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ABSTRACT

This report describes the development and calibration of
a Five-Stage Cyclone System designed and fabricated by Southern
Research Institute under EPA Contract Number 68-02-2131. The
cyclone system was calibrated using a vibrating orifice aerosol
generator to generate monodisperse particles of dye of large
diameter for use at ambient and higher temperatures, and a pres-
surized Collison nebulizer to disperse monodisperse latex par-
ticles of small diameter for use at ambient temperature. Re-
sults from calibrating the cyclones at several conditions of
flow, temperature, and particle density suggest that the Dsy
cut points are proportional to the flow rate of the gas raised
to a negative exponent which is between -0.63 and -1.11, lin-
early proportional to the viscosity of the gas, and proportional
to the reciprocal of the square root of the particle density.
At 25°C (77°F), 28.3 &/min (1.0 ft3/min) and for a particle
density of 1.0 gm/cm®, the Ds, cut points of the cyclone
system were 5.4 uym, 2.1 uym, 1.4 um, 0.65 um, and 0.32 um
for Cyclones I-V, respectively.
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SECTION 1

INTRODUCTION

The majority of measurements to determine the particle-
size distribution in process streams are made with cascade impac-
tors. Impactors, however, have several limitations:

* There is not enough mass collected for chemical analysis
of the particles in each size fraction.

* Frequently there is not enough mass collected on some
stages to be weighed accurately.

* Particle bounce and reentrainment cause an unpredic-
table, but significant, error in the stage and backup
filter catches.'

* When the mass concentration is high, the sampling time
may be undesirably short.

» Impactors are used with lightweight collection substrates
which are often unstable in mass when exposed to the
process stream.?

A series of cyclones with progressively decreasing cut
points will perform similarly to impactors, but without many
of the associated problems.

Cyclones, however, also have limitations to their applica-
bility:

* There is no general theory to describe the performance
of small cyclones under field test conditions.

« Sampling times may be undesirably long at sources where
the mass concentration is low.

An experimental study is described in this report that
was undertaken to develop and evaluate a system containing five
cyclones and a backup filter in series. The cyclones were cali-
brated, using monodisperse aerosols, over a rande in temperature,
flow rate, and particle density similar to that expected for
field sampling. In addition to demonstrating the utility of



cyclones for in-situ particle-size analysis, it is intended that
the experimental data obtained will supplement that already avail

able to serve as the basis for the development of a more accurate
theory of cyclone performance.

Section 2 contains a brief summary of previous work related
to this study. Section 3 describes the design and evaluation
of the Environmental Protection Agency-Southern Research Insti-
tute cyclone system. Section 4 is a summary of the important

experimental results and Section 5 contains shop drawings for
the new system.



SECTION 2

BACKGROUND

Several theories have been suggested that attempt to pre-
dict cyclone behavior. Typically, the theories are based on the
classical equation for centripetal force (mv?’/r) and include
additional terms to describe effects such as viscosity drag
and turbulent flow of the gas in the cyclone. The final equa-
tion usually gives the cyclone's collection efficiency in terms
of the cyclone's dimensions and various parameters of the test
aerosol. The dimensions of the cyclone are frequently expressed
as ratios. For example, the height (h) of a cyclone, the inlet

diameter (din)’ and the exit tube diameter (dex)’ might be ex-

pressed as fractions of the diameter of the cyclone body, D;
h/D, din/D’ and dex/D, respectively. Cyclone performance also

depends upon the particle diameter, the particle density, the
gas flowrate, and the gas viscosity.

Cyclone behavior may conveniently be expressed in terms
of a "Dso" cut point, which is the diameter of the particle
which is collected with 50 percent efficiency. The conventional
theory of Lapple gives the cyclone Dsg cut point as a square
root function of several parameters:

9 HB %y
Do = c ¢
>0 21N p O (1)

e

where Dso is the diameter of particles which will be collec-
ted with 50 percent efficiency,
N, is the "effective" number of turns made by the gas
stream in the cyclone,
is the flowrate of the gas through the cyclone,
is the width of the cyclone inlet,

is the height of the cyclone inlet,

is the density of the particles, and
is the gas viscosity.

