AIR POLLUTION CONTROL - PARTICULATE MATTER

|. Objectives

The objectives of this course are to provide background information on the topic of air
pollution and its contral, to develop knowledge about the characterigtics of particulate matter
(PM), especially those characterigtics that influence our choice of control systems, to discussthe
various means of collecting and removing particles from the air stream (controlling PM air
pollution), and to review in detail the design and operations of two mgjor technologies for
control of PM pollution — ectrogtatic precipitators and fabric filter baghouses.

[1. Introduction

Air pollution can be defined as harmful gases or particlesin the outdoor atmospherein
high enough concentrations to be injurious to human hedth or welfare, plants, animas or things,
or unreasonably interfere with the enjoyment of life or property. Primary air pollutants (those
emitted directly to the air), and secondary pollutants (those formed by reactionsin the
atmosphere such as ground-level ozone) are both serious problems. Some pollutants are
emitted in very large quantities, including particulate matter (PM), and the gaseous pollutants:
sulfur dioxide (SO,), nitrogen oxides (NOy), volatile organic compounds (VOCs), and carbon
monoxide (CO). Table 1 gives some data on the etimated U.S. emission rates of each of these
primary pollutantsin 1998. All of the above pollutants except VOCs are dso called criteria
pollutants, because the U.S. EPA has established ambient (outdoor air) standards based on

measurable hedth effects (the criteria for the standards).




Particulate matter (PM) isthe term used to describe very smal diameter solids or liquids

that remain suspended in the atmosphere. PM-10 and PM-2.5 refer to particulate matter less
than 10 and 2.5 micro-meters (mm) in diameter, repectively. (The symbol mmeans one one-
millionth, and the term micron often is used in place of micro-meter; thus, one micron is equd to
one one-millionth of ameter.) Particles are emitted from a variety of sources, including fossil-
fuel combustion, metals and minerd processing, agricultura fields, and many others, but by far
the largest category isfugitive dust from roads. Even though the industrid categories emit
relatively smaler amounts of PM-10, many millions of dollars are spent each year in controlling
these sources.

Air-pollution control is regulatory driven, meaning that sources must comply with
regulations and standards set by federd and state agencies. Modern air pollution standards
were originadly mandated by Congress and established by the U.S. EPA to protect the hedlth
and promote the well-being of individuas and of communities. These sandards were set by
government with input from professona organizations as a result of increased awareness of
pollutants and their effects upon living organisms, especidly people. Federd legidation and
regulations have been devel oped over a period of three decades with input from many
interested groups. Some of these laws were the Air Pollution Control Act of 1955, the Motor
Vehicle Air Pallution Control Act of 1965, the far-reaching Clean Air Act Amendments
(CAAA) of 1970, the CAAA of 1977, and the comprehensive CAAA of 1990. Compliance
with these laws requires not only proper environmenta engineering design and operation of
pol lution- abatement equipment but careful andysis and accurate measurements of specified

pollutants and environmenta qudity parameters.



Table 1. National U.S. Emissions Estimates, 1998 (10° tons/yr)

Source Category co 0, NOx VOC PM-10
Sta. Sources— Fuel Comb
Electric Utilities 042 1322 6.10 0.05 0.30
Industrial Furnaces 111 290 297 0.16 0.25
Residential & Other 384 0.61 112 0.68 054
Sub-total: Fuel Comb. 537 1673 10.19 0.89 1.09

Sta. Sources— Manuf.

Chemicals & Petroleum 150 0.64 0.29 0.89 0.10
Metals Processing 150 044 0.09 0.08 017
Other Processes 0.71 0.37 042 7.05 0.44
Sub-total: Manuf. 371 145 0.80 8.02 071
Waste Disposal 115 0.04 0.10 043 0.31
Sub-total: all sta. sources 102 182 11.1 9.3 21
Mobile Sources
On-Road Vehicles 50.4 0.33 777 533 0.26
Non-Road V ehicles* 199 1.08 5.28 246 0.46
Sub-total: Mobile Sources 70.3 141 130 7.8 0.72
Miscellaneous 89 0.01 0.33 0.79 26.6+*
TOTAL ALL SOURCES 895 196 244 17.9 294

* Non-road vehiclesinclude airplanes, boats, trains, lawn equipment, farm
vehicles, construction equipment, etc.

