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FOREWORD

When energy and material resources are extracted, processed,
converted, and used, the related pollutional impacts on our
environment and even on our health often require that new and
increasingly more efficient pollution control methods be used.
The Industrial Environmental Research Laboratory - Cincinnati
(IERL-Ci) assists in developing and demonstrating new and
improved methodologies that will meet these needs both
efficiently and economically.

This report presents the findings of an investigation of
air pollutant emissions from the reverberatory furnace pollution
control system at a primary copper smelter. The study was per-
formed to assess the degree of particulate emissions control and
control problems associated with the application of electro-
static precipitators in the nonferrous metals production
industry. The results are being used within the Agency's Office
of Research and Development as part of a larger effort to define
the potential environmental impact of emissions from this
industry segment and the need for improved controls. The
findings will also be useful to other Agency components and the
industry in dealing with environmental control problems. The
Metals and Inorganic Chemicals Branch of the Industrial Poll-
ution Control Division should be contacted for any additional
information desired concerning this program.

David G. Stephan
Director
Industrial Environmental Research Laboratory
Cincinnati
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ABSTRACT

This report describes tests to evaluate the performance
of an electrostatic precipitator installed on a copper rever-
beratory furnace. Particle size measurements were made with
modified Brink cascade impactors in order to calculate the ESP
fractional efficiency. The particle size distributions at the
inlet and outlet were both found to be biomodal. The overall
mass median diameter of the inlet distribution was greater
than 10 um. The SRI-EPA computer model was used to simulate
the ESP performance. Values of the mass collection efficiency
were found by instack filters to be 96.7%, and by cascade
impactors to be 96.6%. The computer model predicted an overall
efficiency to be 96.8%, which is also the design efficiency.

The particulate matter was found to be very cohesive and
hygroscopic, and the composition (color) varied from impactor
stage to stage. There was no evidence of electrical problems
due to particle resistivity or space charge.

Simultaneous testing was also carried out by Radian
Corporation, Austin, Texas. Results of the Radian study are
included in a report "Trace Element Study at a Primary Copper
Smelter, Vol. I and II" (EPA-600/2-70-065a and -065b, March
1978). An evaluation of another such control system (installed
at a different smelter) entitled "Performance Evaluation of an
Electrostatic Precipitator Installed on a Copper Smelter
Reverberatory Furnace", EPA-600/2-79-119, was published in
June, 1979.
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SECTION 1

SUMMARY AND CONCLUSIONS

Tests were performed on July 9 and 10, 1976 to measure the
fractional collection efficiency of a Joy-Western Precipitation

electrostatic precipitator installed on a copper reverberatory
furnace.

From qualitative observations of cascade impactor stage
catches it was determined that the particulate emissions are
very cohesive, hygroscopic, and very likely inhomogeneous in
composition with respect to particle size. The mass median
diameter of the inlet particle size distribution was greater
than 10 um. The inlet particle size distributions were bimodel
with one component having a mass median diameter less than 1 um.

The electrical operating data indicate that the ESP was
in good mechanical alignment and electrical condition. The
overall collection efficiency, measured by instack filters
operating at stack temperatures (v300°C) was 96.7%. The overall
collection efficiency calculated from cascade impactor data was
96.6%. The theoretical collection efficiency, predicted by the
SRI-EPA computer model, was 96.8%. The design efficiency was
96.8%.

A potential source of trouble with the application of ESP's
to sources of very fine particulate is suppression of the corona
current by a particulate space charge. Although some reduction
in current was observed at the ESP inlet, the degree of suppres-
sion was not large. This can be attributed to the fact that
the particles were larger than expected, and the concentration
was rather low.

1. The mass collection efficiency at gas conditions agreed
with the theoretical and expected behavior of the device.
The measured efficiency and design efficiency were identical
within experimental error.

2. The power supply voltage vs current characteristics suggest
that the electrode system was in good mechanical alignment.

3. Particulate resistivity was not limiting the operating
characteristics of the collector.



The gas velocity distribution, as reported by Radian, was
good in the inlet and outlet sampling planes.

There was an apparent difference in the chemical composition
with respect to particle size.

A significant variation in sulfur oxide concentration
occurred with time.

No significant change in electrostatic precipitator opera-
tion was deemed to be necessary for optimal operation.



SECTION 2

INTRODUCTION

Southern Research Institute worked in cooperation with
‘the Radian Corporation to evaluate the performance of an elec-
trostatic precipitator installed on a copper reverberatory
furnace. 1In this particular test, Southern Research personnel
conducted measurements of the inlet and outlet particle size
distribution and voltage-current characteristics of the elec-
trostatic precipitator. A computer simulation of the ESP
performance was made using the computer systems model developed
at SRI under the sponsorship of the EPA Industrial Environmental
Research Laboratory at Research Triangle Park, N.C.

Section 3 contains a description of the ESP and a dis-
cussion of the experimental procedures which were used to make
measurements of the particle size distributions. Section 4
contains reduced data from the particle size distribution
measurements, and a comparison of the measured efficiency with
that predicted by the computer model. All of the data taken
with the Brink impactors is contained in Section 5, the Appendix.
Section 5 also contains a more detailed summary of the proce-
dures which were used to obtain particle size information with
the Brink impactors.



SECTION 3

EXPERIMENTAL PROCEDURES AND DISCUSSION

DESCRIPTION OF THE ELECTROSTATIC PRECIPITATOR

Figure 1 is a schematic which shows the overall dimensions
and electrical sectionalization of the Joy-Western electrostatic
precipitator (ESP) used to control the emissions from a reverb-
eratory furnace. Table 1 summarizes the descriptive parameters
of the ESP.

The electrostatic precipitator is physically divided in
the center such that two independent gas flow paths are provided.
No data are available pertaining to turning vanes, baffles or
gas distribution plates.

The power supply control cabinets are equipped with pri-
mary voltage and current meters. Measurements of the secondary
voltage values were made by installing temporary voltage divi-
ders. Series resistors of 26Q, previously installed by Joy-
Western, were used to monitor the currents. The circuits used
to measure the secondary currents and voltages are shown in
Figure 2.

Operating values for the primary and secondary currents
and voltages were monitored throughout the tests. Power set C
was operated in the manual mode because the automatic control
system was inoperative. The manual settings were kept at near
optimum values during the tests by SRI personnel. Sets A and B
were operated in the automatic mode. At the conclusion of the
particulate collection efficiency tests, complete Vv-I character-
istics were measured for all three electrical power sets.
(Repair to power set C would have caused a delay in the test

program) .

Values for the operating current and voltage which were
recorded during the efficiency tests are shown in Table 2.
These values were recorded at approximately 1 hour intervals,
but for periods where the input power did not fluctuate from
the average by more than five percent, only the average is

included.

The electrical operating data indicate that the ESP was
in good condition. Although the inlet section, set C, could

4
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TABLE 1. ELECTROSTATIC PRECIPITATOR DESCRIPTIVE PARAMETERS
FOR A REVERBERATORY FURNACE

ITEM ENGLISH METRIC

Collection electrode area (A) (total-2 ESP) 39744 ft? 3692.4 m?

Inlet set area (power set C) 19872 ft? 1846.2 m?

Outlet set area (power set A) 9936 ft? 923.0 m?

Outlet set area (power set B) 9936 ft? 923.0 m?
Collection electrode spacing 9 in. 0.229 m
Corona electrode diameter (round wire) 0.1055 in. 2.7 mm
Collection electrode dimension 9 ft x 24 ft 2.74 x 7.32 m
Number of gas passages (total - 2 ESP) 46
Gas passage length (active) 18 ft 5.49 mm
Volume flow rate design (V)* 150,000 acfm 70.8 m?®/sec
Design temperature 600-700°F 315-371°C
Design efficiency 96.83%
Design precipitation rate parameter (w) 0.21 ft/sec 6.5 cm/sec
Specific collection electrode area (BA/V) 265 ft;/fhousand 52 m?/m?/sec

cfm

* Note - these conditions were within 5% of the actual measured flows during
—_ the test period. The temperature and efficiencies were approxi-
mately the same.
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TABLE 2.

POWER SUPPLY LOG, REVERBERATORY FURNACE, ESP

Voltage, Current,
Primary Primary

Voltage,
Power Secondary

Current,
Secondary Power

Current Density

Date Time Set (KV) V) (kW) (kV) (mA) (kW) pa/ft?  ma/m’ Comments
7-8-76 7:00 A 210 80 lo.8 32.0 231 7.4 24.0 .25
B 220 70 15.4 32.5 261 8.5 27.0 .28
c 260 90 23.4 36.0 281 10.1 14.9 .15
7:10 A 230 125 28.8 33.5 378 12.7 40.1 .41
B 280 175 49.0 36.3 584 21.2 61.9 .63
c 280 135 37.8 36.4 420 15.3 22.3 .23
9:00-10:40 A 250 160 40.0 35.5 515 18.3 54.6 .56
B 290 165 47.9 36.8 600 22.1 63.6 .65
c 290 140 40.6 37.1 505 18.7 26.8 .27
11:30-1:00 A 245 155 38.0 35.0 480 l6.8 50.9 .52
B 280 165 46.2 36.0 560 20,2 50.9 .61
(o 290 135 39.2 37.1 505 18.7 26.8 .27
7-9-76 7:00-1:00 A 260 155 40.3 36.5 530 19.3 56.3 .57
B 290 165 47.9 36.8 579 21.3 61.4 .63
c 290 110 31.9 37.3 393 14.7 20.8 .21
7-10-76 5:00-7:30 A 250 155 38.8 35.0 543 19.0 57.5 .59
B 285 165 47.0 37.5 552 20.7 58.5 .60
c 280 120 33.6 37.0 408 15.1 21.6 .22
8:00 A 240 125 30.0 34.5 409 14.1 43.3 .44 Upset relates to
c 255 125 31.9 35.5 386 13.7 40.9 .42 charging furnace
C 280 120 33.6 37.0 408 15.1 21.6 .22
8:07-12:00 A 265 165 43.7 36.5 562 20.5 59.6 .61 Normal
B 300 170 51.0 38.5 571 22.0 60.5 .62
c 300 155 45.0 38.5 556 21.4 29.5 .30




only be operated at a considerably lower current density than
the outlet section sets A and B; this behavior is normal and can
be explained in terms of a space charge effect. For cases of
moderate and heavy mass loadlng, a space charge consisting of
charged fine partlcles exists 1n the interelectrode space and
causes a suppression of the corona current. Downstream sections
are subjected to a lower concentration of uncollected particu-
late and usually can be operated at higher current densities.

The power supply designs were considered to be adequate
in that the automatic control system operated with some sparking
at currents below the current ratlng of the power supplies. The
TR Set ratings are 1100 ma for sets A and B and 1400 ma for set
C. Therefore, the power supply ratings were adequate.

The current suppression related to the space charge effect
can be explained in terms of a reduced effective mobility of the
charge carriers. If the entire current is carried by gas mole-
cules, then the total current flow is caused by ionic motion.
However, when significant electrical charge is attached to
particulate matter, the velocity of which is much less than that
for ions, the phenomenon of space charge suppression of current
occurs.

Tables 3, 4, and 5, and Figure 3 contain data showing the
complete voltage-current characteristics for the ESP. Again,
these curves are normal, and show no indication of any high
resistivity problem nor a severe space charge problem.

GAS VELOCITY DISTRIBUTION

It was initially intended to conduct gas velocity distri-
bution measurements within the internal portion of the electro-
static precipitator. It was not possible to make this measure-
ment because the anticipated reverberatory furnace shutdown did
not occur. Therefore, the only gas velocity measurement was
made in the inlet and outlet plenum areas. These data were
reported by Radian.

The computer system prOJectlon suggested that the gas
velocity distribution within the unit was acceptable.

COLLECTION ELECTRODE DESIGN

No discussion was included about the specific design of
the collection electrode system. No data were available that
could be used to show that any particular electrode design is
superior to another.

Each individual equipment\Supplier provides the design

that they feel best applies to their device. In the absence
of definite supporting data, ng general comment was warranted

%
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TABLE 3. VOLTAGE VS. CURRENT VALUES FOR ELECTROSTATIC PRECIPITATOR
INSTALLED ON A REVERBERATORY FURNACE

(Plate area 9936 ft?)