= Q QO O

For most conditions of cyclone experimentation, the gas viscosity
is solely a function of temperature and gas composition, so
that Lapple's theory gives the Ds, cut point in terms of easily



measured variables: gas temperature, cyclone inlet dimensions,
gas flowrate, and particle density. Unfortunately, because

of the complicated flow patterns in cyclones, Ne is difficult
to predict.

Leith and Licht" proposed a somewhat different, semiempiri-
cal, equation for cyclone Dsg's:

2n+2

5
|{ 180BeHc\ [ 4
Dso = AT ART (Ui\ﬁ;) (2)

where C is a cyclone geometry coefficient dependent on the
cyclone's dimension ratios only,
D is the diameter of the cyclone body, and
n is a parameter that depends on the cyclone diameter and
the gas temperature.

This equation includes the same Vv1/Qp term as did Lapple's
equation, but it also contains the variable n which is dependent
on the gas temperature. Thus, as the gas temperature changes,
the Ds¢ will not be a simple square root function of the gas
viscosity.

The theories of Lapple, and Leith and Licht provide a basis
for comparison of recent experimental data. Other cyclone theo-
ries are discussed by Leith and Mehta® and by Chan and Lippmann.®

Previous experimental work by Smith, et al’ on small cy-
clones has shown that small cyclones perform comparably to im-
pactors. Figure 1 compares data from the study of Smith, et
gl,; with impactor calibration data reported by Cushing, et
al. T

Work reported by Cushing, Felix, and Smith® on the cali-
bration of the middle cyclone of the EPA Source Assessment Sam-
pling System (SASS) included data taken at two particle den-
sities and three values of gas viscosities. The cyclone is
approximately four inches in diameter and ten inches in height,
including the collection cup. Figure 2 shows collection effi-
ciency versus particle diameter curves for particle densities
of 1.35 gm/cm® and 2.04 gm/cm®. These data support the hypo-
thesis that a cyclone Dsy, is inversely proportional to the
square root of the particle density. Figure 3 shows that the
experimental relationship between Ds, and gas viscosity (or
temperature) is not a square root, but a linear relationship.
An earlier calibration by Cushing et al ° also indicated the
Dsy vs. flowrate relationship is not a square root relationship.
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Chan and Lippmann,® in their development of an empirical
theory, also observed that the Ds, of cyclones does not have
an inverse square root dependence on the sample flowrate.

In fitting an equation of the form, Ds, = kKQ", to their experi-
mental data, n was found to be between -0.636 and -2.13 for cali
bration data from several cyclones. Figure 4 is the data of
Chan and Lippmann showing the experimental Ds, vs. flowrate
relationship for several cyclones. Notice that one set of

data has two lines fitted to it, presumably due to an abrupt
change in the gas flow pattern in the cyclone at higher flow-
rates. Figure 5 shows additional data from a study by Blachman
and Lippmann that also suggests a discontinuity in the Ds, vs.
flowrate relationship.!?

In summary, there does not yet seem to be a theory which
can accurately predict small cyclone Dso, cut points for vary-
ing aerosol flowrates and viscosities. Nevertheless, conven-
tional theories, semi-empirical theory, and experimental data
agree that the Dso's of small cyclones are inversely propor-
tional to the square root of the particle density. However,
experimental data indicate that the Dso's of small cyclones
are not inversely proportional to the square root of the flow-
rate nor directly proportional to the square root of the gas
viscosity, as some theories predict.
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SECTION 3
TECHNICAL DISCUSSION

A. Cyclone Design

Figure 6 shows the EPA-Southern Research Institute cyclone
system. One prototype system is made of aluminum, with silicone
rubber o-rings, and a second prototype system is made of titanium,
with metal o-rings. The system is designed to operate instack,
at a sample flowrate of 28.3 %/min, and is compact enough to fit
through a 10 cm diameter port. The objective was to obtain five
cut points equally spaced on a logarithmic scale within the range
of 0.1-10 um. Since there is no theory that is sufficiently accu-
rate to serve as a basis for small cyclone design, the individual
cyclones of the system were designed empirically. The dimensions
were selected to be identical or related to those of cyclones
that had been previously evaluated in our laboratories.’ Lapple's
equation was used to obtain extrapolated cyclone dimensions
for cutpoints between those observed previously, and some rede-
sign based upon trial and error was required to achieve the
final designs.

