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Chapter 1
Introduction

The regulation of particulate matter matter emissions dates back to the early stages of the industrial
revolution. Even in the 1600s, people could see the relationship between particulate matter emissions
and problems such as solids deposition, fabric soiling, material corrosion, and building discoloration. As
technology and public awareness expanded, it became apparent that particulate matter emissions also
contributed to certain types of lung disease and related illnesses. Particulate matter emissions were an
important factor in the air pollution-related fatalities that occurred during a multi-day atmospheric
inversion in Donora, Pennsylvania in 1947. Since that time, particulate matter emissions have been
identified as causal factors in many toxicological and epidemiological studies, and there continues to be a
strong public demand for particulate matter control.

In the late 1940s, many types of particulate matter control systems advanced from relatively rudimentary
designs to forms that resemble modern-day, high efficiency systems. For example, electrostatic
precipitators advanced from one-field, tubular units for acid mist control to one- and two-field, plate-type
precipitators. Venturi scrubbers also began to be used for particulate matter control. These control
systems were installed primarily to satisfy local health department requirements and to minimize
nuisance dust problems.

1.1 PARTICULATE MATTER CONTROL REGULATIONS

Conditions such as those shown in Figures 1-1 and 1-2 were common in the United States until
particulate matter control devices began to be installed. The environmental awareness that began to
increase during the 1950s and 1960s culminated in the enactment of the Clean Air Act Amendments of
1970, which substantially increased the pace of particulate matter control. Since 1970, there have been
substantial advancements in the capability and reliability of particulate matter control devices. Many
new types of systems have been commercialized. Increasingly efficient control systems are being
developed and installed in response to the stringent requirements that will be imposed by regulations
adopted in accordance with the Clean Air Act Amendments of 1990.

Figure 1-1. Community near a steel mill in the
northeast U.S., 1967
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Figure 1-2. Particulate matter emissions from a stationary source, 1970

The emissions of particulate matter from sources similar to the one shown in Figure 1-2 combined with
other particulate matter emissions have created high ambient levels of total suspended particulate matter
(TSP) in many communities. Due to increasing concerns about the possible health and welfare effects of
ambient particulate matter, regulatory agencies in the late 1960s began to measure the ambient
concentrations of TSP using High-Volume (Hi-Vol) ambient samplers that provided a single
concentration value for a 24-hour sampling period. Particulate matter that was sufficiently small to
remain suspended in the atmosphere and captured in the sampling systems of the Hi-Vol samplers was
defined as TSP. Particles smaller than approximately 45 micrometers (45um)—approximately the
diameter of a human hair—are considered to be TSP.

On November 25, 1971, the newly formed U.S. Environmental Protection Agency (EPA) promulgated
primary and secondary National Ambient Air Quality Standards (NAAQS) for TSP. Both types of
standards were designed to set upper limits to the permissible ambient concentrations of TSP. The
primary standards were more restrictive and were designed to protect health. The secondary standards
were intended to reduce adverse material effects (crop damage, building soiling, dustfall) of particulate
matter. These standards were based on the available ambient monitoring and health/welfare effects
research data. Based on the available information, all areas of the country were divided into Air Quality
Control Regions. Areas having measured ambient concentrations of TSP above the primary or secondary
standards were labeled as nonattainment areas. Nonattainment areas were required to devise a set of
emission regulations and other procedures that would reduce ambient levels of particulate matter below
the NAAQS specified limits.

Control strategies for the achievement of the NAAQS were developed and adopted as part of the State
Implementation Plans (SIPs) required by the Clean Air Act Amendments of 1970. These control
strategies were designed by each state and local regulatory agency having areas above the NAAQS limits.
Particulate matter emission regulations were adopted by the states and local agencies to implement the
SIP control strategies.

These particulate matter emission limitations took many regulatory forms, many of which are still in
effect today. For stationary combustion sources, conventional "fuel burning curve" regulations were
made more stringent. This type of regulation limits the total particulate matter emissions based on a fuel
heat input basis. Moderate emissions are allowed for small sources where air pollution control is
especially expensive. Lower emissions are required for larger sources where particulate matter control
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equipment is more applicable and economical. Typical fuel burning emission regulatory limits are shown
in Figure 1-3.
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Figure 1-3. Typical fuel burning curve particulate matter regulation

It is apparent that the allowable emission rate (in terms of pounds per million BTU of heat input) is much
lower for large sources than for small sources. However, the total quantity of emissions in terms of
pounds per hour is proportional to the combustion source operating rate. Higher mass emissions are
allowed at higher boiler or furnace loads. Compliance is determined by means of a stack-type emission
test.

A process weight-based particulate matter emission regulation is used for industrial process sources. It is
conceptually similar to the fuel burning regulation because the allowable emissions are a function of the
process operating rate. The emission rates are also larger for small sources. Process weight emission
limitations are expressed mathematically using equations similar to Equation 1-1 and Equation 1-2.

B, =4.9445 (P)6 (1-1)

Where:
E, = allowable emissions for asphalt plants (Ib,/hr)
P = process operating rate (ton/hr)

E, =9.377 (P)*% (1-2)

Where:
E, = allowable emissions for chemical fertilizer plants (ton/hr)
P =process operating rate (ton/hr)
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Opacity regulations were adopted along with fuel burning, process weight, and other emission rate type
regulations. Opacity is a measure of the extent to which the particulate matter emissions reduce the
ambient light passing through the plume as indicated in Figure 1-4.

N
Ambient light \\Io
approaching the \\
plome. W Plume
Intensity = Iy

I
s.  Ambient light after
‘4 passing through the
plume.

Intensity = I

Opacity=1-1/1I,

Figure 1-4. Opacity of a plume emitted from a stationary source

Opacity is a convenient indirect indicator of particulate matter emissions and can be determined by a
trained visible emissions observer without the need for special instruments. Initially, opacity regulations
were used primarily as general indicators of particulate matter problems. As the regulations evolved,
however, opacity has become a separately enforceable emission characteristic.

In addition to regulations applying to particulate matter emitted from stacks and vents, the regulations
included in the SIPs applied to fugitive particulate matter emissions. As illustrated in Figures 1-5 and
1-6, fugitive emission sources include (1) sources where a portion of the particulate matter generated
escapes collection hoods and is emitted directly to the atmosphere and (2) unpaved roads and similar dust
sources that cannot be captured by hoods and controlled by air pollution control systems.

Figure 1-5. Fugitive particulate matter escaping a hood
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Figure 1-6. Fugitive particulate
matter from an unpaved road

Fugitive emission regulations were adopted to control process related fugitive emissions. Due to the
diversity of these sources and the difficulty in measuring fugitive emissions, regulations have taken many
forms. Regulations include but are not limited to (1) required work practices, (2) visible emission
(opacity) limits at plant boundary lines, and (3) visible emission limits at the process source.

All of the regulation types discussed above apply to existing sources included within the scope of the
SIPs. Substantial differences in the stringency of regulations existed from jurisdiction to jurisdiction,
depending on the particulate matter control strategy believed necessary and advantageous to achieve the
NAAQS. The Clean Air Act Amendments of 1970 also stipulated emission limitations that would apply
to new (and substantially modified) sources on a nationwide basis. The purpose of these regulations was
to ensure continued reductions in the total particulate matter emissions as new sources replaced existing
sources. These new source-oriented standards were titled "New Source Performance Standards" (NSPS).
These stringent standards were adopted by the U.S. EPA on a source category-by-category basis.
Sources subject to these regulations are required to install air pollution control systems that represent the
“best demonstrated technology” for that particular type of industrial source category. In addition to
particulate matter mass emission standards, the U.S. EPA also included opacity limits and continuous
opacity monitoring requirements in many of the NSPS standards.

The Clean Air Act of 1970 authorized the promulgation of especially stringent regulations for pollutants
that are considered highly toxic or "hazardous." The U.S. EPA was charged with the responsibility of
identifying these pollutants and developing appropriate regulations to protect human health. This set of
regulations is titled “National Emission Standards for Hazardous Air Pollutants” (NESHAPS). Due to
regulatory complexities occurring from 1971 to 1990, only a few of these regulations were promulgated.
The Clean Air Act Amendments of 1990 (CAAA of 1990) required a major revision and expansion of
these regulations. The CAA A of 1990 specified 189 specific pollutants and categories of pollutants. In
June of 1996 the chemical caprolactam was removed from the list. Title III provisions of the CAAA of
1990 require that regulations be developed for the present 188 specific pollutants and categories of
pollutants. This list includes many compounds and elements that are generally in particulate matter form.
These regulations were adopted on a source category-by-category basis starting in 1991. Sources subject
to the regulation are required to install “Maximum Achievable Control Technology” (MACT) as defined
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by the U.S. EPA for that source category. These regulations are a major driving force for particulate
matter control in the future. While the MACT regulations are not directed at the control of particulate
matter per se, they will require the high efficiency control of the toxic compounds (listed in Title III) that
are included in the particulate matter.

The U.S. EPA defines PM,, as particulate matter with a diameter of 10 micrometers collected with 50%
efficiency by a sampling collection device. However, for convenience purposes, the remainder of this
course will consider PM,, to include particles having an acordynamic diameter of less than equal to 10
micrometers. PM, ; will include particles having an aeordynamic diameter of 2.5 micrometers or less.

In 1987, the U.S. EPA revised the NAAQS for particulate matter to include only particles equal to or
smaller than 10 micrometers (um). This change was made to focus regulatory attention on those particles
that are sufficiently small to penetrate into the respiratory system and, therefore, contribute to adverse
health effects. Particles larger than 10 um are effectively filtered out by the nose and upper respiratory
tract. Therefore, only particles equal to or smaller than 10 pm were measured in evaluating ambient air
quality levels with respect to the NAAQS. These particulate matters are collectively designated as PM,,
to differentiate them from TSP. A few of the source-oriented particulate matter emission regulations,
such as fuel burning curves and process weight curves, have also been revised to address only PM,,.

In 1997, the U.S. EPA added a new NAAQS applicable to particulate matter equal to or less than 2.5 um
and termed PM, ;. The U.S. EPA concluded that the PM, ; NAAQS were needed in response to health
effects research indicating that particulate matter in this size category was most closely associated with
adverse health effects.

Health effects attributed to PM, ; are believed to result from both their small size and their composition.
Small size increases the probability that the particles will penetrate deeply into the respiratory tract and
be retained. There are also data indicating that materials present in PM, ; particles are considerably more
toxic than those present in the larger particles.

The difference in particle composition is due to quite different particle formation mechanisms. This is
indicated by the distinct tri-modal ambient particle size distributions that are generally observed in
research studies. As indicated in Figure 1-7, there are ultrafine particles smaller than 0.1 micrometer
(nuclei mode), fine particles approximately 0.1 to 2.5 micrometers (accumulated and nuclei modes), and
coarse particles larger than 2.5 micrometers.
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Figure 1-7. Typical ambient air particulate matter size distributions
(Source: U.S. EPA, Criteria Document, 1997)

The particles in the ultrafine and fine distributions are formed mainly by chemical reactions between
gases in the atmosphere. The particles in the coarse distribution are formed primarily by physical
grinding (attrition) and by combustion burnout of ash particles.

State and local agencies are now deploying ambient air monitors to measure the 24-hour average PM,
concentrations. These data will be used in the future to determine areas that are not in attainment with
the NAAQS. State and local agencies will formulate control strategies and adopt control regulations to
control PM, ;. This regulatory process is quite similar to the process used in the development of TSP and
PM,, controls in the past. However, due to the differences in the sources of PM, s, these new regulations
might concern a quite different set of sources.

A summary of the ambient particulate matter size ranges that have been subject to NAAQS are provided
in Figure 1-8. The TSP NAAQS were retired in 1987 when the PM,, standard was first adopted. The
NAAQS applyto PM,,and PM, .

_, PMs 5 Note:

‘ Actual particle size range included as
‘ TSP varied from 35 to 45 micrometers
— PMyq due to ambient monitor differences.

Total Suspended Particulate Matter (TSP)
| | | =__F_.

! ! !
0 10 20 30 40 45

Particle Size, Micrometers

Figure 1-8. Comparison of ambient particulate matter size range definitions

1-7



Control of Particulate Matter Emissions Chapter 1

1.2 GENERAL TYPES OF PARTICULATE MATTER
SOURCES

Particulate matter can be divided into the following two categories:

1. Primary particulate matter
2. Secondary particulate matter

Primary particulate matter is material emitted directly in to the atmosphere. These emissions have been
the focus of all particulate matter control programs prior to 1997. Primary particulate matter can consist
of particles less than 0.1 micrometer to more than 100 micrometers; however, most of the primary
particulate matter is in the coarse mode shown in Figure 1-7.

With the promulgation of the PM,  standard aimed at fine and ultrafine particles, there is increasing
attention concerning “secondary” particulate matter. This is particulate matter that forms in the
atmosphere due to reactions of gaseous precursors. Secondary formation processes can result in the
formation of new particles or the addition of particulate material to pre-existing particles. The gases
most commonly associated with secondary particulate matter formation include sulfur dioxide, nitrogen
oxides, ammonia, and volatile organic compounds. Most of these gaseous precursors are emitted from
anthropogenic sources; however, biogenic sources also contribute some nitrogen oxides, ammonia, and
volatile organic compounds.

Secondary particulate matter can be further subdivided into two categories.

1. Secondary particulate matter formed from condensed vapors emitted from anthropogenic and
biogenic sources

2. Secondary particulate matter formed due to atmospheric reactions of gaseous precursors

Volatile organic compounds and sulfuric acid are two common examples of emissions that can condense
to form secondary particulate matter. These materials pass through particulate matter control systems,
including high efficiency devices, due to their vapor form in the stationary source gas stream. However,
the vapor phase material can, under some conditons, potentially condense in the ambient air to form
particles measured by ambient sampling systems. The relative importance of condensable particulate
matter is just beginning to be evaluated.

Sulfates, nitrates, and ammonium compounds are three of the main types of material present in secondary
particles formed by atmospheric reactions. These materials appear to form over periods of hours to days
as gaseous precursors in plumes and in large air masses move across the country. Particulate matter
formed in atmospheric reactions is important with respect to the ambient PM, ; concentrations. However,
the relative importance of stationary and mobile sources in emitting the precursors for this type of
secondary particulate matter has not been fully evaluated.

More data are available for the main sources of particulate matter in the coarse and supercoarse mode.
This material is inventoried by the U.S. EPA as PM,,. In the most recent edition of the emission trends
report (U.S. EPA, 1997¢), the U.S. EPA has divided these sources into the following two categories:

1. Traditionally Inventoried
2. Other

The traditionally inventoried sources of PM,, include stationary source fuel combustion (e.g., utility and
industrial boilers), stationary industrial processes (e.g., steel mills, foundries), and transportation sources
(e.g., cars, trucks, airplanes). As indicated in Figure 1-9, stationary source fuel combustion accounts for
approximately 35%, industrial processes 42%, and transportation sources 23% of the total U.S. emissions
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of PM,,. There are substantial area-to-area differences in the relative emissions due to the distribution of

industrial sources in various geographical areas and the concentration of transportation sources in urban
regions.

Fuel
Combustion
35%

Industrial
Processes
42%

Transportation
23%

Figure 1-9. Traditionally inventoried PM,, emissions
in the U.S. (Source: U.S. EPA, 1997¢)

As indicated by the U.S. EPA’s estimates shown in Figure 1-10, fugitive PM,, emissions account for
approximately 58%, wind erosion (natural emission) approximately 16%, and agricultural operations for
14% of the total U.S. emissions. The traditionally inventoried stationary sources (Figure 1-9) account for

only 9% of this total. Other combustion sources, such as wood burning stoves, account for an additional
3% of this total.

Other Combustion 3.0% Agriculture and
Forest 14.0%

Wind
Erosion 15.8%

Traditionally
Inventoried 9.3%

Fugitive
Dust 57.9%

Figure 1-10. Complete inventory of PM,, sources
(Source: U.S. EPA, 1997¢)

The general inventory of PM,, sources indicated in Figure 1-10 represents only a snapshot of the
emissions. Since emissions from these major sources are extremely difficult to measure accurately.
Furthermore, this inventory does not take into account the possible long range transport of particulate

matter in air masses. Accordingly, these data provide only a general indication of the relative importance
of different categories of PM,,.
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1.3 PARTICLE SIZE

Particulate matter regulations adopted over the last thirty years have gradually shifted from regulating the
coarse mode particles that comprised TSP to regulating the very small particles in the PM,, and PM, ,
size ranges. This shift has occured primarily because health effects research data indicated that small
particles are most closely related to adverse health effects.

The range of particle sizes of concern in air pollution control is extremely broad. Some of the droplets
collected in the mist eliminators of wet scrubbers and the solid particles collected in large diameter
cyclones are as large as raindrops. Some of the small particles created in high temperature incinerators
and metallurgical processes are so small that more than 500 particles could be lined up across the
diameter of a human hair.

To appreciate the difference in sizes, it is helpful to compare the diameters, areas, and volumes of a
variety of particles. Assume that all of the particles are simple spheres. The "typical" raindrop shown in
Figure 1-11 is 500 mm in diameter. The term "micrometer" (mm) simply means one millionth of a meter.
One thousand micrometers are equivalent to 0.1 cm or 1.0 mm. In some texts, the term "micron" is often
used as an abbreviation for "micrometer."

A 100 mm particle shown next to the raindrop in Figure 1-11 looks like a small speck compared to the
pushpin in the background. However, both the raindrop and the 100 mm particle are on the large end of
the particle size range of interest in air pollution control.

100pm particle
Raindrop

Pushpin

Figure 1-11. Very large particle and raindrop

Particles in the range of 10-100 mm are also on the large end of the particle size scale of interest in this
course. The particle size range between 1 and 10 mm is especially important in air pollution control. A
major fraction of the particulate matter generated in some industrial sources is in this size range.
Furthermore, all particles less than or equal to 10 mm are considered respirable and are regulated as
PMjo.
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100 um Particle

Figure 1-12. 1 and 10 pum particles compared
to a 100 um particle

Figure 1-12 shows a comparison of 1, 10, and 100 um particles. It is apparent that there is a substantial
difference in size between these particles.

Particles in the range of 0.1 to 1.0 um are important in air pollution control because they can represent a
significant fraction of the particulate matter emissions from some types of industrial sources and because
they are relatively hard to collect.

Particles can be much smaller than 0.1 um, as indicated by the ultrafine mode in Figure 1-7. Some
industrial processes, such as combustion and metallurgical sources, generate particles in the range of 0.01
to 0.1 um. These sizes are approaching the size of individual gas molecules, which are in the range of
0.0002 to 0.001 um. However, particles in the size range of 0.01 to 0.1 um tend to agglomerate rapidly to
yield particles in the greater than 0.1 um range. Accordingly, very little of the particulate matter entering
an air pollution control device remains in the ultrafine small size range of 0.01 to 0.1 um.

Throughout this manual, small particles are defined as less than 1 wm, moderately-sized particles are
classified as 1 to 10 um, and large particles are classified as 10 to 1000 um. The volumes and surface
areas of particles over this size range are shown in Table 1-1.

The data in Table 1-1 indicate that particles of 1000 um are more than 1,000,000,000,000 times (one
trillion) larger in volume than 0.1 um particles. As an analogy, assume that a 1000 um particle was a
large domed sports stadium. A basketball in this "stadium" would be equivalent to a 5 um particle.
Approximately 100,000 spherical particles of 0.1 um diameter would fit into this 5 um "basketball." The
entire 1000 um "stadium" is the size of a small raindrop. Particles over this extremely large size range of
0.1 to 1000 um are of interest in air pollution control.
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Table 1-1. Spherical Particle Diameter, Volume, and Surface Area

Particle Diameter, ym Particle Volume, cm?® Particle Area, cm?
0.1 5.23x 10" 3.14 x 107
1.0 5.23x10™ 3.14 x 10°®
10.0 5.23x 10" 3.14 x10°
100.0 5.23 x 107 3.14 x 10*
1000.0 5.23 x 10" 3.14 x 107

Particle size itself is difficult to define in terms that accurately represent the types of particles. This
difficulty stems from the fact that particles exist in a wide variety of shapes, not just as spheres as shown
earlier. The photomicrograph shown in Figure 1-13 has a variety of spherical particles and irregularly
shaped particles. For spherical particles, the definition of particle size is easy: it is simply the diameter.
For the irregularly shaped particles, size can be defined in a variety of ways. For example, when
measuring the size of particles on a microscope slide, size can be based on the particle width that divides
the particle into equal areas (Martin's diameter) or the maximum edge-to-edge distance of the particle
(Feret's diameter).

Figure 1-13. Scanning electron microscopy
photomicrograph of coal fly ash
(Reprinted courtesy of Research Triangle Institute)

Neither of these microscopically based size definitions, however, is directly related to how particles
behave in a fluid such as air. The particle size definition that is most useful for evaluating particle motion
in a fluid is termed the aerodynamic diameter. For all particles greater than 0.5 pum, the aerodynamic
diameter can be approximated by Equation 1-3.
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d =4 i

F Pp ™ (1-3)

Where:
d

p

d
p, = particle density (gm/cm’)

aerodynamic particle diameter (um)

Stokes (physical) diameter (um)

Particle density affects the motion of a particle through a fluid and is taken into account in Equation 1-3.
The Stokes diameter is based on the aecrodynamic drag force caused by the difference in velocity of the
particle and the surrounding fluid. For smooth spherical particles the Stokes diameter is identical to the
physical diameter. As is the case for most textbooks, the remainder of this course will use the term
physical diameter or actual diameter to describe a smooth spherical particle.

The aerodynamic diameter is determined by inertial sampling devices such as the cascade impactor,
which is discussed in Chapter 8 of this manual. Particles that appear to be different in physical size and
shape can have the same aerodynamic diameter (as illustrated in Table 1-2).

Table 1-2. Aerodynamic Diameters of Differently Shaped Particles

O Solid sphere pp =2.0 gm/cm?®

d =14pum
Hollow sphere p, =0.50 gm/cm® d,=2.0 ym
@ d =2.80pum
Irregular shape pp =23 gm/cm?®

C::-_] d =1.3um

Conversely, some particles that appear to be visually similar can have somewhat different acrodynamic
diameters (as illustrated in Table 1-3).

Table 1-3. Aerodynamic Diameters of Particles
with Different Densities

p =1.0gm/cm? d, =2.0um
O d =2.0um

p =2.0gm/cm? d, =2.8um
O d =2.0pm

p =3.0gm/cm® d, =3.5pum

d =2.0pm
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The term aerodynamic diameter is useful for all particles including the fibers and particle clusters shown
in Figure 1-14. The aerodynamic diameter provides a simple means of categorizing the sizes of particles
with a single dimension and in a way that relates to how particles move in a fluid. Unless otherwise
noted, particle size is expresed in terms of aerodynamic diameter throughout the remainder of this
manual.

Solid Sphere Hollow Solid Irregular Flake
Sphere

Nl ~Z i)‘
Fiber g Condensation Floc Aggregate

Figure 1-14. Different shapes of particles

1.4 PARTICLE SIZE DISTRIBUTIONS

Particulate matter emissions from both anthropogenic and biogenic sources do not consist of particles of
any one size. Instead, they are composed of particles over a relatively wide size range. It is often
necessary to describe this size range.

One of the simplest means of describing a particle size distribution is a histogram as shown in Figure
1-15. This simply shows the number of particles in a set of arbitrary size ranges specified on the
horizontal axis. The terms used to characterize the particle size distribution are also shown in Figure
1-15.

25 \ \ \ \
Mode
@20 § Median N
£
.15 Mean —
>
0
5
© 10 - —
o
L sk .
0 y T I

© 2 4 6 8 1 12 14 16 18
Particle Diameter, um
Figure 1-15. Particle size distribution

(Reprinted by permission from Silverman L., C.E. Billings, and M.W. First,
Particle Size Analysis in Industrial Hygiene, Academic Press, 1971, p. 237)

The median particle size divides the frequency distribution in half: 50% of the aerosol mass has particles
with a larger diameter, and 50% of the aerosol mass has particles with a smaller diameter. The mean is
the mathematical average of the distribution. The value of the mean is sensitive to the quantities of
particulate matter at the extreme lower and upper ends of the distribution.
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For many stationary and mobile sources, the observed particulate matter distribution in the effluent gas
stream approximates a lognormal distribution. When the log of the particle diameter is plotted against
the frequency of occurrence, a normal bell-shaped curve is generated. The histogram for a lognormal
curve is shown in Figure 1-16. This type of distribution can be described in terms of the geometric mean
diameter, which is calculated simply by summing the logs of frequency observations and dividing by the
number of size categories.

% | | ‘Naed‘ia‘nHH
o / \

. LI\
R7ARIImA

0 I T I
1 2 3 4 5 67891214 18 22

Particle Diameter, um

Mass, %/(A Log d,))

Figure 1-16. Histogram of a lognormal size
distribution

Both the geometric mean and the standard deviation of a lognormal distribution can be determined by
plotting the distribution data on log-probability paper. (Standard deviation is introduced in the U.S. EPA,
APTI course SI:100 Mathematics Review for Air Pollution Control.) The data plotted in Figure 1-17 are
based on the particle size data listed in Table 1-4.