Power Set A

\Y I v v I Current Density
pri(V) “pri{A) Power (kW) 'sec(kV) “sec(mA) Power (kW) Eff % pA/ft? ma/m?

260 170 44.2 36.5 573 20.9 47 57.7 .62
250 150 37.5 35.5 515 18.3 49 51.8 .56
225 110 24.8 33.0 344 11.4 46 34.6 .37
200 75 15.0 31.2 212 6.6 44 21.3 .23
185 50 9.3 29.6 131 3.9 42 13.2 .14
175 40 7.0 29.2 102 3.0 43 10.3 11
160 30 4.8 28.1 67 1.9 39 6.7 .07
150 25 3.8 26.5 40 1.0 28 4.0

125 10 1.3 23.7 9 0.2 17 0.9

100 22.3 3 0.3




TABLE 4. VOLTAGE VS. CURRENT VALUES FOR ELECTROSTATIC PRECIPITATOR
INSTALLED ON A REVERBERATORY FURNACE

1T

(Plate area 9936 ft?)

Power Set B

Current Density

Vori(v) Tpri(a) Power (kW) 'sec(kV) ‘sec(mA) Power (kW) Eff $ wA/ft? mA/m?
290 175 50.7 36.8 621 22.9 45 62.5 .67
275 167 45.9 36.1 565 20.4 44 56.9 .61
250 120 30.0 33.8 378 12.8 43 38.0 . 40
235 90 21.1 32.1 285 9.1 43 28.7 .31
225 65 14.6 31.7 254 8.1 55 25.6 .28
200 40 8.0 29.9 148 4.4 55 14.9 .16
185 30 5.5 28.8 107 3.1 56 10.8 .12
175 20 3.5 28.5 86 2.5 70 8.7 .09
145 10 1.5 24.4 21 0.5 2.1
125 0 23.1 14 1.4

100 19.8 4 0.4




TABLE 5. VOLTAGE VS. CURRENT VALUES FOR ELECTROSTATIC PRECIPITATOR
INSTALLED ON A REVERBERATORY FURNACE

A

(Plate area 19872 ft?)

Power Set C

v T . v I Current Density
pri(V) “pri(A) Power (kW) “sec(kV) “sec(mA) Power (kW) Eff % pA/ft? mA/m?

320 190 60.8 39.0 730 28.5 47  36.79 .40
300 160 48.0 37.8 585 22.1 46  29.4 .32
275 110 30.2 36.1 379 13.7 45  19.1 .21
250 75 18.8 34.7 235 8.2 43  11.8 .13
225 45 10.1 33.4 135 4.5 45 6.8 .07
200 25 5.0 32.0 68 2.2 44 3.4 .04
175 10 1.75 29.8 32 1.0 54 1.6 .02
160 0 28.3 15 0.8

125 23.5 5 0.2

100 17.5 1 0.05
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for an individual design.
MAINTENANCE AND OPERATION

The behavior of the electrostatic precipitator was con-
sidered to be good. The plant had a maintenance man assigned
to the Electrostatic Precipitator Control Room. He repeatedly
checked the power supply readings and noted the general condi-
tion§ of the unit. The material collected by the electrostatic
precipitator was moved by screw conveyors into a storage bin for
recycling through the smelter. No particular problems were
noted with the system.

The particular maintenance and operation program that is
followed by individual plants is formulated between the equip-
ment user and supplier. These programs range from complete
inspection and repair carried out at specified intervals to no
maintenance work until a significant failure occurs. In many
cases, electrostatic precipitators may operate satisfactorily
for several years with little or no maintenance required while
in others, extensive maintenance is required. Each supplier
and user decides what is correct for each installation. The
program followed at the test smelter seemed to be adequate
because the electrostatic precipitator appeared to be in good
operating condition.

PARTICLE SIZE MEASUREMENTS

Cascade impactors were used to measure the size distribu-
tion of particles suspended in the flue gas at the ESP inlet
and outlet in order to characterize the particulate and to
measure the collection efficiency vs. particle size. Brink
cascade impactors, modified and calibrated at SRI, were chosen
for this application because their low sampling rate allows
longer sampling times and better averaging of emissions during
process changes. Figure 4 shows the sampling train that was
used during these tests.

On-site pretest investigations were done during the week
of June 28 in order to determine the extent to which gas phase
reactions between the rather high SOx constituent of the efflu-
ent gas and glass fiber collection substrates and filters might
interfere with the tests. The results from these tests indicate
that the Reeve Angel 934AH material was sufficiently inert to
allow confidence in the subsequent test data. A secondary pur-
pose of the pretest was to provide an estimate of the sampl@ng
time required to obtain a weighable sample without overloading
the impactor stages. Data for the efficiency tests were
obtained on July 9 and 10.

Section 5, the Appendix, contains a more detailed descrip-
tion of the procedures that were used to collect impactor samples,

14
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and all of the data are tabulated there.

The term "particle size" is somewhat ambiguous if the
particle shape is irregular, or if the mass density is unknown
or inhomogeneous. Fortunately, many particles created by con-
densation are spherical and the diameter is used to measure
size. If the particles are spherical, and the density is known,
cascade impactors yield information on the actual physical size.
If the shape and density are unknown, particle size is generally
reported in terms of "aerodynamic diameter". The aerodynamic
diameter of a particle is related to its behavior in a gas and
is defined as the diameter of a sphere of unit density with the
same settling velocity as the particle of interest. Cascade
impactors measure the aerodynamic diameter directly. (See the
Appendix for detailed discussion). '

Since the aerosol of interest was a condensation product,
and an approximate density of 3.58 gm/cm3 was given by the
plant personnel, all the particle size distributions reported
here are based on the physical or Stokes diameter. Figure 5
is a curve relating aerodynamic diameters to physical diameters
for a mass density of 3.58 gm/cm®. This curve can be used to
change any of the particle diameters reported here to an
aerodynamic basis.

16
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SECTION 4

TEST RESULTS

PARTICLE SIZE DISTRIBUTIONS

Six measurements of the particle size distribution were
made at the inlet and three at the outlet during thest tests.
The inlet data are shown plotted as cumulative mass loading
vs. particle diameter in Figures 6 through 11 and the outlet
data in Figures 12 through 14. Although the impactors have no
size resolution above ten micrometers, a single point is shown
at the extreme right hand side of each graph. This corresponds
to the total particulate mass loading measured by that test.
The data for the first outlet run, shown in Figure 12, is of
questionable validity because the filter and substrates for
this test were found to be wet upon dissassembling the impactor.
This probably occurred as a result of condensed water within
the probe accidentally running back into the impactor after it
was rémoved from the duct.

~ Figure 15 shows the averaged inlet size distribution
plotted as cumulative mass versus particle diameter. Figure 16
shows the averaged outlet data. Figures 17 and 18 are the
averaged inlet and outlet size distributions plotted as cumula-
tive percent of the total particulate loading versus particle
diameter.

The averaged particle size distributions are all plotted
with 90% confidence limits shown. The confidence limits are
rather large, primarily for three reasons: 1) there werea small
number of samples taken, 2) the source fluctuations introduced
scatter,and 3) the collected particles clung together to form
conical deposits underneath the impactor jets. These deposits
quickly grew large enough to plug the jets if sampling times
were too long. Thus, smaller sampling times than desirable
were used and the weighing accuracy was limited.

The inlet distribution is bimodal with a fine particle
mode having a mass median diameter of approximately 0.8 micro-
meters. Approximately 22% of the mass is contained in particles
with diameters smaller than 10 micrometers. The overall mass
median diameter of the inlet particle size distribution is

greater than 10 micrometers.
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Figure 6. Inlet Particulate Loading Versus Particle
Diameter Measured on July 9 at 0720 HRS in Port
4 of West Pantleg. Density = 3.58 gm/cm’
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Figure 7. Inlet Particulate Loading Versus Particle
Diameter Measured on July 9 at 1200 HRS in
Port 4 of East Pantleg. Density = 3.58 gm/cm’.
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Figure 9. Inlet Particulate Loading Versus Particle
Diameter Measured on July 9 at 1135 HRS in
Port 3 of East Pantleg. Density = 3.58 gm/cm®.
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Figure 10, Inlet Particulate Loading Versus Particle
Diameter Measured on July 10 at 0640 HRS
in Port 3 of East Pantleg. Density = 3.58
gm/cm?.
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Figure 11, Inlet Particulate Loading Versus Particle
Diameter Measured on July 10 at 1000 HRS in
Port 3 of West Pantleg. Density = 3.58 gm/cm?’.
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Figure 12. Outlet Particulate Loading Versus Particle
Diameter Measured on July 9 at 0720 HRS in
Port 1. Density:= 3.58 gm/cm?. -
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Figure 15 Average Cumulative Mass Loading Versus Particle
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Figure 17 Inlet Size Distribution on a Cumulative
¢ Percentage versus Particle Size Basis.

30

107



CUMMULATIVE PERCENT

33.39

893.95
93.3
93.8

93.5

107t 10° 10t 108
PARTICLE DIAMETER (MICROMETERS)

Figure 18 Outlet Size Distributions on a Cumulative
Percentage versus Particle Size Basis.
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— Curves are fittgd through the data points as shown in
Figures 6 through 14 in order to permit automatic calculation
of averages and the fractional efficiency. The computer data

anal¥sis also yields tabular data and this is contained in
Section 5.

During the tests it was observed that some of the impactor
capches appeared to be hygroscopic. This was indicated by rapid
weight increases of the various impactor stage catches when the
samp}es were removed from desiccators. Also,the color of the
parFlcles was different from stage to stage within the impactor,
indicating that the chemical composition of the particles was
inhomogenuous with respect to size. If this is true, the value
of 3.58 gm/cm® which was used to calculate the particle sizes
may not really be appropriate for the entire range of sizes.
Recent research conducted by the Kennecott Copper Corporation
suggests that the particles contained in the aerosol effluent
from copper smelters consists of at least two fractions, a one-
to-ten micrometer size refractory dust and a less-than-one
micrometer component of "sticky" condensation fume.! Thus, it
is probable that the composition, size and concentration of the
aerosol all change with time. Under such conditions, long term
sampling or suitable averaging of the data is necessary to
obtain data which accurately represent the emissions.

PARTIUCLATE MASS CONCENTRATION

In addition to the particulate mass concentration measure-
ments made with cascade impactors by SRI personnel, the Radian
Corporation test personnel made measurements concurrently using
instack filters. .A summary of these data are included in
Table 6. In general, impactor data are less reliable than
mass trains for obtaining mass concentration data because of
the inability to do isokinetic traverses. The degree of
agreement between the averaged impactor data and the mass trains
which is shown in Table 6 is normal for sources where the
emissions and gas velocity are not stable.

The mass emission data were provided by the Radian Corp-
oration from tests conducted simultaneously with those by S.R.I.
Our analyses were based on inlet and outlet loadings with terms
of mass per unit volume. The total emission in pounds per hour
determined from the Radian test is 12 pounds per hour. These
data are found in EPA Report 600/2-78-065a & b, "Trace Element
Study at a Primary Smelter”.

SULFUR OXIDE CONCENTRATION
Sulfur oxide samples were collected at the outlet of the
electrostatic precipitator on August 9 and 10, 1976. The sam-

pling system consisted of a heated, glass-lined gampling probe
with a quartz wool filter, a condenser, and a fritted bubbler
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TABLE 6. MASS CONCENTRATION AND EFFICIENCY

DATE MASS CONCENTRATION EFFICIENCY
Inlet Outlet %
mg/DSCM mg/DSCM
Impactor Mass Train Impactor Mass Train Impactor Mass Train
7/9/76 1146 1407 41 48 96.4 96.6

7/10/76 641 1304 21 41 96.7 96.8




containing a 3% pyd;ogen peroxide solution. A dry test meter
preceded by a Drierite tower was used to measure the volume of
stack gas sampled.

The water-jacketed condenser was maintained at a tempera~
ture of 69 to 90°C to remove the sulfuric acid from the gas
stream while passing the sulfur dioxide and water vapor. The
sulfur dioxide was absorbed and converted to sulfuric acid in
the peroxide bubbler. An acid-base titration with 0.1N NaOH and
brom-phenol blue indicator was used to determine the sulfuric
acid content of each sample.

Since the sulfur oxide content of the stack gas might be
expected to vary during a charging cycle, an attempt was made
to collect samples immediately before and after the furnace
was charged. The results are shown in Table 7.