The cyclones are numbered sequentially as I through V,
starting with the largest. Cyclones II-V are of conventional
design, as shown in Figure 7. Cyclone I is somewhat different,
with the gas exit tube passing through the collection cup as
shown in Figure 8.

B. Experimental Procedures

Two aerosol generator systems were used to calibrate the
cyclones. A vibrating orifice aerosol generator was used to
produce dye particles 1.2-8 um in diameter. A Collison nebuli-
zer system was employed to disperse latex .spheres of 0.3-2.0 um
diameter.

The vibrating orifice aerosol generator (VOAG) is shown
in Figure 9. This system is similar to that developed by
Berglund and Liu'' and has been described previously by Cushing
et al.® The two types of dye particles were ammonium fluores-
Cein (density 1.35 gm/cm’) and du Pont Pontamine Fast Turquoise
8GLP dye (density 2.04 gm/cm’). The VOAG system was used to
calibrate Cyclones I, II, and III at flowrates of 14.2 and
28.3 2/min (0.50 and 1.00 ft’/min) and temperatures of 25.

11
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93, and 204 C (77, 200 and 400°F); and Cyclone IV at 7.1 &/min
(0.25 f£t3 /min) and 25°C (77°F). All of the internal surfaces

of the cyclones were washed after sampling, and the mass col-
lected on each surface was determined by absorption spectroscopy.

The apparatus used to heat the turquoise dye aerosol to
the desired temperatures is shown in Figure 10. A pump was
used to obtain the desired air flow through .the cyclones. 1In
general the cyclones were calibrated individually with a 47 mm
Gelman Filter holder connected to the cyclone gas exit "tube 8
cm from the cap. For tests in which the flowrate of the aerosol
stream from the VOAG was greater than the desired flowrate through
the cyclone, the bleed valve was opened to allow the excess air
to escape. For tests in which the flowrate from the VOAG was
less than the desired flow through the cyclone, makeup air was
supplied through the absolute filter. The aerosol stream to the
cyclone passed through a heated copper tube and the temperature
- was measured at the inlet of the cyclone. The sampling port was
used to collect and examine heated particles for correct size,
color, shape, and general integrity. The cyclone to be tested,
and a glass fiber back-up filter, were kept-heated in an oven at
the” same temperature as the aerosol stream. The air exiting the
filter entered a heat exchanger which allowed the air to come to
room temperature. The flowrate was measured with a calibrated
orifice located just upstream from the pump. A valving arrange-

ment on the pump was used to adjust the air flow to the desired
rate.

The second aerosol generator, shown in Figure 11, was
a pressurized Collison nebulizer which was used to disperse
polystyrene latex (PSL) particles,with dlameters from 0.312 um
to 1.099 pm and with a density of 1.05 gm/cm® and polyvinyl--
toluene partlcles with diameters of 2.01 ym with a den51ty of
1.027 gm/cm®, A general description of the system was given
by Calvert, 12 and a more specific description by Cushing, et
al. The Collison system was used to calibrate Cyclones IV
and V at three flowrates' 7.1, 14.2, and 28.3 %/min (0.25,
0.50, and 1.00 ft®/min). Due to the low melting point of the
latex spheres, cyclones IV and V were calibrated at 25°C (77°F)
only.

le6
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SECTION 4

EXPERIMENTAL RESULTS

Table 1 lists the experimental parameters for the labora-
tory calibration study. As previously stated, three values
each of flowrate, particle density, and gas temperature were
used to simulate a range of conditions that might be expected
in field use. The object of the experiments was to accu-
rately determine the Dsy cut points of the cyclones by measuring
the collection efficiency of the cyclones for particle diameters
near the Dsy.