Table 1-4. Example Particle Size Data
Cumulative Percent
Size Range, Concentration, | Percent Weight Weight Larger
mm (ngm/m?) in Size Range than d,max
Oto2 1.0 0.5 99.5
>2to4 14.5 7.25 92.25
>4 106 247 12.35 79.9
>6 to 10 59.8 29.90 50
>10to 20 68.3 34.15 15.85
>201t0 40 28.9 14.45 1.4
>40 2.8 1.4 -
TOTAL 200 pygm/m® 100.0
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Figure 1-17. Cumulative lognormal size distribution

The geometric mean is the particle diameter that is equivalent to the 50 % probability point. This
indicates that half of the particulate matter mass is composed of particles larger than this value, and half
of the mass is composed of particles with smaller diameters. The diversity of the particle sizes is
described by the standard deviation. A distribution with a broad range of sizes has a larger standard
deviation (c,) than one in which the particles are relatively similar in size. The standard deviation is
determined by dividing the geometric mean by the particle size at the 15.78 percent probability or by
dividing the particle size at the 84.13 percent probability by the geometric mean size.

0, =ds,/ djs 5 (1-4)
0, =dg5/ds, (1-5)
Where:

o, = standard deviation of particle mass distribution

ds, = median sized particle

ds;,s = diameter of particle is equal to or greater than 15.78% of the mass of

particles present
dg,;; = diameter of particle is equal to or greater than 84.13% of the mass of

particles present
Particle size distributions resulting from complex particle formation mechanisms or several simultaneous

formation mechanisms may not be lognormal. As shown in Figure 1-18, these distributions may exhibit
more than one peak. In these cases, plots of the data on log-probability paper will not yield a straight line.

1-16



Control of Particulate Matter Emissions Chapter 1

Frequency
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Particle Diameter, pm

Figure 1-18. Multi-modal particle size distribution

1.5 PARTICLE FORMATION

The range of particle sizes formed in a process is largely dependent on the types of particle formation
mechanisms present. It is possible to estimate the general size range simply by recognizing which of
these is important in the process being evaluated. The most important particle formation mechanisms in
air pollution sources include the following:

» Physical attrition/mechanical dispersion
+ Combustion particle burnout

* Homogeneous condensation

* Heterogeneous nucleation

* Droplet evaporation

Physical attrition occurs when two surfaces rub together. For example, the grinding of a rod on a
grinding wheel (as shown in Figure 1-19) yields small particles that break off from both surfaces. The
compositions and densities of these particles are identical to the parent materials.

Housing
ToFan

Grinding
Wheel

Air

Handling
x Duct
o /‘ :

Parent Material

Particles /

Particles
and Air

Hood

Figure 1-19. Grinding wheel
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The tertiary stone crusher shown in Figure 1-20 is an example of an industrial source of particles that
involves only physical attrition. The particles formed range from approximately 1 pm to almost 1,000
um. However, the limited energy used in the crushing operation, very little of the particulate matter is
less than 10 um. Physical attrition generates primarily large particles.

Figure 1-20. Tertiary crusher

In order for fuel to burn, it must be pulverized (solid fuel) or atomized (liquid fuel) so that sufficient
surface area is exposed to oxygen and high temperature. As indicated in Table 1-1, the surface area of
particles increases substantially as more and more of the material is reduced in size. Accordingly, most
industrial-scale combustion processes use one or more types of physical attrition in order to prepare or
introduce their fuel into the furnace. For example, coal-fired boilers use pulverizers to reduce the chunks
of coal to sizes that can be burned quickly. Oil-fired boilers use atomizers to disperse the oil as fine
droplets. Inboth cases, the fuel particle size range is reduced primarily to the 100-1,000 pum range. Coal
pulverizers and oil burner atomizers are examples of physical attrition and mechanical dispersion.

When the fuel particles are injected into the hot furnace area of the combustion process (Figure 1-21),
most of the organic compounds are vaporized and oxidized in the gas stream. The fuel particles get
smaller as the volatile matter leaves. The fuel particles are quickly reduced to only the incombustible
matter (ash) and slow burning char composed of organic compounds. Eventually, most of the char will
also burn, leaving primarily the incombustible material. As oxidation progresses, the fuel particles,
which started as 100-1,000 um particles, are reduced to ash and char particles that are primarily in the 1
to 10 pm range. This mechanism for particle formation can be termed combustion fuel burnout.
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Figure 1-21. Combustion process

Homogeneous nucleation and heterogeneous nucleation involve the conversion of vapor phase materials
to a particulate matter form. Homogeneous nucleation is the formation of new particles composed almost
entirely of the vapor phase material. Heterogeneous nucleation is the accumulation of material on the
surfaces of particles that have formed due to other mechanisms. In both cases, the vapor-containing gas
streams must cool to the temperature at which nucleation can occur. The temperature at which vapors
begin to condense is called the dew point, and it depends on the concentration of the vapors. The dew
point increases with increases in the vapor concentration. Some compounds condense in relatively hot
gas zones (>1000°F), while others do not reach their dew point temperature until the gas stream cools
below 300°F.

There are three main categories of vapor phase material that can nucleate in air pollution source gas
streams: (1) organic compounds, (2) inorganic metals and metal compounds, and (3) chloride
compounds. For example, in a waste incinerator organic vapor that has volatilized from the waste due to
the high temperature is generally oxidized completely to carbon dioxide and water. However, if there is
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a combustion upset, a portion of the organic compounds or their partial oxidation products remain in the
gas stream as they leave the incinerator. These organic vapors can condense in downstream equipment.
Volatile metals and metal compounds such as mercury, lead, lead oxide, cadmium, cadmium oxide,
cadmium chloride, and arsenic trioxide can also volatilize in the hot incinerator. Once the gas stream
passes through the heat exchange equipment used to produce steam, the organic vapors and metal vapors
can homogeneously or heterogeneously condense. Generally, the metals and metal compounds reach
their dew point first and begin to nucleate in relatively hot zones of the unit. The organic vapors and/or
chloride compounds begin to condense in downstream areas of the process where the gas temperatures
are cooler. These particles must then be collected in the downstream air pollution control systems.
Homogeneous and heterogeneous nucleation generally creates particles that are very small, often
between 0.05 and 1.0 um.

Heterogeneous nucleation facilitates a phenomenon called “enrichment” in particles in the
submicrometer size range. The elemental metals and metal compounds volatilized during high
temperature operations (e.g., fossil fuel combustion, incinerator, and metallurgical processes) nucleate
preferentially on these very small particles. This means that these particles have more of these materials
than the very large particles leaving the processes. These small particles are described as enriched with
respect to their concentration of metals and metal compounds. Heterogeneous nucleation contributes to
the formation of particle distributions that have quite different chemical compositions in different size
ranges.

Another consequence of heterogeneous nucleation is that the metals are deposited in small quantities on
the surfaces of a large number of small particles (Figure 1-22). In this form, the metals are available to
participate in catalytic reactions with gases or other vapor phase materials that are continuing to nucleate.
Accordingly, heterogeneous nucleation also increases the types of chemical reactions that can occur as
the particles travel in the gas stream from the process source and through the air pollution control device.

Material #1

Particle

Material #2

Figure 1-22. Chemical composition resulting
from heterogeneous nucleation

Some air pollution control systems use solids-containing water recycled from wet scrubbers to cool the
gas streams. This practice inadvertently creates another particle formation mechanism that is very
similar to fuel burnout. The water streams are atomized during injection into the hot gas streams. As
these small droplets evaporate to dryness, the suspended and dissolved solids are released as small
particles. The particle size range created by this mechanism has not been extensively studied; however,
it probably creates particles that range in size from 0.1-2.0 um. All of these particles must then be
collected in the downstream air pollution control systems.
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A summary of the particle size ranges generated by the different formation mechanisms is provided in
Figure 1-23. Several particle formation mechanisms can be present in many air pollution sources. As a
result, the particles created can have a wide range of sizes and chemical compositions.

Physical Attrition

v

A

» Ash Burnout

A

» Droplet Evaporation

A

» Heterogeneous Nucleation

A

< » Homogeneous Condensation

>

0.01 0.1 1.0 10 100 1000
Particle Size, Micrometers

Figure 1-23. Approximate particle size distributions resulting
from various formation mechanisms
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Review Exercises

1. How many 1 um particles can fit across a 1-inch space?

2. Calculate the total volume of a 1 um spherical particle and a 10 um spherical particle.
3. Calculate the surface area of a 1 um spherical particle and a 10 um spherical particle.

4. Calculate the aerodynamic diameter of a spherical particle having a true diameter of 2 um and a
density of 2.7 gm/cm’.
5. What is total suspended particulate matter?
a. Particulate matter measured in the ambient air having a size less than approximately
1,000 micrometers
b. Particulate matter measured in the ambient air having a size less than approximately
100 micrometers
c. Particulate matter measured in the ambient air having a size less than approximately
45 micrometers
d. Particulate matter measured in the ambient air having a size less than approximately
10 micrometers

e. None of the above

6. What are ultrafine particles?

a. Particulate matter measured in the ambient air having a size less than approximately
10 micrometers

b. Particulate matter measured in the ambient air having a size less than approximately
0.1 micrometers

c. Particulate matter measured in the ambient air having a size less than approximately
0.01 micrometers

d. Particulate matter measured in the ambient air having a size less than approximately
0.001 micrometers

e. None of the above

7. Particles that form by homogeneous condensation and/or heterogeneous nucleation are mainly in
which size range?

a. Greater than 10 micrometers

b. Between 1 and 10 micrometers

c. Between 0.1 and 10 micrometers

d. Betweeen 0.01 and 0.1 micrometers
e. None of the above
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8. What types of mechanisms are responsible for the formation of condensable particulate matter?
Select all that apply.

a. Condensation of vapor phase material emitted from stationary sources
b. Condensation of organic vapors emitted from stationary sources

c. Atmospheric reactions involving sulfur dioxide and ammonia

d. Grinding of one material against another (attrition)

e. All of the above

9. The accurately measured ambient concentration of PM,, is 78 micrograms per cubic meter. Which of
the following could be true?

a. The ambient concentration of PM, is 125 micrograms per cubic meter.
b. The ambient concentration of PM, ,is 26 micrograms per cubic meter.

c. The ambient concentration of PM, ; is 158 micrograms per cubic meter.
d

The ambient concentration of total suspended particulate matter is 65 micrograms per cubic
meter.

10. Which compounds are known to participate in atmospheric reactions that result in the formation of
secondary particulate matter? Select all that apply.

a. Sulfur dioxide
b. Nitrogen oxides
c. Ammonia

d. All of the above
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Chapter 1

Review Answers

1.

How many 1 pum particles can fit across a 1-inch space?

2.54 x 10* particles

Solution:

. ) .
linch 2._54 cm [ 10° pm pmcle=2.54x1ﬂ*paﬂicles
inch w41} 1

Calculate the total volume of a 1 pm spherical particle and a 10 pm spherical particle.

5.23 x 10" cm® and 5.23 x 10'° cm®

Solution:
Volume of a sphere = Ed3
fi
Where:
o =3.14

I cm =10,000 pum

For a 1 um particle,

3
Wolume :m et 0 || =5.23x10%cm?
& 10,000 wm

For a 10 um particle,

3
Volime = 220 (10pm | —2 || = 5.23x10 e
8 10,000 wm

Calculate the surface area ofa 1 um spherical particle and a 10 pum spherical particle.

3.14 x 10® cm? and 3.14 x 10 cm?
Solution:
Surface area = nd?

For a 1 um particle,

2
surface area =3 14| { lum | || =314%10%° cm?
10,000 um
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For a 10 um particle,

2
Surface area=3.14| (10um ) ] =314 %10 em?
10,000 pun

4. Calculate the aerodynamic diameter of a spherical particle having a physical diameter of 2 um and a
density of 2.7 gm/cm’.

3.29 um
Solution:

Aerodynamic diameter = g i )0

Aerodynamic diameter =2 pm (27 =329 um

5. What is total suspended particulate matter?

c. Particulate matter measured in the ambient air having a size less than approximately 45
micrometers

6. What are ultrafine particles?

b. Particulate matter measured in the ambient air having a size less than approximately 0.1
micrometers

7. Particles that form by homogeneous condensation and/or heterogeneous nucleation are mainly in
which size range?

c. Between 0.1 and 10 micrometers

8. What types of mechanisms are responsible for the formation of condensable particulate matter?
Select all that apply.

a. Condensation of vapor phase material emitted from stationary sources
b. Condensation of organic vapors emitted from stationary sources

c. Atmospheric reactions involving sulfur dioxide and ammonia

9. The accurately measured ambient concentration of PM,, is 78 micrograms per cubic meter. Which
of the following could be true?

b. The ambient concentration of PM, , is 26 micrograms per cubic meter.

10. What compounds are known to participate in atmospheric reactions that result in the formation of
secondary particulate matter? Select all that apply.

d. All of the above
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Chapter 2

Particle Collection Mechanisms

Air pollution control systems apply forces to particles in order to remove them from the gas stream. The
forces listed below are basically the “tools” that can be used for particulate collection. All of these
collection mechanism forces are strongly dependent on particle size.

*  Qravity settling

* Inertial impaction and interception
» Particle Brownian motion

» Electrostatic attraction

*  Thermophoresis

» Diffusiophoresis

Applying one or more of these forces, such as electrostatic force or inertial force, accelerates the particle
in a direction where it can be collected. The extent to which the particle is accelerated is indicated by the
Equation 2-1. The more the particle (or agglomerated mass of particles) is accelerated, the more
effective and economical the air pollution control device can be.

F=m,a, (2-1)

Where:
F = force on the particle (gmecm/sec?)
m, = mass of the particle (gm)

a, ~ acceleration of the particle (cm/sec?)

Air pollution control devices are designed to apply the maximum possible force on the particles in the
gas stream.

2.1 STEPS IN PARTICULATE MATTER CONTROL

Three fundamental steps are involved in the collection of particulate matter in high efficiency particulate
control systems such as fabric filters and electrostatic precipitators.

1. Initial capture of particles on vertical surfaces
2. Gravity settling of solids into the hopper
3. Removal of solids from the hopper

The particle collection mechanisms described in this section control the effectiveness of the first two
steps; initial capture of incoming particles and gravity settling of collected solids. Particle size
distribution is important in each of these steps. As indicated in the following examples, there are
significant differences in the particle size ranges involved.

A typical pulse jet fabric filter is illustrated in Figure 2-1. Using inertia, electrostatic attraction, and
Brownian diffusion particles in the entire size range of 100 pum to less than 0.01 pum are captured onto the
vertical dust layers present on the exterior surfaces of the bags.
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Figure 2-1. Steps in particulate matter collection
in a pulse jet fabric filter

At regular intervals, the bag cleaning cycle is activated. Large chunks of dust cake are dislodged from
the bag surface and fall into the hopper. These agglomerated chunks of solids are usually in the range of
10,000 to 50,000 micrometers (1.0 cm to 5.0 cm). Due to their relatively large size, they fall rapidly into
the hopper. However, if the bag compartment is cleaned improperly, the solids can be dislodged in very
small agglomerates that might settle too slowly. Proper gravity settling of the solids, step 2 of particle
collection, is crucial to the proper operation of the fabric filter.

In electrostatic precipitators, the dust is collected as a layer on vertical collection plates (Figures 2-2a and
2-2b) by electrostatic attraction forces. The initial capture of particles is efficient over the entire size
range of 0.1 to 100 micrometers. The particulate matter that accumulates on these vertical collection
plates must be discharged to the hoppers below during routine intervals. The cleaning systems in
precipitators create disturbances that break off layers or clumps of accumulated solids that fall by gravity
into the hopper. As the solids fall downward, they are swept toward the outlet of the precipitator by the
horizontally moving gas stream. If the solids clumps are too small, gravity settling is too slow to allow
the solids to reach the hopper before the gas stream carries them out of the collector. For this reason,
gravity settling is an important second step in particulate matter control in electrostatic precipitators.
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Figure 2-2a. Side elevation view of an electrostatic precipitator

Figure 2-2b. Precipitator plate dust layer

The performance of air pollution control equipment is dependent on all three of these steps. Inertial
impaction, electrostatic attraction, and Brownian motion primarily control the effectiveness of initial
capture. Gravity settling is responsible for settling of large clunks of solids during step 2.
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2.2 GRAVITY SETTLING

To determine the extent to which a particle or agglomerated solid clumps can be collected in an air
pollution control device, it is necessary to calculate the force exerted on the material. The gravitational
force F,;, which causes particles and masses to fall, can be expressed in the form of Equation 2-2.

Fe=m, g (2-2)

Where:
F, = force of gravity (gmecm/sec’)
m, = mass of the particle (gm)
g = acceleration of particle due to gravity, 980 cm/sec’

The mass of the particle is equal to the particle density (p,) multiplied by the particle volume (V).
m, =p,V, (2-3)

To simplify aerosol calculations, particles are assumed to be spheres. The volume of a spherical particle
is equal to:

4 5 md?
= = (2-4)
i 3 TIIP 6
Where:

d = physical diameter

Equation 2-2, which is the equation for gravitational force, can then be written as:

3
F, = Tpd'e (2-5)
&

Where:
p, = density of the particle (gm/cm’)

d = physical particle diameter (cm)
g = acceleration of particle due to gravity, 980 cm/sec’

This ignores the bouyancy of the particle, which is appropriate because the density of air and other gas
streams of interest in air pollution control is well below the density of the particles. Accordingly,
ignoring bouyancy causes an error considerably less than 1%.

Problem 2-1

Calculate the gravitational force on a unit density sphere with a diameter of 2 pum.
Solution:

F, =[1 gm/cm’ x 3.14 x (2 um)* x 980 cm/sec’] 1/6
=[1 gm/cm’ x 3.14 x (2 x 10* cm)’ x 980 cm/sec’] 1/6
=4.1 x 10° gmecm/sec’

Drag Force, F,, - Whenever there is particle motion in a gas stream due to gravitational force or any
other force, there will be a force caused by the fluid (gas) molecules resisting the motion of the particle
(Figure 2-3). Note that the sizes of the gas molecules in Figure 2-3 are exaggerated for illustrative
purposes. Actual gas molecules have relative sizes well below that indicated by this figure.
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Figure 2-3. Drag force on particle

The resistive force caused by the fluid on the particle is called the drag force, or F,,. The drag force is
given by the following expression:

2 2
_ ndy pv, Cp
8

F, (2-6)

Where:
d, = particle diameter (cm)
p, = density of the fluid (gm/cm’)
v, = particle velocity (cm/sec)
C, = drag coefficient (dimensionless)

F, = drag force (gmecm/sec?)

As Equation 2-6 illustrates, the drag force is greatly influenced by particle size and velocity. The fluid
density and drag coefficient have a less pronounced effect, but these will vary with temperature and
pressure changes.

Drag coefficient, (C,) and particle Reynolds number (N;,) - The value of C,, is related to the velocity
of the particle and the flow pattern of the fluid around the particle. The Reynolds number of the particle,
Niep » 18 used as an indicator of this flow pattern and, like the fluid Reynolds number, is dimensionless.
The Reynolds number of the particle is a function of the fluid density, fluid viscosity and particle
diameter, particle velocity relative to the gas stream it is suspended in. The particle Reynolds number is
given as:

v, d, 2-7)

Where:
p, = density of the fluid (gm/cm’)

v, = particle velocity relative to the gas stream (cm/sec)
d, = particle diameter (cm)
u = fluid viscosity (gm/(cmesec))
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The density of air at 20°C is 0.001205 gm/cm’. Values for fluid density at other temperatures can be
determined using the Ideal Gas Law.

Viscosity is a measure of the resistance provided by a fluid to shear. The viscosity of air at 20°C is 1.8 x
10 gm/cmesec. The viscosity of air and other gases important in air pollution control application can be
calculated using Equation 2-8 over the range of 0°F to 500°F.

W=5105 + 0.207T g+ 324210 ~ > (T,)2 - 74.14x + 53.41% (2-8)

Where:
p = fluid viscosity (micropoise)
T, = stack temperature (°R)
X = water vapor content of gas stream (fraction) (i.e., 10% H,0 = 0.10 fraction)
y = oxygen content of gas stream (fraction)

Note: 1 micropoise = 1.0 x 10°® gm/(cmesec)

Problem 2-2

Calculate the particle Reynolds number for a unit density particle moving through air at 10°C. The
physical particle diameter is 2 um, and its velocity is 6 m/sec.

Solution:

_PeY dp
1

First, calculate the air density at 10°C (283°K). If the density at 20°C (293°K) is 0.001205 gm/cm’, the
density at 10°C (assuming no change in pressure) is as follows:

(293°K/283°K) x 0.001205 gm/cm’ = 0.001248 gm/cm’ = density at 10°C

A value of 1.77 x 10 gm/cmrsec is estimated based on viscosity data from Equation 2-8. Substituting into
Equation 2-7 gives:

{n_nmm% gm}[ﬁ“” Cm}(n_unnz ot
ctn ZEC

v =
e (1.77 = 10" gmfcm + sec)

M, = 0.85

Problem 2-3

Calculate the particle Reynolds number for a particle moving through air at 240°C. Use the same particle
diameter and particle velocity as Problem 2-2. Assume that the water vapor content is 4% (0.04 fraction)
and the oxygen content is 20.9% (0.209 fraction).

Solution:

First, calculate the air density at 240°C (513°K). If the density at 20°C (293°K) is 0.001205 gm/cm’, the
density at 240°C (assuming no change in pressure) is as follows:
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(293°K/513°K) x 0.001205 gm/cm’ = 0.00069 gm/cm’ = density at 240°C

Calculate the viscosity at 240°C using Equation 2-8.
w=>51.05+0.207 (923.4) + 324 x 10”° (923.4)* - 74.14 (0.04) + 53.417 (0.209)

;.

L = 278 micropoise = 2.78 10
{ctn e zec)

A value of 2.78 x 10 gm/cmrsec is estimated based on gas temperature and composition data stated in the
problem. Substituting into Equation 2-7 gives:

[u_nnnﬁﬂ gm]['ﬁ']” Cm](n_nnnz o)

i SEC

I8 B =03
s 2.78x10™ *gm
CiT® SEC
The particle Reynolds number in Problem 2-3 is lower than in Problem 2-2 due to the decreased gas
density and the increased gas viscosity present at the higher gas temperature.

The particle Reynolds numbers calculated using Equation 2-7 are quite different from the fluid Reynolds
numbers used in fluid mechanics. The particle Reynolds numbers describe the characteristics of fluid
flow in the vicinity of the particle surface. The fluid Reynolds number describes the relationship between
the inertial and viscous forces in the entire fluid stream. The fluid Reynolds numbers are calculated using
Equation 2-9.

Nop = PeVda (2-9)
M
Where:
u = fluid viscosity (gm/(cmesec))
p = fluid density (gm/cm’)
V = fluid velocity in duct or pipe (cm/sec)
d,  =characteristic dimension of pipe or duct (cm)

Nier = Reynolds number of fluid (dimensionless)

The calculation of fluid Reynolds numbers and the relationship between fluid and particle Reynolds
number is illustrated in Problem 2-4.

Problem 2-4

Calculate the particle and fluid Reynolds numbers for a gas stream moving through a 200-cm diameter
duct at a velocity of 1500 cm/sec. Assume that the particles are moving at the same velocity as the gas
stream and are not settling due to gravity. Use a gas temperature of 20°C and standard pressure.

Solution:

The particle Reynolds number = 0. There is no difference in velocity between the gas stream and the
particle.

The fluid Reynolds number is calculated using Equation 2-9.
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Where:
Density =0.001205 gm/cm’ from Problem 2-2
Viscosity =1.77 x 10* gm/(cmesec) from Problem 2-2

(D.EIEIIEEI5gm

1500 ¢
- =8y Secmj(zuncm)
e

177107 gm
(e sec)

=204 =10¢

The fluid Reynolds number calculated in Problem 2-4 is well into the turbulent range. The particle
Reynolds number is negligible because the particle is “at rest,” moving along with the gas stream.

It is important not to confuse particle and fluid Reynolds numbers. Each has an important but different
purpose in analyzing movement of fluids.

The particle Reynolds number calculated using the procedures illustrated in Problems 2-2 and 2-3 is used
to estimate the value of the drag coefficient. Values of C, can be estimated by using plots of C,, versus
Reynolds numbers constructed from experimental data. It is essential to determine C, so that one can
solve for F,, the drag force, as in Equation 2-6.

From experimentation, it has been observed that three particle flow ranges exist: laminar (sometimes
termed Stokes), transition, and turbulent. These ranges are related to the Reynolds number of the particle
Niep- The relationship of C, versus Ny, is shown in Figure 2-4.

10,000

1,000

TRANSITION

|

\

|

\

!