TABLE 7. SULFUR OXIDE CONCENTRATION

Sampling Rate Furnace Charge % B

g y Volume

Date l/min Cycle SO, SO3

7/9 3.3 after 1.0 0.024

. before 0.42 0.019

7/10 2.4 after 0.73 0.018
1.9 before 0.63 0.025
1.0 after 1.7 0.067

Based on very limited data, it appeared that sulfur oxide
concentrations in the stack gas were highly variable. Since the
efficiency of the condenser had not been previously evaluated in
this type of environment, the reliability of the SO3; data cannot
be verified. There was no reason to suspect the accuracy of the
S0, measurements, however.

There is some question as to the applicability of this
method to the nonferrous metal industry, as it is currently
used. The indicated SO; concentration appears to be somewhat
dependent upon the sampling rate, suggesting that perhaps
insufficient retention time is allowed in the condenser for the
significantly higher SO3; concentration than encountered in power
station effluent gas streams.

ESP COLLECTION EFFICIENCY

ESP collection efficiency is normally reported two ways.
The overall mass efficiency, irrespective of particle size, 1s
" frequently used for purposes of design and guarantees.
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Fractional efficiency, or efficiency versus particle size, is
more meaningful for research and development purposes because
both theories and experiments indicate a strong dependence of
efficiency upon the particle size distribution. In general, one
expects a "U shaped" fractional efficiency curve with a minimum
near 0.2 or 0.3 pyum diameter.

Figure 19 shows measured and calculated fractional effi-
ciency curves for the Joy-Western ESP. The theoretical curve
was generated by the SRI-EPA computer model, which was developed
under Contract No. 68-07-0265. Averaged "normal" operating
conditions of the ESP for this specific installation were used
as input data. The theoretical curve shown in Figure 19 was
predicted for ideal conditions; i.e., no corrections were made
for rapping losses, poor velocity distribution, or gas bypassing
the active areas.

Rapping reentrainment losses are an important nonideal
feature of full scale ESP behavior and normally constitute a
substantial percentage of the penetration. As previously men-
tioned, however, the particles caught on the impactor stages
tended to adhere to one another, forming large agglomerates.
Agglomeration on the ESP plates would minimize rapping losses
and justifies our approximation of neglecting such losses in
the computer simulation.

The experimental points in Figure 19 were taken from the
averaged inlet and outlet particle size distributions. The con-
fidence limits were calculated in such a way as to represent
outer bounds.

The fractional efficiencies indicated in Figure 19 com-
pares the measured with that computed from the ESP model. The
ESP model did not include any estimate for rapping entrainment.
Therefore, the material reentrained during rapping is expected
to consist of agglomerates of previously collected material.
There is a discrepancy between the measured and predicted values
for particles larger than abour 3-5 microns. This is indicated
by the hyphen predicted efficiency for particles larger than
about 5 microns.

The measured and calculated overall mass collection effi-
ciencies are shown in Table 8. The agreement along the measured,
calculated, and design efficiencies indicated that the ESP was
performing well.

One can also deduce that the particulate emissions from
this copper smelter present no resistivity problems. Rapping
losses are not yet defined. It was not possible to assess the
potential impact of space charge suppression of the corona by
fine particles because the emissions were, on the average, rather
low in particulate concentration. )
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TABLE 8. OVERALL MASS COLLECTION EFFICIENCY

Mass Trains Computer .
(Radian Corp.) Impactors Simulation Design
96.7% 96.6% 96.8% 96.8%

The total emissions from a reverberatory furnace consist
of particulate and gaseous emissions. The electrostatic pre-
cipitator is only useful for collecting particulate matter with
a significant collection efficiency. Therefore, only that
material that exists as a particulate is expected to be collected
by the device. Any material that exists in the gas phase at the
operating temperature of the electrostatic precipitator will
pass through the unit with essentially no removal.

Therefore, the collection efficiency measured for a given
installation will depend upon the type of measurement system
utilized. If the purpose for the study is to determine the
operating characteristic of a control device, the measurement
should be made with instrumentation operating at the gas condi-
tions. This assures that the mass loading and particle size
distribution data represent the conditions that exist in the
control device. This measurement, however, provides no infor-
mation about condensables or what might be particulate at other
conditions of temperature and pressure.

The analysis presented in this report is based on the in-
stack measurement conditions since the purpose for the test was
to evaluate the control device. The total emissions, determined
by the Radian Corporation, are included in a report "Trace
Element Study at a Primary Copper Smelter, Vol. I and II" (EPA-
600/2-70-065a and -065b, March 1978).
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APPENDIX

PROCEDURES AND DATA FOR IMPACTOR TESTS

BRINK IMPACTOR OPERATING PROCEDURES

Pretest

Before every test of an unfamiliar source, it is SRI's
practice to perform preliminary testing. Surveys of the site
are made in order to determine the accessibility and suitability
of sampling ports, platforms, and electrical power. Provisions
are made for any special adapters or sampling procedures.
Approximate mass loadings are determined, and potential sub-
strate reactions with the flue gas are checked. Such interfer-
ing reactions can cause weight changes in the substrates and
backup filters and thus confuse the results from particulate
catches.

During the pretest period, both blank and particulate
impactor tests were made. For blank runs the impactors are pre-
pared as in an actual run except that a Gelman 47mm filter
holder with glass fiber filter is attached to the impactor inlet.
The impactor is then inserted into the sampling port and opera-
ted as if a normal particle size distribution measurement were
being made. After the run the impactor is disassembled, the
substrates are removed, examined, desiccated for 24 hours, and
weighed. The observed weight gains from these tests and blank
tests made during the main test period are used as quality con-
trol monitors for the particulate sampling runs.

Sampling Procedures--

Modified Brink cascade impactors were used at the ESP
inlet and outlet. The Brink impactor was selected because its
low flow rate allows relatively long sampling times, long
enough in this instance to sample throughout at least one fur-
nace cycle. Our procedures are specific for this test and
could be slightly different for other sources.

The impactors were purchased from Monsanto Envirochem as
five stage units. We have designed and added a precollector
cyclone and two additional stages. Also, we always operate the
impactors at a flowrate which is much lower than the manufac-
turer's design flowrate. No cyclones were used at the ESP
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outlet because of the relatively low concentration of large
particles.

Impactor flowrates cannot be modulated during a test to
maintain isokinesticity, thus traverses were approximated by
taking discrete samples at several points in the ducts. The
nozzle diameters were selected so that the sampling velocity
was equal to the average flue gas velocity at the particular
sampling point. Redundant orifice meters were used to set and
monitor the sample flowrate, as shown in Figure 4.

Normally, the length of the sampling time is dictated by
the mass loading and particle size distribution. Tests subse-
quent to the first have sampling times adjusted such that no
single stage, excluding a cyclone if one is used, contains more
than 10 mg. of mass. For these tests, however, the sampling
times were cut short by particle buildup which plugged the
impactor jets, and undesirably small samples were obtained.

Due to the necessity for high weighing accuracy and the
restriction of low tare capacity for the precision electronic
microbalance, greased foil or glass fiber collection substrates
are used with almost all impactors. Greases have been found to
be unstable at temperatures higher than 400°F, thus glass fiber
substrates were used for this test.

Backup filters are used to collect the fine particles
which pass the last impactor stage. One-inch diameter circular
discs are placed under the last spring in the outlet stage of
the impactor. The filter is protected by a teflon washer and a
second filter disc is placed behind the actual filter to act as
a support.

The impactors were carefully loaded with the preweighed
collection substrates, assembled, and tightened with pipe
wrenches to make certain that the asbestos gaskets were seated.
Appropriate nozzles were selected for isokinetic sampling.

The impactors were mounted on probes and placed in the
duct with the nozzles pointed downstream for 45 minutes before
sampling began, to allow them to heat to the gas temperature.
No supplementary heating was used.

For accurate weighing of collected material, a balance
with a sensitivity of at least 0.05 milligrams is required.
This is especially true for the lower stages of the Brink
Impactor where collection of 0.3 mg. or less is not uncommon.
The balance must also be insensitive to vibration if it is to
be used. This balance is highly accurate and is insensitive
to vibrations. A container of Drierite (anhydrous CaSO4) is
placed in the weighing chamber of the balance to keep moisture
uptake to a minimum during weighing operations and a 500 mc.
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Polonium-210 strip is mounted in the weighing compartment for
electrostatic charge neutralization.

The balance was calibrated daily with precision calibra-
tion weights furnished by Cahn. Reference and control weights
were also checked periodically throughout the test series. The
reference weights are standard tare weights while the controls
are impaction substrates which were identical to those actually
used in the impactor runs.

Data Reduction

Dsp cut points are determined by the conditions at which
an impactor was run. The determination of particle size distri-
butions from the mass loadings begins with the calculation of
Dso's for each stage, using an iterative solution of the follow-
ing two equations:

3
Do = |Ks t?QcisE e
P I o
and,
c=1+ 2L [1.23 + 0.41 EXP [(-0.44D.,) /L x 10-")]]
D50 x 10"
where D50 = the stage cut point (um),
U = gas viscosity (poise),
Dc = stage jet diameter (cm),
Ps = local pressure at jet stage (atm),
pp = particle density (gm/cm?),
QI = impactor flow rate (cfm),
Po = gas pressure at impacto; inlet (atm),
C = Cunningham Correction Factor,
L = Gas mean free path (cm), and
Ks = Stage calibration constant,‘proborﬁtiodal to

1/2 £or that stage.

(50% efficiency Stokes No.)
The value of Kg for each stage is determined by

an empirical calibration.
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The viscosity of the gas is calculated using a method presented
by C. R. Wilke in a paper entitled, "A Viscosity Equation for
Gas Mixtures" in the Journal of Chemical Physics, 8(4), April
1950, p. 517. N

These cut points are calculated by means of a computer
program. The size parameters used are approximate (Stokes')
diameter, based on estimated true particle densities, or aero-
dynamic diameters, based on the behavior of unit density spheres.
Aerodynamic diameter is the diameter of a unit denisty sphere
with the same settling velocity as the particle in question.

The aerodynamic diameter is calculated by giving p_ the value
of 1.0 gm/cm® in the D5y, formula. p

The data are presented on a cumulative basis by summing
the mass on all the collection stages and backup filter, and
plotting the fraction of the mass below a given size versus
size. This is frequently done on special log-probability
paper. This paper is especially convenient for log normal dis-
tributions, but semi-log paper may be preferable for interpreta-
tion, especially if the distribution is not log normal. In
general, cumulative distributions are more difficult to inter-
pret than differential plots. The abscissa is the logarithm of
the particle diameter, and the ordinate is the percentage
smaller than this size. The value of the ordinate at a given
(Dso)n is

th

° x 100%

th

t

Percent less than stated size =

1™Mz| 0 M=

t o

where t = o corresponds to the filter, and
t = N corresponds to the coarsest jet or cyclone.

In addition, the data are presented as differential parti-
cle size distributions. For this purpose it is assumed that all
of the mass caught upon an impaction stage consists of material
having aerodynamic diameters equal to, or greater than the Dsg
for that stage, and less than the Ds; for the next higher
stage. For the first stage (or cyclone), it is assumed that all
the material caught has aerodynamic diameters greater than, or
equal to the D5, for that stage (or cyclone), but less than or
equal to the size of the largest particle present. The latter
size is determined by microscopic examination of the material
caught on the stage.

Because the intervals between the stage Dsg's are usually

logarithmically related, and to minimize scaling problems, the
differential partice size distributions are plotted on log-log
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or semi-log paper with

dM
d (log D)

as the ordinate and D eo a8 the abscissa. (Dggoo is the geo-
metric mean of D; and®D,.) The mass on stage "n" is designated
by dMp. The d (log D) associated with dMy, is log Dsg)n+l-log
(Dsp )n. The total mass having diameters between (Dsg)n is equal
to the area under the curve

n
Mass = } : dM,
log (D.,) -log (D_.)
t=m log (D__) -log (D. ).~ [ 507, 50t
50° 41 50 t L
or
D
n
Mass = dMm
-d—(TOTB)— . d(log D)
D
m

for a continuum.