Table 1

Laboratory Calibration of Five Stage Cvclone System
Test Conditions

Cyclone I IT ITI v \Y
Flowrate Temperature
2/min. degrees C
7.1 25 T/P P
14.2 25 T T T/A p p
28.3 25 T T T/P P P
28.3 93 T T T
28.3 204 T T T

T is turquoise dye particles
A is ammonium fluorescein particles
P is polystyrene latex or polyvinyltoluene particles

In tests conducted with particles generated by the VOAG,
each point on the collection efficiency graphs represents the
entrance of a very large number (over 107) monodisperse particles
into the cyclone inlet. Thus, each data point was found to be
reproducible to within one or two percent of the initial value
of the collection efficiency, except for particle diameters very
close to the Dso cut point where the efficiency curve is almost

vertical.



The sample flowrate, as measured by the metering orifice,
was accurate to within 1 %/min. The temperature of the dye
aerosol was accurate to within 3°C of the true value. The den-
sity of the dye particles was accurate to within 0.05 gm/cm®

and the reported size is estimated to be within 1% of the true
size.

For tests conducted with the Collison system, the aero-
sol concentration was approximately 10-40 particles/cm®. One
minute samples were run alternately through the cyclone and
the bypass line. At least five sets of inlet/bypass data were
averaged to calculate each point shown in the graphs of collec-
tion efficiency vs. particle diameter. The flowrate was mea-
sured by an electronic mass flowmeter that is accurate to within
t1 %/min of the true value. The temperature was stable to with-
in 1°C. The density of the latex particles is reported to be
accurate to three significant digits. Particle size standard
deviations were less than 0.0082 micrometers for sizes smaller
than 2 micrometers in diameter and 0.0135 micrometers for the
2.020 micrometer diameter particles.!® The average standard
deviation of the collection efficiency was 5% except for par-
ticle diameters very close to the Dsg cut point.

The collection efficiency curves for Cyclones I, ITI,
and III, calibrated at 28.3 %/min with turquoise dye par-
ticles (particle density 2.04 gm/cm’) at temperatures of 25,
93, and 204°C (77, 200, and 400°F), are shown in Figures 12
and 13. The steepness of the curves indicate the extent to
which the cyclones will have ideal behavior at these conditions.
In Figure 13, the solid symbols represent collection efficien-
cies measured using latex particles and the Collison system
and are called derived data. Derived data are values of col-
lection efficiency and Dso which were measured using particles

~of a different density than that listed on the graph and were

then transposed to particle diameters of equivalent aerodynamic

behavior apd tbe same density as those listed, by means of Stokes
law. Application of Stokes law yields:

o
C 2

where D; and D, are the diameters of particles of densities

p1 and p2, respectively, which have the same aerodynamic
behavior, and

C, and C, are Fhe slip correction factors for particles
of diameters D, and D, , respectively.

Equation_(}) must be solved by iteration to yield D, and C,
from an initial value of D; and C,.

20
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Figure 12. Collection efficiency of EPA-S.R.I. Cyclone | at a flow
of 28.3 U/min, temperatures of 25, 93, and 204°C, and
for a particle density of 2.04 gm/emS.
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Figure 13. Collection efficiency of EPA-S.R.I. Cyclones Il and [ll at

a flow of 28.3 2/min, temperatures of 25, 93, and 204°C,
and for a particle density of 2.04 gm/cmf”. Solid symbols:
Derived from data taken at a particle density of 1.05 gm/cm3.
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As an example, in Figure 13, the collection efficiency
of Cyclone III was 23% for PSL particles, 1.099 um in dia-
meter and with a density of 1.05 gm/cm®. Using these values
in equation (3), we find an equivalent diameter for particles
of density 2.04 gm/cm?.