\

|

1 1 1 1 1 1
0.01 01 1 10 100 1,000 10,000 100,000 1,000,000
Particle Reynolds Number —

Figure 2-4. Relationship between C, and N, for spheres

For low values of the particle Reynolds number {1, . <1.0], the flow is considered laminar. Laminar flow
is defined as flow in which the fluid moves in layers smoothly over an adjacent particle surface. For much
higher values of the particle Reynolds number {1 1000 1, the flow is turbulent. Turbulent flow is
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characterized by erratic motion of fluid with a violent interchange of momentum throughout the fluid near
the particle surface. For particle Reynolds numbers between 1 and 1000, the flow pattern is said to be in
the transition range.

In most air pollution control applications, particles less than 100 pm are in the laminar flow range.
Intermediate and turbulent flow conditions are relevant primarily to the gravity settling of large
agglomerates in fabric filters and electrostatic precipitators.

Mathematical expressions relating the values of C, and Mg can be derived from the data illustrated in
Figure 2-4. Equations for determining C,, in each flow range are as follows:

24 .
Cp=—— Laminatr (Mg <1.00 (2-10)
Mprp
24 4 i
Cp= + Transition (1.0 < Ngge < 1000) (2-11)

N (Npg)'”
C, =044 Turbulent (N, >1000) (2-12)

Cunningham slip correction factor, C, - If the size of the particle is greater than approximately 3 um in
diameter, the fluid appears continuous around the particle. This means that the particle is not affected by
collisions with individual air molecules that occur frequently on all sides of the particle.

If the particles are smaller than 3 um in diameter, the fluid appears discontinuous. This often occurs for
particles in the laminar flow range. In this case, the particles are affected by collisions with air molecules.
These collisions cause the particle to move in a direction related to the combined forces acting on the
particle. The particle is said to be “slipping” between the fluid molecules. To correct for this, Cunningham
deduced that the drag coefficient should be reduced. Thus the drag coefficient equation includes a term
called the Cunningham slip correction factor, C.. In the laminar flow range, Equation 2-10 is corrected to
include C_. The drag coefficient for the laminar range then becomes:

Cp= i 2-13
T 2-13)
The Cunningham slip correction factor can be estimated by:
6.21x10™ (2-14)
¢, 1+ E2XI0OD

P
Where:
T = absolute temperature ('K)

d, = particle diameter (um)

Calculation of F, - The drag force can be calculated by substituting the proper C, expression into
Equation 2-6. The equations for calculating F, in all three flow ranges are shown in Equations 2-15, 2-16,
and 2-17.
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3
|

I
\

w
\

N
\

Cunningham Correction Factor,
Dimensionless
-_—
\

0.1 1 10 100 1000
Particle Diameter, Micrometers

Figure 2-5. Relationship between particle size, temperature, and the
Cunningham Correction Factor, C,

Impvg d .
L=— Larmunar (2-15)
CC
Fp=231m(dv, p* p,"*  Transition (2-16)
Fr,=0.055 m{d vpjj A, Turhulent (2-17)
Where:

g = gravitational acceleration, 980 cm/sec’
p = fluid viscosity (gm/(cm-sec))

d =physical particle diameter (cm)

p, = particle density (gm/cm’)

p, = gas density (gm/cm’)

v, = velocity of particle relative to gas stream (cm/sec)

The streamline (laminar) flow of a fluid around a sphere (particle) was investigated by G. Stokes in 1845
for small values of the Reynolds number. Stokes found that the drag force of the fluid around a particle is
a function of the gas viscosity, particle velocity, and particle diameter. Equation 2-15 expresses this
finding known as Stokes’ Law, which is valid for particle Reynolds numbers equal to or less than 1.0.
Particles less than approximately 100 um in air pollution control devices generally have particle Reynolds
numbers less than 1.0. Therefore, Stokes’ Law generally applies only for the initial collection of particles.
The agglomerated masses of particles that are dislodged during cleaning are larger than 100 pum, and these
“particles” have Reynolds numbers greater than 1.0. Therefore, the drag force on these agglomerated
materials must usually be calculated using either Equation 2-16 or 2-17, depending on the size of the
particles or agglomerated particles.
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Problem 2-5

Calculate the drag force experienced by a 2 um unit density particle moving through 100°C air at 10
m/sec.

Solution:

Air at 100°C has a viscosity of 2.2 x 10*gm/cmrsec. The C, for a 2 um particle moving in 100°C air is:

o 12

- &
=1+6.21x1[| 373K 1.
Zpm

19

Substituting these values into the drag equation for laminar flow gives:

3w (2.2x10 *om/em - sec)(1x10 Fom/ sec) (2210 Y em)

F
b 1.12

=370 x 10tz om Ssec’

Verify that the laminar flow assumption is valid.

Air density at 100°C = (293°K/373°K) x 0.001205 gm/cm’ = 9.47 x 10*gm/cnr’.

(0.47%10™ grovent’ 1210 2 (2%10™ e
SEC
2.2z107" gm/om - sec

Re =
=0.86

Since Mgy 1s less than 1.0, the assumption is valid.

Balance of Forces on a Particle. Newton's second law of motion states that the acceleration produced in
a given mass by the action of a given force is proportional to the force and in the direction of that force.
The second law is simply a statement of the equation /' = ma. The sum of the forces can be written as
follows:

S F=ma=m— (2-18)
= dt

Where:
dv/dt = acceleration or change in velocity with respect to time

A particle in motion in a fluid will be affected by a number of forces such as gravitational, drag, and
electrostatic forces. The simplest example involves a particle falling through still air (Figure 2-6).
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Drag Force

A\
/

W

Gravitational Force

4

Figure 2-6. Balance of gravitational and drag forces

The vector sum of the forces is equal to a resultant force, F;. Note that the effect of bouyancy has been
ignored because the density of particles is substantially greater than the density of air or other gases.

dw

Fe =FG—FD=md— (2-19)
t

As the particle accelerates, the velocity will increase. The drag force on the particle also increases with
increasing velocity. At some point, a velocity value will be reached where the drag force will be as large
as the gravitational force. At this point, the resultant force will be zero, and the particle will no longer
accelerate. If the particle is not accelerating, it is at a constant velocity. This constant velocity, where all
the forces balance out, is called the terminal settling velocity.

Fy =F; - F, = 0 at terminal settling velocity
Then: F; =F,

A parachutist relies on the phenomenon of terminal settling velocity. After jumping from the plane, there
is a short period of acceleration. Then the gravitational force pulling the parachutist down is balanced by
the drag force of the air resisting his or her fall. In the absence of additional forces, free fall at a constant
velocity results. Eventually, the person opens the parachute to increase the drag force and establish a
lower terminal velocity. With particles much smaller than human bodies, the settling velocity is much
slower. This can be seen with smoke plumes that remain aloft for long periods. Without the resisting drag
force, these plumes would fall to the ground immediately.

The particle settling velocity equation is derived by setting F; equal to F;,. Substitute the values for F
from Equation 2-5 and F, (for laminar conditions) from Equation 2-15.

_ppnd3g
" 6

_3:n:u v, d
P
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3
p, md g:3:n:u v, d
& C

C

Solving for v, (which is now v, ):

_gp &

skl S 2-20
i i (2-20)

Where:
g = gravitational acceleration, 980 cm/sec’
p = fluid viscosity (gm/(cmesec))
d  =physical particle diameter (cm)
p, = particle density (gm/cm’)
C. = Cunningham slip correction factor (dimensionless)
v, = terminal settling velocity (cm/sec)

Problem 2-6

Calculate the terminal settling velocity of a 2 um unit density particle in air at 20°C.
Solution:

The Cunningham slip correction factor is:

L 6.21x10(293°K)
2pm

co=1

1

=1.09

The viscosity of air at 20°C is 1.8 x 10*gm/cmesec. The terminal settling velocity then equals:

_ (980emfsec * 1lgmfem® (2 x10* em Fi1.09 )

=0.013 cm/sec
18118 = 10 arnfem » sec

Wy

Although less commonly used, similar derivations for the settling velocity for the other ranges result in:

o 0153 g &t gt

4 T Transition (2-21)
HUT A
d gy
v, =174 il Turbulent (2-22)
He
Where:
g = gravitational acceleration, 980 cm/sec’
p = fluid viscosity (gm/(cmesec))
d = physical particle diameter (cm)

p, = particle density (gm/cm’)
p, = gas density (gm/cm’)
v, = terminal settling velocity (cm/sec)
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The gravity settling equations have been used to calculate the terminal settling velocities of particles from
0.1 to 100,000 um. The data in Table 2-1 clearly indicates that the terminal settling velocities are virtually
negligible for particles less than 10 um, moderate for particles in the size range of 10 - 80 um, and
relatively fast only for particles larger than 80 um.

Table 2-1. Terminal Settling Velocities at 25°C

Terminal Settling Velocity
Particle Size, mm at 25°C, cm/sec Flow Condition
0.1 0.000087 Laminar
1.0 0.0035 Laminar
10.0 0.304 Laminar
50.0 7.5 Laminar
80.0 19.3 Laminar
100 31.2 Transitional
200 68.8 Transitional
1000 430.7 Transitional
10000 1583 Turbulent
100000 5004 Turbulent

It is for this reason that air pollution control devices are not designed to use gravity settling to accomplish
initial separation. Instead, gravity settling is employed only for the second step in particulate control,
which is the removal of large agglomerated masses or clumps of dust (1,000 to 100,000 micrometers) that
have been collected on bags, precipitator plates, or other collection surfaces. These large clumps of
material have high terminal settling velocities.

2.3 CENTRIFUGAL INERTIAL FORCE

Inertial force can be an effective collection mechanism when a particulate-laden gas stream is made to
flow in a circular manner within a cylinder, as shown in Figure 2-7. Inertial force that is applied in a
spinning gas stream is often termed centrifugal force.

The movement of particles due to inertial force in a spinning gas stream is estimated using the same
procedure described for terminal settling velocity due to gravitational force. The equation for centrifugal
force is:

E = mRU (2-23)

Where:
F, = centrifugal force (gmecm/sec?)
m, =mass of the particle (gm)
u, = tangential velocity of the gas (cm/sec)

R =cylinder radius (cm)
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Note that for centrifugal force, the term “u,’/R” is similar to the gravitation force term “g” used in the
discussion of gravity settling.

Inlet GasIEtream
---------- » LD SR o Ct

Particle in
Spinning
Gas Stream
Inertial
Force

Figure 2-7. View of spinning gas in a cyclone
(top view)

Expressing the mass of the particle (m,) in Equation 2-23 in terms of the particle density and the particle
volume (see Equations 2-3 and 2-4) yields the following equation:

s

il 2-24)
F=f (2-
Where:

d = physical particle diameter (cm )
p, = particle density (gm/cm’)

For small particles that have particle Reynolds numbers in the laminar range, the drag force opposing
motion introduced in Equation 2-15 and is as follows:

3T v, d
D C,
The velocity of the particle radially across the gas streamlines and toward the wall of the cyclonic
chamber is then given by Equation 2-25.

2
=d2|:|pu.r C,

2-25
15uR (&-23)

C

This equation illustrates that the velocity of the particle moving across the gas stream lines in the cyclone
and toward the cyclone wall is proportional to the square of the particle size. This means that cyclones
will be substantially more effective for large particles than for small particles. At any given particle size,
the particle radial velocity will be proportional to the square of the gas stream tangential velocity and
inversely proprotional to the cyclone radius. These two parameters determine the extent to which the gas
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stream is spinning within the cyclone. High velocities increase the spinning action and therefore increase
particle radial velocity and particle collection. A small cyclone radius makes the gas stream turn more
sharply and therefore also increases cyclone efficiency.

2.4 INERTIAL IMPACTION

The inertia of a particle in motion in a gas stream can cause it to strike slow-moving or stationary
obstacles in the path of the gas stream. As the gas stream deflects around the obstacle, the particle is
displaced across the gas streamlines toward the direction of the target. If it has sufficient inertia, the
particle contacts the obstacle and is captured. The general movement of the particles is illustrated in
Figure 2-8.

Particle

Inertial Droplet
Force \ /

Figure 2-8. Inertial impaction and interception

The motion of the particle across the gas streamlines is similar to that in a cyclone. The particles are
displaced in a radial direction. The extent of displacement is related directly to the efficiency of capture
in the target. Large particles are captured more easily than small particles due to their greater inertia.

The efficiency of impaction can be evaluated using the same general procedures used to evaluate gravity
settling and centrifugal force. For particles having a Reynolds number less than 1 (drag force Equation 2-
8), the effectiveness of impaction can be related to the impaction parameter shown in Equation 2-26. As
the value of this parameter increases, particles have a greater tendency to move radially toward the target.
As the value of the parameter approaches zero, the particles have a tendency to remain on the gas
streamlines and pass around the target.

o dwp,

2-26
. (2-26)

K, =impaction parameter (dimensionless)

C. = Cunningham slip correction factor (dimensionless)

d = physicalparticle diameter (cm)

v = difference in velocity between the particle and the target (cm/sec)
D, = diameter of target (cm)
n

p

= gas viscosity (gm/(cmesec))
= particle density (gm/cm’)

Note that, in some texts, the impaction parameter is termed the “Stokes number” and has a value that is
one-half the value shown in Equation 2-26.
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This equation basically indicates that the extent of movement of the particle across gas streamlines is
related to the square of the particle diameter for particles that have Reynolds numbers equal to less than 1.
Evaluating the efficiency of impaction based on the impaction parameter yields a curve similar to that
shown in Figure 2-9.
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Figure 2-9. General characteristics of the impaction
efficiency curve

2.5 PARTICLE BROWNIAN MOTION

Very small particles (0.2 to 0.002 micrometers) deflect slightly when they are struck by gas molecules.
The deflection is caused by the transfer of kinetic energy from the rapidly moving gas molecule to the
small particle. An exaggerated illustration of this motion is shown in Figure 2-10.

Exaggerated
Brownian Motion @y X gy o\
Due to Molecular b
Collisions

Particle

. Y
Y & Captured in

........... o QNG Droplet
Particle\o T\O !
o

Gas Molecules
Colliding with
Small Particles

A

Overall Gas

Stre?m Line
"y

Figure 2-10. Brownian motion
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Brownian motion and diffusion are important only for particles less than 0.3 micrometers. The rate of
diffusion is related to the diffusivity parameter shown in Equation 2-27. This indicates that the rate of
particle diffusion is inversely proportional to the particle diameter and directly proportional to the
absolute gas temperature.
o7 <

Smpd

P (2-27)

Where:
D, = diffusivity of particles (cm’/sec)
K = Boltzmann constant (gmecm?/sec’+°K)
T = absolute temperature (°K)
C. = Cunningham slip correction factor (dimensionless)
p = gas viscosity (kg/mesec)
d = physical particle diameter (um)

Brownian motion and particle diffusion are responsible for a slight increase in the observed collection
efficiencies of air pollution control devices in the size range less than 0.3 micrometers. However,
diffusion rates are low even for particles in the 0.3 to 0.01 size range. Accordingly, particle Brownian
motion and diffusion are not significant influences in the majority of air pollution control systems.

2.6 ELECTROSTATIC ATTRACTION

The following two particle charging mechanisms are active in air pollution control devices used to collect
particulate matter.

* Diffusion charging
* Field dependent charging

Diffusion charge is the result of the collisions of unipolar ions with particles in a gas stream. The
collisions are caused by the random Brownian motion of both the ions and the particles. Diffusional
charging continues until electrical charges on the surface of the particle are sufficiently strong to repel
most approaching ions. The number of electrical charges that accumulate on the surface of the particle
due to these charging mechanisms is indicated by the relationship shown in Equation 2-28.

d_KT
=2 _log,|l+
e

T (2-28)

'n:l:illl:ielNlt]
Where:
d, = diameter of particles (cm )
k = Boltzmann constant (gmecm?/sec’s°K)
T = absolute temperature (°K)
c; =ion velocity (rms value)
e = charge of an electron (stC)
t =time (sec)
N, =ion concentration

1

The extent of diffusional charging is related to the particle diameter. This is the most important charging
mechanism for particles less than approximately 0.4 micrometers.
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Diffusional charging does not require an electrical field. However, the particles that acquire an electrical
charge will be influenced by a field that exists in the area of diffusional charging. These particles will
move along the electrical field lines to an area of lower field strength (e.g., collection surface).

Field dependent charging occurs when particles are placed in a strong electrical field with a high
concentration of unipolar ions. The ions are move along electric field lines that intersect the particle in
the field. The transfer of electrical charge continues until the electrical field on the particle is sufficient to
repel the field. This point is termed the saturation charge and is calculated using Equation 2-29.

2
A
=4+ =

Where:
d, = diameter of particles (cm)
¢ = dielectric constant of the particle (dimensionless)

E =electrical field strength (kv/cm)
n, = saturation charge (number)

Equation 2-29 indicates that the number of electrical charges placed on a particle due to field dependent
charging is related to the square of the particle diameter. This level of charging is achieved extremely
quickly. Once charged, the particles will be influenced by the electrical field and will move along the
electrical field lines toward the area of reduced electrical field strength.

Field dependent charging is the dominant charging mechanism for particles larger than 2 micrometers. It
becomes progressively less important as the particle size decreases. Conversely, diffusional charge is
more effective on particles smaller than 0.4 micrometers, and it becomes progressively more important as
particle size decreases.

The charge on a particle is usually expressed as n times the smallest unit of charge, the charge on an
electron, e (4.8 x 10°'? statcoulombs). The force on a particle with n units of charge in an electrical field,
E, is given by:

F.=neE (2-30)

Where:
F, = electrostatic force (statcoulomb?/cm?)
n = number of charges
e=4.8x 10" stC
E = electric field strength (kv/cm)

The forces created in an electric field can be thousands of times greater than gravity. The velocity with
which particles in the electric field migrate can be determined in a manner similar to that shown for
gravity settling and centrifugal force. Setting the electrostatic force (F;) equal to the drag force (F,) and
solving for terminal electrostatic velocity provides:

E =FE, (2-31)

Impd v,
C

nek= (2-32)

[
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_neEC,
'|ijl'_—

2-33
imud ( )

This equation applies to particles in the laminar region. When N, ., > 1.0, a more complicated procedure is
required.

Problem 2-7

Determine the terminal electrostatic velocity of a 2 um unit density particle carrying 800 units of charge in
an electric field of 2 kV/cm. Assume that the gas temperature is 20°C. To solve this problem, the
following relationships are used:

300V =1 statvolt
statvolt = statcoulomb/cm

dyne = statcoulomb?/cm’ = gm-cm / sec’
C =1.09 (as calculated in Problem 2-4)

4

The electric field in centimeter-gram-second units (cgsu) is:

Eepkl [LotV)_ ootV g7 S
cim L3 KV it it "

Using Equation 2-33,

_800(4.8x107"stC 6. Tt/ em® §1.09 §

= — — =873 om/zec
3nll 8x107 gm femxsec 1 2x 107 cm |

P

It is apparent that the velocity for the 2 um particle discussed in Problem 2-7 is substantially greater than
the gravity settling velocity for the same size particle. This is due to the much greater force imposed by
the electrostatic field. Electrostatic force can be used for the initial separation of particles due to the
magnitudes of the forces that can be imposed on small particles.

2.7 THERMOPHORESIS AND DIFFUSIOPHORESIS

Thermophoresis and diffusiophoresis are two relatively weak forces that can affect particle collection.
Thermophoresis is particle movement caused by thermal differences on two sides of the particle. The gas
molecule kinetic energies on the hot side of the particle are higher than they are on the cold side.
Therefore, collisions with the particle on the hot side transfer more energy than molecular collisions on
the cold side. Accordingly, the particle is deflected toward the cold area.

Diffusiophoresis is caused by an imbalance in the kinetic energies being transmitted to the particles by the
surrounding molecules. When there is a strong difference in the concentration of molecules between two
sides of the particle, there is a difference in the number of molecular collisions. The particle moves toward
the area of lower concentration. Diffusiophoresis can be important when the evaporation or condensation
of water is involved since these conditions create substantial concentration gradients. The normal
differences in pollutant concentration are not sufficient to cause significant particle movement.
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2.8 PARTICLE SIZE-COLLECTION EFFICIENCY
RELATIONSHIPS

Due to the combined action of the various collection mechanisms described in the previous section, the
performance of particulate control devices often has the particle size-efficiency relationship shown in
Figure 2-11. Above 100 um, particles are collected with very high efficiency by inertial impaction,
electrostatic attraction, and even gravity settling. Efficiency remains high throughout the range of 10 - 100
um due to the inertial and/or electrostatic forces (depending on the type of collector), both of which are
approximately proportional to the square of the particle diameter. For particles less than 10 um, the limits
of inertial forces and electrostatic forces begin to become apparent, and the efficiency drops. Efficiency of
these collection mechanisms reaches low levels between 1 and 0.1 um, depending on such factors as gas
velocities (inertial forces) and electrical field strengths (electrostatic attraction). Below 0.3 um, Brownian
displacement begins to become effective. Accordingly, the overall efficiency curve begins to rise in the
very small size range.
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Figure 2-11. General relationship between collection efficiency and particle size

The combined result of these various collection mechanisms is a minimum collection efficiency in the
particle size range of 0.1 to 0.5 um. Collection mechanisms in many devices are not highly efficient for
particles in this range. These particles can be classified as “difficult-to-control” due to the inherent
limitations of the collection mechanisms. This relationship, which can be seen in a number of studies of
actual sources, indicates that stationary sources generating high concentrations of particles in the 0.1 to
0.3 um range may be an especially challenging control problem.

The actual extent of this gap in particulate control capability varies substantially among the types of
particulate control systems. The gap is most noticeable in wet scrubbers and electrostatic precipitators.
Fabric filters generally have a minimal decrease in overall efficiency in this range due to the multiple-
collection mechanisms inherently present. Cyclonic collectors generally are inefficient for particles less
than 1 to 3 um (low efficiency mechanism curve).

Operators of stationary sources that generate large fractions of the total particulate matter in the 0.1 to 0.3
um range may need to modify the process to alter the particle size distribution or use a pretreatment

system to “grow” the particles to a more easily collected size range. These options are discussed in
Chapter 6.
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Review Exercises

1. What is the main role of gravity settling in high efficiency particulate control systems?
a. Initial capture of particles in the gas stream being treated

b. Collection of solids dislodged from the components (e.g., bags, collection plates) during the
cleaning cycle

c. Minimization of the particulate matter in the gas stream prior to the inlet to the particulate matter
control device.

d. None of the above.

2. How does the particle Reynolds number change when the gas temperature is increased?
a. Increases
b. Decreases

c. Remains unchanged

3. A particle is being transported in a gas stream moving horizontally at 50 feet per second. Calculate the
particle Reynolds number for a gas temperature of 115°C, a water vapor content of 10%, and an
oxygen content of 7%. Ignore particle gravitational settling in the gas stream.

4. How does the gas viscosity change as the temperature is increased?

a. Increases
b. Decreases

c. Remains unchanged

5. How is the collection efficiency of a cyclonic collector related to the particle size?
a. It increases proportional to the cube of the particle diameter.
b. It increases proportional to the square of the particle diameter.
c. It increases proportional to the particle diameter.
d

. It is independent of the particle diameter.

6. How is the collection efficiency of an air pollution control device using inertial impaction (e.g.,
particulate wet scrubber) related to the particle size?

a. It increases proportional to the cube of the particle diameter.
b. It increases proportional to the square of the particle diameter.
c. It increases proportional to the particle diameter.

d. It is independent of the particle diameter.

7. How does the effectiveness of Brownian motion and diffusion relate to the particle size?
a. It increases proportional to the cube of the particle diameter.
b. It increases proportional to the square of the particle diameter.
c. It increases proportional to the inverse of the particle diameter.
d

. It increases proportional to the inverse of the square of the particle diameter.
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8.

10.

Calculate the particle Reynolds numbers for the following unit density particles. Assume a gas density
0f 0.001205 gm/cm’ at 20°C.

a. 10 um particle moving at 1 ft/sec
b. 10 pm particle moving at 10 ft/sec
c. 100 um particle moving at 1 ft/sec

d. 100 pm particle moving at 10 ft/sec
Calculate the coefficient of drag at a particle Reynolds number of 0.5.

Calculate the terminal settling velocities of spherical particles having the following physical
diameters. Assume a gas density of 0.001205 gm/cm’ at 20°C. Also assume that the particle Reynolds
number is < 1 and that the particle density = 1 gm/cn’.

a. 1 um
b. 10 pm
c. 100 pm
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Review Answers

1.  What is the main role of gravity settling in high efficiency particulate control systems?

b. Collection of solids dislodged from the components (e.g. bags, collection plates) during the
cleaning cycle

2. How does the particle Reynolds number change when the gas temperature is increased?
b. Decreases

3. A particle is being transported in a gas stream moving horizontally at 50 feet per second. Calculate
the particle Reynolds number for a gas temperature of 115°C, a water vapor content of 10%, and an
oxygen content of 7%. Ignore particle gravitational settling in the gas stream.

Solution:

The particle Reynolds number is zero because the particle is moving at the same speed as the gas
stream.