The procedure outlined above describes the construction of
a histogram. A smooth curve is drawn through the points,
yielding an approximation to the real particle size distribution.
Such a curve is needed to calculate fractional efficiencies of
control devices if the Dso's differ between inlet and outlet
measurements. The accuracy of the approximation is limited by
the number of points, and by the basic inaccuracy of neglecting
the non-ideal behavior of the impactors, especially the non-
ideal overlapping efficiencies for adjacent stages.

Dividing dM/dlogD of an outlet run at a particle size by
the dM/dlogD from its comparable inlet run at the same size
gives the fractional penetration through the control device of
that size particle. The fractional penetration subtracted from
unity is the fractional efficiency of the control device.

DATA

Table 9 shows the weight changes measured for the blank
Brink impactor runs. The glass fiber substrate material used
was Reeve Angel 934AH. Our experience with this material has
shown that weight changes due to flue gas gas phase reactions
are usually small, especially when "preconditioned" by exposure
to flue gas prior to an actual run. Another pre-conditioning
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TABLE 9.

BRINK IMPACTOR BLANK RUNS*
SUBSTRATE WEIGHT CHANGE FOR EXPOSURE TO FLUE GAS

Run Number
Substrate Set
Type of
Conditioning
Run Time

Run Date

(o]

Sl

S2

83

sS4

S5

s6

SF

SF'

SO -~ S6

SF - SF!

SO - SF!

7

Al
H2S504
wash
15 min
6/30
~0.07 mg

change
~0.09
-0.05
+0.01
-0.09
~0.19
+0.02
~0.06
-0.27
x=-0,01

x=-0.12
x=-0.04

5

A2
H2.SO0,
wash
15 min
6/29
+0.01 mg

change

+0.02
+0.08
+0.11
+0.01
+0.04
+0.01
-0.06

-0.09

[=NeRal
« o »
QO
O o

Qaaq
nmanr

None
30 min
6/30
+0.04 mg
change
+0.05
+0.04
+0.03
+0.02
+0.01
Lost
Lost
Lost
%x=0.05

x=0.16
x=0,06

None

15 min
6/29
+0.07mg

change

+0.10
+0.07
+0.06
+0.06
+0.03
+0.03
+0.15

+0.17

(=N =} =i
[=~NeNo]
(S, ol V]

QaaQ
I

13
A5

In-situ
15 min
6/30
-0.01 mg
change
+0.00
-0.01
+0.01
-0.01
+0.00
-0.03
-0.11
-0.08
x=-0.02

x=-0,13
x=-0,04

16
A6

In-situ
15 min
7/1
-0.03 mg
change
-0.02
-0.03
-0.02
-0.04
-0.02
-0.05
-0.23
~0.11
0=0.02

0=0.07
0=0.06

x=-0.12
x=-0.04

Jl1l
In situ
60 min
7/10
+0.06 mg
change
-0.07
-0.02
-0.05
-0.01
-0.03
~-0.03
-0.17
-0.06
02 0=0.04

0g=0.08
0=0.06

*Reeve Angel 934AH substrate material.



agent which could offer promise is sulfuric acid, since flue gas
induced weight gains are found to be sulfate compounds.? Sub-
strate sets Al and A2 were washed in sulfuric acid followed by
a thorough rinse. The weight changes recorded in Table 9 are
listed stage by stage, from "stage zero", to SF', which is back-
up filter number two. Averages, and standard deviations about
those averages, are given for stages zero through backup filter
two. Impactor substrates for stages zero through six typically
weigh 14 milligrams apiece and backup filters normally average
about 32 milligrams apiece.

Outline of Data Reduction Procedures

1. Calculate Dsp's.
2. Convert Stage Weights To MG/ACM or MG/DSCM.

n
3. Plot Cumulative Size Distribution. X M vs. (Dsg) 41
=0

4. Plot Cumulative % Size Distribution. %< Dso¢ VsS. Dso

5. Plot Differential Size Distribution. (dM/d log D)n Vs./Di-Di+l

. dM/4d log D, Outlet
6. Calculate Penetration. aM/d log D, Inlet

’

Based on the results of these tests, unconditioned sub-
strates were used for all the impactor tests on July 9 and 10.

Table 10 through 27 contain computer reduced data for all
inlet and outlet impactor runs on July 9 and 10. The first line
of the printout gives the run location, the run number, the run
date, the start time, the port number, and pantleg designation
as indicated below.

/I—l 07-7?-76 07{0 f West
Location: Date Start Port Pantleg
I-Inlet Run Number Time Number Designation

O~-Outlet

The data are reduced assuming particle densities of'l.O
(aerodynamic) and 3.58 gw/cm®, and complete printouts are includ-
ed for each assumed density-

44
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TABLE 10.
I=4 07e09e76 0720 UWEST

IMPACTOR FLOWRATE 2 0,029 ACFM IMPACTOR TEMPERATURE s

650,0 F = 343,3 C

IMPACTOR PRESSURE DROP ® 0,6 IN, OF MG SYACK TEMPERATURE = 650,0 F ® 343,3 C

ASSUMED PARTICLE DENSITY & 3,58 GM/CU,CM, STACK PRESSURE = 28,15 IN, OF HG

GAS COMPOBITION (PERCENT) co2 = ,40 o= 0,00

CALC, MABY LOADING = 4,0346Ee01 GR/ACF 1.,5607E400 GR/DNEF

IMPACTOR STAGE cve 80 st
STAGE INDEX NUMBER { 2 3
D50 (MICROMETERS) 10,48 6,66 3,40
MASS (MILLIGRAMS) 28,72 0,96 0,48
MG/DNCM/STAGE 3,01E403 1,01E¢02 5,04Ee01
CUM, PERCENT OF MASS SMALLER THAN DSO 15,58 12,76 11,35

CUM, (MG/ACM) SMALLER THAN DSO 2,15E¢02 1,76E402 1,57Ee02

CUM, (MG/ONCM) SMALLER THAN DSo 5, 5TE+02 4,S6E+02 4 ,08E«02
CUM, (GR/ACF) SMALLER THAN D50 9,U0Ew02 7,70E=02 &,85Ee02
CUM, (GR/DNCF) SHMALLER THAN DSo0 2,05€e08 1,99E=01 1, V7E=01

GED, MEAN DIA, (MICROMETERS) 3,24E+08 8,35E¢00 4, ,THE+00
OM/DLOGD (MG/DNCM) 3,08E4+03 S,11E¢02 1,73Ee02

ON/DLOGD (NO, PARTICLES/DNCM) 4,B4E+07 4,bBE+08 B, 56Ee08

NORMAL (ENGINEERING STANNARD) CONDITIONS ARE 21 DEG C AND 760MM NG,

82

4

1,80

0,70
7.35E4018

9,29
1,28E+02
3,32E402
S, 61Ee02
{,45E=01
2,4BE+00
2,67E402
9,33E409

SAMPLING OURATION ¢

30,00 MIN

MAX, PARTICLE DIAMETER = 100,0 MICROMETERS

N2 = 71,36

02 = 5,50

1,3809E+403 MG/ACM

83

5

1,46

6,29
3,04E401

8,44
1,17E+02
3,01E+02
5,09E002
1,32E=01
1,62E400
3,33E402
4,14E+10

$4

6

0,79

0,25
2,62E+01%

7.7
1,06E¢02
2,75E+02
4,65E~02
1,20E=01}
1,07E+00
9,74E+01

4,21€E410

$s

7

0,84

0,24
2,82€+01

7,00
9,67F+01
2,50F+02
4,22E002
1,09€«01
6,52Ew0}
1,55F+02

2,99E¢41

H20 ® 15,00

3,571UE*03 MG/DNCM

36

8

0,27

0,73
T.66E+01

4,86
6,70E+01
1,73E+02
2,93Es02
7.,58E=02
3,85F«01
2,58E+02

2,42E+12

FILTER

9

1,65

1,73E+02

1. 93Ew01
§,75E402

4,26E¢13
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Iei 0790976 0720 GWEST
IMPACTOR FLOWRATE = 0,029 ACFM

ILMPAGTOR PREBSURE DROP ® 0,6 IN, OF WG
ASSUMED PARTICLE DENSITY = §,00 GM/CU,CN,

GAS COMPOSITION (PERCENT)

CALC, MASS LOADING s 6,0346Ee0) GR/ACF

IMPACYOR 8TaGE
STAGE INDEX NUMBER
050 (MICROMETERS)
MASS (MILLIGRAMS)
MG/DNCM/BTAGE

CUM, PERCENT OF MASS SMALLER THAN DSO

CUM, (MG/ACM) SMALLER YHAN DSO
CUM, (MG/DNCM) SMALLER THAN DS0
CUM, (GR/ACF) SMALLER THAN DS0
CUM, (GR/DNCF) SMALLER THAN DS0
GEO, MFAN DIa, (MICROMETERS)
DM/DLOGD (MG/DNCM)

DN/DLOGD (NO, PARTICLES/DNCM)

TABLE 11.

IMPACTOR TEMPERATURE =

STACK TEMPERATURE =

€02 = 6,40

cye
1

19,83
28,72

3,012403

15,58

2,15€¢02
5,57E+02
9,40E=02
2,43E=01
6,13E4014
3,08F403
2,96E¢07

€0 = 0,00

1,%607E400 GR/DNCF

80

2

12,78

0,96
{,01E402

12,76
$1476E+02
G,S6E+02
7.70Ew02
1,99E#01
1,59F+01
S,28E+02
2,50E+08

81

3

6,60

0,48
5,04E401

11,35
1,97€E+02
4,05E+02
6,85E=02
1,77Ew01
9.1TE+00
1,76E402
4,35E408

NORMAL (ENGINEERING STANDARD) CONDIYIONS ARE 21 DEG C AND 760MM WG,

650,0 F =

STACK PRESSURE = 28,15 IN, OF HG

82

4

3,87

0,70
7.35E401

9,29
1,28E602
3,32E402
8,61E002
1,4SE01
4,85E400
2,75E402
4,60E409

343,3 C

650,0 F £ 343,33 C

SAMPLING DURATION =

30,00 MIN

MAX, PARYICLE DIAMETFER s {89,2 MICROMETERS

N2 ® 74,36

02 = 5,50

1,3809E403 MG/ACM

83

S

2,%

0,29
3,04Fe01

8,44
1.17E¢02
3,01E¢02
S,09E=02
{,32Ew01
1,230400
3,49E¢02
1,98E¢10

84

]

1,648

0,25
2,62E401

7,74
1,06E+02
2,73E¢02
4,65Ew02
1,20Ew01
2,19E+400
1,056402
1,91E+10

85

7

1,17

0,24
2,52E¢04

7,00
9,67E¢01
2,50E¢02
4,22Ew02
1,09Ee04
1,39€+00
1,7UE¢02
1,25E¢11

W20 = 15,00

3,5714E+03 MG/DNCM

86

8
0,66
6,73
T B6E40}
4,86
6,T0Ee01
1,73E+02
2,93Ee02
7,58Ee02
8,78E«01
3,04E402

8,58E+11

FILTER
9

1,65
1,73E+02

4,65E001
5,75E+02
{,09E¢13
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TABLE 12.
1e2 070976 0700 3IWEST

IMPACTOR FLOWRATE = 0,0%6 ACFM IMPACTOR TEMPERATURE = 650,0 F = 343,3 C SAMPLING DURATION = 20,00 MIN
IMPACTOR PRESSURE DROP = 2,2 IN, OF HG STACK TEMPERATURE ® 650,0 F = 343,3 C

ASSUMED PARTICLE DENSITY = 3,58 GM/CU,CM, BTACK PRESSURE s 28,20 IN, OF HG MAX, PARTICLE DIAMETER ® 100,0 MICROMETERS

GAS COMPOSITION (PERCENT) CO2 & 6,40 tos 0,00 N2 s 71,38 D2 = 5,50 H20 ® 15,00
CALC, MASS LOADING ® 3,9415E001 GR/ACF S,0121Ew0t GR/ONCF 4,U427E402 MG/ACM 1,1469E403 MG/DNCM
IMPACTOR 8TAGE cve 80 81 82 83 84 8s 86 FILYER
STAGE INDEX NUMBER 1 2 3 4 5 6 7 3 9

D0 (MICROMETERS) 7,84 4,74 2,40 1,28 1,01 0,52 0,34 0,15

MABS (MILLIGRAMS) 11,68 0,07 0,08 0,02 0,06 0,16 0,34 0,58 1,18
NG/DNCM/STAGE 9,48E+02 5,70E400 G,07E400 1,63E400 4,8BE+00 1,30E¢01 2,TTE401 4, T2E¢01 9,4dEe0y
CUM, PERCENT OF MAGS SMALLER THAN DSO 47,32 16,83 16,47 16,33 15,90 14,77 12,35 8,24