(2.04) (Cy)

Therefore, in Figure 13, the 23% collection efficiency for Cy-

clone III is plotted at .75 um. Similarly, the 99% collection

efficiency is plotted at 1.4 um for a particle density of 2.04

gm/cm?® instead of the actual 2.0 pm diameter for the polyvinyl-
toluene particle density of 1.027 gm/cm?.

5
D, = [(1'05)(1'152) ] (1.1) = .75 pum.

Figure 14 shows the collection efficiency curves for
Cyclones I, II, and III, calibrated at a flowrate of 14.2
/min and temperature of 25°C with turquoise dye particles

(particle density 2.04 gm/cm’®). The two derived data points
were obtained using ammonium fluorescein (particle density
1.35 gm/cm?’). Again the steepness of the collection efficiency

curves indicates that the cyclones have nearly ideal col-
lection characteristics at the reduced flowrate of 14.2 ¢pm.

In the collection efficiency curves for Cyclone III in
Figure 14, the transposed data taken using the ammonium
fluorescein dye and the turquoise dye lie close to a single
smooth curve as would be expected according to Stokes' law.

Figure 15 shows the collection efficiency curves for
Cyclones IV and V for a temperature of 25°C and flowrates
of 7.1, 14.2, and 28.3 4/min. The open symbols indicate
data taken using either polystyrene latex particles (density
1.05 ?m/cma) or polyvinyltoluene particles (density 1.027
gm/cm”) The darkened symbols represent data taken using
turquoise dye particles (density 2.04 gm/cm’) and trans-
lated to a density of 1.05 gm/cm® using Stokes' law. The limita:
tion in the particle sizes available in the range 1.0 uym to 2.8
um is quite evident and the uncertainty in the values of the Dsy
cut point that are in this size range is greater than for those
cut points that lie outside this size range.

The data cited above were for each of the cyclones
sampling at the same actual inlet flows. However, when
operating the cyclones as a series train, the inlet flowrate
to each cyclone will be slightly different due to the pres-
sure drops across the cyclones preceding it. 1In order to
allow more accurate calculations of the cyclone Dsy cut
points in field operation, the pressure drop was measured
across each cyclone at the same mass flow with the inlet
of the large cyclone operating at ambient pressure and tem-
perature and at 28.3 2/min. The results of this measurement
are listed below:
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Figure 14. Collection efficiency of EPA-S.R.I. Cyclones |, Il, and 11/
at a flow rate of 14.2 2/min, a temperature of 250C, and
for a particle density of 2.04 gm/cm3. Solid symbols:
Derived from data taken at a particle density of 1.35 gm/cm-?,
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Barometric Pressure = 747 mm Hg Ambient Temperature =

Cyclone Pressure Drop AcCross % of Total Pressure
Cyclone Drop

I 5.1 mm H,0 0.22

II 40.6 mm H,0 1.76

I1I 71.1 mm H,0 3.07

v 332.7 mm H,0 14.37

\Y 137.2 mm Hg 80.58

Total 170.2 mm Hg 100.00

These pressure drops were measured without a backup f
downstream of Cyclone V. If a back-up filter is used, its
pressure drop should be measured separately and subtracted
from the total pressure drop to yield just the pressure
drop across the cyclones. Then the above percentages can
be used to determine the flow at the inlet of each cyclone

A study of particulate deposition in a cyclone during

25°C

Inlet Flow
2/min

28.3
28.8
28.9
29.1
30.1

iber

its operation yielded some interesting results. Deposition

data were taken from tests on three cyclones at two flow-

rates and two particle densities. The aerosol particles collec-

ted were turquoise dye and ammonium fluorescein. The par-
ticulate concentrations were low and thus no data were ob-
tained under conditions where there was a large amount of
material on the surfaces. The analysis was performed by
rinsing the various parts of the cyclone separately after
each test and measuring the absorbance of each wash with a
spectrophotometer. The data on deposition are listed in

Table 2, with a short explanation, and plotted in a bar graph

format in Figure 16. In each cyclone, the largest deposit

ion

occurred in the cone. The next largest depositions occurred

in the cup.