4.  How does the gas viscosity change as the temperature is increased?

a. Increases

5. How is the collection efficiency of a cyclonic collector related to the particle size?
b. It increases proportional to the square of the particle diameter

6.  How is the collection efficiency of an air pollution control device using inertial impaction (e.g.
particulate wet scrubber) related to the particle size?

b. It increases proportional to the square of the particle diameter

7. How does the effectiveness of Brownian motion and diffusion related to the particle size?
C. It increases proportional to the inverse of the particle diameter

8.  Calculate the particle Reynolds numbers for the following unit density particles. Assume a gas
density of 0.001205 gm/cm’ at 20°C.

a. 10 pm particle moving at 1 ft/sec = N, = 0.203
b 10 pm particle moving at 10 ft/sec = Ng;, = 2.03
C. 100 pm particle moving at 1 ft/sec = Ny, = 2.03
d 100 pm particle moving at 10 ft/sec = N, = 20.3

Solution (general):

All four parts of this problem use the following equation to calculate the particle Reynolds number:

v d
particle Reynolds number = P %

1L

From Equation 2-8, the gas viscosity at 20°C is 1.81 x 10™* gm/(cmesec).
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10.

Solution for part a:

_ 0.001205 gmfem® x[1 f/secx12in/ft x2.54 emiin. % 0.001 cm
1.81x 107" grof(cm e sec)

I\L:[REF'
= 0.203

Solution for part b:

_ 0001205 gmfom ”x[10 fi /sec x12 in/ft x 254 emvin. [x0.001 em
181 =107 gmeicm e sec)

EEP
=203

Solution for part c:

_ 0.001205 gmfem® x[1 £/ secx 12in/f x 2.54 emfin. [x0.01em

M
s 1.81x 107 grof(cm e sec)
= 2.03
Solution for part d:
W o 0001205 amfem® x[10 ft/sec x 12 i/t % 2.54 cmifin [ 0.01 cm
e

1.51x107™* gmf(cm e sec)
=203

Calculate the coefficient of drag at a particle Reynolds number of 0.5.
C, =48

Solution:
Cp =24/Hygp if Ny <1.0

C, =24/0.5=48
Calculate the terminal settling velocities of spherical particles having the following physical

diameters. Assume a gas density of 0.001205 gm/cm’ at 20°C. Also, assume that the particle
Reynolds number is < 1 and that the particle density = 1 gm/cm’

a. 1 um = The terminal settling velocity (v,) = 0.0035 cm/sec.
b. 10 pm = The terminal settling velocity (v,) = 0.307 cm/sec.
¢. 100 um = The terminal settling velocity (v,) = 30.5 cm/sec.

Solution for part a:
For a 1 pm particle,
C.=1+(6.21 x10* T)/d,=1+(6.21 x 10%) (293’K)/1pm = 1.18
gryd” C.
v, =——
18
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, (s emfsec 2 (1 gmiom Y (1107 cm)*71.18)

X < =0.0035 cm/sec
18 (1.81 =107 gmicm = sec)

. p.v. d
particle Reynolds number= — =2 £
1L
Mo = (0.001205 gmicm®3(0.0035 cmfzec) (0.0001 cm)
= 1.81 % 10" gmicm » sec

Npgp = 2.3x107°

Therefore, use of the laminar form of the gravity settling equation is correct, and 0.0035 cm/sec
is the correct terminal settling velocity of this particle.

Solution for part b:
For a 10 um particle,
C.,=1+(6.21x10*T)/d, =1+ (6.21 x 10*) (293'K)/10 =1.02

:g|:u1:,d2(3c

W
t 18 1

. — (080 cenfec’ 01 grodemmn YOI 107 ey’ (1.02)

; - =0.307 cm/sec
18(1. 81 =107 gtn/cin » sec)

. powvod
particle Reynolds number = £+t X
IL
N = (0001205 gfem (0307 cmizec) (0001 cm)
121 =107 gmfcm esec
M, =20=10

Therefore, use of the laminar form of the gravity settling is correct, and 0.307 cm/sec is the
correct terminal settling velocity of this particle.

Solution for part c:
For a 100 pum particle,
C.=1+(6.21x10*T)/d, =1+ (6.21 x 107) (293°K)/100 = 1.00
_gppd’c
18 1

5 = (980 cmisec M lagmicm M (1%107 e ? (1.0
' 18(1.81%10* gmfcm ® sec)

t

=301 cmsec
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P, v, 4y

I

particle Reynolds number =

_ (0001205 gmfem a0 1 emised) (001 oo

N =
181 =107 gmfem e zec

EFP

M., =200

Therefore, use of the laminar form of the gravity settling equation is not correct.

Assume that the flow near the particle is in the transitional range.

_ 0153 gIZI.‘?l [11'14 pg.‘?l

i Y E
K Pg

_ 0.153(980cmisec’)’ ™ (0.00em) ™ (1gmiom’ )" ™
(1.81x10" gmfcme sec)™™ (0.001205 gmfem’ "

1

w, = 305 cmisec

pf 1i'irl' I:11'
n

_ (0001305 gmiem ) (303 emfsec) (0.01 cmy)
1.81 107 gmfcm e sec

particle Reynolds number =

H

N, = 2.03

Therefore, use of the transitional form of the gravity settling equation is correct, and 30.5
cm/sec is the correct terminal settling velocity for this particle.
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Chapter 3
Air Pollution Control Systems

Industrial process systems consist of the process equipment, which generates the pollutants, the air
pollution control equipment that removes them, and the fan that moves the gas stream.

The process equipment and the air pollutant control devices do not work independently. The operating
conditions of all the system components are closely linked together by the fans, hoods, and ductwork.

In addition to discussing how hoods and fans operate in an industrial system, this chapter introduces you
to the preparation and use of industrial source system flowcharts. Flowcharts provide an important tool
for evaluating the overall system.

Some reasons for understanding and evaluating the entire industrial process as a whole are given below.
* Changes in the process equipment can have a major impact on the efficiency of the control device.

* Changes in the air pollution control device can affect the ability of the process hoods to capture the
pollutants at the point of generation.

* The operating data from one unit in the system can be valuable in evaluating the operating conditions
in another unit in the system.

* Hoods and fans can influence the efficiency of the air pollution control equipment and the release of
fugitive emissions from the process equipment.

3.1 FLOWCHARTS

Flowcharts are a useful tool when you want to evaluate the performance of an entire system because they
provide a means for organizing and presenting operating data. More specifically, flowcharts can be used
for the following purposes:

» Evaluating process operating changes that are affecting control device performance
* Identifying instruments that are not working properly

* Identifying health and safety problems

* Communicating effectively

As discussed later (see lesson on Flowchart Diagrams) an expanded block diagram flowchart has been
adopted for use in this Course. Major components such as baghouses are shown as a simple block rather
than a complex sketch resembling the actual baghouse. A set of conventional instrument symbols and
major equipment symbols have been adopted primarily from conventional chemical engineering practice.

Most of the standard symbols are reproduced on the back of the flowchart sheet so that you do not need to
remember any of the specific information included within this course. The form is basically "self
contained."
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3.1.1 Flowchart Symbols

A complete flowchart consists of several symbols representing major and minor pieces of equipment and
numerous material flow streams. It is important to be able to differentiate between the various types of
material flow streams without sacrificing simplicity and clarity.

Material Streams

The recommended symbols selected for the material streams are presented in Figure 3-1.

Solid or Liquid Stream

&—» Utility Stream
_<|>_
A

Gas Stream

Figure 3-1. Material stream symbols

Gas flow streams are shown as two parallel lines spaced slightly apart and therefore appear larger than
other streams. This size difference is important so that the inspector can quickly scan the flowchart and
differentiate between gas and liquid material flow streams. Segments of ductwork connecting one major
piece of equipment to another are labeled with an alphabetic character.

Important liquid and solid material flow streams are shown as solid, single lines. Diamonds with enclosed
numbers are used to identify each of the streams.

To avoid cluttering the drawing, some of the liquid and solid material streams for which operating data
will not be necessary are unnumbered. These types of streams are often called utility streams for a couple
of reasons. They provide necessary materials to the system being shown and the characteristics of these
streams are relatively constant. Typical utility streams for air pollution control equipment systems include
make-up water, cooling water, and low-pressure steam. Natural gas, oil, and other fossil fuels can also be
treated as utility streams to simplify the drawings. Instead of the numbered diamonds, these utility
streams are identified either by using one of the codes listed in Table 3-1 or by a one- or two-word title.
The codes or work titles are placed next to a "stretched S" symbol, which is used to indicate that the
source of the utility stream is outside the scope of the drawing.

Table 3-1. Codes for Utility Streams
Cal - Compressed calibration gas HS - High pressure steam
CA - Compressed air 1A - Instrument air
CD - Condensate LS - Low pressure steam
Cw - City (or plant) fresh water 0Oil - No. 2 or No. 6 oil
Gas - Natural Gas
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Major Components of Systems

A square or rectangle is used to denote major equipment such as the air pollution control devices, tanks
and vessels, or process equipment. Fans are denoted using a relatively large circle with a set of tangential
lines to indicate the discharge point. A stack is shown as a slightly tapered rectangle. All of these symbols
are shaded or filled with crosshatched diagonal lines so that it is easy to pick out the major equipment
items from the gas handling ductwork and other streams leaving these units as shown in Figure 3-2.

Major equipment

Fan

Stack

Figure 3-2. Major equipment symbols

The items treated as major equipment depend on the overall complexity of the system being drawn and on
individual preferences. These decisions are determined based primarily on the types of data and
observations that are possible and the level of detail that is necessary to evaluate the performance of the

overall system.
- Emission
V‘ Foints

Stack Storage Pile

Figure 3-3. Identification of emission points

The stack (or emission discharge point) is obviously important due to the visible emission observations
and the presence of continuous emission monitors and stack sampling ports in some systems. The
emission points, which should be subject to Method 9 or Method 22 visible emission observations, are
identified by a set of inverted triangles immediately above the source as shown in Figure 3-3. These are
numbered whenever there is any possibility of confusing different sources within a single industrial
complex. The numbers used in the triangles should correspond with the emission point identification
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numbers used in the inspector's working files. Typical identification numbers E,, E,, ... E, are used for
enclosed emission points such as stacks and F,, F,... F, are used for fugitive emission points such as
storage piles and material handling operations.

Minor Components of Systems

A number of relatively small components in air pollution control systems should be shown on the block-
diagram-type flowcharts in order to clarify how the system operates. A partial list of these minor
equipment components is provided in Table 3-2.

Table 3-2. Minor Components

Fabric Filters Wet Scrubbers
* Bypass dampers *  Pumps
* Relief dampers * Nozzles
e Outlet dampers e  Manual valves
* Reverse air fans *  Automatic valves

Carbon adsorbers and Oxidizers
* Indirect heat exchangers

. Fans

Symbols for the minor components listed in Table 3- 2 are shown in Figure 3-4. Note that all of these
symbols are relatively simple and quick to draw.

Common Symbols

Pum 4@

Heat
Exchanger @t
Valve
(Manual) AL

Valve
(Automatic)

Tt TAA

Figure 3-4. Minor component symbols
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Instruments

The presence of an instrument or a sampling port is indicated by a small circle connected to a stream line
by a short dashed line as shown in Figure 3-5.

7N
\R/

Direct Reading Panel Mounted Panel Mounted Instrument
Instrument Instrument with Continuous Recorder

Figure 3-5. Gauge symbols

The type of instrument is indicated using the symbols listed in Table 3-3.

Table 3-3. Instrument Codes
A - Motor current pH - Liquid or slurry pH
CEM - Continuous emission monitor Ap - Static pressure drop
Den - Density SP - Gas static pressure
F - Flow SSP - Stack sampling port
L - Liquid level T - Temperature
LEL - Lower explosive limit \% - Vacuum gauge
MP - Measurement port vVOC - Low concentration VOC monitor
Op - Opacity W - Weight
P Gas or liquid pressure

Instruments such as manometers and dial-type thermometers can only be read at the gauge itself. These
indicating gauges, shown in Figure 3-5, are simply denoted by the instrument circle and the instrument
code. More sophisticated instruments with panel-mounted readout gauges (normally in the control room)
are indicated using a line horizontally bisecting the instrument circle. In this case, the instrument code is
placed directly above the line. When the instrument readout is a continuous strip chart recorder or data
acquisition system, the letter "R" for "Recording" is placed below the line.

Materials of Construction

The materials of construction are relevant whenever there has been or may be a serious corrosion problem
that could affect either system performance or safety. On a single-page-format-type of flowchart, it is
impractical to specify the exact types of material and protective coatings on each vulnerable component
because there are several hundred combinations of materials and coatings in common use. However, the
general type of material in certain selected portions of the system may be important. For example, it
would be helpful to know that a stack discharging high concentrations of sulfuric acid vapor is composed
of carbon steel because this material is easily attacked by sulfuric acid. The stack platform and access
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ladders could be vulnerable to failure as the corrosion problem gets progressively worse. A small set of
symbols is presented in Table 3-4 for identifying materials of construction.

Table 3-4. Codes for Construction Materials

CS - Carbon steel RL - Rubber lined
FRP- Fiberglass reinforced plastic SS - - Stainless steel
N - Nickel alloy WD - Wood

These symbols should be placed next to the major equipment item (e.g., stack, fan, air pollution control
device) or the gas handling ductwork segment.

3.1.2 Diagrams
Basic Flowcharting Techniques

Flowcharts can serve many purposes and therefore many levels of sophistication in flowchart preparation
exist. Some of the most complex are design-oriented piping and instrumentation drawings (termed P & /
drawings), which show every major component, valve, and pipe within the system. Even a drawing for a
relatively simple system (or part of a system) can have more than 500 separate items shown on it.

Conversely, a simple block diagram used as a field sketch may have only 3 to 5 symbols on the drawing.

Flowcharts for air pollution control studies should be relatively simple. Generally, you need more
equipment detail than shown on a simple block diagram, but far less information than provided by the
standard P & I drawing. The flowcharts should not be so cluttered with system design details that it is
difficult to include present system operating conditions to help identify health and safety risks and
performance problems. Since these are primarily "working" drawings, they must be small enough to be
carried easily while walking around the facility. The flowcharts should not also require a lot of time to
prepare or to revise.

For these reasons, an expanded block diagram flowchart has been adopted for use in this course. In this
type of flowchart, only the system components directly relevant to the study are included. Major
components such as baghouses are shown as a simple block rather than a complex sketch resembling the
actual baghouse. Most minor components and material flow streams are omitted to avoid cluttering the
drawing.

The size of the flowchart is designed so that it fits entirely on a single 8% by 11 inch page and can be
carried on a standard clipboard or in a notebook. Furthermore, most of the standard symbols are
reproduced on the back of the flowchart sheet.

Flowchart Diagrams

An example flowchart for a relatively complicated air pollution source, a waste solvent incinerator, is
shown in Figure 3-6. The process equipment in this example consists of a starved air modular incinerator
with primary and secondary chambers. The air pollution control system consists of a venturi scrubber
followed by a mist eliminator.
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@Stackcap @@

OO O wHEE

: : : Loy 1
@ '"gmﬁ:;m Incinerator Venturi ” £
| v [ Sggondery scnunber | © | S
- :>'—) S

Pum
@-—éﬁ Caustic

Caustic
Pump o make-up

Figure 3-6. Example flowchart of a waste solvent system

The primary and secondary chambers of the waste solvent incinerator have been shown separately
because data from each chamber is important to the inspection. However, many components of the
incinerator and wet scrubber systems have not been shown because their operating conditions are not
central to the potential air pollution emission problems or health and safety problems.

Another flowchart example is shown in Figure 3-7. This is a simple wet scrubber system serving a recycle
operation in a hot mix asphalt plant. Most of the plant is not shown since the scrubber only controls the
particulate emissions from the mixing of hot, new aggregate with cold, aged recycled asphaltic concrete.

Bggregate 3/
Recycle <1>l
A

X fu;li'ﬁng ,!—,u, // Y
‘Chambeer — ‘~_'1
[l Spm;,r .
] Forubb er . |
1 e E LeoFan |
Pug P e
A zphalt Bind ug
=p inder /5>,.,. il L
&
i
T Furnp
., =
aF Faond A

Figure 3-7. Example flowchart of an asphalt plant
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It is apparent in Figure 3-7 that the duct labeled as section C serves as the discharge point. The liquid
recycle pond is shown using an irregular shape and with a slightly different form of cross hatching so that
it is easy to differentiate between the pond and the major equipment items.

It should be noted that the symbols for the major pieces of equipment and the symbols for other parts of
the system should be located in logical positions. For example, the pond in Figure 3-7 is placed near the
bottom of the sketch, and the stack is in a relatively high location.

The following problems illustrate how flowcharts can be helpful during the inspection of air pollution
control systems. They serve as a tool for organizing relevant data and determining what needs further
investigation.

Follow these steps when evaluating the overall system:

1. Determine whether or not the operating data is consistent and logical.

2. Compare current data against site-specific baseline data.

3. Determine specific areas that may need emphasis during the inspection.
4

Determine potential health and safety problems that may be encountered during the inspection.

Problem 3-1

A regulatory agency is conducting an inspection of a soil remediation unit at a hazardous waste site. This
site is an abandoned chemical plant where several nonvolatile carcinogens (chlorinated organic
compounds) are present in old lagoons. The plant uses a rotary kiln for destruction of the carcinogens and
two side-by-side pulse jet fabric filters for control of particulate matter generated in the kiln. Based on the
data shown in Figure 3-8 (Present Situation) and Table 3-5 (Baseline Data), determine the following:

A. Is the operating data for the system consistent and logical?

B. Do any important discrepancies exist between the current and baseline data?
C. What areas of the facility should be emphasized during the inspection?
D

. What health and safety issues should be considered during the inspection?

-10" 819°C 659°C -1.0"

O OO 7 &.v
e &0 a

[} []
: - - | 204°C .
oo &
! L - _
[}
L Y
;; ; CW<_] . 1| Pulse jet | 1
Dryer A Kiln Evigg:::lve c L bag?zcsuse
ﬁ O |
Charge
pile i
Heate:
solid ! 234°C
Particulate
Treated
pile

Figure 3-8. Example flowchart of a hazardous waste incinerator and pulse jet baghouse system
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Table 3-5. Baseline Data for the Hazardous Waste Incinerator

Location Temperature (°C) Static Pressure (in. W.C.)
Kiln hood 810 -0.1
Evaporative cooler inlet 785 -1.0
Evaporative cooler outlet 240 No Data
Baghouse inlet 195 No Data
Baghouse outlet 190 -5.1
Duct E No Data -1.5
Stack No Data -1.0
Solution:

Part A

Determine if the operating data for the system is consistent and logical. There should be logical trends in
the gas temperatures, gas static pressures, gas oxygen concentrations (combustion sources) and other

parameters along the direction of gas flow.

For this example, the gas temperature and static pressure data are listed in Tables 3-6 and 3-7 in the
direction of gas flow.

Table 3-6. Gas Temperature Profile for the Hazardous W aste

Incinerator (°C)

Present Baseline
Kiln hood 819 810
Evaporative cooler inlet 659 785
Evaporative cooler outlet 234 240
Baghouse inlet 204 195
Baghouse outlet 176 190

Table 3-7. Gas Static Pressure Profit for the Hazardous Waste

Incinerator (in. W.C.)

Present Baseline
Kiln hood -0.10 -0.10
Evaporative cooler inlet -1.0 -1.0
Evaporative cooler outlet No Data No Data
Baghouse inlet No Data No Data
Baghouse outlet -3.2 -5.1
Duct E +0.4 -1.5
Stack -0.1 -1.0
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The gas temperature and static pressure trends through the system are both logical. The gas temperatures
are at a maximum at the discharge of the combustion source, and they decrease throughout the system.
The gas temperature at the fan outlet is not provided for this example. Note that sometimes gas
temperature at the fan outlet is higher than that at the fan inlet due to compression that occurs as the gas
moves through the fan (the Joule-Thompson effect)’. The static pressures become progressively more
negative as the gas approaches the fan. After the fan, the static pressure of the system significantly
increases, as expected. Since the set of plant instruments provides consistent and logical profiles through
the system, they are probably relatively accurate.

Solution:
Part B
Compare the current data against the site-specific baseline data to the extent that it is available.

Step 1. Compare the current temperature data against the site-specific baseline data.

+1
0- N

Q
2NN _
£ 17
% _| Combined
a -2 cooler and
2 baghouse
) pressure drop
= -8
S
a | e -

-4 —|

; Kilni ! Cooler| | Baghouse |

. [ e vGasﬂow

Gas temperature, °C

Figure 3-9. Static pressure and temperature profile for
present data

a. Evaluate the temperature data for Duct B using Figure 3-9 and Table 3-6

The 160°C temperature drop (from 819°C to 659°C) in the short duct (B) between the kiln and the
evaporative cooler is relatively new. The baseline data indicates that the previous temperature drop
was 25°C due to radiative and convective heat losses from the refractory-lined duct. The significantly
higher temperature drop presently occurring across this short section of ductwork indicates that air
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infiltration is probably happening. This air infiltration could reduce the amount of combustion being
pulled from the kiln and thereby cause fugitive emissions from the kiln. A check for fugitive
emissions should be included in the scope of the inspection.

b. Evaluate the destruction efficiency of the rotary kiln using the kiln outlet temperature data using
Figure 3-9 and Table 3-6.

The primary function of this portable plant is to incinerate the contaminated soil. It is apparent from
the flowchart that the most useful single parameter for evaluating the destruction efficiency of the
rotary kiln system is the kiln outlet temperature monitored by the temperature gauge on the left side
of duct B. The present value of 819°C compares well with the baseline data obtained during the trial
burn tests in which the unit demonstrated good performance. Accordingly, it appears that the unit is
presently in compliance.

c. Evaluate the temperature data for the evaporative cooler. See Figure 3-9 and Table 3-6.

The evaporative cooler is important primarily because it protects the temperature-sensitive Nomex®
bags used in the downstream pulse jet baghouses. It is clear from the flowchart that presently there is
a gas temperature drop of 425°C across the evaporative cooler. This fact combined with an observed
outlet gas temperature of 234°C demonstrates that this unit is operating as intended. It is not
necessary to climb to the top of the unit to check the spray nozzles.

d. Evaluate the temperature data for the baghouse. See Figure 3-9 and Table 3-6

The flowchart data indicates there is a severe temperature drop across the baghouse (28°C). This
should be included in the field evaluation.

Step 2. Compare the current pressure drop data against the site-specific baseline data.
a . Evaluate the static pressure data across the kiln using Figure 3-9 and Table 3-7.
The pressure readings are in agreement for the baseline data and the present data.

b. Evaluate the static pressure data from the evaporative cooler inlet to the baghouse outlet. See Figure
3-9 and Table 3-7.

The baseline static pressure drop is 4.1 in. W.C. compared with a present pressure drop reading of 2.2
in. W.C. Pressure drops across evaporative coolers tend to remain constant. However, the pressure
drop across baghouses can vary due to changes in emission loading or a malfunction. Emission
loading is directly related to a pressure drop increase. A decrease in pressure drop may result from air
inleakage at the bag connention points. Air inleakage can also occur due to worn or torn bags.

c. Evaluate the static pressure data from the baghouse exit to the stack. See Figure 3-9 and Table 3-7.

The static pressure increase created by the fan (3.6 in. W.C.) is similar for the baseline and present
conditions. The static pressure drop from the fan exit to the stack is also in agreement.

Solution:

Part C
Determine the areas that should be emphasized during inspection. They are as follows:
1. Check for air infiltration in Duct B.

2. Check for fugitive emissions from rotary kiln.
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3. Investigate reasons for temperature drop of the pulse jet baghouses.
4. Check for air inleakage across the pulse jet baghouse
Solution:
PartD
Determine what health and safety issues should be considered during the inspection.

The pulse jet baghouse should be one of the main areas evaluated during the field portion of the
inspection. However, this work must be conducted carefully in order to minimize safety hazards. The
roof of the unit should be avoided because it is an uninsulated metal surface at 176°C (349°F). The
soles of safety shoes could begin to melt and thereby cause a fall. Furthermore, there is a slight
possibility of falling through the roof of the baghouse. The gas temperature drop of 28°C across the
baghouse indicates severe air infiltration that may be caused by corrosion. If so, the roof may have
been weakened. Corrosion is very likely in this process due to the formation of hydrochloric acid and
water vapor in the kiln.

The waste being burned in this portable plant includes several suspected carcinogens. This should be
noted on the flowchart to serve as a reminder to stay out of areas where inhalation problems or skin
absorption hazards could exist.

Summary of Health and Safety Issues
1. Avoid roof of pulse jet baghouse.

2. Remain aware that chemicals in process are possible carcinogens. Avoid areas where inhalation
or absorption may become dangerous.

Problem 3-2

A company is routinely evaluating the performance of a venturi scrubber serving a hazardous waste
incinerator. They are using an Enhanced Monitoring Protocol that is based on the static pressure drop
gauge across the venturi. Answer the following questions based on the data shown in Figure 3-10.

A. Is there any reason to believe that the venturi scrubber pressure drop gauge is malfunctioning?

B. Isthere any reason to be concerned about fugitive emissions from the emergency bypass stack? (The
emergency bypass stack has the stack cap covering the outlet.)