CUM, (MG/ACM) SMALLER THAN DSO 7,70E401 7,UBEe01 7,32E401 7,25E401 7,07E40% 6,56E¢01 5,49E401 3,66E¢01

CUM, (MG/DNCM) SMALLER THAN DSO 1,99E402 1,93E402 1,80E402 1,87E¢02 1,B2E+02 1,69E402 1,426402 9,45E401

CUM, (GR/ACF) BMALLER THAN D50 $,36E=02 3,27Ew02 3,20E02 3,17Ev02 3,00E02 2,87E=02 2,40Ew02 1,60Ee02

CUM, (GR/ONCF) SMALLER THAN DS0 8,68Pe02 B8,U3Em02 B8,26E=02 B8,18E=02 7,97Ee02 7,d0E=02 6,19€«02 4,13E=02

GEO, MEAN DIA, (MICROMETERS) 2,75€401 5,98E400 3,37E400 1,73E¢00 1,128400 7,22E=01 4,210} 2,25E«01 1,04Ee0}
DM/DLOGD (MG/DNCM) B,U5E+02 2,82E401 1,38E401 S5,76Ee00 5,13E+01 G4,53E+01 1,83E402 1,30E+02 3,14E¢02
ON/DLOGD (NO, PARTICLES/DNCM) 2,18E407 T,0%E+07 1,91E+08 5,90E+08 1,94E+10 6,43Ee30 1,00E«¢12 6,08E+412 1,47Ee14

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND T6OMM HG,
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TABLE 13.
l®2 0T=0%76 0700 3INESY

IMPACTOR FLONRATE & 0,056 ACFM IMPACTOR TEMPERATURE s 50,0 F & 343,3 ¢ SAMPLING DURATION = 20,00 MIN
IMPACTOR PRESSURE DROP = 2,2 IN, OF MG STACK TEMPERATURE & 650,0 P = 343,3 C

ABSUMED PARTICLE DENSITY = 1,00 GM/CU,CM, STACK PRESSURE = 28,20 IN, OF HG MAX, PARTICLE DIAMETER = 189,2 MICROMETERS

GAS COMPOSITION (PERCENT) coR = 6,40 co = 0,00 N2 & 7,36 02 s 5,50 H20 ® 15,00
CALC, MASSE LOADING = 1,9415Ew01 GR/ACF 5,0121E=01 GR/DNCF 4, U42TE+02 MG/ACM 1,1469E403 MG/DNCM
‘IMPACTOR STAGE cve 80 81 82 L} 84 ss s6 FILYER
STAGE INDEX NUMBER { 2 3 aq 5 6 ? 8 9

D50 (MICROMETERS) 14,27 9,13 4,70 2,52 2,08 1413 0,79 0,40

MASS (MILLIGRAMS) 11,68 0,07 0,08 0,02 0,06 0,16 0,34 0,58 1,16
NG/DNCM/STAGE Q,48E402 9,T0E¢00 4,07E¢00 1,63E400 G,BBE«00 1,30E¢01 2,7T7E«401 4,72E401 9,44E401
CUM, PERCENT OF MASS SMALLER THAN DS0 7,32 16,83 16,47 16,33 15,90 14,77 12,35 8,24

CUM, (MG/ACM) SMALLER THAN DSO T,TO0E401 7,4BE403 77,3203 7,25E40% 7,07Ee01 6,56E¢01 5,49Ee0) 3,66E401

TUM, (MG/DNCM) SMALLER THAN D50 1,99E¢02 1,93E402 {,80F¢02 1,BTE¢02 1,82E402 1,69Ee02 1,42E402 9,45E+01

CUM, (GR/ACF) SMALLER TMAN D50 3,36E002 3,27Ee02 3,20E«02 3,1TEe02 3,09E=02 2,87E=02 2,d40Ee02 1,60E»02.

tUM, (GR/DNCF) SMALLER THAN DS 8,68Ee02 B8,U3Ew02 8,20Ew02 B8,18Ew02 7,97Ew02 7,40E=02 6,19Ew02 4, ,13E~02

GEO, MEAN DJA, (MYCROMETERS) 5,20E401 1,14E¢0] 6,55E400 3,44E400 2,2TE+00 1,52E+00 9,06Ee0y 5,62Ew01 2,82Ee01-
DM/DLOGD (MG/DNCM) 8,45E402 2,94E+01 §,4$Ee01 6,02E¢00 5,U8Ee01 S5,02E401 1,80E+02 1,59E+02 3,14E¢02

DN/DLOGD (NO, PARTICLES8/ONCM) 1,15E¢07 3,77E«07 9,60E¢07 2,82E+08 B8,91E¢09 2,72E+10 4,05E+l1 ,T0Ee12 2,66E¢13

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG € AND 760MM HG,



6V

Ie3 07w09n76 1135 3EAST
IMPACYOR FLOWRATE = 0,029 ACPM

IMPACTOR PRESSURE DROP 8 0,6 IN, OF HG
ASSUMED PARTICLE DENSITY = 3,58 GM/CU,CHM,

GAS COMPOSITION (PERCENT)

CALC, MASS LODADING = ¢,3317Ew01 GR/ACF

IMPACTOR STAGE
S8TAGE INDEX NUMBER
DS0 (MICROMETERS)
MASS (MILLIGRAMY)
MG/DNCHM/STAGE

CUM, PERCENT OF MASS SMALLER THAN DSO

CUM, (MG/ACM) SMALLER THAN DSO
CUM, (MG/DNCM) SMALLER THAN DS0
CUM, (GR/ACF) BMALLER THAN DS0
CUM, (GR/DNCF) SMALLER THAN D50
GEO, MEAN DIA, (MICROMETERS)
DM/0LOGD (MG/DNCM)

DN/DLOGD (ND, PARTICLES/DNCM)

TABLE 14.

IMPACTOR TEMPERATURE =

STACK TEMPERATURE =

co2 = 6,40

cve
1

10,39
19,24

1,97€403

21,22

2,10E402
S,31E+02
9,19€+02
2,32E=01
3,22E+01
2,00E+03

3,19€+07

co

1,0931E400 GR/ONCF

80

2

6,60

0,24
2,46K¢01

20,23
2,01E¢02
5,06E402
8,76Ew02
2,21E=01
8,2BE+00
1,25E+02
1.17E+08

= 0,00

81

3
5,38
0,38
3,89E401
18,68
1,85E+02
4,67TE¢02
8,09E=02
2,04E=01
4,72E400
1. 34€+02

6,7TE+08

NORMAL (ENGINEERING BTANDARD) CONDITIONS ARE 21 DEG C AND 760MM HG,

625,0 F s

STACK PRESSURE » 28,20 IN, OF MG

LH

q

1,79

0,49
S,02E401

16,67
1,68E+02
4,1TEe02
7.22Ew02
1,82E=01
2,46E400
1,83E+02
6,53E409

3294 C

628,0 F = 329,4 C

SAMPLING DURATION =

30,00 MIN

MAX, PARTICLE DIAMEYER ®» 100,0 MICROMETERS

N2 = 71,36

02

9,9124E+02 MG/ACM

s3

1,45
0,29
2,9TE401
15,48
1,53E¢02
3,87E402
6,7T1E=02
1,69E=«01
1,61E400
3,26E¢02
4,13E¢10

34

6

0,78

1,54
1,58E402

9,18
9.10E+04
2,30E+02
3,98E=02
§,00E=01
1,07€¢00
5,87E+02

2,58E+¢1

s S$,50

85

7

0,88

0,66
6,T6E+0]

6,48
6,42E401
1,62E¢02
2,80Ee02
7,08E=02
6,50E=01
4,19E+02

8,12E+11

H20 = 15,00

2,5014E+03 MG/DNCM

86

8
0,27
0,56
S, T4E+01L
4,18
4,15E+01
1,05E402
1,81E002
4,STE=02
§ B4Em01
1,94E02

1,82E¢12

FILTER

9

1,02
1,04E¢02

1,93E-01
3,4TE+02
2,56E413
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TABLE 15.
I»3 07=09e76 {135 3EASY

IMPACTOR FLOWRATE & 0,029 ACFM IMPACTOR TEMPERATURE ® $25,0 F 5 329,04 C SAMPLING DURATION = 30,00 MIN
‘IMPACTOR PRESSURE DROP ® 0,6 IN, OF HG STACK TEMPERATURE = 25,0 F & 329,4 C

ASSUMED PARTICLE DENSITY » 1,00 GM/CU,CH, STACK PRESSURE s 28,20 IN, OF HG MAX, PARTICLE DIAMETER ® 189,2 MICROMETERS

‘GAS COMPOSITION (PERCENT) £02 = b,40 to = p,o00 N2 B 71,36 o2 = 5,50 H20 = 15,00
CALC, MABS {OADING ® 4,331TEa0) GR/ACF 1,0931E400 GR/DNCF 9,9124E402 MG/ACM 2,5014E¢03 MG/DNCM
IMPACTOR STAGE - oeve 80 st s2 83 84 8s se FILTER
8TAGE INDEX NUMBER 1 2 3 4 5 6 7 8 9

DSO (MICROMETERS) 19,67 12,65 6,55 3,54 2,%0 1,63 1,17 0,60

NASS (MILLIGRAMS) 19,20 0,20 0,38 0,09 0,29 1,548 0,66 0,56 1,02
MG/DNCM/STAGE {,97E+03  2,46E401 3,80E+01 S,02E¢01 2,9VEe01 1,58E¢02 &,76E¢01 S,7aE¢0) 1,04E+02
CUM, PERCENT OF MA8S SMALLER THAN D50 21,22 20,23 18,68 16,67 15,48 9,18 6,48 4,18

CUN, (MG/ACM) SMALLER THAN D50 2,10E¢02 2,01E+02 1,85E402 1,65E402 :.Sszooa 9,10E401 6,42E¢01 U, 15E+01

CUM, (MG/DNCM) BMALLER THAN DS0 5,31E402 5,06402 4,67E+02 4,1TE¢02 3,8VE+02 23,30E402 1,62E402 1,05E+402

CUM, (GR/ACF) SMALLER THAN 0S¢ 9,100602 8,76E=02 B8,00Ce02 7,22E¢02 6,71Ee02 3,98E«02 2,808e02 1{,81Ee02

CUM, (GR/DNCF) SMALLER THAN DSO 2,32E001 2,21E+0! 2,0QEw01 1,82Ew0) 1,60E=01 {,00Ee0! 7,08Ew02 4,5TE«02

GED, MEAN DIA, (MICROMETERS) 6,10E403 1,5BE+01 9,10Ev00 4,B2E+00 3,20E400 2,17E¢00 !,38E400 B,75Ew01 4,63Ew0!
DM/DLOGD (MG/DNCM) 2,00E¢03 1,28E¢02 1,36E402 1,88E¢02 3,41E¢02 6,29E¢02 4,88E402 2,29E¢02 3,47E+02
DN/DLOGD (NO, PARTICLES/DNCM) 1,69E407 6,24E+07 3,4SE¢08 3,22E409 1,98E¢10 {,17Ee1! 3,41E+441 6,53Ee11 6,67E+12

NORMAL (ENGINEERING S8TANDARD) CONDITIONS ARE 21 DEG € AND T60MM WG,
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TABLE l6.
Ted 07e0% 76 1200 WEAST

IMPACTOR FLOWRATE = 0,044 ACFM IMPACTOR TEMPERATURE & $25,0 F ® 329,4 ¢ SAMPLING DURATION s 30,00 MIN
IMPACTOR PRESSURE DROP = §,4 IN, OF HG STACK TEMPERATURE = 62%,0 F s 329,4 C

ASSUMED PARTICLE OENSITY = 3,58 GM/CU,CH, STACK PRESSURE = 28,20 IN, OF HG MAX, PARTICLE OIAMETER » (00,0 N]CROMETERS

GAS COMPOBSITION (PERCENT) Co2 & 6,40 o= 0,00 N2 » 7{,3e 0o2s 5,% H20 = 15,00
CALC, MASS _OADING & 4,aS67E«0f GR/ACFK 1,1246E+00 GR/ONCF 1,0198E403 MG/ACM 2.573SE¢03 MG/DNCM
IMPACTOR $TAGE cye 20 8 2 83 34 85 S6 FILTER
STAGE INDEX NUMBER ! 2 3 4 5 6 b 8 )