For each of the cyclones, the material collected inside

the exit tube was considered part of the catch of the next
stage. It was questioned whether a similar procedure shou
be used for the gas exit control cup of Cyclone I. During
the calibration procedure, particulate matter collected in
the gas exit control cup was measured separately from that
collected in the rest of the cyclone. Figure 17 shows the
results of these measurements. Since the cup's collection
efficiency is zero for particles slightly larger than the

Dso of Cyclone II, for data reduction the catch of the con
trol cup was considered to be part of the Cyclone II catch
and not part of the Cyclone I catch.

14
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TABLE 2

DEPOSITION STUDY

Cyclone I at 14.2 &/min, ambient temperature, 6 um dye particles

Collection Efficiency - Cyclone 53.3%
Deposition - Cylinder and inlet 21.3%
Cone and top of cup 55.6

Cup and outside of exit tube 23.1
Total in cyclone 100.0%

Cyclone II at 28.3 &¢/min, ambient temperature, 2 um dye particles

Collection Efficiency 93.3%
Deposition - Cylinder and inlet 2.4%
Cone and top of cup 51.0
Collection cup 46.0
Top of cyclone and outside of
gas exit tube 0.6
100.0%

Cyclone III at 14.2 ¢/min, ambient temperature, 2 uym ammonium
fluorescein particles

Collection Efficiency 32.5%
Deposition - Cylinder and inlet 0.0
Cone and top of collection cup 72.1
Collection cup 27.9
Top of cyclone and outside of
gas exit tube 0.0
100.0%
Note: Inside of gas exit tube was not considered part of

the cyclone catch.
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Figure 16. Deposition of particulate mass in EPA-S.R.I. Cyclones |, I1, and 11l
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Cyclone | gas exit control cup at a flow rate of 28.3 2/min,
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Figure 18 shows the change in Dso cut point due to the
change in gas viscosity for Cyclones I, II, and III. Vis-
cosity is dependent only on temperature’ for our calibration
conditions, and the wviscosity values 183, 214, and 259 mi-
cropoise correspond to 25°C, 93°C, and 204°C respectively.
These values of viscosity were calculated from the equation

3/2 |
MOF TO68T ¥+ 7.8 (4)

where U is the viscosity in micropoise and T is the tempera-
ture in degrees Kelvin. Equation 4 is a curve fit to data
given in the Chemical Rubber Handbook for the viscosity of
air.!* For each cyclone, a linear regression has been per-
formed on the three data points to give the best straight
line. Although a search of the literature has not revealed

a theory which suggests a linear dependence of Dso on vis-
cosity, a straight line was suggested by the lack of a con-
sistent trend in curvature of the data and by the linear fit
made on earlier data shown in Figure 3.° The coefficient of
determination is near to unity for each set of data. The
curves have been extrapolated to 316°C for each cyclone and
replotted for a particle density of 1.00 gm/cm® in Figure

19. This facilitates the determination of the Dso cut points
at actual test conditions.

Figure 20 indicates the change in Dso¢ cut point due to
the change in gas flow for Cyclones IV and V. A power curve
was fitted to both sets of data points to yield the follow-
ing equations:

For Cyclone IV: Dso = 17.6 Q_O‘98 (5)
. where r? = 0.981

For Cyclone V: Dso = 14;0 Q'l'll (6)
where r? = 0.974

and r? is the coefficient of determination.

In their April 1977 work as discussed above, Chan and
Lippmann suggested that the relat%onship between Dsy cut point
and gas flowrate (Q) was Dsg = KQ where K and n are experi-
mentally determined constants.® From our data, the values
of n and K for Cyclones I-V are:
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Figure 18. Dgg cut point versus viscosity for EPA-S.R.I. Cyclones 1, 11,
and 11l at a flow rate of 28.3 &/min, temperatures of 25, 93,
and 2049C, and for a particle density of 2.04 gm/cm3
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Figure 19. Dsgg cut point versus viscosity for EPA-S.R.I. Cyclones 1, [/
and /11 at a flow rate of 28.3 %/min, temperatures of 25, 93,
and 2049C, and for a particle density of 1.00 gm/crm3
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Cyclone I II 111 v \