The present data and the corresponding baseline data are provided in Tables 3-8 and 3-9.
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Figure 3-10. Example flowchart of a hazardous waste incinerator
and venturi scrubber system

Table 3-8. Static Pressures and Static Pressure Drops (in. W.C.)
Present Baseline

Static Pressures

Incinerator primary chamber -0.10 -0.12

Duct B -1.0 -1.10

Mist eliminator inlet -35.0 -38.0

Fan Inlet (Duct D) -39.0 -40.0

Stack -0.1 -0.1
Static Pressure Drop

Venturi scrubber 23.0 36.0

Mist eliminator 2.1 1.6
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Table 3-9. Gas Temperatures (°F)
Present Baseline
Incinerator secondary 1860 1835
chamber
Duct B 200 197
Fan Inlet 143 142
Stack 148 147
Solution:
Part A

First, evaluate the quality of data before attempting to evaluate the system. There should be logical
trends for the static pressures, gas temperatures, and other relevant parameters.

The static pressure and pressure drop data have been combined into a single graph (Figure 3-11),
which can be used to evaluate the static pressures along the entire gas flow path. It is apparent that
present static pressure drop data for the venturi scrubber does not make sense. The present mist
eliminator inlet static pressure and fan inlet static pressure data suggest that the static pressure drop
across the venturi scrubber should be higher than indicated by the gauge. It is quite possible that the
venturi scrubber pressure drop gauge is malfunctioning and that the actual static pressure drop is
relatively similar to the baseline value of 36 in. W.C.

Solution:

Part B

There is no reason to suspect fugitive emissions from the emergency bypass stack. The static
pressures upstream and downstream of the bypass stack are negative. Accordingly, ambient air could
leak into a poorly sealed stack. Untreated combustion gas could not escape through gaps in the stack

seal.
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Figure 3-11. Static pressure profiles
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Flowcharts Summary

A flowchart of the process system can be used to:

» Identify changes in control device performance due to process changes
* Identify instruments that are not consistent with other similar instruments in the system
* Communicate effectively with other personnel

e Avoid potential health and safety hazards

Flowcharts used for agency inspections should be prepared prior to or in the early stages of the
inspection. If flowcharts for the system being inspected have been prepared previously, they should be
reviewed prior to the on-site work and updated as necessary.

3.2 GAS PRESSURE, GAS TEMPERATURE, AND GAS
FLOW RATE

Gas pressure, gas temperature, and gas flow rate data are used in essentially all projects concerning the
performance of a particulate control device.

Gas Pressure

The pressures of the gas streams throughout the particulate control system are very important. Throughout
this course, gas pressure data will be used to evaluate operating conditions.

The total pressure of a gas stream is the sum of the static pressure and velocity pressure of the gas stream
as indicated in Equation 3-1. Velocity pressure is exerted only in gas streams that are in motion. This part
of the total pressure is of concern only during emission tests and gas flow rate measurements and is not
routinely monitored by plant personnel.

Total Pressure = Static Pressure + Velocity Pressure (3-1)

The term static pressure is used to describe the pressure exerted by gases in all directions. This pressure is
related to the number of gas molecules in a given volume and at a given temperature. If the number of
molecules in the space increases, the pressure increases. An increase in the gas temperature increases the
kinetic energy of the molecules, and the static pressure increases. All gas streams exert a static pressure.
The static pressure exerted by ambient air is termed either atmospheric or barometric pressure. The latter
term is often used since atmospheric pressure is measured by a barometer.

When fans used in industrial systems create gas static pressures above the prevailing atmospheric
pressure, the condition is termed positive pressure. When the fans create a gas static pressure below the
prevailing atmospheric pressure, negative pressure exists. Both positive and negative pressures are
considered relative terms since the static pressure is being described in a form that is compared to the
atmospheric pressure. The atmospheric pressure is an absolute term since it is directly related to the
number of molecules and their kinetic energy.

SP(absolute) = SP (barometric) + SP(relative) (3-2)

3-15
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Figure 3-12. Definition of positive and negative pressure

Standard atmospheric pressure is defined as 14.7 pounds per square inch (psi). This is the average
pressure that exists at sea level at 45° latitude. On a mountain, the atmospheric pressure is lower than 14.7
psi since the column of air above the measuring point is smaller. When weather systems pass over, there
are slight variations in the atmospheric pressure that are slightly above or slightly below 14.7 psi.
Nevertheless, the value of 14.7 psi will be used as a "standard."

The absolute and relative air pressures can be expressed in a number of units which are listed in Table 3-
10. The values of the atmospheric pressure under standard conditions are listed in the second column.

Table 3-10. Units of Pressure

Units Value at Standard
Conditions

Psi 14.70

in. Hg 29.92

mm Hg 760.00

ftw.C. 33.92

in. W.C. 407.00

The most useful of these units is 407 inches of water (in. W.C.). This format is most convenient due to the
magnitudes of the positive and negative relative pressures commonly found in industrial source systems.
For example, the normal positive pressure gas streams are generally from +1 to +20 in. W.C., which is
equivalent to the awkward values of +0.036 to +0.722 psi or +0.0735 to +1.47 inches of mercury (in. Hg).
The normal negative pressures range from -0.20 to -60 in. W.C. which are equivalent to -0.0072 to -2.17
psi. Generally, the inches of water units for pressure are most convenient. Furthermore, gauges often used
in air pollution control, and industrial ventilation systems indicate relative pressure directly in inches of
water.
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Problem 3-3

An air pollution control device has an inlet static pressure (relative) of —25 in. W.C. What is the absolute
static pressure at the inlet of the air pollution control device if the barometric pressure at the time is 29.85
in. Hg?

Solution:

Convert the barometric pressure to in. W.C.

SP( barometric ) = {4”? W ng.ss in. He. = 406 in.W.C..

20.07in Hg,
SF lahzolute | = 5P (harometric |+ SP (relative )

mPigbzolute 1= SP406 in W O+ 5P(-25 10 WO =381 in W.C.

Generally, the inches of water units for pressure are most convenient. Furthermore, gauges often used
in air pollution control, and industrial ventilation systems indicate relative pressure directly in inches
of water.

Gas Temperature

Gas temperature can be expressed using both absolute and relative scales. The absolute scales start at
absolute zero. These include the Kelvin scale for the centimeter-gram-second system (cgs) of
measurements and the Rankine scale for the American engineering system of measurements.

The commonly used Celsius and Fahrenheit temperature units are relative scales. Both of these have
arbitrary values that apply to the freezing and boiling points of water at standard conditions. When
recording temperature values, it is important to note the units as well as the values. Many of the
calculations performed in this course and in later APTI courses will require the conversion of the relative
temperatures to absolute temperatures. The relationships between these various temperature scales are
indicated by Equation 3-3 through Equation 3-9.

A°F = A°R (3-3)
A°C = A°K (3-4)
°R = 460 + °F (3-5)
°K = 273 + °C (3-6)
°F =32 + 1.8 (°C) (3-7)
°C = (°F-32)/1.8 (3-8)
A°R = 1.8(A°K) (3-9)

3-17
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Problem 3-4

The gas temperature in the stack of a wet scrubber system is 130°F. What is the absolute temperature in
degrees Rankine and degrees Kelvin?

Solution:
Absolute Temperature, °R =460°R + 130°F=590°R
Absolute Temperature, °K = 590°R/1.8 = 327.8°K
Gas Flow Rate

The gas flow rate can be expressed either in terms of standard cubic feet per minute (SCFM) or actual
standard cubic feet per minute (ACFM).

The SCFM value is directly related to the number of gas molecules being handled per minute. It is the
measure of the total quantity of gas being handled. It is also the volume that this amount of gas occupies
at standard temperature (20°C or 68°F) and pressure (14.7 psi or 407 in. W.C.). Quantities in standard
cubic feet per minute can be handled, added, and subtracted as necessary to describe the industrial source
system. For example, if 1000 SCFM enter an air pollution control device, and none is reacted or lost, then
1000 SCFM exit the control device. If there is a negative pressure control device which is suffering air
inleakage of 125 SCFM, and the inlet gas flow rate is 2000 SCFM, then the outlet gas flow rate is 2125
SCFM. The SCFM quantity can be calculated directly from the ideal gas law as indicated in Equation 3-
10 and 3-11.

n=x/MW, (3-10)

V = (n)(R)(T)/P (3-11)
Where:

n = number of pound moles

X = pounds of gas per minute

MW, = average molecular weight (usually between 28 and 30 for air and combuston gases)

v = gas volume in SCFM

R = universal gas constant (10.73 (psi)(cf)/(Ibxmoles)(°R))
T = absolute temperature (°R)

P = absolute pressure (psi)

It is possible to convert between SCFM and ACFM values using the ideal gas law relationship. This has
been expressed in the form of simple ratios shown in Equations 3-12 and 3-13.

ACFM = SCFM [—Tﬂml] [—PHPJ (3-12)
e )\ Pacr
SCFM = ACFM T || Paswe (3-13)
T, E
Where:
Taewat = gas temperature at actual conditions (°R)
Tgrp = gas temperature at standard conditions (°R)
P,..a = gas pressure at actual conditions (in. W.C.)
Pyrp = gas pressure at standard conditions (in. W.C.)
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Figure 3-13. Example gas velocity calculation using ACFM

The SCFM form for gas flow rate is used whenever it is necessary to describe the quantity of gas.
However, this form is not very useful when evaluating the gas flow characteristics inside the ductwork,
air pollution control devices, and process equipment. When it is necessary to evaluate gas velocities and
other flow conditions, the gas flow rate is expressed in terms of ACFM. This is the total volume of gas
passing through the area of concern in one minute. The usefulness of the ACFM form is illustrated by the
example shown in Figure 3-18. In this case, the velocity of 5 ft/sec through the electrostatic precipitator is
calculated simply by dividing the gas flow rate in ACFM by the cross sectional area of the precipitator.
The gas flow rates must be expressed in ACFM whenever velocity is calculated.

Problem 3-5

A particulate control system consists of a hood, ductwork, fabric filter, fan, and stack. The total gas flow
entering the fabric filter is 8,640 SCFM and the total gas flow rate entering the fan downstream of the
fabric filter is 11,340 SCFM. What is the rate of air infiltration into the fabric filter and the ductwork
between the fabric filter and the fan?

Solution:

Prepare a material balance around the fabric filter and its outlet ductwork using SCFM.
Gas flow into the fabric filter and outlet ductwork= 8,640 SCFM + air infiltration
Gas flow out of the fabric filter and outlet ductwork = 11,340 SCFM
Gas flow in = Gas flow out
8,640 SCFM + air infiltration = 11, 340 SCFM

Air infiltration = 2,700 SCFM

Problem 3-6

The same system described in Problem 3-5 has a rectangular fabric filter inlet duct with inside dimensions
of 3 feet by 4 feet. What is the velocity into the fabric filter? The gas temperature in the inlet duct is
320°F, the relative static pressure is —10 in. W.C. and the barometric pressure is 28.3 in. Hg.
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Solution:

Convert the relative pressure to absolute pressure

SPrahsolute ) = [%szm_ Hg +(-10in. W.C.3 =375 in. W.C.
91in Hg

Convert the relative gas temperature to absolute temperature
T = #60°R + 320°F = T80 ° R
Convert the fabric filter inlet flow rate to ACFM

ACFM = SCFM (TActual/TSTP)(PSTP /PActual)

ACFM = 5,640 SCFI T80°R 1 407 m W
528°RAG75m W.C

] =13,853 ACFIM
Calculate the velocity

Gas flow rate (ACFM) 13,853 #&°/mun
Area (%) 12 f*

Velocity = = 1,154 fifmin

3.3 HOODS

The pollutants generated or released in process equipment must be captured so that they can be
transported to the air pollution control device. Pollutant capture occurs in hoods.

Hoods are normally an integral part of the process equipment. The hood can consist of a simple,
stationary plenum mounted above or to the side of the source, a large moveable plenum, or the process
equipment itself.

Figure 3-14. Stationary hood in an industrial
process
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If hoods do not capture pollutants generated by process equipment, the pollutants disperse directly into
the plant air and eventually pass through roof vents and doors into the atmosphere. Evaluation of the
ability of the hoods to capture pollutants at the point of generation is important in many inspections and
engineering studies. The EPA defines fugitive emissions as “emissions that (1) escape capture by process
equipment exhaust hoods; (2) are emitted during material transfer; (3) are emitted to the atmosphere from
the source area; and (4) are emitted directly from process equipment.””

Fugitive emissions = Total emissions - Emissions captured by hood (3-14)
, —_—
Stack etnissions = Ermissions captured by hood x[%j (3-15)
[}
Where:

1 = Collection efficiency (%)

The importance of hood performance is illustrated by Problems 3-7 and 3-8, which are based on the
simplified industrial process shown in Figure 3-15. This system consists of a process unit that generates
pollutants, several hoods surrounding the process equipment, the ductwork, an air pollution control
device, a fan, and a stack.

Captured Emissions Stack EmissionsT

T

Fugitive Air Pollution @

Emissions Control Device \

", Captured /
Emissions
.| — Collected Stack
\ 4/ Captured Emissions
Emissions

Equipment Hood

Figure 3-15. Role of hoods in an industrial process

Problem 3-7

Calculate the fugitive emissions and the stack emissions if the process equipment generates 100 1b,/hr of
volatile organic compounds (VOCs), the hood capture efficiency is 95%, and the collection efficiency of
the air pollution control device is 95%.

Solution:
1. Calculate fugitive emissions.
Fugitive emissions = Total emissions - Emissions captured by hood

=100 Ib,/hr-95 b, /hr = 5 Ib, /hr
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2. Calculate stack emissions.

o, —_—
Stack emissions = Emissions captured by hood x[_l[ll]ﬁ; T']

100%s
Where:
n = Collection efficiency

Stack emissions = (95 lhmfhrjw
100%

=475 fhr

The capture of fugitive emissions is the key step in an air pollution control system. It is crucial that
all the fugitive emissions are captured and transported to the air pollution control device. Problem 3
shows that even with hood capture efficiencies approaching 100%, fugitive emissions can be higher
than emissions leaving the stack.

Problem 3-8

Calculate the stack emissions and fugitive emissions if the process equipment generates 100 Ib /hr of
VOC:s, the hood capture efficiency is 90%, and the collection efficiency of the air pollution control device
is 95%.

Solution:
Fugitive emissions = 100 1b, /hr-90 1b /hr = 10 1b, /hr

0 . (n)
Stack smissions = %.gn b fhr )= 4516 fhr
[x}

These two problems illustrate the importance of hoods. Slight changes in the ability of the hood to capture
the pollutants can have a large impact on the total fugitive and stack emissions released into the
atmosphere.

Unfortunately, it is not always possible to see the fugitive emissions. Gaseous and vapor emissions such
as carbon monoxide, sulfur dioxide, hydrogen chloride, and nitric oxide are not visible. Even particulate
emissions may be hard to see under the following circumstances:

o If there are numerous small fugitive sites

« If there is one major site that cannot be seen from normal areas accessible to personnel

« Ifthe particulate matter is not in the size range that causes light scattering

Techniques for monitoring hood capture effectiveness are important because the quantities of fugitive

emissions can be high, and these emissions are often hard to see.

3.3.1 Hood Operating Principles

Hoods are generally designed to operate under negative pressure. The air is drawn into the hood due to
static pressures that are lower inside the hood than those in the process equipment and the surrounding
air. Since air from all directions moves toward the low-pressure hood, the hood must be as close as
possible to the process equipment in order to capture the pollutant-laden air and not just the surrounding
air. At approximately one-hood-diameter away from the hood entrance, the gas velocities are often less
than 10% of the velocity at the hood entrance. Figure 3-16 illustrates how quickly the gas velocity
decreases as distance from the hood increases.
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Figure 3-16. Hood capture velocities

Figure 3-16 indicates that the hood has very little influence on gas flow except in the area very close to
the hood entrance. In order to ensure good capture of the pollutant-laden gas streams, the hood must be
close to the emission source. The capture velocity of a hood is defined as the air velocity at any point in
front of the hood or at the hood opening necessary to overcome opposing air currents and to capture the
contaminated air at that point by pulling it into the hood."

The following examples show conditions that would help determine what part of the capture velocity
range for a particular operation should be used, low end of the capture velocity range vs. upper end of the
capture velocity range.'

The surrounding air currents
Minimal room air currents vs. disturbing room air currents
The level of toxicity of the pollutant to be captured
Nuisance value only vs. high toxicity
The amount of pollutant
Intermittent (low production) vs. high production (heavy use)
Area of the hood opening
Large hood (large air mass in motion) vs. small hood (local control only)

The following flow/capture velocity equation for a freely suspended hood without a flange demonstrates
the importance of the proximity of the hood to the source.

Q = v, (10X*+A)) (3-16)

Where:
Q = volumetric flow rate (ACFM )
X = distance from hood face to farthest point of contaminant release (ft)
v, = hood capture velocity at distance X (ft/min)

A, = area of hood opening (ft°)

3-23



Control of Particulate Matter Emissions Chapter 3

It should be noted that the correlation between distance, gas flow rate, and capture velocity should be
used for estimation purposes only because the vacuum from a hood does not create equal velocity lines or
points. Equation 3-16 is also limited to the distance (X) being less than or equal to 1.5 hood diameters.'

Problem 3-9

The recommended capture velocity for a certain pollutant is 300 fpm entering a 16-inch diameter hood.
What is the required volumetric flow rate and capture velocity for the following distances from the hood
face (X)? Assume X is the farthest distance from the hood face to the emission source.

A. X=121n. (75% of hood diameter)
B. X =241in. (150% of hood diameter)
Solution:
Part A.
Q = v, (10X*+A))

1. Calculate the area of the hood opening.

= 3.14|1461n_ I 201 i !

2. Calculate the volumetric flow rate, Q, required to obtain the recommended capture velocity of
300 fpm at a distance of 12 inches from the hood.

300 f 1 ft?
Q= 100 F + (2012 e ——
i 144 1.
=3419 ACFM

Solution:

Part B.
Q= (10X %+ 4,

1. Calculate the volumetric flow rate, Q, required to obtain the recommended capture velocity of 300 fpm
at a distance of 24 inches from the hood.

2
Q- mﬂ[m (2t +(201in * [MILEH

it 4 1.

=12419 ACFN

The volumetric flow rate requirements increased approximately four times when the distance between the
hood and the contaminant source doubled.

The capture velocity equations for a variety of hoods with different locations and arrangements can be
obtained from the ACGIH, Industrial Ventilation Manual, 23™ edition.
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Hood Designs for Improved Performance

There are many ways to design hoods to improve capture effectiveness. When the pollutant-laden gas
stream is hot, the hood is often positioned above the point of pollutant release to take advantage of the
buoyancy of the low-density hot gas stream.

Side baffles or flanges can be used to block the movement of clean air into the hood. The possible
beneficial effect of side baffles on the gas velocities near the hood entrance is shown in Figure 3-17.

Air

Hood

I\ ir
Duct <

‘E

S

100% 60% 30% 15% 7.5%

Air

Equal
Velocity

Flange
ng Air Lines

Figure 3-17. Beneficial effect of side baffles on hood
capture velocities

Hood capture is greatly improved when the enclosure comprised of the hood and the side baffles can
encompass the point of pollutant generation. These side baffles can be in the form of metal sheets, strips
of fabric or plastic, or any other materials that block the movement of clean air into the low-pressure area
of the hood. In addition to reducing the unintentional capture of clean air, these side baffles prevent cross
drafts, which can prevent the intended movement of the pollutant-laden gas into the hood. The
recommended width of a flange for most situations should be equal to the square root of the hood area.

Some process equipment inherently creates an entirely enclosed area for pollutant-laden gas capture. For
example, coal-fired boilers generate pollutants in an enclosed furnace area that is maintained at a slightly
negative static pressure of -0.05 to -0.25 in. W.C. In this case, the boiler walls serve as the hood.

Another hood design that is used to improve capture effectiveness is called the push-pull hood. As
shown in Figure 3-18, a high-velocity clean air stream is blown across the area of pollutant generation
into the hood on the opposite side.
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Figure 3-18. Push-pull hood

The high-velocity gas stream does not inherently disperse rapidly. Therefore, it flows toward the hood
and is captured. The hood also effectively captures the pollutant-laden gas that is trapped in this strong
cross draft. These types of hoods are sometimes used on open tanks and other sources where access from
the top is necessary in order to operate the equipment. However, they may not be appropriate for tanks
and other processes handling materials where the cross draft could significantly increase the quantities
vaporized. Push-pull hoods can provide very high capture efficiencies where they are applicable.

3.3.2 Monitoring Hood Capture Effectiveness

There are several effective ways to confirm that the hood capture effectiveness has not decreased since it
was installed or tested. Visible emission observations for fugitive emissions should be conducted in the
case of particulate sources. In general, you should confirm that the hood has not been moved away from
the point of pollutant generation and that side baffles and other equipment necessary to maintain good
operation have not be damaged or removed.

The hood static pressure should be monitored to ensure that the appropriate gas flow rate is being
maintained. The hood static pressure is simply the static pressure in the duct immediately downstream
from the hood. This static pressure is entirely dependent on the hood geometry and the gas flow rate. As
long as the hood has not been damaged or altered, the hood static pressure provides an indirect, but
relatively accurate measurement of the gas flow rate. As indicated in Equation 3-17, the hood static
pressure is determined by (1) the velocity pressure in the duct from the hood and (2) the hood entry loss.
The loss of pressure caused by airflow moving into a system is referred to as entry loss.

Sph B _|Vpd |_hE

(3-17)
Where:
SP, = hood static pressure (in. W.C.)
VP, = duct velocity pressure (in. W.C.)
h, = overall hood entry loss (in. W.C.)

3-26



Control of Particulate Matter Emissions Chapter 3

h, =R )VF) (3-18)

Where:

F, =hood entry loss coefficient (dimensionless)
VP, = duct velocity pressure (in. W.C.)

The hood entry loss term is calculated using the coefficient of entry, F,, which is tabulated in standard
texts concerning hoods and ventilation systems.

BF, =—1WVF; - (K IWVP; ) (3-19)

Where:
SP, = hood static pressure (in. W.C.)
VP, = duct velocity pressure (in. W.C.)

F, = hood entry loss coefficient (dimensionless)

The velocity pressure term in Equation 3-18 is due to the energy necessary to accelerate the air from zero
velocity to the velocity in the duct.

When air enters a negative pressure duct, the airflow converges as shown in Figures 3-19 through 3-21.
The area where air converges upon entering a duct is referred to as vena contracta. After the vena
contracta, the airflow expands to fill the duct and some of the velocity pressure converts to static pressure.
The vena contracta is dependent on the hood geometry, which determines the resistance to airflow

entering the hood.

=

Figure 3-19. Plain duct end with a hood entry loss coefficient 0f 0.93
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f

Figure 3-20. Flanged opening with a
hood entry loss coefficient of 0.49

Y

Figure 3-21. Bell-mouth inlet with a
hood entry loss coefficient of 0.04

The velocity pressure is related to (1) the square of the velocity of the gas stream in the duct and (2) the
gas density. The velocity pressure is calculated using Equation 3-20.

3

'qurl::l . W i |:| Futnal
4005

P ihadaal (3-20)
Where:
VP, = velocity pressure of duct (in. W.C.)
v = gas velocity (ft/min)

Prewa = density at actual conditions (Ib, /ft’)
Psundara = density at standard conditions (1b,/ft’)

5

Wﬂ.:[ ki J- P asmal A
4005, 0.0751h,,

As the gas flow rate into the hood increases, the hood static pressure increases (see Figure 3-22). In this

figure, a hood with an entry loss coefficient (F,) of 0.49 has been assumed in evaluating the gas flow rate
versus hood static pressure curve.
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The hood static pressure can be measured by relatively simple gauges such as water-filled manometers
and Magnehelic® gauges. The normal range of hood static pressures is -0.2 to -2.0 in. W.C.

-2.0
\ A
NG
/
/

->
_>
1.0
05

Hood Static Pressure, SPy,, in. W.C.

I I I
1X 2X 3X 4 X

Gas Flow, acfm @ 68°F

Figure 3- 22. Relationship between hood static pressure and flow rate

A decrease in hood static pressure (i.e., a less negative value), corrected for gas density changes, usually
indicates that the gas flow rate entering the hood has decreased from previous levels. This may reduce
the effectiveness of the hood by reducing the capture velocities at the hood entrance.

Problem 3-10

A hood serving a paint dipping operation has a hood static pressure of -1.10 in. W.C. The baseline hood
static pressure was -1.70 in. W.C. Estimate the gas flow rate under the following two conditions:

A. At present operating conditions
B. At baseline levels

Use the data provided below:
Hood F, =0.93
Baseline air temperature = 68°F

Duct diameter = 2 ft (inside diameter)
Solution:
Part A.

Step 1. Calculate the gas velocity and flow rate at present conditions.
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1. Calculate the velocity pressure (VP) using the following equation.