D50 (MICROMETYERS) 8,44 5,33 2.1 1,43 1,18 0,60 0,41 0,19

MASS (MILLIGRAMS) 2%,26 3,59 2,95 1,52 1,08 0.77 0,51 1,28 1,21
MG/DNCM/STAGE $,71E403 2,42E¢02 1,99E+02 |,03E¢02 7,09Ee0t 5,20E+¢01 3,4dE¢0] B,51E+01 B,1TEe0}
CUM, PERCENT OF MASS SMALLER THAN DSO 83,74 24,32 16,58 12,60 9,84 7,82 6,48 3,18

CUM. (MG/ACM) SMALLER THAN DSO J,U4E402 2,U8Ee02 1, 69E+02 1,28E¢02 1,00Ee02 7,98E¢01 6,61F¢01 3,24FEe01

CUM, (MG/DONCMY SMALLER THAN 050 8,68E¢02 6,26F402 4 ,27Ee02 1,20Fe02 2,53Ee02 2,01E402 1,67E402 8,18E+01

CUM, (GR/ACF) SMALLER THAN D50 1,50Ee0] 1,08Ee01 7,30Fe02 S,61Ew02 4,39Fw02 3,49Ee02 2,89Ew02 1,U2Ee02

CUM, (GR/DNCF) SMALLER THAN D30 3,79Ew01 2,74E=0{ 1 ,87Ee01 1,42Ew01 {,11EwGl B8,80E=02 7,29€e02 3,58E=02

GEOD, HEAQ D1A, (MICROMETERS) 2,90E408 6,71E400 3, B80F¢00 1 ,9TE400 1,28E¢00 8,34E=01 4,96Ee0f 2, 78E=01 {,34E=01
DM/DLOGD (MG/DNCM) 1,59640% 1 ,21E¢03 &,78Ee02 3,6TE¢02 7,59E+02 1,86E+02 2,01Ee02 2,S5TEe¢02 2,71E¢0?2
DN/DLOGD (NO, PARTICLES/ONCM) I, U6E40T 2,1SE409 6,59Ee0¢ 2,58E¢10 {,93E¢11 1,72E¢11 B,76Fel1 6,3T7Ee12 S,96E413

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND T60MM WG,
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TABLE 17.
Isd 07e09e76 1200 4EAST

IMPACTOR FLOWRATE ® 0,044 ACPM IMPACTOR TEMPERATURE s 625,0 F =
IMPACTOR PRESSURE DROP s §,4 IN, DF WG SYACK TEMPERATURE » 628,0 F = 32
ASSUMED PARTICLE DENSITY & 1,00 GM/CU,CM, STACK PRESBURE = 28,20 IN, OF HG
GAS COMPOSITION (PERCENT) co2 = 6,480 €0 = 0,00

CALC, MASS LOADING = 4,4%67Ea0i GR/ACF 1,1246E+00 GR/DNCF

IMPACTOR STAGE cve 80 81 82
STAGE INDEX NUMBER 1 2 3 ]

D50 (MICROMETERS) 15,97 10,24 5,28 2,84
MASS (MILLIGRAMS) 25,26 1,59 2,95 1,52
MG/DNCM/STAGE 1,71E+03 2,02E¢02 1,99F¢02 1,03E402
CUM, PERCENT OF MASS SMALLER THAN DSO 33,74 24,32 16,58 12,60
CUM, (MG/ACM) BMALLER THAN DS0 S,44E402 2,48E402 1,69€402 1,2BEe02
CUM, (MG/DNCM) SMALLER THAN DSO B,68E402 6,26E402 U,27E402 3,20E402
CUN, (GR/ACF) SMALLER THAN DS0 1,50E0! 1,08E=01 7,39€e02 5,61E=02
CUM, (GR/DNCF) SMALLER THAN DSO 3,79E=01 2,T4E=01 1,87E=03 {,42Ee0i
GEO, MEAN DIA, (MICROMETERS) 5,50E401 1,28E001 7,38E400 3,88E400
DM/DLOGD (MG/DNCM) 1,59E40% 1,26E40% 6,93F402 3,82E402
DN/DLOGD (NG, PARTICLES/DNCM) 1,83E407 1,15E¢09 3,33E409 1,25E¢140

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND T6OMM MG,

32944 C
9,4 C

SAMPLING OURATION =

30,00 MIN

MAX, PARTICLE DIAMETER 3 189,2 MICROMETERS

N2 = 71,38

02 1 5,50

{,0198E403 MG/ACM

83

5
2,32
1,08
7,09E+01
9,84
1,00E+02
2,53E402
4,39€=02
1,11E01
2,57E+00
8,03E+02
9,05€¢10

84

6
1,29
0,77
5,20E+01
7.82
7.98E+0}
2,01E402
3.49@-02
8,80E02
1,73E¢00
2, 0U4E+02
7.51E+10

8s

v
0,91
0,54
3,GUE+01
6,48
6,61E¢01
1,67€¢02
2,89€w02
7,29E002
1,09E+00
2,30E402
3,4UEe 1}

H20 = 15,00

2,5735E403 MG/DNCM

6

0,49
1,26

8,51E+01
3,18

3,24E¢01
8,18E401
1,42Ew02
3,58E=02
6,6TE~01
3,11E+02
2,00E¢12

PILTER
9

1,21
8,17E+0)

3,44E=01
2,T1E+02
1,27E413



€9

18.
1=8 7Ye10eT6 0640 3EASY TABLE

"IMPACTOR FLOWRATE = 0,038 ACFM IMPACTOR TEMPERATURE = 615,0 F & 323,9 ¢ SAMPLING DURATION 3 30,00 MIN
IMPACTOR PRESSURE DROP = 1,1 IN, OF HG STACK TEMPERATURE = 615,0 F % 323,9 C

ASSUMED PARTICLE DENSITY w 3,58 GM/CU,CM, 3TACK PRESSLRE w 28,28 IN, OF WG MAX, PARTICLE DIAMETER » 100,0 MICROMETER®

GAS COMPDBITION (PERCENT) co2 & 6,40 Co = 9,00 N2 = 71,36 02 = 5,50 H20 = 15,00
CALC, MASS LOADING m 1,3402Ew01 GR/ACF 3,3012E=01 GR/DNCF 3,0668E402 MG/ACM 7,645BE+02 MG/DNCM
IMPACTOR S8TAGE cve 80 81 82 83 84 8s s FILYER
STAGE INDEX NUMBER 1 2 3 4 5 6 Y 8 9

D50 (MICROMETERS) 9,08 5,73 2,92 1,54 1,28 0,66 0,45 0,22

MASS (MILLIGRAMS) 4,5% 0,25 0,35 0,36 0,29 0,30 1,18 1,08 1,56
MG/ONCM/BTAGE 3,51E402 {,93E¢01 2,70Fe¢01 2,78E#0{ 2,20E¢01 2,32E+01 9,11E¢01 B8,19€401 1,20E¢Q2
CUM, PERCENT OF MASS SMALLER THAN DSO 4,05 51,52 47,98 44,35 4y ,42 38,39 26,47 15,76

CUM, (MG/ACM) SMALLER THAN DS0 1,66E402 1,58E¢02 1,U47E+02 1,36E402 1,27E402 1,18E¢02 B,12E¢01 4,83E+0]

CUM, (MG/DNCM) SMALLER THAN DSo 4,13E402 3,94E¢02 3,67R¢02 3,39E402 3,1TE¢02 2,90E402 2,02E402 §,21E402

CUM, (GR/ACF) BMALLER THAN D50 7,24Ew02 6,90Ee02 6,43Ew02 5,94E=02 5,55Ee02 5,14Ee02 3,55Ee02 2,11E=02

CUM, (GR/DNCF) SMALLER THAN D50 1,81E001 1,72Ee01 1,60E=01 1,8BEe01 {,38E=0) {,2BEw0l 8,84Ee02 5,27Ew02

GEO, MEAN DIA, (MICROMETERS) © %,01Ee01 T,20Ee00 4,09E400 2,12E400 1,39E+00 9,09E=01 5,4YEw0f 3,14E=0} 1,54Ew0}
DM/DLOGD (MG/DNCM) 3,37E402 9,73E401 9,20E+01 1,00E402 2,42E+02 B,44E+01 S,45Ee02 2,59E+02 4,00Ee02
DN/DLOGD (NO, PARTICLEB/DNCM) 6,60E¢06 1,39E¢08 7,20E408 S5,59E+09 4,85E¢40 6,00E410 1,TBE412 U, 49Ee12 S5,83E+13

NORMAL (ENGINEERING STANDARD) CONDIVIONS ARE 21 DEG C AND T60MM NG,



142

I=5 Tet0e76 0640 3EASY
IMPACTOR FLOWRATE & 0,038 ACFM
IMPACYOR PRESSURE DROP & §,1 IN, OF HG

STACK TEMPERATURF &

TABLE 19.

IMPACTOR TEMPERATURE =

615,0 F =

ASSUMED PARTICLE DENSITY » {,00 GM/CU,CHM, STACK PRESSURE = 28,28 IN, OF HG

GAS COMPDBIYION (PERCENT) €02 » 6,40
CALC, MASS LOADING = §,3002Ee0t GR/ACP

IMPACTOR STAGE eve
STAGE INDEX NUMBER 1
D30 (MICROMETERS) 17,12
MASS (MILLIGRAMS) 4,55
MG/DNCM/STAGE 3,51E402

CUM, PERCENT OF MASS SMALLER THAN 050 €4, 0%

CUM, (MG/ACM) SMALLER THAN 050 1,66E402
CUM, (MG/DNCM) SMALLER THAN DSO 4, 13E402
LUM, (GR/ACP) SMALLER THAN DSO 7.20E%02
CUM, (GR/DNCF) SMALLER THAN DSO 1,81E=01
GED, MEAN DIA, (MICROMETERS) 5,69E401
OM/DLOGD (MG/DNCM) 3,37€¢02
ON/DLOGD (NGO, PARTICLES/DNCM) 3,49E+06

CoO = 0,00

3,3412E01 GR/DNCF

S0

2

10,99

0,28
1,93E401

51,52
1,58€¢02
3,94E402
6,90Ee02
{,72E=0¢
$1,3TE+01¢
§,00Ev02
T,42E007

81

3

5,68

0,35
2,70E401

47,98
1,47E402
3.6TE¢02
6,03Ew02
{,60E=0}
7,90E¢00
9,42E¢01
3,65E408

NORMAL (ENGINFERING STYANDARD) CONDITIONS ARE 2t DEG C AND T40MM HG,

82

4

3,06

0,36
2,70E+01

44,38
1,36€002
3,30E¢02
5,94Ew02
1,U48E=0])
4,17E400
1, 04Es02
2,73£409

323,9 ¢

648,0 F & 323,9 C

SAMPLING DURATION =

30,00 MIN

MAX, PARTICLE DIAMETER = 189,2 MICROMETERS

N2 & 74,36

02 = 5,50

3,0668E402 MG/ACM

s3

S

2,50

0,29
2.,24E¢01

41,42
1,27Ee02
3,1YEe02
5,55Ew02
{,388=01
2,77€+00
2,55E+02
2,29E¢10

84

[}

1,40

0,30
2,32E+01

38,39
1,18E402
2,94E¢02
S,14Ew0Q
1,28E01
1,87E+00
9,15E404
2,6TEe0

85

7

1,00

1,18
9,11E+01

26,47
8,12Ee0¢
2,02€¢02
3,55E=02
8,84E=02
1,18E¢00
6,{9Ee02
T.20Ee1

H20 ®» 15,00

7,6458E402 MG/DNCM

36
8

8,19E+01

15,76
4,83E+01
1,21E402
2,11€E=02
5,27E=02
7.35E=01
3,11E+02
1,89E¢¢2

FILTER
9

1,58
1,20€+02

3,84Ew01
4,00Es02
1,35E4+13



e

TABLE 20.
Ie7 07#01e76 1000 3WESY

IMPACTOR FLOWRATE s 0,038 ACFM IMPACTOR TEMPERATURE a 615,0 F = 323,9 C SAMPLING DURATION 3 20,00 MIN
IMPACTOR PRESSURE DROP ® 1,1 IN, OF WG STACK TEMPERATURE » 615,0 F 8 323,9 C

