Impactor size distribution measurements 
were taken to insure that the experi­
mental conditions did not change the coal 
dust particle size distribution. In 
the low-velocity section, an Andersen 
eight-stage cascade ambient impactor was 

used. In the high-velocity location, an 
Andersen eight-stage in-stack isoki­
netic sampler was used. Impactors were 
operated according to manufacturers' 
instructions. 

TEST PROCEDURES 

Tests were conducted to determine the 
effects of (1) air velocity, (2) inlet 
orientation, and (3) inlet shielding on 
the sampling efficiency of the 10-mm 
cyclone. 

AIR VELOCITY 

The total velocity range tested was 85 
to 2,000 ft/min. The high-velocity air­
flow ranged from 400 to 2,000 ft/min, in 
400-ft/min increments. The low-velocity 
airflow was approximately one-fifth of 
the high-velocity airflow. Table 1 shows 
the five different test conditions. Air­
flow measurements were taken for each 
test using a hot wire anemometer. 

The coal dust aerosol was sampled 
through the 10-mm Dorr-Oliver nylon cy-
clones located in the center of each 
testing location. The cyclones were 
connected by equal lengths of flexible 

tubing to instantaneous-reading GCA real­
time aerosol monitors (RAM-I)(?)•6 

TABLE 1. - Air velocities tested 

Test Air velocity, ft/min 
High Low 

1•••••••••••••••••• 400 85 
2•••••••••••••••••• 800 170 
3•••••••••••••••••• 1,200 250 
4•••••••••••••••••• 1,600 340 
5 •••••••••••••••••• 2,000 420 

The RAM instruments were connected to a 
strip chart recorder to give a continuous 
concentration measurement. The average 
concentration for a given time interval 
was determined by integrating the area on 
the chart, using a polar planimeter. 

6Reference to specific products does 
not imply endorsement by the Bureau of 
Mines. 
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Four cyclones were used, two in each 
section of the tunnel. One cyclone in 
each section was mounted on a narrow rod 
which could be turned to allow the cy­
clone to sample in any direction; the in­
let of the other cyclone (the reference 
cyclone) was always oriented into the 
airflow. 

Another test sequence was performed us­
ing a shield to reduce the velocity ef­
fects on the cyclone inlet (fig. 2). The 
shield was crudely constructed of a short 
piece of aluminum bent into an approxi­
mately 1.2-in-diam cylinder, which was 
centered around the cyclone inlet. No 
attempt was made to optimize the design. 

The effect of velocity on cyclone per­
formance was determined by comparing the 

amount of dust sampled from the same 
airstream moving at a low and a high 
velocity. As mentioned earlier, previous 
tests (2) showed that cyclone sampling 
performance was not significantly af­
fected by low-velocity airflows (less 
than 300 ft/min). We therefore com­
pared the sampling performance of the cy­
clone in high velocity against that of a 
"reference" cyclone in the low-velocity 
airflow. 

The particle size distributions were 
measured at each velocity during one par­
ticular run. Measurements were taken for 
approximately 30 min, simultaneously, in 
the low- and high-velocity sections to 
determine the size distribution. 

FIGURE 2.• Shielded (left) and unshielded (right) cyclones. 
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INLET ORIENTATION 

The sampling inlet of the 10-mm cyclone 
is not perpendicular to the cyclone body, 
but is tangential to the inside body 
area. The direction of airflow to the 
cyclone inlet for our testing can be seen 
in figure 3. 

The movable cyclone was tested in 
three different orientations: (1) facing 
directly into the airflow (0°), (2) per­
pendicular to the airflow (90°), and (3) 
facing away from 
reference cyclone 
into the airflow. 
for each cyclone 

the airflow (180°). The 
always faced directly 
Three runs were made 

orientation at each air 
velocity to ensure repeatability for each 
test, and the three values were averaged 
to obtain the effect of a specific orien­
tation at a specific velocity. 