SPh = _|"iui"1:ld |_h,E

Calculate the value for the hood entry loss, h, as follows.

h = 'Fl. Iﬁ.'.?]:'l1 |

Ll

=093 4VE, |
BF, =-VF;-083 VF; I=-1931VF,;|
Given: SP,=-1.101in. W.C.

-1.1m WC =-1931VE,; |

vp, = 1B WE o we

—1.93

2. Calculate the gas velocity using a variation of Equation 3-19 at standard conditions (p, ., =
0.075 1b_/ft’.)

v = 4005 /WP

v = 40035 /0.57
v=71024 fiimun

3. Calculate the gas flow rate as follows:
Flow rate = Velocity x Area of duct

Area of duct=%

_3.14(28)
4
=314 fi

Flow rate = 3,024 ftmin (3.14 ft° /= 9,435 ACFM

Solution:

Part B.
Step 1. Calculate the gas flow rate at baseline conditions.
1. Calculate the velocity pressure using the following.

SPh = _|"iui"1:ld |_h,E

5P, =—(VP, - (0.93IVP, |
——(VP, i- 0.93 VP, =—1.93(VP, |
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Given: SP, =-1.7in. W.C.

-1.7m W.C =-1931VP, |

WPy =088 mn W.C

2. Calculate the gas velocity using a variation of Equation 3-19 at standard conditions

pActual = 0.075 lbm/ft3

v =4005 VP

v =4005 0.85

v =73757 ftfmin

3. Calculate the gas flow rate. The duct area was calculated in Part A.

Flow rate = Veloctty = Area
= 3757 ftfmin = (31467
=11,797 ACFM

The change in hood static pressure from -1.7 in. W.C. to -1.1 in. W.C. indicates a drop in the gas flow rate
from 11,797 ACFM to 9,495 ACFM. This is a 20% decrease in the gas flow rate.

Flow / Capture Velocity Equation

The flow / capture velocity equation that was used in Problem 3-9 can be modified to determine the gas
flow rate with different hood designs. A hood with a wide flange would use the following equation:

Q= (0.75 (10%% + &, | (3-21)

Using the information given in Problem 3-9 (Part A)

Calculate the volumetric flow rate, Q, required to obtain the recommended capture velocity of 300
fpm at a distance of 12 inches from the hood.

0 =Muu.?5u 100 ftF + 120140 L
it 144 in -
= 2,564 ACFIM

The volumetric flow requirements decreased by approximately 25% when a flanged hood was used.
Transport Velocity

When the contaminant is captured by the hood system and enters the ductwork, a minimum transport
velocity must be maintained to keep the contaminant from settling out of the gas flow stream and building
up deposits in the ductwork. The minimum transport velocity is particularly important when handling
particulate-laden gas streams. If the minimum transport velocity is not maintained in the ductwork, then
the particulate matter will settle out in the ductwork due to decreased flow rate. This will lead to
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decreased hood capture efficiencies and increased fugitive emissions. Systems with heavy particulate-
laden gas streams should have clean-out ports installed to remove particulate that has settled out.

f
w0

(3-22)

Where:
v = gas velocity (ft/min)
Q= volumetric gas flow rate (ACFM)

A = cross-sectional area of duct or equipment (ft*)

The proper duct diameter is a key element when addressing minimum transport velocity. If a section of
ductwork has a larger than necessary diameter, then settling out will most likely occur. If a section of
ductwork is too small, the pressure drop will increase across this section, thus requiring the fan to handle
more static pressure. Another concern when dealing with transport velocities is the abrasion of the
ductwork, especially of the bends or elbows. The amount of abrasion that occurs is dependent upon
several factors: the duct velocity, the amount and type of particulate in the gas stream, and the
construction of the ductwork.

Minimum transport velocities for different types of particulate matter can be obtained from standard texts
concerning hoods and ventilation systems. Examples of transport velocities are listed below.

Table 3-11. Commonly Recommended
Transport Velocity

Type of Pollutant Transport Velocity

Gaseous Gases ~1000 - 2000ft/min

Light Particulate Loading ~3000 - 3500ft/min

Normal Particulate Loading ~3500 - 4500ft/min

Problem 3-11

Transport Velocity

A duct system transporting a very light dust requires a minimum transport velocity of 2,800 ft/min. The
volumetric flow rate for the system is 978 ACFM. What is the necessary duct diameter in inches for this
section of ductwork to maintain the minimum transport velocity?

Given: Minimum transport velocity = 2,800 ft/min
Volumetric flow rate = 978 ACFM

Solution:
Step 1. Calculate the duct area.

1. Calculate the duct area.
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Gas flow rate, actual
Cras welocity

_ 978 ft’ / min

2800 fi/min

=0.349 ft’

Ductaren =

2. Calculate the duct diameter.

Duu::tare:a=£
4
. 410349 ft’ |
314
D=38in

Summary

Hoods are the first component of the air pollution control system and are of critical importance. Ifthey
fail to capture the pollutant, the overall collection efficiency of the system is reduced. Pollutants not
captured by hoods become fugitive emissions. Many factors affect a hood’s capture efficiency; however,
one of the key factors is the distance between the pollutant source and the hood.

The geometry of a hood opening influences the hood entry loss coefficient and the hood static pressure
due to the formation of the vena contracta. Comparing the hood static pressure against baseline condition
provides a good indicator if the system has developed any problems.

Maintaining a system’s minimum transport velocity is necessary to ensure that all of the captured
pollutant reaches the air pollution control device and to prevent build-up of the pollutants in the
ductwork.

3.4 FANS

Fans are the heart of the system. They control the gas flow rate at the point of pollutant generation in the
process equipment and through the air pollution control devices. Fans provide the necessary energy for
the gas stream to overcome the resistance to gas flow caused by the ductwork and air pollution control
devices. Data concerning fan performance is important during inspections and all other technical
evaluations of system performance.

3.4.1 Types of Fans and Fan Components

There are two main types of fans: axial and centrifugal. Most fans used in air pollution control systems
are centrifugal fans.

An axial fan is shown in Figure 3-23. The term, axial, refers to the use of a set of fan blades mounted on a
rotating shaft. A standard house ventilation fan is an axial fan.
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Yy

v
Y iy

e

A. Axial Fan

Figure 3-23. Axial fans

A centrifugal fan has a fan wheel composed of a number of fan blades mounted around a hub. As shown
in Figure 3-24, the hub turns on a shaft that passes through the fan housing. The gas enters from the side

of the fan wheel, turns 90° and is accelerated as it passes over the fan blades. The term, centrifugal, refers
to the trajectory of the gas stream as it passes out of the fan housing.

B. Centrifugal Fan

Figure 3-24. Centrifugal fan components

Centrifugal fans can generate high-pressure rises in the gas stream. Accordingly, they are well-suited for

industrial processes and air pollution control systems. The remainder of this section concerns centrifugal
fans.

The major components of a typical centrifugal fan include the fan wheel, fan housing, drive mechanism,
and inlet dampers and/or outlet dampers. A wide variety of fan designs serve different applications.
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The fan drive determines the speed of the fan wheel and the extent to which this speed can be varied. The
types of fan drives can be grouped into three basic categories:

1. Direct drive
2. Belt drive

3. Variable drive

In a direct drive arrangement, the fan wheel is linked directly to the shaft of the motor. This means that
the fan wheel speed is identical to the motor rotational speed. With this type of fan drive, the fan speed
cannot be varied.

Belt driven fans use multiple belts which rotate in a set of sheaves mounted on the motor shaft and the
fan wheel shaft. This type of drive mechanism is illustrated in Figure 3-25.

/ Belts

| — |
' I
Fan Motor
sheave sheave —»
diameter diameter

Figure 3-25. Centrifugal fan and motor sheaves

The belts transmit the mechanical energy from the motor to the fan. The fan wheel speed is simply the
ratio of the fan wheel sheave diameter to the motor sheave diameter as indicated in Equation 3-23.

D
RPMlEhl = FFIM i Matex ]:')I'I“" I
{Fan (3_23)

Where:

RPM;,,, = Fan speed (revolutions per minute )

RPM oy = Motor speed (revolutions per minute)

D fan) = Diameter of fan sheave (inches)

D (mioton) = Diameter of motor sheave (inches)

Fan wheel speeds in belt-driven arrangements are fixed unless the belts slip. Belt slippage normally
reduces fan wheel speed several hundred rpm and creates a noticeable squeal. If it is necessary to change
the fan wheel speed in a belt-driven arrangement, the motor and/or fan wheel sheaves must be replaced
with units having different diameters. However, there are very definite safety limits to the extent to which
the fan speed can be increased. If the fan rotational speed is excessive, the fan can disintegrate.
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Variable speed fans use hydraulic or magnetic couplings that allow operator control of the fan wheel
speed independent of the motor speed. The fan speed controls are often integrated into automated systems
to maintain the desired fan performance over a variety of process operating conditions.

Fan dampers are used to control gas flow into and out of the centrifugal fan. These dampers can be on the
inlet side and/or on the outlet side of the fan. Dampers on the outlet side simply impose a flow resistance

that is used to control gas flow. Dampers on the inlet side are designed to control gas flow and to change

how the gas enters the fan wheel at different operating conditions. Inlet dampers conserve fan energy due
to their ability to affect the airflow pattern into the fan.

The fan wheel consists of a hub and a number of fan blades. The fan blades on the hub can be arranged in
three different ways:

e Forward
* Backward
« Radial

Forward-curved fans (Figure 3-26a) use blades that curve toward the direction of rotation of the fan
wheel. These are especially sensitive to particulate and are not used extensively in air pollution control
systems.

Backward-curved fan blades (Figure 3-26b) use a straight plate, a curved plate, or a curved airfoil. These
types of fan wheels are used in fans designed to handle gas streams with relatively low particulate
loadings because they are prone to solids build-up. Backward-curved fans are more energy efficient than
radial blade fans.

Radial blades are fan wheel blades that extend straight out from the hub. A radial blade fan wheel, as
shown in (Figure 3-26c¢), is often used on particulate-laden gas streams because it is the least sensitive to
solids build-up on the blades.

A. Forward curved B. Backward curved C. Radial

Figure 3-26. Types of fan wheels

3-36



Control of Particulate Matter Emissions Chapter 3

3.4.2 Centrifugal Fan Operating Principles

A basic understanding of fan operating principles is necessary to evaluate the performance of an industrial
ventilation system. The fan operating speed is one of the most important operating variables. Most fans,
such as the example radial blade centrifugal fan shown in Figure 3- 27, can operate over a modest range
of speeds.

Fan Housing

——» Airout, ACFM

Fan Wheel

Figure 3-27. Centrifugal fan with radial blade

The flow rate of air moving through the fan depends on the fan wheel rotational speed. As the speed
increases, the air flow rate increases as indicated in the example data in Table 3-12.

Table 3-12. Relationship Between Fan Speed and Air Flow Rate
Fan Wheel Speed Air Flow Rate, ACFM
800 16,000
900 18,000
1000 20,000
1100 22,000
1200 24,000

It is important to recognize that a 10% decrease in fan speed results in a 10% decrease in the air flow rate
through the ventilation system. This relationship is expressed as one of the major fan laws shown below
as Equation 3-24.

Q, = Q,(RPM,/RPM,) (3-24)
Where:

Q, = Baseline air flow rate (ACFM)

Q, = Present air flow rate (ACFM)

RPM, = Baseline fan wheel rotational speed (revolutions per minute)

RPM, = Present fan wheel rotational speed (revolutions per minute)
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The rate of air flow through a fan is always expressed in terms of ACFM. This is helpful because this
value does not change regardless of the air density. In this respect, a fan is much like a shovel. It moves
a specific amount of air per minute regardless of whether the air is dense cold air or light hot air.

The air stream moving through the fan has a static pressure rise due to the mechanical energy expended
by the rotating fan wheel. As indicated in Figure 3-28, the static pressure at the outlet is always higher
than the static pressure at the inlet. For the purposes of this course, the static pressure rise across the fan
is denoted Fan ASP.

+0.05 in. W.C.

A\
-10in. W.C.
e

VP =0.50 Iin. W.C. —+—» Airout, ACFM

»

Fan ASP = 0.05 - (-10) - (0.50) = 9.55 in. W.C.

Figure 3-28. Fan static pressure rise

The Fan ASP is related to the square of the fan speed as indicated in the second fan law shown below as
Equation 3-25. The fan static pressure rise is usually expressed in units of inches of water column (in.
W.C)).

Fan ASP, = Fan ASP (RPM,/RPM,)’ (3-25)
Where:

ASP, = baseline fan static pressure rise (in. W.C.)

ASP, = present fan static pressure rise (in. W.C.)

RPM, = baseline fan wheel rotational speed (revolutions per minute)

RPM, = present fan wheel rotational speed (revolutions per minute)

The static pressure rise across the fan increase rapidly as the fan speed is increased. This is illustrated
using example data shown in Table 3-13.

Table 3-13. Relationship Between Fan Speed and Fan
Static Pressure Rise
Fan Wheel Speed Fan ASP In. W.C.
800 5
900 5.6
1000 6.3
1100 6.9
1200 7.5
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The specific fan for an industrial ventilation system must be selected based on the specific air flow rate
and fan static pressure rise needed to properly capture, transport, and control the emissions. As indicated
in the block type flowcharts introduced earlier in this chapter, each industrial ventilation system includes
one or more capture hoods, ductwork, air pollution control systems, the fan, and a stack. The gas flow
rate through the ventilation system must be sufficient to provide adequate pollutant capture at the hoods
and to ensure proper transport of the pollutant-laden air to the air pollution control systems.

The fan static pressure rise must be sufficient to accelerate the air entering the hoods and to overcome the
flow resistances of the hoods, ductwork, air pollution control systems, and stack at the prescribed hood,
ductwork, and air pollution control system air flow velocities.

The changes in the air stream static pressure from the point of entry into the hood to the point of
discharge from the stack are illustrated in Figure 3-29. This static pressure profile of the system is useful
in illustrating the necessary fan static pressure rise.

Atmospheric Pressure

0 o o N L T T L ________
Hood

1 ic Pressure
o
2 -2
E Total System
g 3 Static Pressure
@ Drop
g 4
a
g 5 _|
I
5]

8

APC APC Fan Stack

Hood System 1 System 2

Figure 3-29. Total system static pressure drop

The designer of a system, such as the one shown at the bottom of Figure 3-29, starts by specifying the air
velocities in the hoods, ductwork, air pollution control system, and stack. These velocities are selected
based on established engineering design principles to ensure high efficiency hood capture, proper
operation of the air pollution control systems, and proper dispersion of the effluent gas stream from the
stack. The overall static pressure drop across each component of the overall system is related to the
square of the air flow rate. This is illustrated in Figure 3-30.
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Figure 3-30. System characteristic curve

This general relationship between total system static pressure drop and air flow rate is term the system
characteristic curve. For example, if the designer of the system needed 12,000 ACFM to achieve the
necessary velocities in the system, he or she would know that the total static pressure drop across the
system would be 10 in. W.C. Therefore, a fan would have to be found to generate an air flow of 12,000
ACFM at a fan static pressure rise of at least 10 in. W.C.

The use of the fan allows the air static pressure to be increased from the low level exiting the last air
pollution control system, to a static pressure close to, or even slightly above ambient absolute pressure
levels. This is illustrated in Figure 3-31 which is simply the completed version of the static pressure
profile chart shown in Figure 3-29.

0 Atmospheric Pressure
4 4
o
N
£
g -3
2
@ -
8 4
a
L 5
bS]
(7]
6 —
-7

APC APC Fan Stack
Hood System 1 System 2

Figure 3-31. Fan static pressure rise profile
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An appropriate fan is selected based on fan manufacturer's performance data. Usually, these data are
provided in terms of multi-ratings tables published for each specific fan model and size. Based on these
data it is possible to select a fan model, the specific model size, and the fan speed necessary to achieve the
air flow rates and static pressure rise conditions necessary for the overall air pollution control system. An
excerpt from a multi-rating table for a centrifugal fan is shown below in Figure 3-32.

19 1 LS Inlet diamefer: 11" 0.D. Wheel dizmefer: 194"
Qutiet area: .660 sq. ft. inside Wheel circumference; 5.01 #i
2°sp 4sp 6'SP B "SP 10°SP 12'SP 14"SP 16"5P 18"SP
CFM | OV
RPM BHF | RPM BHF | RFM BHP |RPM BHP|RPM BHP |HPM BHP|RPM BHPF|RPM BHPF |RPM BHP (R
860 | 1000 1392 101 | 1698 160 1960 227|291 2982399 3742582 4552769 538|038 627 (3
792 | 1200 Tﬂﬂi“ﬁ'ﬁ'{ 1388 111 | 1703 175 1862 245 | 2192 3202398 399 (2588 4.33 {2767 571 (2036 685 |
924 | 1409 ||1023 067 1708 190 (1965 2964 | 2094 343|201 427|259 51412766 609 | 2332 1.0]
1056 | 1600 {1042 o071 [ta1z 7135|1716 207 | 1971 244 | Z(57 367 | 2801 453 | 2503 546 | 269 642 | 2035 74l
1188 | 1800 [[1061 0380 | 1431 1.49 1980 306 | 2203 392 | 7407 483 |93 e8|z 679|293
1370 | 2000 {{ 1084 090 | 1247 164 'm'i'nrsm'2!.4.4!l_1¥%__.1;;;§1 209 419|414 515 | 2600 6132773 716 | a0 ¢
1452 | 2200 {1109 {01 | 1465 180 | 1753 265 [1 3 2422 547 | 2607 650 | 2178 795 | 2043
1584 | 2400 (11936 1013 | 1485 198 | 1789 247 [ 2012 3380 [ 2229 478H 2431 682 | 2612 687 {2786 798 | 2949
1716 | 2608 a5 216 | 17ss 310 | 2005 e0s |zze a1 |osar Gasl 2056
1380 | 3000 B510 1854 268 | 1824 362 | 2050 470 [ 2272 582 12464 695 e .2128155 9.381] 2973
2244 | g0 | 1250 191|l 1606 504 | 1867 419 | 2008 538 | 2305 659 {7495 783 {2671 909 |ZB3R 104 | 299
2508 | 3800 | 1361 2:33|| 1661 356 | 1917 a8a | 2141 612 [ 2345 7.4 | 2538 8782703 100 | 2866 115 ]3P
77 | 4200 | 1438 283 | Uz uel 1968 558 | 2189 695|737 837 |2568 980 ]2r40 113 128 |
% || 1e 38| e m 7239 785 12432 936 2810 1092780 125|203 141
3300 | 5000 | 1603 4.07 | 1855 558 %SE ‘9’%’[ 220 883 {83 105 (2660 12117825 138 (2078 158
3564 | 5400 | 1691 488 {1925 645 | 2148 8114 _gﬁg_m_l 7535 116 |2708 134|289 152 | 024 170
3828 | 5800 | 1781 57312005 7l | 2214 9B 07/ 2591 129 | 2756 128 | 2917 167 | 3069 18*

Figure 3-32. Portion of a typical multi-rating table.
(Reprinted courtesy of The New York Blower Company)

The match between the fan performance data and the system characteristic curve is illustrated in Figure 3-
33 for the specific fan rotational speed chosen. As long as the overall system remains in good condition
and the fan remains in good condition, the system will operate at the point shown in Figure 3-33. This is
termed the operating point.

+8 +8
O +7 ; +7 Points from
= : MUHi-Rating Table
c +6 - E +6
g g
§ +5 1 8 +56 —
g e
2 +4 - B +4 Operating Point
o o
a ] & —
B e
5 |8
h+2 o 0 +2 —
2 ald
5 S
Lot 2+
0 - 0

X 2X 3X 4X
Air Flow Rate, ACFM

Figure 3-33. Operating point
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When the total system static pressure drop and the fan static pressure rise are shown on the same graph, as
in the case with Figure 3-33, it is convenient to simply delete the total system static pressure drop axis.

Figure 3-34 illustrates an example fan curve for a given fan speed. The multi-rating data used to select
the fan represented a subset of the total data set that defines this fan curve. There is a specific fan curve
for each fan model, model size, and speed. The intersection of the fan curve and the system characteristic
curve is illustrated as Point A. This is the point that was determined previously by the system designer
selecting the fan.

Fan Curve for Model =M
Size=P
Speed =Y

/ Operating Point

+8

+6

+5

+4

Fan Static Pressure Rise, in. W.C.

+1 -

X 2X 3X 4X
Air Flow Rate, ACFM

Figure 3-34. Fan characteristic curve

Air pollution control systems and other types of industrial ventilation systems, however, do not
necessarily remain exactly at the conditions anticipated by the system designer and the fan manufacturer.
A number of normal operating changes and operating problems can cause changes in the overall system
air flow rates and the static pressure rises across the fan. The extent of the air flow and static pressure rise
changes depend on the fan's performance conditions and the system characteristic curve. Some of these
changes are illustrated in Figures 3-35 through 3-37.

If the gas flow resistance increases due to the build-up of dust in an air pollution control device or
because a damper is closed, the system characteristic curve will shift upwards as indicated in Figure 3-35.
With this increased gas flow resistance there will be a new operating point, labeled "B" in Figure 3-35.
At this new operating point, the fan static pressure rise will be slightly higher while the air flow rate will
be slightly lower.

If the air flow resistance decreases due to changes in an air pollution control device or opening of a
damper, the system characteristic curve will shift downwards. This results in a new operating point
(labeled "C") that has a slightly reduced fan static pressure and increased air flow rate.

3-42



Control of Particulate Matter Emissions Chapter 3

Increased
Resistance

+8 Baseline System
Characteristic
. Curve
O +7
; Decreased
£ +6 Resistance
(0]
i +5
o
7 +4 -
1]
<4
o +3
Q
T
n 12 -
c
@®
W o4
0 —

X 2X 3X 4X
Air Flow Rate, ACFM

Figure 3-35. Changes in the system resistance curve

Some changes in the system characteristic curve are normal due to factor such as (1) air pollution control
system cleaning cycles, (2) gradually increasing air infiltration between maintenance cycles, and (3) the
opening and closing of individual dampers on individual process sources ducted into the overall
ventilation system. The system must be designed to provide adequate pollutant capture even at the lowest
normally occurring air flow rates.

When changes in the system characteristic curve are outside of the anticipated range, operators often have
the option of modifying the fan to increase its capability. Most fans on industrial systems are selected to
operate at a speed near the middle of its safe operating range. Slight increases in the fan speed can
improve air flow rates and static pressure rises without exceeding the safe operating speed limits. The
impact of a slight increase in the fan speed is illustrated in Figure 3-36.

Speed =Y + 100 RPM

Fan Static Pressure Rise, in. W.C.

X 2X 3X 4X 5X
Air Flow Rate, ACFM

Figure 3-36. Changes in the fan speed
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It is apparent that the increased fan speed results in a new operating point (labeled "D") having an air flow
rate and fan static pressure rise that are both larger than the conditions represented by operating point "A."
Not all fans can be easily adjusted to change the fan speed. For example, direct drive fans where the fan
wheel shaft is directly driven by the fan motor operate only at the motor rotation speed and can not be
adjusted. Belt driven fans can be adjusted but only by changing one or both of the sheaves on the fan and
motor. Some large fans with hydraulic or magnetic drives have easily adjusted fan speeds.

Some inadvertent reductions in fan speed are possible for belt driven fans. If the drive belts become
slightly loose, they can slip as they move across the sheaves. This often results in a decreased air flow
rate of 100 to 200 rpm. The decrease in the air flow rate is directly proportional to the decrease in the fan
speed.

The operating point of a system can also be changed due to the opening and closing of a fan inlet damper.
This is a special damper mounted immediately ahead of the fan and this damper changes how air enters
fan wheel. Changes caused by the opening and closing of a fan inlet damper are illustrated in Figure 3-
37. It is apparent that the operating point changes to lower air flow rates and fan static pressure rises as
the inlet damper is closed.
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Figure 3-37. Changes in the inlet damper position

The fan inlet damper is often used to ensure safe opening of a fan that operates with air streams at
elevated gas temperatures. During start-up when the air is cold, the fan inlet damper is kept partially
closed to minimize the quantity of heavy cold air moved through the system. As the air heats and
becomes less dense, the fan inlet damper opens to increase the air flow rate and fan static pressure rise.
This approach minimizes the electrical power demand on the fan motor. Starting with the fan inlet
dampers wide open would often exceed the safe current levels for the motor and thereby result in burnout
of the motor windings. It is very important to avoid overloading fan motor currents.

Problem 3-12

A portion of a ventilation system is shown in Figure 38. The static pressure drop across the system
measured at the fan inlet is -16.5 in. W.C. at a gas flow rate of 8,000 ACFM. Estimate the static pressure
drop if the flow rate increased to 12,000 ACFM.
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Y

Captured Emissions
> Air Pollution N
.| Control Device \ / 8,000 ACFM

Figure 3-38. Portion of a ventilation system

Solution:

SPomaaw _ (12,000 ACFMT
Py pwaw (G000 ACFMT

Spgmﬂow = SP@MW&W(E'ESJ
=—16.5in. W.C.[2.25)

=-37.13in W.C.