ASSUMED PARTICLE DENSITY 3 3,58 GM/CU,CM, STACK PRESSURE = 28,28 IN, OF HG MAX, PARTICLE DIAMETER ® {00,0 MICROMETERS

GAS COMPDSITION (PERCENT) €02 » 6,40 €0 = 0,00 N2 = 7(,%6 02 = 5,50 H20 = 15,00
CALC, MASS LOADING ® 9,0767E=02 GR/ACF 2,2629Ew01 GR/ONCF 2,0771E402 NG/ACM 5,1783E402 MG/DNCM
IMPACTOR 8TAGE eve 80 Y 82 83 84 85 86 FILTER
STAGE INDEX NUMBER 1 2 3 4 5 6 7 ) 9

DSO CMICROMETERS) 9,05 5,73 2,92 1,54 1,25 0,66 0,uS 0,22

MASS (MILLIGRAMS) 0,00 0,27 0,49 0,88 0,40 0,97 0,46 0,65 0,40
MG/DNCH/STAGE 0,00E=01 3,13E401 5,68E401 9,62E401 4,63E401 1,12E402 5,33E+01 7,53E+01 4,63E+01
CUM, PERCENT OF MASE BMALLER THAN D50 100,00 93,96 83,00 64,83 55,49 33,79 23,49 8,95

CUM, (MG/ACM) SMALLER THAN D50 2,08E402 1,95E002 1,72E402 1,30Ee02 1,1%E402 7,02E401 4,B8E+01 1,86E+01

CUM, (MG/ONCM) SMALLER THAN DSo 5,186402 4,87E402 U,30E¢02 3,3UE402 2,87E402 1,75E402 1,226402 4, 64E«0}

CUM, (GR/ACF) SMALLER THAN D50 9,08Ee02 8,53Ew02 7,53Ew02 5,85€#02 5,04fe02 3,07Ee02 2,13F+02 B8,13Ee03

CUM, (GR/DNCF) SMALLER THAN D50 2,26Ee01 2,13E%01 1,88Ee0] 1,46Ee0i {,26Ee01 7,65Ee02 5,32Fe02 2,03Ee02

GED, MEAN DIA, (MICROMETERS) 3,00E401 7,20Ee00 4,09E#00 2,12E400 §,39E400 9,09Em01 S,UTE=0] 3,14Ee0) 1,50Ew0}
DM/DLOGD (MG/DNCM) 0,006w01 {,58E¢02 1,94E¢02 3,U7E¢02 5,01E¢02 4,09E402 3,19E+02 2,39€402 1,54Ee02
DN/DLOGD (NO, PARTICLES/DNCM) 0,00Em01 2,25E408 1,51E409 {,938410 1,00E+411 2,91E+11 1,04E412 U, 13E+12 2,24Ee13

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 2% DEG C AND T6OMM WG,



96

1e7 07e0107¢ 1000 3WEST

IMPACTOR FLOWRATE a 0,038 ACKM

IMPACTOR PRESSURE DROP = §,{ IN, OF WG
ASSUMED PARTICLE DENSITY 3 1,00 GMACU,CWM,

GAS COMPDSITION (PERCENT)

CALC, MASS LOADING = 9,0767E«02 GR/ACF

TABLE

IMPACTOR TEMPERATURE =

SYACK TYEMPERATURE =

Co2 & 6,40

IMPACTOR 8TAGE cye
STAGE INDEX NUMBER 1
DSO0 (MICROMETERS) 17,42
MASS (MILLIGRAMS) 0,00
MG/DNCM/8TAGE 0,00E=01
CUM, PERCENT OF MaSS SMALLER THAN DSO 100,00
CUM, (MG/ACM) SMALLER THAN DSO 2,08Ee¢02
TUM, (MG/DNCM) SMALLER THAN DSo S,1BE+02
TUM, (GR/ACF) SMALLER THAN DS0 9,08Es02
CUM, (GR/DNCF) SMALLER THAN DS0 2,26Ew01
GEO, MEAN DIA, (MICROMEYERS) 5,69E¢01
DM/DLOGD (MG/DNCM) 0,00E=01
ON/DLOGD (NO, PARTICLES/DNCM) 0,00E=01

co = 90,00

4

2,2629E=01 GR/ONCF

80

2

10,99

0,27
I, 136408

93,96
1,98E#02
4,87E¢02
8,53E=02
2,132=04
1,37E401
1,63E¢02
1,20E+08

81

3

5,68

0,49
5,608E+01

83,00
1,72€+02
4,30Ee¢02
7.53E-02
1,88Ew0}
7,90€4+00
1,98E402
7,66E+08

NORMAL (ENGINEERING STANDARD) CONDITIONE ARE 21 DEG C AND ToOMM WG, .

§T0P

000000

21.

615,0 F =

STACK PRESSURE am 28,28 IN, OF WG

2

4

3,06

0,83
9,62E401

64,43
1,506402
3,308402
5,05Ee02
1,46Ew0
4, 1TE+00
3,59E402

9, 44E+09

323,9 €

615,0 F » 323,9 C

SAMPLING DURATION =

20,00 MIN

MAX, PARTICLE DIAMETER a 189,2 MICROMETERS

N2 s 7,36

02 = 5,50

2,07TT1E+02 MG/ACM

§3

4,63E401¢
55,49
1,18E¢02
2,87E+02
5,04Ce02
1,26Ew01
2,77E+00
5,28E402
U, TUE+10

84

[

1,40

0,97
1.128+¢02

33,79
7.,02E404
1,75F602
3,07E002
7.65E002
1,8TE+00
4,08E402

1429E+1{

5,33E01
23,49
G,88E4+08
1,220+02
2,13Ee02
S,32Ee02
1,18E400
3,62E¢402
4,218+1

H20 = 15,00

S,1783E+02 MG/DNCM

86

8

0,54

0,65
7,53E¢0)

8,98
1,86E¢01
4,6UE+0!
8,131E03
2,03Ee02
7.35E=01{
2,86E¢02
1.37E¢12

FILTER
9

0,40

4,63F¢0}

3,84E=01
1,54E¢02
S,20Eet12
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TABLE 22.
OeiB 07+09«76 0720 1PORTY

IMPACTOR FLOWRATE = 0,073 ACFM IMPACTOR TEMPERATURE s 650,0 F = 343,3 C SAMPLING DURATION 3 60,00 MIN
IMPACTOR PRESSURE DROP = 3,8 IN, OF HG STACK TEMPERATURE = $S0,0 F = 343,3 C

ASSUMED PARTICLE DENSITY = 3,58 GM/CU,Ch, STACK PRESSURE = 28,20 IN, OF WG MAX, PARTICLE DIAMETER = 100,0 MICROMETERS

GAS COMPOSITION (PERCENT) COR = 6,40 co» 0,00 N2 = 71,36 02 = 5,50 H20 = 15,00
CALC, MA8S LOADING = §,032dE»02 GR/ACF 2,6651Ew02 GR/DNCF 2,362UE¢01 MG/ACM 6.0967E001 MG/DNCM
IHPACTOR STAGE S So 81 S2 83 sS4 85 §6 FILTER
S8TAGE INDEX NUMBER 1 2 3 4 5 6 7 8

D50 (MICROMETERS) 4,13 2,08 1,08 0,86 0,43 0,28 0,114

MASS (MILLIGRAMS) 0,41 0,34 0,09 0,18 0,35 0,26 0,25 1,08
MG/DNCM/STAGE 8,53E400 7,08E¢00 1,677400 3,755006 7,29E400 5,41E¢00 S,20€E400 2,19E+04
CUM, PERCENT OF MASS SMALLER THAN DSO 1,00E402 B8,60Ee01 7,U4E+01 7,13E401 6,52E+01 S,32E+01 4,UuEe0}

CUM, (MG/ACM) SMALLER THAN D50 2,03E%0( 1,76F+08 1,69E+01 1,SUEe01 1,26E+01 {,05E¢01 8,4T7E«00

CUM, (MG/DNCM) SMALLER THAN D50 5,25E401 U, SUEe0f 4, 35F+01 3,98E+01 3,25E+401 2,71E¢01 2,19E¢01

CUM, (GR/ACF) SMALLER THAN D50 8,8B8Ew03 7 ,68Ew03 7,36Ew03 6,73fs03 5,S0Ee03 4,58Fe03 3,70Ew03

CUM, (GR/DNCF) SMALLER THAN DS0 2,29E=02 1,98E«02 1,90E=02 1,74Ew02 1,U2E»02 1,18E=02 9,55E=03

GEO, MEAN DIA, (MICROMETERS) 2,03E+01 2,93E400 1,50E+00 9,61FEes01 6,10E=01 3, 47Fw0) {,Y2E*01 7,51E=02
DM/DLOGD (MG/ONCM) 6,17€400 2,38Ee01 6,53E+00 3I,84E¢01 2,45E¢01 2,B83E«01 1, 2uUEe01 7,26E¢01
ON/DLOGD (NO, PARTICLES/DNCM) 3.,92E+05 S, 0UE¢08 {,04E4+09 2,31F¢10 S,76E+10 3,60E+11 1,30E¢12 9,16E+13

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND T60MM NG,
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TABLE 23.
OeiB 07w09%76 0720 1PORY

IMPACTOR FLOWRATE = 0,073 ACFM IMPACTOR TEMPERATURE =  #50,0 F = 343,3 ¢ SAMPLING DURATION s 60,00 MIN
IMPACTOR PRESSURE DROP 3 3,8 IN, OF WG STACK TEMPERATURE = 6%0,0 F s 343,3 C

ASSUMED PARTICLE DENSITY 2 1,00 GM/CU,CM, STACK PRESSURE = 28,20 IN, OF WG MAX, PARTICLE DIAMETER ®= 189,2 MICROMETERS

GAS COMPOSITION (PERCENT) co2 s 6,40 co = 0,00 N2 B 74,36 02 s 5,50 H20 = 35,00
CALC, MASS LOADING = {,0324Ee02 GR/ACF 2,6651E902 GR/DNCF 2,3624E408 MG/ACM 6,0987E+01 MG/DNCH
IMPACTOR STAGE 80 st 82 83 $4 85 86 FILTER
SYAGE INDEX NUMBER 1 2 3 & 5 6 4 8

050 (MICROMETERS) 7,97 4,09 2,18 1,78 0,97 0,67 0,314

HABS (MILLIGRAMS) 0,41 0,34 0,09 0,18 0,35 0,26 0,25 1,05
MG/DONCM/8TYAGE 8,53E400 7,08E400 §,87E400 3,75F¢00 7,29E+00 S5,41E400 5,20E400 2,19€+01
CUM, PERCENT OF MASS SMALLER THAN DSO 1,00E¢02 B,60E¢0) 7,4UE+0) T,13E+01 6,52F¢01 5,32E401 4,44E¢0!