The first series of tests evaluated the 
effects on the normal cyclone (un­
shielded). At each velocity, the movable 
cyclone was rotated to the different 
orientations at 3- to 5-min intervals, 
and the results were compared to the 
reference cyclone. 

INLET SHIELDING 

In an effort to reduce the effects of 
orientation and velocity, the rotated 

180° 
( Away from) 

90° 
(Perpendicular) 

Cyclone inlet 

oo 
(Directly into) 

FIGURE 3. ~ Testing orientation to airflow. 

cyclones were shielded in both the low­
and high-velocity sections. The sta­
tionary cyclones were unshielded and used 
for reference. The shielded cyclones 
were rotated through the different orien­
tations as in the unshielded tests. In 
interpreting the results, the data from 
the reference cyclone in the low-velocity 
section were used as the base line. 

RESULTS 

Both velocity and inlet orientation 
affected the sampling efficiency of the 
unshielded cyclone. As air velocity in­
creased, the percent sampling error 
increased relative to the reference cy­
clone in the low-velocity section. Fig­
ure 4 shows the effect of velocity on the 
sampling efficiency of the cyclone at the 
0° orientation. Generally as velocity 
increased, the amount of oversampling 
also increased. 

The effect of the cyclone orientation 
at the different velocities is shown in 

figure 5. The data for the 90° and 
180° cyclone orientations are compared 
to those of the reference cyclone (0° 
orientation) for the same velocity. 
At both the 90° and 180° orientation, 
trends showed that as velocity in­
creased, the amount of undersampling also 
increased. The percent of undersampling 
was consistently greater at the 90° 
orientation than at the 180° orienta­
tion. Error bars show one standard 
deviation. 
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The size distribution of the coal dust 
did not change when the dust was accel­
erated through the high-velocity section, 
nor was there a significant change in the 
sizes between 400 and 2,000 ft/min. 
Table 2 gives the mass median aerodynamic 
diameter (MMAD) and the geometric stand­
ard deviation for each velocity. 

TABLE 2. - Particle size analysis, 
mass median aerodynamic diameter 

Test 
High velocityl Low velocity2 

MMAD, 
µm 

Std. dev., 
CJ 

MMAD, 
µm 

Std. dev., 
CJ 

1•••• 
2 •••• 
3 •••• 
4 •••• 
5 •••• 

5.80 
4.22 
4.60 
3.85 
4.62 

2.57 
2 .18 
1.95 
2.26 
2.29 

4.15 
4.40 
4.60 
3.90 
3.82 

3.12 
2.29 
2.42 
2.32 
2.22 

l Andersen stack. 2Andersen cascade. 

The effects of velocity and orientation 
were reduced by shielding the cyclone 
inlet. Figure 6 shows that the shielded 
cyclone at the 0° orientation reduced the 
amount of sampling error at the higher 
velocities, when compared to the low­
velocity reference cyclone. The greatest 
amount of error recorded was at the 

-
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FIGURE 6.• Shielded velocity results, 

400-ft/min velocity, at which the 
shielded cyclone undersampled by approxi­
mately 14 pct. 

The shielded cyclone also reduced the 
effects of orientation. Figure 7 shows 
the reduced sampling error from changing 
the cyclone orientation to 90° and 180° 
as compared to the reference cyclone (0°) 
at the same velocity. 
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FIGURE 7, • Shielded orientation results. 
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ISOKINETIC 

DISCUSSION 

Theoretical considerations of aniso­
kinetic sampling of aerosols and turbu­
lence pattern effects on inlet sampling 
would explain the results shown in this 
preliminary study. 