Note: This solution is based on the assumption that there are no significant changes in gas
density due to the increase in gas flow rate.

Problem 3-12 illustrates that an increase in the gas flow rate of 50% more than doubled the static pressure
drop across the system.

The static pressure drop for a set of hoods, ductwork, and air pollution control devices can be calculated
using the "velocity pressure" methods described in the (ACGIH Industrial Ventilation Manual, 23™
edition). This calculation method takes into account the energy losses throughout the ventilation system.
A partial list of these energy losses include the following:

*  Turbulence at the hood inlet

* Acceleration of the gas from zero velocity to the velocity of the duct
*  Frictional losses on the surfaces of the duct

e Turbulence losses at duct expansions and contractions

e Static pressure drop across the air pollution control device

Decreased system resistance can also be a problem. In this situation, the system operating point shifts to
the right to a position of higher gas flow rate and lower static pressure rise. W hile this change would
favor improved hood capture, it could reduce the collection efficiency of the air pollution control device.
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High gas velocities through certain types of air pollution control systems such as fabric filters,
electrostatic precipitators, carbon bed adsorber, and catalytic oxidizers can reduce efficiency slightly.

It is helpful to be able to determine when the system characteristic curve has shifted. The most direct way
to check the fan performance is to measure the gas flow rate. However, this is time consuming. The fan
motor current data provides an indirect, but nevertheless very useful, indication of gas flow changes from
the baseline conditions. An increase in fan motor current is generally associated with an increase in the
gas flow rate. Decreases in fan current occur when the gas flow rate drops. Unfortunately, the relationship
between gas flow rate and motor current is not linear. The nonlinear characteristic of the relationship is
indicated by the brake horsepower curve shown in Figure 3-39. The fan motor current is directly
proportional to the brake horsepower as indicated by Equation 3-26, which applies to three-phase motor’.

IxEx] 7ixEff «PF.

BHP =
45 (3-26)

Where:

BHP = brake horsepower (total power consumed by the fan)

I = fan motor current (amperes)

E = voltage (volts)

Eff = efficiency expressed as decimal

P.F. =power Factor

While the shape of the horsepower curve varies for different types of fan wheels, the general relationship
applies to all centrifugal fans in their normal operating range. As the horsepower increases, the gas flow
rate increases.

A

Horsepower and Static Pressure —3»

Gas Flow Rate —)

Figure 3-39. Example of a brake horsepower curve

The fan motor current is related directly to brake horsepower as indicated by Equation 3-26. Therefore, it
provides a good indicator of changes in the gas flow rate. When the fan motor current has increased, the
brake horsepower has probably increased, and, therefore, the gas flow rate has probably increased.
However, the extent of the change cannot be determined from the simple relationship due to the
nonlinearity of the brake horsepower curve and the variations in the power factor.

3-46



Control of Particulate Matter Emissions

Chapter 3

The brake horsepower is related to the cube of the fan speed as indicated in the third fan law shown below

as Equation 3-27.

BHP, = BHP(RPM,/RPM,)’
Where:
BHP, = baseline brake horsepower (bhp)

BHP, = presentbrake horsepower (bhp)

RPM, = baseline fan wheel rotational speed (revolutions per minute)

RPM, = present fan wheel rotational speed (revolutions per minute)

(3-27)

The fan motor current is measured by the fan ammeter, which is monitored either in the main control
room or in a remote fan control room.

3.4.3 Effect of Gas Temperature and Density on Centrifugal Fans

A fan operates like a high-speed shovel. Every rotation of the fan wheel at a given operating point moves
a constant volume of air. While the volume is constant, the weight of the air being moved may not be
constant. The density of the gas being handled by the fan is a strong function of the gas temperature. At
high gas temperatures, the gas has a low density, and the gas is relatively light. When the gas temperature
is cold, for example at ambient temperature, the gas is dense, and its weight is substantial.

Table 3-14. Gas Densities at Different Gas Temperatures
Gas Gas Density' Gas Gas Density'
Temperature °F b /ft Temperature °F b /ft
32 0.081 600 0.037
60 0.076 700 0.034
68 0.075 800 0.032
70 0.075 900 0.029
100 0.071 1000 0.027
150 0.065 1200 0.024
200 0.060 1400 0.021
250 0.056 1600 0.019
300 0.052 1800 0.018
400 0.046 2000 0.016
500 0.041 2500 0.013
1. Gas density at standard pressure of 407 in. W.C. and zero moisture level
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In addition to gas temperature, gas density is also a function of the absolute gas pressure. The absolute
pressure can be taken into account using Equation 3-28.

P acma = Pse! Pagma / Pore | (3-28)

Where:
Pacwa = gas density at actual conditions (Ib, /ft’)
psrp= gas density at standard conditions (Ib, /ft’)
Pyp = gas pressure at standard conditions (in. W.C.)

P,..a = gas pressure at actual conditions (in. W.C.)

The gas density has a direct effect on the fan motor current. The current will be high when the gas stream
is cold such as the times when the process is starting up. If steps are not taken to minimize gas flow
during cold operating periods, the fan motor could burn out due to excessive current flow. To prevent
this, the fan inlet or outlet dampers are usually partially closed during start-up to restrict the amount of
"dense" air being handled. A's the process heats up and the gas stream becomes less dense, the dampers
can be opened to permit normal gas flow rates.

When using the fan motor current as an indicator of gas flow rate, it is important to correct the motor
currents at the actual conditions back to standard conditions. This correction can be performed using
Equation 3-9.

Lirp = Laoa (P a1/ P rcosas | (3-29)
Where:

I;p = fan motor current at standard conditions (amperes)

I cua = fan motor current at actual conditions (amperes)

psrp= gas density at standard conditions (Ib, /ft’)

Pacwa = gas density at actual conditions (Ib,/ft’)

Problem 3-13

A fan motor is operating at 80 amps and the gas flow rate through the system is 10,000 ACFM at 300°F
and -10 in. W.C. (fan inlet). What is the motor current at standard conditions?

Solution:

Step 1. Calculate the gas density at actual conditions. As a basis, use 1 1b mole of gas. Assume 1 Ib
mole of gas has a mass of 29 pounds.

1. Convert pressure from inches of water to psia.

AT W.C —10m W.C .
psia = . %1147 psta |
407 in. W.C.

14 .34 p=ia

2. Calculate the gas volume at actual conditions using the ideal gas law equation.

V =nRT/P
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1073 psia - ft* ) (460°F + 300°F |
“F.«lh mole 14 34 psia
= 5368.7 ft’ /1b mole

3. Calculate the gas density, p.

Ilass
Volutre

Masz=291h  /Ib mole
Volurne = 5657 ft*/1h mmole (at actual conditions |

Wb,
P SesTn
= 0.0511b /£

Step 2. Calculate the gas density at standard conditions.

1. Calculate the gas volume at standard conditions using the ideal gas law.

y - [10.73 psiae ft” ) [460°F +65°F |
°F &b mole

=325 4f° /b mole

14.7 psia

2. Calculate the gas density,p.

p=29Th_ /385 4 f° =0.075 b/ f°

Step 3. Correct the motor current for the change in gas density.

Lo = Lot Pare £ P actnm !

. 0,075, ft*
00511k, /f°

=80 amps 11.471

=118 amps

Lomp =60 amp

Note 1: The problem could have been solved quickly by using tabulated values of the gas density.
However, this approach also reduces the risk of a gas density error caused by not taking into account

the effect of pressure changes.

Note 2: The gas composition in Problem 3-13 could be taken into account by calculating the weighted
average molecular weights of the constituents rather than assuming 29 pounds per pound mole, which
is close to the value for air. This correction is important when the gas stream has a high concentration
of compounds such as carbon dioxide or water, which have molecular weights that are much different

than air.
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The gas temperature and gas pressure corrections for gas density must also be used when selecting a fan.
The fan multi-ratings tables are expressed in standard temperatures and pressures. These corrections are
needed to ensure that the fan will deliver the necessary gas flow rates and absolute pressure increases
under the actual operating conditions anticipated in the process.

The temperature of a gas may increase, decrease, or remain constant when a pressure change occurs.
When the gas flow reaches the fan, the gas flow changes from negative to positive pressure. This increase
in pressure can cause the temperature to increase slightly.

Summary

Centrifugal fans are the most commonly used type of fan in industrial processes due to their ability to
generate high-pressure rises in the gas stream. The major components of a typical centrifugal fan include
the fan wheel, fan housing, drive mechanism, and inlet dampers and/or outlet dampers.

The intersection of the fan characteristic curve and the system characteristic curve is called the operating
point for the fan. The factors that affect the fan characteristic curve are the type of fan wheel and blade,
the fan wheel rotational speed, and the shape of the fan housing. The system characteristic curve takes
into account the energy losses throughout the ventilation system. These curves are helpful indicators in
determining if a change in the system has occurred. A change in the system can also be detected through
the fan motor current data that corresponds with the gas flow rate, however not linearly.

The fan laws can predict how a fan will be affected by a change in an operating condition. The fan laws
apply to fans having the same geometric shape and operating at the same point on the fan characteristic
curve.

A fan will move a constant volume of air; however the amount of work required to move the gas flow is
dependent on the density of the gas. Two factors that affect density are temperature and pressure. The gas
flow density has a direct effect on the fan motor current.
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Review Exercises

Use the drawing shown below to answer questions 1-3.

320°F 354°F :;i 306°F  312°F

o AN AN
NI I
g o R e

¢

Figure 3-40. Example flowchart

1. Which static pressure reading appears to be illogical according to the flowchart?
a. DuctA
b. DuctB
c. DuctD
d. They all appear logical.

2. Calculate the static pressure at the inlet to the centrifugal fan. (Exclude frictional losses of ducts and
entry losses.)

a. 0.7in. W.C.
b. -1.7in. W.C.
c. -9.2in. W.C.

d. none of the above

3. The temperature in Duct A was checked by plant personnel and determined to be correct. Which of
the other temperature readings appears to be illogical according to the flowchart?

a. DuctB
b. DuctC
c. DuctD
d. They all appear logical.
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4. The gas flow rate is duct A is 5,000 SCFM, the gas temperature is 350°F and the gas pressure is —32
in.W.C.. The gas flow rate in duct B is 4,000 ACFM, the gas temperature is 400°F, and the gas
pressure is —35 in. W.C. Calculate the total gas flow rate in a combined duct C handling the flows
from ducts A and B. Use a barometric pressure of 29.15 in Hg..

5. Calculate the hood static pressure if the hood coefficient of entry is 0.49, and the gas flow rate
through a 1.5-foot diameter duct from the hood is 6,200 ft*/min. Use standard temperatures and
pressures.

a. -2.1in W.C.
b. -1.15in. W.C.
c. -0.38in W.C.
d. 0.85in W.C.

6. Find the farthest distance away that a flanged hood, 6 in. by 12 in., can be placed away from the
contaminant source and maintain the capture velocity of 300 fpm and a volumetric flow rate of 2000
ACFM. The equation for a flanged hood is

Q= (075w I0(x)F + 4, |

a. 15 inches
b. 24 inches
c. 3inches

d. 11 inches

7. Estimate the rotational speed of a belt-driven centrifugal fan based on the following data:
Motor rotational speed, RPM,,,,,, = 1778 rpm
Motor sheave diameter, D,,,,,, = 8 in.
Fan sheave diameter, Dy,, = 14 in.
a. 1239 rpmy,,
b. 2000 rpmy,,
c. 400 rpmy,,

d. 1016 rpmy,,

8. A system consists of the following components (in order): hood, fabric filter, centrifugal fan, and
stack. The fabric filter static pressure drop has increased from 4.5 inches of water to 6.5 inches of
water. If the fan dampers do not move to compensate for this change, what will happen to the hood
static pressure?

a. It will be less negative (closer to zero).
b. It will be more negative.
c. It will become positive.

d. Itwill remain unchanged.
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10.

11.

12.

13.

A centrifugal fan is moving 1,000 cubic feet of air per minute at a temperature of 450°F and a fan
inlet pressure of -15 inches of water. What will the actual air flow rate be if the gas temperature
decreases to 68°F, the inlet pressure remains unchanged, and the fan rotational speed remains the
same?

a. The air flow rate will increase to 1,5800 ACFM.

b. The air flow rate will decrease to 580 ACFM.

c. The air flow rate will remain at 1000 ACFM.

A centrifugal fan is operating with a motor current of 120 amps. The gas density entering the fan
during normal operation is 0.045 pounds per cubic foot. Estimate the motor current at standard
conditions when the gas density is approximately 0.075 pounds per cubic foot.

a. 500 amps
b. 200 amps
c. 159 amps
d. 90 amps

The static pressure drop through a section of ductwork is -1.2 inches of water when the gas flow rate
is 5,000 ACFM. Estimate the static pressure drop across this section of ductwork if the gas flow rate
increases to 8,000 ACFM. Assume that there are no gas density changes associated with the increased
gas flow rate.

a. 3.07in W.C.

b. 1.1 in W.C.
c. 2in W.C.
d. 4in W.C.

The hood capture efficiency is 92% and the wet scrubber control system has collection efficiency of
95%. If the process served by this system is generating 140 pounds of pollutant per hour, calculate the
fugitive emissions and the stack emissions.

a. 20.50 b, /hr Fugitive emissions and 9.80 Ib, /hr Stack emissions
b. 1.501b,/hr Fugitive emissions and 0.80 lb,/hr Stack emissions
c. 11.21b,/hr Fugitive emissions and 6.4 Ib /hr Stack emissions

d. 14.0 Ib,/hr Fugitive emissions and 3.54 1b, /hr Stack emissions

Assume a fan is presently operating with the following conditions, 20,000 ACFM, -2.5 in. W.C. static
pressure, 400 RPM, and 12 brake horsepower. Using the fan laws determine the new RPM, brake
horsepower, and static pressure when the volumetric increases to 22,500 ACFM.

a. 490 rpm, 19.1 hp, -5.7 in. W.C.
b. 350 rpm, 9.5 hp, -3.9 in. W.C.

c. 400 rpm, 10.2 hp, -2.8 in. W.C.
d. 450 rpm, 17.1 hp, -3.2 in. W.C.
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14. What would happen to the desired operating point of a fan if a hole developed in the ductwork.
Which characteristic curve will shift, what will happen to the “operating point”, volumetric flow rate,
and hood static pressure.

a. The system characteristic curve will shift down, the volumetric flow rate will increase, and the
hood static pressure will increase.

b. The system characteristic curve will shift down, the volumetric flow rate will decrease, and the
hood static pressure will decrease.

c. The system characteristic curve will shift down, the volumetric flow rate will increase, and the
hood static pressure will decrease.

d. The system characteristic curve will shift up, the volumetric flow rate will increase, and the hood
static pressure will decrease.
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Review Answers

1.

Which static pressure reading appears to be illogical according to the flowchart?

d. They all appear logical.
The gas stream decreases in pressure as it approaches the fan inlet.

Calculate the static pressure at the inlet to the centrifugal fan. (Exclude frictional losses of ducts and
entry losses.)

c. -9.2in. W.C.

Solution:

SPpuar = BPpuar — A0 pmicsier
=—40m WC - 52 m WC.

=-92m W.C

The temperature in Duct A was checked by plant personnel and determined to be correct. Which of
the other temperature readings appears to be illogical according to the flowchart?

a. DuctB

The temperatures should decrease as the gas moves through the system since no significant source of
heat is added to the gas. There is no reason for the gas stream in Duct B to be hotter than the gas
stream in Duct A. Other wise the temperature trend appears logical.

The gas flow rate is duct A is 5,000 SCFM, the gas temperature is 350°F and the gas pressure is —32
in.W.C.. The gas flow rate in duct B is 4,000 ACFM, the gas temperature is 400°F, and the gas
pressure is —35 in. W.C. Calculate the total gas flow rate in a combined duct C handling the flows
from ducts A and B. Use a barometric pressure of 29.15 in Hg..

Solution:

Calculate the absolute pressure in Duct B

F = M 2015 HG +(-32nW.CH =364 5in. W.C
2992 in Hg,

Convert the flow in duct B to SCFM

SOFM = ﬁCFM[ 528°R J[ 407 . W.C.

- = 2,742 5CFM
460°FE +400°F ), 364.5 in W.C.

Flow in Duct C = Flow in Duct A + Flow in Duct B =5,000 SCFM + 2,740 SCFM = 7,740 SCFM
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5. Calculate the hood static pressure if the hood coefficient of entry is 0.49, and the gas flow rate
through a 1.5-foot diameter duct from the hood is 6,200 ft*/min. Use standard temperatures and
pressures.

b. -1.15 in. W.C.
Solution:
To calculate the hood static pressure (SP,), use the following equation:

S, = -VP,; - h,

1. Calculate the velocity pressure (VP) using the following equation. At standard conditions, p, . =
0.075 1b/ft.

w.‘[ =[ v i|: w F'.ﬁ.-cmal
4005 0.075

6,200 f° / min
aD’ /4

Velocity =

_ 1,200 ft' f1nin
1401574

=3,510 ftfmin

W, = == =0.77n W.C
4,005

2. Calculate the hood entry loss (h,) as follows:

h, = K,(VP)

Given:F, = 0.49

h, =04%07 m W.Ci

=036m W.C.

3. Calculate the hood static pressure (SP,).

APy, =077 W.C - 038 inW.C

=—115%in W.C
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6. Find the farthest distance away that a flanged hood, 6 in. x 12 in., can be placed away from the
contaminant source and maintain the capture velocity of 300 fpm and a volumetric flow rate of
2000 ACFM. The equation for a flanged hood is

Q= (D.?E}vhllﬂ[}{]: + ‘ﬁ‘LJ
d. 11 inches

Solution:

1. Solve for X using the following equation.

Q=ID.?5mel1IIIIXF +!—'1LJ
R
EDDD.ﬂCF=[D.T5][3IJE.I ﬂ:] o 72in i 1. 2
Tt 1 1Tt 1 144 111

2000 ACFM = [ﬁ][mux 7 +0.5 52 ]

jasiial

RE0R =10(XfY + 058
530/ =102 &Y
0.830 ft' = (X AY

%o 0016 fx 2 i
IR

7. Estimate the rotational speed of a belt-driven centrifugal fan based on the following data:
Motor rotational speed, RPM,, .., = 1778 rpm
Motor sheave diameter, Dy, = 8 in.
Fan sheave diameter, D. = 14 in.

Fan
d. 1016 rpmy,,
Solution:

Calculate the fan speed (RPM,, ) using the following equation.

fan

B
RPMpy, = RPM 0% DMM
Far,

1778| 8in.
- 1016 rpm
1 [14m &

3-57



Control of Particulate Matter Emissions Chapter 3

8.

10.

11.

A system consists of the following components (in order): hood, fabric filter, centrifugal fan, and
stack. The fabric filter static pressure drop has increased from 4.5 inches of water to 6.5 inches of
water. If the fan dampers do not move to compensate for this change, what will happen to the hood
static pressure?

a. It will be less negative (closer to zero).

The hood static pressure will decrease due to reduced gas flow rate caused by the increased
blockage of airflow from the fabric filters.

. A centrifugal fan is moving 1,000 cubic feet of air per minute at a temperature of 450°F and a fan

inlet pressure of -15 inches of water. W hat will the actual air flow rate be if the gas temperature
decreases to 68°F, the inlet pressure remains unchanged, and the fan rotational speed remains the
same?

c. The air flow rate will remain at 1000 ACFM

Fans move a constant volume of air.

A centrifugal fan is operating with a motor current of 120 amps. The gas density entering the
fan during normal operation is 0.045 pounds per cubic foot. Estimate the motor current at
standard conditions when the gas density is approximately 0.075 pounds per cubic foot.

b. 200 amps

Solution:

Lop = Lo Pore 7 P sconm !

00751, /f)

=120 amps
P T0.0451, 187

= 200 amps

The static pressure drop through a section of ductwork is -1.2 inches of water when the gas
flow rate is 5,000 ACFM. Estimate the static pressure drop across this section of ductwork if
the gas flow rate increases to 8,000 ACFM. Assume that there are no gas density changes
associated with the increased gas flow rate.

a. 3.071in W.C.

Solution:

SPomaa. (8,000 ACFM )

= - =256
SPasugma 5000 ACFM T

Given: SPg oo = -1.2 in. W.C.

SPpmpan =—1.2m WCI256=-3.07m W.C
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12.

C.

The hood capture efficiency is 92% and the wet scrubber control system has collection
efficiency of 95%. If the process served by this system is generating 140 pounds of pollutant
per hour, calculate the fugitive emissions and the stack emissions.

11.20 1b,/hr Fugitive emissions and 6.44 1b /hr Stack emissions

Solution:

13.

d.

Fugitive emissions = 0.08 (140 1b /hr) = 11.2 lb /hr
Capture emissions = 140 lb, /hr - 11.20 Ib,/hr = 128.8 Ib /hr
Stack emissions = 0.05 (128.80 Ib, /hr) = 6.4 1b,/hr

Assume a fan is presently operating with the following conditions, 20,000 ACFM, -2.5 in.
W.C. static pressure, 400 rpm, and 12 brake horsepower. Using the fan laws determine the
new RPM, brake horsepower, and static pressure when the volumetric increases to 22,500.

450 rpm, 17.1hp, -3.2 in. W.C.

Solution:

New fan speed:

G _ RPM,
Q, FPM,

20,000 ACFWL 400 rpm
22500 ACFM RPM,

FPLL, = 430 mm

Brake horsepower:

BHP, (RFM, Y
BHP, |RPM,

12hp _ 64,000,000
BHP, 01,125,000

BHF, = 17.1bhyp
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Static pressure:

2
5P { RPM,
5P, | RPM,

~25in W.C._ (400 160,000
5F, 450) 202,500

SP,=-3.2in W.C.

14. What would happen to a fan’s desired operating point if a hole developed in the ductwork?

Which characteristic curve will shift, what will happen to the “operating point”, volumetric flow
rate, and hood static pressure.

c. The system characteristic curve will shift down, the volumetric flow rate will increase, and the
hood static pressure will decrease.

The system characteristic curve will shift down due to a decrease in the system resistance,
causing the static pressure to decrease and the gas flow rate to increase. The hood static pressure
will decrease because the hole in the ductwork will allow air to enter the system prior to the
hood. The gas flow rate will increase due to the air inleakage
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Chapter 4
Fabric Filters

Fabric filters are capable of high-efficiency particulate matter removal in a wide variety of industrial
applications. Uses for fabric filters have steadily expanded since the 1960s, because of the development
of new, highly effective fabrics capable of efficiently collecting particles over the size range of 0.1 —
1,000 pum. This particle collection efficiency, even in the difficult-to-control range of 0.2 to 0.5 pm, is
due to (1) the multiple opportunities for a particle to be captured as it attempts to pass through a dust
cake and fabric and (2) the multiple modes of particle capture that occur within the dust cake and fabric.
These modes of capture include impaction, Brownian diffusion, and electrostatic attraction.

The conceptual simplicity of fabric filters belies the complexity of the equipment design and the
operating procedures necessary to achieve and maintain high particulate removal efficiencies. Serious
performance problems can develop relatively rapidly. Holes and tears in the bags can develop due to
chemical attack, high temperature excursions, or abrasion/flex damage. Cleaning system problems can
result in excessive static pressure drops. Particles can also “bleed” through the dust cake and fabric due
to improper design or cleaning.

This section emphasizes three of the major types of fabric filters: pulse jet, cartridge, and reverse air
units. There are many other types that are not explicitly discussed in this manual. However, the operating
principles, sizing practices, and performance evaluation procedures discussed with respect to pulse jet,
cartridge, and reverse air units are generally applicable to all types of fabric filters.

4.1 TYPES AND COMPONENTS
4.1.1 Pulse Jet Fabric Filters

Pulse jet fabric filters, invented during the early 1960s, are used for a wide variety of small-to-medium
size industrial applications. These include asphalt plants, cement plant clinker coolers, and industrial
boilers. The baghouses are termed pulse jet since a pulse of compressed air is used for cleaning each of
the bags.

There are two major design types: top access and side access. The top access design includes a number of
large hatches across the top of the baghouse for bag replacement and maintenance. The side access
design has one large hatch on the side for access to the bags. The side access units often have a single
small hatch on the top of the baghouse shell for routine inspection.

A cutaway drawing of a typical top access type pulse jet fabric filter is shown in Figure 4-1. The inlet gas
stream enters in the upper portion of the hopper and passes vertically up between the bags during
filtering. Dust accumulates on the outside surfaces of the bags shown in Figure 4-2.
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Figure 4-1. Typical pulse jet fabric filter
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Figure 4-2. View of the bottoms of pulse jet bags
(note flex around inner cages)

The cleaned gas enters the cylindrical bags and moves upward into the clean gas plenum at the top of the
baghouse. The outlet duct from this plenum takes the cleaned gas to the fan and stack.