n -.63 -.70 -.84 -.98 -1.11
K 44.6 22.2 22.7 17.6 14.0

Note that only two data points were available to determine the
constants n and K for Cyclones I, II, and III. The range in
values for n reported by Chan and Lippmann was -0.636 to -2.13,
the reported magnitudes of K were from 6.17 to 4591, and the
diameters of the cyclones range from 10 to 152 mm. Also, the
geometries and relative dimensions of the cyclones used by Chan

and Lippmann may not have been identical to each other, or to
the ones used in this study.!®
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SECTION 5

SUMMARY

The EPA-S.R.I. cyclone system is an inertial particle
sizing device that is designed for in-situ sampling of indus-
trial process streams. It will fit through a 10 cm diameter
port and is equipped with nozzles of different diameters
to allow isokinetic sampling at the nominal sample flowrate
of 28.3 2/min.

In this study, the individual cyclones of the system
were tested and calibrated in the laboratory under conditions
similar to those frequently encountered in field tests: gas
temperatures of 25, 93, and 204°C, flowrates of 7.1, 14.2,
and 28.3 %/min, and particle densities of 1.05, 1.35, and
2.04 gm/cm’.

The Dso¢ cut points for the cyclone system at various
operating conditions are given in Table 3. For laboratory
test conditions (25°C, 28.3 %/min, particle density 1.0 gm/cm?)
the cut points are 5.4, 2.1, 1.4, 0.65, and 0.32 um. Figures
21 and 22 show some of the calibration curves that were ob-
tained. Figure 21 has efficiency vs. aerodynamic (particle
density = 1.0 gm/cm3) particle diameter plots at a sampling
rate of 28.3 2/min and Figure 22 shows similar data where
the flowrate is 14 &/min. These two figures illustrate that
the small cyclones have "sharp" efficiency curves and indicate
that the system should function adequately as a particle siz-
ing device. At the test conditions for Figure 21, the pres-
sure drop across the cyclone system was 170 mm Hg.

Data from this study wherein different particle densities
(p) were used tend to support the Dso vs. p*° relationship sug-
gested by several theories? '7+/!'® 0On the other hand, the experi
mental results indicated that the cut points were directly
proportional to the gas viscosity which is in opposition to most
theories.®7%r'® s/ '7 Also, it was found in this study and by Chan
and Lippmann® that the D¢,'s of small cyclones are not inversely

proportional to the square root of the flowrate as some theories
predict.
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TABLE 3

LABORATORY CALIBRATION OF THE FIVE-STAGE CYCLONES
Dso Cut Points

Cyclone I II IIT v A%
Particle Density (gm/cm3) 2,04 1.00 2.04 1.00 2.04 1.35 1.00 1.05 1.00 1.05 1.00
o
o Flow Temperature Cyclone Dsgy cut points
2 /min °c micrometers
7.1 25 2.5 (2.5) 1.5 (1.5)
14.2 25 5.9 (8.4) 2.4 (3.5) (1.7) 2.1 (2.4) 1.5 (1.5) .85 (.87)
28.3 25 3.8 (5.4) 1.5 (2.1) .95 - (1.4) .64 (.65) .32 (.32)
28.3 93 4.4 (6.3) 2.3 {3.3) 1.2 - (1.8)
28.3 204 6.4 (9.1) 2.9 (4.1) 1.9 - (2.8)

Dsy cut points enclosed in parentheses are derived from the experimental data using Stoke's law.
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Figure 21. Collection efficiency of the EPA-S.R.I1. Cyclones at a flow rate
of 28.3 U/min, a temperature of 250C, and for a particle
density of 1.00 gm/cmS3.
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Figure 22.  Collection efficiency of the EPA-S.R.l. Cyclones at a flow rate
of 14.2 /min, a temperature of 259C, and for a particle
density of 1.00 gm/cm3,
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Work is continuing in an effort to identify or develop
an adequate theory for the prediction of cyclone performance
under a range of test conditions.
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APPENDIX