The relationship between sampler inlet 
velocity and the velocity of air around 
the sampler can significantly change 
the mass sampled. Consider the 0° ori­
entation and the effects at the three 
possible inlet sampling conditions. Fig­
ure 8 shows the sampler inlet, the flow 
volume, and the flow lines around the 
sampler at the three possible inlet 
conditions for a blunt-edged orifice. As 

SUPERISOKINETIC 

Sampler 
inlet 

SamplerFlow 
volume inlet 

SamplerFlow 
volume inlet 

SUB ISOKINETIC 

FIGURE 8. - Sampling flow conditions. 

the airstream velocity increases, the 
flow volume decreases. At one extreme, 
there is the superisokinetic flow con­
dition, in which some of the large par­
ticles are not pulled into the sampler 
inlet because their inertia carries them 
across the flow lines; the cyclone thus 
undersamples. At the other extreme, in 
the subisokinetic flow condition, some 
additional particles are captured from 
outside the flow volume, and the measured 
dust concentration is higher than the 
real concentration. The amount of over­
sampling should increase with velocity, 
which was exactly what occurred during 
laboratory testing at the 0° orientation. 

The Institute of Occupational Medicine 
in the United Kingdom has looked specifi­
cally at the flow characteristics around 
blunt samplers (8). While the flow pat­
terns can be complicated, the flow lines 
follow a symmetrical pattern (fig. 9) if 
averaged out over a long period of time. 
These flow patterns can help to better 
understand the results of the tests at 
the 90° and 180° orientations. In the 
90° position, the flow velocity increases 
as the flow travels around the side of 
a circular object. A portion of the 
particles are carried past the inlet due 
to their inertia. In the 180° position, 
the inlet is in a turbulent wake of the 
circular object. 

The data show that the largest amount 
of undersampling occurred at the 90° 
position since the particle inertia 
carried particles past the sampler inlet. 
In the 180° position, results approached 
the low-velocity values, because the 
velocity in the turbulent wake was much 
lower than the actual air velocity and 
consequently inlet efficiency improved. 

Lowering the air velocity at the cy­
clone inlet would seem to insure that all 
samples, regardless of orientation, would 
not be biased due to external effects. 
When a shield was placed around the cy­
clone inlet, a turbulent wake was created 
that substantially lowered the velocity 
inside the shield. Since sampling was 
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FIGURE 9." Flow pattern around a circular object. 

performed in a relatively quiescent cav­
ity, between the shield and the cyclone, 
the effects of velocity and orientation 
were reduced from those of the uninter­
rupted airstream. The concept of using a 
shield to lower the velocity around the 
inlet was explored, but no attempt was 
made to determine the optimum shield. 
Further refinements of the inlet shield 
should minimize bias. 

The shield was used to block the direct 
flow of air and to create a turbulent 
flow around the cyclone's inlet, while 
substantially lowering the velocity in 
the inner shield region. The flow lines 
around the outside shell of the shield 
are similar to those for the normal 
unshielded cyclone, but inside the shield 

where the sampler inlet is located, the 
flow is turbulent in all orientations and 
at a much lower velocity. The creation 
of a turbulent region while lowering the 
airstream velocity 
both the 180° 
shielded results 
closer to the 
value. 

was apparently why 
orientation and the 
consistently sampled 

expected low-velocity 

It is possible that the sampler, when 
worn by an individual, is somewhat 
shielded by the individual and therefore 
would retain some of the accuracy, even 
at high velocities. This degree of 
shielding would be dependent on the 
actual location of the sampler, and the 
physical size, shape, and clothing of the 
individual. 

CONCLUSION 

The performance of the 10-mm Dorr­
Oliver nylon cyclone is affected by high 
air velocities. The higher the velocity, 
the greater the sampling error with 
respect to the expected low-velocity val­
ue. Also, the higher the velocity, the 
greater the sampling difference from one 
cyclone orientation to another. 

There are many environments in both 
underground and surface mining industries 

where velocities exceed 300 ft/min (3.4 
mi/hr). Shielding the 
be one way to minimize 
high-velocity airflow, 
needs to be performed 
The laboratory results 
eral trends, but a more 
needed. 

cyclone seems to 
the effects of 

but more testing 
with the shield. 

did show some gen­
in-depth study is 
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