A portion of the dust must occasionally be removed from the bags in order to avoid excessively high gas
flow resistances. The bags are cleaned by introducing a high-pressure pulse of compressed air at the top
of each bag. The sudden pulse of air generates a pressure wave that travels down inside the bag. The
pressure wave also induces some filtered gas to flow downward into the bag. Due to the combined action
of the pressure wave and the induced gas flow, the bags are briefly deflected outward. This cracks the
dust cake on the outside of the bags and causes some of the dust to fall into the hopper. Cleaning is
normally performed on a row-by-row basis while the baghouse is operating.

The compressed air at pressures from 60 to 90 pounds per square inch gauge (20 to 40 psig compressed
air is used in low pressure-high volume designs) is generated by an air compressor and stored temporarily
in the compressed air manifold. When the pilot valve (a standard solenoid valve) is opened by the
controller, the diaphragm valve connected to the pilot valve opens suddenly. This lets compressed air into
the delivery tube that services a row of bags. There are holes in the delivery tube above each bag. The
cleaning system controller can operate on the basis of a differential pressure sensor (static pressure drop),
or it can simply be operated on a timer. In either case, bags are cleaned on a relatively frequent basis with
each row being cleaned from once every five minutes to once every several hours. Cleaning usually starts
with the first row of bags and continues through the remaining rows in the order the bags are mounted.

The bags are supported on metal cages as shown in Figure 4-2. These cages prevent the bags from
collapsing due to the movement of the gas stream through the bags. Because the fabric flexes around the
cage wires during filtering, some fabric wear is possible. To minimize this potential problem, cages with
closely-spaced wires are used for fabrics that are especially vulnerable to flex-type wear. More
economical cages are used for fabrics that are very tolerant of flex.
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Warm Drive Clamp

Bag Fabric Creates.
Seal Under Venturi
Flange and Clamp
at Tube Sheet L— Venturi (Either Within

Cage as Shown, or on Top)
Retained by Flange

and Cage Groove

Filter Bag

Figure 4-3a. Worm drive clamp type attachment

There are no frames or attachments at the bottom of the pulse jet bags. This free-hanging design is
necessary in order to facilitate bag replacement, to allow gas stream movement upward, and to eliminate
any abrasive surfaces near the bottom of the bags.

The pulse jet bags are suspended from a metallic plate called the fube sheet. In top access designs, the
bags are clamped and sealed to the top of the tube sheet. This allows for bag removal and replacement

from the top of the unit. Two of the many techniques for bag attachment at the top are shown in Figures
4-3a and 4-3b.

Cage
, Tube Sheet

Spring Snap Band
Sewn Into Bag Collar

Snap Ring and Bag Fabric
Seals and Locks at Tube
Sheet - No Hold-downs
Required

Filter Bag —___

Figure 4-3b. Snap ring type attachment
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Figure 4-4. Damage to the compressed air delivery tube position
relative to the bag inlet

A proper bag seal is very important, for preventing dust-laden inlet gas from short-circuiting from the
“dirty” side to the “clean” side of the baghouse without passing through the dust cake and bag. Even
small leak sites can cause significant particulate emissions due to the two- to six-inch static pressure drop
across pulse jet baghouses.

Proper cleaning of pulse jet bags is very important to achieve maximum particulate removal efficiency
and to extend bag service life. Excessive cleaning intensity or very frequent pulsing can physically
damage the pulse jet bags, especially near the top where the pulse enters. As shown in Figure 4-4, the
compressed air delivery tube is generally mounted close to the bag opening. Damage due to excessive
compressed air pressure or a misdirected (non-plumb) pulse can cause damage in the top several feet of
the bag.

Compressed air used for bag cleaning can be contaminated by compressor lubricating oil or by condensed
water. The water comes from the ambient air that was compressed and heated in the compressor. As the
compressed air and water vapor stream passes through the aftercooler (if present) or the cold piping
leading to the baghouse, some of the moisture condenses. It often accumulates in the compressed air
manifolds and can be entrained in the compressed air stream passing through the manifold. After entering
the bags, the water can create muddy areas near the top of the bag. These areas allow little or no gas

flow. The lubricating oil creates sticky deposits near the top of the bags, which also prevent normal gas
flow through the affected area. In order to minimize both compressed air quality problems, it is common
for pulse jet collectors to have air dryers on the compressed air supply, coalescing filters for oil removal,
and water drains on the compressed air manifolds.

Excessive cleaning intensities and frequencies can cause removal efficiency problems even before bag
holes and tears develop. Severe cleaning practices result in the dispersion of small particles or
agglomerates of particles from the dust cake. Due to the physical arrangement of the pulse jet bags, it is
very difficult for these small particles or agglomerates to settle by gravity into the hopper. Only the large
clumps will fall through the gas stream, which is rising upward and opposing gravity settling. The
settling problem becomes increasingly difficult near the bottom of the bag, because this is the point of
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maximum gas velocity as shown in Figure 4-5. Due to the opposed gravity settling, some very small
particles or agglomerates with low terminal settling velocities (see Chapter 2) can turn around and return
to the remaining dust cake, where they will remain until they bleed through the dust cake and the fabric
to the clean side of the baghouse.
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Figure 4-5. Gravity settling during cleaning of pulse jet bags

Actually, baghouse operation can be described as three separate sequential steps: (1) filtration of
particles from the gas stream, (2) gravity settling of the dust cake, and (3) removal from the hopper. Each
of these steps must be performed properly to ensure high efficiency particulate collection.
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Figure 4-6. Compartmentalized pulse jet baghouse

In most small pulse units, the rows are cleaned one-by-one while the adjacent rows continue to filter the
gas stream. However, with this operating practice, dust released from one row of bags can either return to
the bag (because of gravity settling problems) or be recollected on a bag in an adjacent row that remains
in filtering service. Both problems can be avoided by using off-line cleaning. This is accomplished by
dividing the pulse jet baghouse into compartments and isolating the compartment being cleaned to
prevent gas flow through it. A two-compartment pulse jet baghouse is shown in Figure 4-6. Most units
have between four and 10 compartments. As shown in Figure 4-6, poppet dampers are usually used at the
outlet of each compartment to shut off gas flow during cleaning.

The instruments used on pulse jet fabric filters are relatively simple. A static pressure gauge, such as that
shown in Figure 4-7, is used to measure the overall static pressure drop across the entire baghouse. Other
types of instruments that are often used include the following.

* Inlet gas stream temperature monitor
*  Outlet gas stream (or fan inlet) temperature monitor)
* Compressed air pressure gauge
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Figure 4-7. Magnehelic” static pressure drop gauge

Pyramidal or trough-type hoppers are often used on pulse jet baghouses. Units serving hot gas streams
need thermal insulation and weatherproof lagging in order to keep the collected dust warm and free-
flowing. Essentially all pulse jet baghouses need a solids discharge valve that prevents air movement up
through the hopper and into the bag area.

Overall, pulse jet fabric filters are relatively small units for a given gas flow rate. This is due to the use of
felted type fabrics that can be used at relatively high gas flow rates per unit of cloth. Sizing of pulse jet
fabric filters is discussed later in this chapter.

4.1.2 Cartridge Filters

Cartridge filter systems are similar to pulse jet fabric filter systems. The filter elements are supported on
a tube sheet that is usually mounted near the top of the filter housing. The gas stream to be filtered
passes from the outside of the filter element to the inside. Filtering is performed by the filter media and
the dust cake supported on the exterior of the filter media. The filter media is usually a felted material
composed of cellulose, polypropylene, or other flex-resistant material.

The unique feature of a cartridge filter is the design of the filter element. Essentially all cartridges are
shorter than pulse jet bags. Some cartridges have simple cylindrical designs. Others can have a large
number of pleats as shown in Figure 4-8 or other complex shapes as shown in Figure 4-9 in order to
increase the filtering surface area. Due to the shortness of the cartridge filter elements, they are usually
less vulnerable to abrasion caused by the inlet gas stream. The shorter length also facilitates cleaning by
a conventional compressed air pulsing system identical to those used on pulse jet collectors.

Cartridge filter elements are used in a wide variety of industrial applications. Due to their inherently
compact design, they can be used in small collectors located close to the point of particulate matter
generation. They are generally used on gas streams less than approximately 400°F. This temperature
limit is due to the capabilities of the flex resistant, high temperature fabrics and by the limitation of the
gasketing material used to seal the cartridge filter element to the tube sheet.
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Figure 4-8. Pleated cartridge filter element
(Reprinted courtesy of Pneumafil, Inc.)

Figure 4-9. Flat cartridge filter element
(Reprinted courtesy of Airguard Industries, Inc.)
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4.1.3 Reverse Air Fabric Filters

Reverse air fabric filters must be compartmentalized. During cleaning, the gas flow through a
compartment is stopped, and filtered gas is passed in a reverse direction through the bags in the
compartment. This cleaning procedure is the basis for the name "reverse air." A cutaway sketch of a
typical reverse air fabric filter is shown in Figure 4-10.

Compartment 3
Compartment 2

Compartment 1

Gas inlet

Figure 4-10. Reverse air fabric filter
Reverse air bags are hung from support frames near the tops of the compartments. The bags are tensioned

to 60 to 120 pounds force by spring assemblies on the top frame as shown in Figure 4-11. Tension
minimizes mechanical flexing and abrasion of the vulnerable fabrics.

" / Tension spring

__— Anticollapse ring

= Clamp

Thimble

"S- Tube Sheet

Figure 4-11. Reverse air bag
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Reverse air bags do not have support cages. Instead, they have a set of anti-collapse rings sewn into the
bags to prevent them from flattening during cleaning. There are usually between five and eight anti-
collapse rings in a bag, depending on bag height and design. Most reverse air bags have heights ranging
from 20 to 35 ft.

The bottoms of the bags are attached to a metallic plate called a tube sheet, which is mounted directly
above the hopper. A clamp-and-thimble arrangement (shown in Figure 4-12a) or a snap ring arrangement
(Figure 4-12b) secures each bag bottom to the tube sheet. As in the case with pulse jet bags, the seal
provided by these attachments is important in preventing the movement of unfiltered gas to the clean
side.

Filter Bag

Worm Drive Clamp

* / Thimble

4

| X
Tube Sheet

11uoo00000

AN

Figure 4-12a. Clamp-and-thimble-type bag attachment

The inlet unfiltered gas stream enters the baghouse near the top of the hopper and then enters the inside
of each of the reverse air bags. A dust cake accumulates on the interior surfaces of the bags. The dust
cake causes most of the filtration.

Filter Bag

Snap Ring Sewn
Into Bag Collar

\ Tube Sheet

Figure 4-12b. Snap-ring-type bag attachment

During the filtering mode, the compartment's outlet and inlet gas dampers are open. When it is time to
clean the compartment, the outlet damper is closed to block gas flow. After a short time to allow the bags
to relax, the reverse air damper located near the top of the compartment is opened to permit filtered gas
from the baghouse outlet to be recycled through the compartment. This reverse flow is sustained for as
little as 30 seconds or as long as several minutes. During this time, large clumps of dust cake from the
interior of the bags are dislodged and fall by gravity into the hopper. Gravity settling is obviously
important during the cleaning operation. However, reverse air baghouses are less vulnerable than pulse
jet baghouses to small particle gravity settling problems because particle movement is aided by the
reverse gas movement downward in the bag. As long as the reverse air flow rate is adequate, the particles
are carried out of the bag by this gas stream.
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The reverse air passes through the compartment's inlet damper (which remains open during cleaning) and
reenters the duct leading to the inlet side of other compartments, which continue on-line in the filtering
mode. Large clumps and sheets of dust cake dislodged during cleaning are collected in the hopper
underneath the compartment. Usually, pyramidal-type hoppers such as the one shown in Figure 4-13 are
used for dust collection. Thermal insulation and hopper heaters are used to keep the solids warm until
they can be dislodged. Solids discharge valves below the hoppers are needed to prevent ambient air from
rushing upward into the baghouse.

nme

Figure 4-13. Pyramidal type hopper

A variety of solids-handling systems are used to empty hoppers and transport the solids. Large reverse air
baghouses usually have either pneumatic or pressurized solids-handling systems, both of which empty
one hopper at a time. The solids-handling system often cycles continuously between the hoppers in order
to minimize solids build-up problems.

Small reverse air units often have screw conveyors with either rotary discharge valves or double
flapper valves to prevent air infiltration. Rotary valves use either metal blades or flexible wipers
on metal blades to maintain an air seal (Figure 4-14a). The sections of the double flapper valve

Figure 4-14a. Rotary discharge valve

move in an alternating fashion so that one is always in place to provide an air seal (Figure 4-14b).
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Figure 4-14b. Double flapper valve

Reverse air fabric filters contain gas stream bypass dampers that seal the connecting passageway from
the inlet and outlet ducts of the unit. Typically, large poppet dampers are used; however, some units have
a double set of louvered dampers. These dampers are especially important because they are subjected to
the maximum static pressure drop across the entire baghouse. Slight leaks through poorly sealing bypass
dampers can result in relatively low overall particulate removal efficiency. The bypass dampers are
needed to protect the baghouse during malfunction and start-up periods when the bags could be damaged.

The instruments used on large reverse air fabric filters are often more sophisticated than the instruments
on small-to-moderately sized pulse jet baghouses. In some cases, double-pass transmissometers are used
to monitor opacity in the breachings and/or stack downstream from the baghouse. Bag-break monitors are
often used when double-pass type opacity monitors are not required. Static pressure gauges are used to
monitor the overall static pressure drop and the compartment-by-compartment static pressure drops
during both filtering and cleaning. Static pressure gauges are also used to monitor the pressure of the
reverse air stream being supplied to the compartments during cleaning. Inlet and outlet gas temperature
monitors are used to ensure that the temperature remains within the acceptable range for the fabric being
used.

4.1.4 Fabric Types

A wide variety of fabrics is commercially available. These can be categorized into five different groups
based on the general type of “fabric” (media) construction.

Woven

Felted

Membrane

Sintered metal fiber
Ceramic cartridge

A

A woven fabric is composed of interlaced yarns as shown in Figure 4-15. The yarns in the “warp”
direction provide strength to the fabric, and the yarns in the "fill" direction determine the characteristics
of the fabric.
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Figure 4-15. Woven fabric

The pores, which are the gaps between the yarns, can be more than 50 um in size. Small particles can
easily pass through these pores until particles are captured on the sides of the yarns and bridge over the
openings. The dust cake is critical for proper filtration by woven cloths.

There are a variety of weave types used to modify the characteristics of the fabric. For example, the twill
weave shown in Figure 4-15 is less vulnerable than other weaves to fabric blinding due to the penetration
of fine particles into the fabric. Overall, the weave characteristics influence the strength of the cloth, the
difficulty of dust cake release during cleaning, and the resistance to gas flow.

Felted fabrics are composed of randomly oriented fibers attached to a very open weave termed the
scrim. The felted fabrics are usually much thicker than woven cloths due to the layer of fibers on both
sides of the scrim. With this type of fabric construction, there are no pores as indicated in Figure 4-16.
The fibers on the filtering (“dirty”) side provide a large number of targets for particle impaction,
Brownian diffusion, and electrostatic attraction. However, even with felted fabrics, the dust cake that
accumulates on the surface is primarily responsible for particle capture.

Membranes are another major category of fabrics used in air pollution control. These are composed of a
polytetrafluoroethylene (PTFE) membrane that is laminated to either a woven or felted support fabric
(Figure 4-17). The membrane is placed on the filtering side of the fabric. Particle collection occurs
primarily due to the sieving action of the membrane’s very small pores (less than 5 mm). In membrane
fabrics, the dust layer is not especially important in particulate removal. Furthermore, static pressure drop
is relatively low due to the good dust cake release properties.
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Figure 4-16. Felted fabric

Figure 4-17. Membrane fabric at 500x magnification

(Reprinted courtesy of W.L. Gore & Associates, Inc.)
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Sintered metal fiber bags are composed of small metal fibers randomly oriented on a cylindrical
surface. The bags are heated to high temperatures to bond the fibers together. The bags are rigid and
require specially designed pulse jet type cleaning systems. Sintered metal fiber bags can be used for hot
gas streams. They can also be aggressively cleaned if they become blinded by sticky or moist dust.

Ceramic cartridge filters are fabricated in cylindrical candle or honeycomb forms. Particle capture
occurs as the dust passes through the dust cake on the exterior surface and through the pores through the
ceramic media. These filters are designed for applications where the gas temperatures are extremely hot.

The fabrics used for baghouses can be composed of a variety of synthetic and natural materials. Selection
of the fabric material is based primarily on three criteria.

e Maximum gas temperatures of the gas stream
* Corrosive chemical concentrations in the gas stream
* Physical abrasion and fabric flex conditions
The various fabrics differ substantially with respect to their ability to tolerate temperature, chemical

attack, and physical abrasion/flex. The temperature and acid-resistant capabilities of some of the
commercially available types of fabrics are summarized in Table 4-1.

Table 4-1. Temperature and Acid Resistance Characteristics
Common Maximum
Generic or Temperature, °F Acid
Name Trade Name | Continuous| Surges Resistance
Natural Fiber,
Cellulose Cotton 180 225 Poor
Good to
Polyolefin Polyolefin 190 200 Excellent
Polypropylene | Polypropylene 200 225 Excellent
Polyamide Nylon® 200 225 Excellent
Acrylic Orlon® 240 260 Good
Polyester Dacron® 275 325 Good
Aromatic
Polyamide Nomex® 400 425 Fair
Polyphenylene
Sulfide Ryton® 400 425 Good
Polyimide P-84® 400 425 Good
Fiberglass Fiberglass 500 550 Fair
Fluorocarbon | Teflon® 400 500 Excellent
Stainless Steel | Stainless Steel 750 900 Good
Ceramic Nextel® 1300 1400 Good
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The continuous temperature rating shown in Table 4-1 is intended only as a general indicator of the
fabric’s capability. To optimize bag life, the normal operating temperatures should be slightly below this
limit.

The capability with respect to temperature surges is a function mainly of the fabric’s dimensional
stability and protective coatings. For example, the limiting maximum surge (or short-term) temperatures
for fiberglass fabrics is due, in part, to the need to avoid volatilization of lubricants on the fiber surfaces
(lubricants are necessary to prevent fiber-fiber abrasion during cleaning). Also, the ability of the fabric to
withstand short-term temperature spikes depends on the quantity of dust cake present. The dust can
absorb some of the heat and thereby moderate the maximum temperature while slightly extending the
time period that the fabric is exposed to elevated temperature.

The resistance to acids is oriented primarily toward inorganic acids such as sulfuric acid and
hydrochloric acid. Most of the fabrics listed in Table 4-1 have a low resistance to hydrofluoric acid.

The ability of fabrics to withstand physical abrasion and flex is summarized in Table 4-2. Fabrics listed
as fair must be cleaned gently, and the bags must be handled carefully during installation.

Table 4-2. Fabric Resistance to Abrasion and Flex
Generic Common or Resistance to
Name Trade Name Abrasion and Flex

Natural Fiber, Cellulose | Cotton Good
Polyolefin Polyolefin Excellent
Polypropylene Polypropylene Excellent
Polyamide Nylon® Excellent
Acrylic Orlon® Good
Polyester Dacron® Excellent
Aromatic Polyamide Nomex® Excellent
Polyphenylene Sulfide Ryton® Excellent
Polyimide P-84® Excellent
Fiberglass Fiberglass Fair
Fluorocarbon Teflon® Fair
Stainless Steel Stainless Steel Excellent
Ceramic Nextel® Fair

Most of the fabrics have good to excellent capability with respect to abrasion and flex. The two main
exceptions are fiberglass, Teflon® fabrics, and ceramic which are often used for moderate-to-high gas
temperature applications.

Some of the fabrics are coated to improve their ability to withstand acid attack and abrasion/flex type
physical damage. All fiberglass fabrics must have coatings to protect the relatively brittle fibers that can
easily be broken by fiber-to-fiber abrasion. Silicone-graphite finishes for fiberglass fabrics have been
used for more than 40 years. Other coatings that have been developed and used successfully over the last
20 years include Teflon-B® coating, [-625®, Blue Max®, and Chemflex®. Some of these newer
coatings also protect the fabric from acid attack.
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4.2 OPERATING PRINCIPLES
4.2.1 Particle Collection

Multiple-capture mechanisms are responsible for particle capture within dust layers and fabrics.
Impaction is effective because there are many sharp changes in flow direction as the gas stream moves
around the various particles and fibers. Unlike some types of particulate collection devices, there are
multiple opportunities for particle impaction due to the numbers of individual dust cake particles and
fabric fibers in the gas stream path.

Brownian diffusion is moderately effective for collecting submicrometer particles because of the close
contact of the gas stream and the dust cake. The particle does not have to be displaced a long distance in
order to come into contact with a dust cake particle or fiber. Furthermore, the displacement of
submicrometer particles can occur over a relatively long time as the gas stream moves through the dust
cake and fabric.
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Figure 4-18. Particle size to efficiency relationship

Electrostatic attraction is another particle collection mechanism. Particles can be attracted to the dust
layer and fabric due to the moderate electrical charges that accumulate on the fabrics, the dust layers, and
the particles. Both positive and negative charges can be generated, depending on the chemical make-up
of the materials. Particles are attracted to the dust layer particles or fabric fibers when there is a
difference in charge polarity or when the particle has no electrical charge.

Sieving of particulate matter can occur after the dust cake is fully established. The net result of the
various types of collection mechanisms is a particle size-efficiency curve, which has relatively high
removal efficiency levels even in the difficult-to-control particle size range of 0.2 to 0.5 um as shown in
Figure 4-18.

For new bags, the initial particle removal efficiency is not nearly as high as suggested in Figure 4-18.
Time is needed to establish residual dust cakes on the surfaces of the fabric. These particles provide the
foundation for the accumulation of the operating mode dust cake, which is ultimately responsible for the
high efficiency particulate matter removal. The particles on the fabric surface are termed the “residual
dust cake” because they remain after normal cleaning of the bag.
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The particle size-efficiency curve shown in Figure 4-18 applies only when an adequate dust cake has
been established. Immediately after cleaning, patchy areas of the fabric surface may be exposed. Only the
residual dust cake remains in these patchy areas. Depending on the particulate matter concentration, it
may take several seconds to a minute for the dust cake to “heal” or “repair” over these patchy areas and
thereby reduce emissions. During the time that the dust cake is being reestablished, particle removal
efficiency can be low, especially for small particles. For this reason, excessive cleaning intensity,
frequency, and/or duration can increase particulate emissions.

Particulate matter emissions can be increased dramatically by related phenomena such as particle bleed-
through (bleeding) and pore collapse. Both phenomena are related to the quantity of gas passing through
a given area of the cloth. This gas flow rate is normally expressed as the air-to-cloth ratio, as defined in
Equation 4-1.

_ Gas Flow Rate, ft’/min (Actual)

AT _ :
Fabric Area, ft-

(4-1)

As the air-to-cloth ratio increases, the localized gas velocities through the dust cake and fabric increase.
At high air-to-cloth values, some particles, especially small particles, can gradually migrate through the
dust layer and fabric. This is possible because dust particles within the cake are retained relatively
weakly. After passing through the dust cake and fabric, these particles are re-entrained in the clean gas
stream leaving the bag. Some of the factors that increase the tendencies for particle bleed-through include
the following.

 Small particle size distribution
 Fabric flexing and movement
* Small dust cake quantities

Pore collapse in woven fabrics is also caused by high air-to-cloth ratios. At high air-to-cloth levels, the
forces on the particle bridges that span the pores can be too large. Once a bridge is shattered and pushed
through the fabric, a pinhole is created in the fabric. The gas stream channels through this low resistance
path through the bag.

The net result of bleed-through and pore collapse is increased particulate matter emissions at high air-to-
cloth ratios. The general nature of the relationship is shown in Figure 4-19.
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Figure 4-19. Emissions as a function of air-to-cloth ratio

The effect of bleed-through and pore collapse is relatively minor until a threshold air-to-cloth ratio is
reached. Above this value, these emissions can increase rapidly.
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The curve shown in Figure 4-19 indicates that there is a limit to the air-to-cloth ratio. A baghouse that is
severely undersized for the gas flow being treated (high air-to-cloth ratio) can have abnormally low
removal efficiency.

4.2.2 Emissions Through Holes, Tears, and Gaps

Low resistance paths for gas flow are created when holes or tears develop in the bags. Gaps in bag seals
or in the welds around the tube sheet also create paths for unfiltered gas to pass through the baghouse. As
shown in Figure 4-20, the fraction of the total gas stream passing through these openings will increase
until the pressure drop across the opening is equivalent to the average pressure drop across the
undamaged bags in the compartment.

Enlargement

Gas

Figure 4-20. Gas flow through holes, tears, and gaps

The quantity of the gas passing through openings can be approximated using the standard orifice
equation shown in Equation 4-2.

2g . A
L850 (4-2)

V, = velocity through the orifice, ft/sec
C = orifice coefficient, dimensionless (usually 0.61)
g, = gravitation constant, 32.2 ft-Ib_/lb,-sec

Ap = static pressure drop, Ib,/ ft*

p, = gasdensity, Ib /ft’

The pressure drop value used in Equation 4-2 is the reduced pressure drop after the hole has developed.
However, this is very cl