CUM, (MG/ACM) SMALLER THAN D50 2,03E¢01 1,76E¢01 1,69E¢01 {,54E¢0f 1,26€401 1,05E401 B,4TE+00

CUM, (MG/DNCN) SMALLER THAN DSO 5,256401 4,5GF40] 4, 350401 3,98E¢01 3,25E¢01 2,71E¢01 2,19Ee01

tUM, (GR/ACP) SMALLER THAN DSO 8,88Ee08  7,68Es03 7,36E003 6,73Ee0% 5,50E-03 4,SAE03 3,70E=03

CUM, (GR/DNCF) SMALLER THAN D50 2,29€w02 {,98Ee02 1,90Ew02 1,TUEe02 1{,42Ee02 {,18EwQ2 9,5SE«03

GED, MEAN DIA, (MICROMETERS) 3,88E408 S5,T1E4+00 2,99E400 1,97E+00 1,3{E+00 8,04Ew01 4,52E-01 2,16Ee0}
DM/DLOGD (MG/DNCM) 6,21E400 2,04FEe01 6,87E400 4,16F¢01 2,76E¢01 3,372401 1,53F¢01 T,26E¢01
DN/DLOGD (NO, PARTICLES/DNCM) 2,02E405 2,50E+08 4,91E¢08 {,00F+10 2,34E410 1,24Eeff 3,4TEef1 1,3BE+13

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG € AND 760MM NG,



6S

TABLE 24.
0e28 07=09eT6 1500 3PORT

IMPACTOR FLOWRATE = 0,073 ACPM IMPACTOR TEMPERATURE =

620,0 F = 326,77 C

IMPACTOR PRESSURE DROP ® 3,9 IN, OF HG SYACK TEMPERATURE ® 620,0 F 3 326,7 C

ASSUMED PARTICLE DENSITY = 3,58 GM/CU,CM, 8TACK PRESSURE = 28,25 IN, OF HG

GAS COMPDSITION (PERCENT) Coe = 6,40 Co s 0,00

CALC, MASS LOADING = 3,8405Ee03 GR/ACF 9,6295E=03 GR/DNCF

IMPACTOR STAGE 80 3
STAGE INDEX NUMBER 1 2
DS0 (MICROMETERS) 4,09 2,06
MASS (MILLIGRAMS) 0,014 0,11
MG/DNCM/BTAGE 2,03E«01 2,22E+00
CUM, PERCENT OF MA8S SMALLER THAN DSO 1,00E¢02 9,91E001
CUM, (MG/ACHM) SMALLER THAN DSO ‘ 8,71E+00 7,82E¢00
CUM, (MG/DNCM) SMALLER THAN DSO 2,18E401 {,96E+01
CUM, (GR/ACF) SMALLER THAN DSO J,84Ew03 3, 42Ew0}
CUM, (GR/DNCF) SMALLER THAN DSo0 9,54En03 8,87Ee03
GEO, MEAN DIA, (MICROMETERS) 2,02E+401 2,91E+00
DM/DLOGD (MG/DNCM) { JUGEwO) T UBE+0O
DN/DLOGD (NO, PARTICLES/ONCM) 9,39E+03 {,63E¢08

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND 760MM HG,

82
3
1,07
0,11
2,22E400
8,90E401
6,93E400
1,74Ee01
3,03Em03
7,60E=03
1,48E¢00
7,78E400
1,27E409

SAMPLING DURATION =

60,00 MIN

MAX, PARTICLE DIAMETER & {00,0 MICROMETERS

N2 = 71,36

8,7883E400 MG/ACM

83

4
0,88
0,11
2,22E+00
7.89E+01
6,05E+00
1,52€+01
2,64E~03
6,63Ew03
9,56E=01
2,29E401
1,40E+10

84

S
0,43
0,23
Q,65E4+00
6,88E401
4,19E¢00
1,05E¢0}
1,83E~03
4,59E=03
6,08E=014
1,57E+01
3,73E+10

s 5,9

85

[}
0,28
0,23
4,08E400
4,77E¢0}
2,3UEe00
5,86E400
1,02E=03
2,56Ee03
3,48Ee01
2,45F¢0)
311641

H20 = 15,00

2,2036E¢01 MG/DNCM

8¢

7
0,11
0,13
2,63E400
2,66F¢01
1,29€400
3,24E400
5,6UE=04
1,U1E=03
1,72E=01
6,2TE+00
6,52E+11

FILTER
8

0,16
3,23E400

7,52E=02
1,07€+01
1,35E+43



09

O=28 07e0%76 1500 3SPORTY TABLE 25.

IMPACTOR PLOWRATE = 0,073 ACFM IMPACTOR TEMPERATURE =

620,0 F = 326,7 C

IMPACTOR PRESSURE DROP = 3,9 IN, OF HG S8TACK TEMPERATURE = 620,0 F = 326,7 C

ASSUMED PARTICLE DENSITY ® 1,00 GM/CU,CH, STACK PRESSURE = 28,29 IN, OF HG

GAS COMPOSITION (PERCENT) €02 = 6,40 Co = 0,00

CALC, MASS LOADING = 3,8405C«03 GR/ACP 9,6295E+03 GR/DNCF

IMPACTOR STAGE so s
STAGE INDEX NUNBER 1 2

D50 (MICROMETERS) 7,90 a,o08
MASS (MILLIGRAMS) 0,01 0,11
MG/DNCM/STAGE 2,02E+01 2,22E+00
CUM, PERCENT OF MASS SMALLER THAN DSO 1,00E402 9,91E40%
CUM, (MG/ACM) SMALLER THAN D30 8,71E400 7,82E400
CUM, (MG/DNCN) SMALLER THAN DSO 2,18E401 1,96E401
CUM, (GR/ACF) EMALLER THAN D50 3,81E03 3,42Ew03
CUM, (GR/DNCF) SMALLER THAN D50 9,84Ew03 8,57E=03
GEO, MEAN DIA, (MICROMETERS) 3,87E401  5,66£400
OM/DLOGD (MG/DNEM) {,4TE=01 7,68E¢00
DN/DLOGD (NO, PARTICLES/ONCHM) 4,85E403 8,10€007

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND 760MM KG,

82

3
2,17
0,11
2,22E400
8,90€¢01%
6,93E400
1,74E¢01
3,03€=03
7,60E=03
2,96€400
8,17E400
5,99E408

SAMPLING DURATION =

60,00 MIN

MAX, PARTICLE DIAMETER » {89,2 MICROMETERS

N2 8 71,36
8,7883E+00 MG/ACM

83

'
1,76
0,114
2.22E400
7,89E¢04
6,05€400
1,52E¢08
2,64Ew03
6,63E=03
1,95€¢00
2,4TE+018
6,336¢09

sS4

5
0,96
0,23
4,65E400
6,88E¢01
U,19E400
1,05E¢01
1,83E«03
4,59E=03
1,30E¢00
1,7TE+01
1,53E+40

02 =

8§

[
0,67
0,23
4,68E400
4,77E+0¢
2,34E900
5,86E¢00
1,02Em03
2,56E=03
8,00E=01
2,91E¢01
{409E¢1

5,50

H20 = 15,00

2,2036E401 MG/DNCM

L1

7
0,30
6,13
2,63E4+00
2,66E+01%
1,29E+400
3,24E¢00
S,64Ew04d
1,41E«03
4,50Ea0
T TUE#0OO
{1,62E¢¢

FILTER
8

0,16
3,23E400

2,15€01
1,07E+01
-2,05E412
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TABLE 26.
0e3B 07=10eT6 0635 3PORT

IMPACTOR FLOWRATE = 0,066 ACFM IMPACTOR TEMPERATURE = 615,0 F = 323,9 € SAMPLIN(G DURATION = 60,00 MIN
IMPACTOR PRESSURE DROP » 3,2 IN, OF MG STACK TEMPERATURE ® 61%5,0 F » 323,9 C

ASSUMED PARTICLE DENSITY = 3,58 GM/CU,CM, STACK PRESSURE = 28,28 IN, OF MG MAX, PARTICLE DIAMETER ® 100,0 MICROMETERS

GAS COMPOSITION (PERCENT) co2 = 6,40 co = 0,00 N2 = 71,36 02 = 5,50 H20 = 15,00
CALC, MABS LOADING m 3,6632Ee03 GR/ACP 9,13129E03 GR/DNCF 8,3828E#00 MG/ACM 2,0899€+01 MG/DNCM
IMPACTOR STAGE 80 84 92 §3 84 8s 86 FILTER
8TAGE INDEX NUMBER H 2 3 4 5 b ? 8

DS0 (MICROMETERS) 4,3 2,18 1,13 0,91 0,46 0,30 0,12

MASS (MILLIGRAMS) 0,06 0,10 0,06 0,06 0,07 0,10 0,11 0,38
MG/DNCM/BTAGE $.330400 2,22E400 1,33E¢00 1,33Ee00 1,56E¢00 2,22F¢00 2,4%5E«00 B,4S5E+00
CUM, PERCENY OF MASS SMALLER THAN DS0O §,00E402 O, 36Ee03 B8, ,30E+01 7,66E+01 7,02E¢01 6,28E¢0% S,21E+01

CUM, (MG/ACM) SMALLER THAN D50 T,85E400 6,96E¢00 6,4R2E+00 S, 89F¢00 5,26E¢00 4, ,3TE+00 3,39F+00

CUM, (MG/DNCM) SMALLER THAN DS0O 1,96E¢08 {,73E¢01 §,60E¢01 1,47E¢01 1,31E401 §,09E+01 B8,U4SE+00

CUM, (GR/ACF) BMALLER THAN D50 3,43Ew0% 3,00Ee03 2,81Fe03 2,5TEe03 2,30Ew03 1,91Ee03 {,48Ee03

CUM, (GR/DNCF) SMALLER THAN DSO 8,556»08 7,58E+03 7,00Ee03 6,41Ee03 S5,73Ee03 G¢,T6Ee03 3,69Fe03

GED, MEAN DIA, (MICROMETERS) 2,08E+01 3,06E+00 1,5TE¢00 1,01E¢00 6,48Ee01 3,74Ee0)] 1,92Ew0f B8,64Fe02
DM/DOLOGD (MG/DNCM) 9,77E=01 7,50E¢00 U, 69E«00 1,30E¢01 5,3GE¢00 1,20640f 6,20E+00 2,81E¢01
DN/DLOGD (NO, PARTICLES/DNCM) S.83E+04 | 39E40B &6,UBE08 T,I13E409 1,05E410 1,22Eelf 4, 66Ee¢11 2,33E¢1Y

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND 760MM WG,
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Ce3B 07ei0w?6 0635 3PORY
IMPACTOR FLOWRATE & 0,066 ACPM

IMPACTOR PREBSURE DROP » 3,2 IN, OF MG

STACK TEMPERATURE a

IMPACTOR TEMPERATURE &

TABLE 27.

AGSUMED PARTICLE OENSITY ® 1,00 GM/CU,CM, STACK PRESSURE = 28,28 IN, OF HG

GAS COMPOSITION (PERCENT) cok = 6,40 €O = 0,00

CALC, MABS LOADING = 3,6632Ee03 GR/ACF

IMPACTOR BTAGE 80
STAGE INDEX NUMBER 1

D50 (MICROMETERS) ’.30
MABS (MILLIGRAMS) 0,06
MG/DNCM/STAGE 1,33€400
CUM, PERCENT OF MASS SMALLER THAN D30 1006402
CUM, (MG/ACM) BMALLER THAN DSO 7.,85€400
CUM, (MG/DNCM) SMALLER THAN DSO 1,96E+01
CUM, (GR/ACF) SMALLER THAN DSO Y,43E03
CUM, (GR/DNCF) SMALLER THAN DSO 8,55€#03
GEO, MEAN DIA, (MICROMETERS) 3,96E401
DM/DLOGD (MG/DNEM) 9,82E%01
ON/DLOGD (ND, PARYICLES/DNCM) 3,01E+04

9,13296=03 GR/DNCF

81

2
4,27
6,10
2,22E00
9,36E¢01
6,96E¢00
1,73E¢01
3,04E=03
7.58E=03
5,95E400
T.69E¢00
6,97E407

NORMAL (ENGINEERING STANDARD) CONDITIONS ARE 21 DEG C AND T60MM NG,

SYOP 000000

82

3
2.28
0,06
1,33E400
8,30E¢01
6,42E400
{,60E401
2,81Ew03
7.00Ew03
31,12E400
4,92E+00
3,09E408

615,0 F = 323,9 C
615, F = 323,9 ¢

SAMPLING DURATION =

60,00 MIN

MAX, PARTICLE DIAMETER = 1689,2 MICROMETERS

N2 = 71,36
8,3828E400 MG/ACM

83

4
1,86
0,06
1,33E400
7,86E401

'5,89E400

1,47E+01
2,57E=03%
6,41E=03
2,06E400
1,49E401
3,25E+409

84

5
1,02
0,07
{1,56E«00
T.,020408
S,26E400
1,31E+04
2,30E=03
S,73E=03
1 438E+400
5.,96F¢00

4,317E4009

02 s 5,50

L1

6
0,71
0,10
2,22E+00
b,28E0¢
4,37€400
1,09E+01
1,91€003
4,76E»03
8,51Ew04
1,42E+01
4,40Eel0

H20 ® 15,00

2,0899€401 MG/DNCM

S6

7
0,34
0,11
2,45E+00
5,21E+01
3,39E+00
B,USE+00
1,48E=03
3,69E«038
4,91E«01
7.,65E¢00
1,23E+11

FILTER
8

0,38
8,45E400

2,41E=0t
2,81E4018
3,85E¢12
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