SHOP DRAWINGS FOR THE EPA-S.R.I. CYCLONE SYSTEM
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Addendum

ASSY ITEM QUANT. NAME DESCRIPTION MATERIAL
B 1001A 1 Collection Cup Cyclone 11, 1.79" 0.D. X 1 5/16" L,
6A7-4V Titanium
B 1001B 1 Vortex Tube/Out- Cyclone II, 1.79" 0.D. x 1.6" L,
let 6AT7-4V Titanium
N/A 1001cC 1 Inlet Adapter Cyclone 11, 1.1 wx 1.1" H x 3/8" L,
6A7-4V Titanium
B 1002A 1 Collection Cup Cyclone 1II, 1.54" O.D. x 1.6" L,
6A7-4Vv Titanium
B 1002B 1 Vortex Tube/Out- Cyclone III, 1.54" O0.D. x 1.4" L,
let 6A7-4V Titanium
B 1002cC 1 Inlet Adapter Cyclone III, 0.8" w x 0.8" H x 3/8" L,
& 6A7-4V Titanium
1003C 1 (402C & 403C
Identical)
B 1003A 1 Collection Cup Cyclone 1V, 1.35" 0.D. x 1.6" 1L,
6AT7-4V Titanium
B 1003B 1 Vortex Tube/Out- Cyclone 1V, 1.35" 0.D. x 1.21" L,
let 6A7-4V Titanium

53
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Available from:

Cyclone I:
1l ea. #1000~1-7, 1.000"

2 ea. #1875-2-7, 1.875"

or #E-C-E-001750-5-7~1, 1.750" I.D.

Cyclone II:

2 ea. #1625-2-7, 1.625"

or ¥E-C-E-001500-5-7-

Cyclone III:

2 ea. #1375-2-7, 1.375"

or #E-C-E-001250-5-7-

Cyclone 1IV:

2 ea. #1188-2-7, 1.188"

or #E-C-E-001062-5-7-

Cyclone V:

2 ea. #1062-2-7, 1.062"

or #E-C-E-000938~5~7-

1 ea. #1938-2-7, 1.938"

or #E-C-E-001812-5-7-

Defco Park Road

North Haven, Connecticut

aAdvanced Products Co.

0.D. X 0.035"

O0.D. X 0.062"

0.D. X 0.062"

1, 1.500" I.D.

0.D, X 0.062"
1, 1.250" I.D.

0.D. X 0.062"

1, 1.062" I.D.

0.D. X 0.062"
1, 0.938" I.D.

0.D. X 0.062"
1, 1.812" I.D.

The following is a listing of seals reguired for a single set of cyclones:

Dia., Inconel X-750 Metal-O-Ring;

Dia., Inconel X-750 Metal-O-Ring,
X 0.062" Free Height Metal-C-Ring;

Dia., Inconel X-750 Metal-O-Ring,
X 0.062" Free Height Metal-C-Ring;

Dia., Inconel X-750 Metal-O-Ring,
X 0.062" Free Height Metal-C-Ring;

Dia., Inconel X-750 Metal-0O-Ring,
X 0.062" Free Height Metal-C-Ring;

Dia., Inconel X-750 Metal-O~Ring,
X 0.062" Free Height Metal-C~Ring;

Dia., Inconel X-750 Metal-O-Ring,
X 0.062" Free Height Metal-C-Ring,

06473
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at several conditions of flow, temperature, and particle density suggest that the D(50)
cut points are proportional to the gas flow rate raised to a negative exponent which is
between -0. 63 and -1.11, linearly proportional to the gas viscosity, and proportional
to the reciprocal of the square root of the particle density. At 25 C, 28. 3 liters/min,
and for a particle density of 1.0 g/cc, the D(50) cut points were 5.4, 2.1, 1.4, 0.65,
and 0. 32 micrometers for cyclones I-V, respectively.
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