** Note: Miscellaneous PM -10 distributed approximately as follows:

Natural sources, mostly wind erosion 16
Agriculture and forestry 44
Wildfiressmanaged burns 0.7
Fugitive dust: paved and unpaved roads 120
Other 79

Source: US EPA (EPA -454/R-00-003, March 2000)

There are two types of standards. ambient air quality standards (AAQS) that deal
with concentrations of pollutants in the outdoor atmosphere, and sour ce performance
standards (SPS) that gpply to emissons of pollutants from specific sources. AAQS are dways

written in terms of concentration (e.g., micrograms per cubic meter — mg/nT , or parts per



million— ppm), while SPS are written in terms of mass emissons per unit of time or per unit of
production (e.g., tons of pollutant emitted per year, or kg of pollutant per ton of product
produced).

Nationd ambient air quaity standards (NAAQS) were st by the Environmenta
Protection Agency for the criteria pollutants at levelsto protect public hedth. The current
standards are presented in Table 2. 1t should be noted that some states have set their own
gtandards, which are dricter than those listed. Note also that some pollutants have more than
one standard (depending on the averaging time, or time of exposure).

Table2. National Ambient Air Quality Standards

Pollutant Aveaging Time Primary Standard
PM-10 Annud arithmetic mean 50 pg/nt

24-hour average 150 pg/nt
PM-2.5 Annud arithmetic mean 15 pg/nt

24-hour average 65 ug/nt
CO 1-hour average 35 ppm

8-hour average 9 ppm
SO, Annud arithmetic mean 80 pg/nt

24-hour average 365 pg/nt
NO, Annud arithmetic mean 0.053 ppm
O 3-year average of annua 4™ highest

daily 8-hour maximum 0.08 ppm




In the 1970s, EPA established hedlth-based air quality standards for total PM, but
changed the standards to PM-10 in the late 1980s, and changed them again in 1997 to PM-2.5
in recognition of the more serious hedth effects of smdler particles. Breathing air with PM-2.5
has severd extremey adverse effects on the repiratory system; in addition PM 2.5 causes
reduction in vishility (smdl particles scaiter light very effectivey). PM of dl szes contribute to

other damages such as the soiling of buildings and other materids.

Table 3. Selected examples of new sour ce performance standar ds (NSPS).

1. Steam dectric power plants

a. Particulaes 0.03 Ib/million Btu of heet input (13 g/million kJ).
b. NOy: 0.20 Ib/million Btu (86 g/million kJ) for gassous fudl.

0.30 Ib/million Btu (130 g/million kJ) for liquid fuel.

0.60 Ib/million Btu (260 g/million kJ) for anthracite or bituminous cod.
c. SO,: 0.20 I/million Btu (86 g/million kJ) for gas or liquid fud. For cod-fired
plants, the SO, standard requires a scrubber that is at least 70% efficient and may
be more than 90% efficient depending on the percent sulfur in the cod. The
maximum permissble emissonsraeis 1.2 Ib SO, per million Btu of hest
input.

2. Solid wage incinerators. A maximum 3 hr. average concentration of 0.18 g/dscm

corrected to 7% O..

3.  Sulfuric acid plants. A maximum 3 hr. average SO, emission of 2 kg/metric ton of

acid produced.



4. lron and ged plants. PM may not exceed 50 mg/dscm, and the opacity must be

10% or less except for 2 min in any hour.

* dscm means dry standard cubic meter
Source performance standards (or emissions standards) are very numerous because of
the variety of sources, so only afew examples (with emphasis on PM control) are given in Table
3. These or smilar source performance standards dictate to companies what emission limits they
will have to meet for new plants, and thus help determine what kind of PM control technology
they must employ. The next example problem illustrates typica cdculations usng these

standards.

Example Problem 1

Cdculate the daily emissons of PM and SO, from a 500-MW coal-fired power plant
which meets the performance sandards listed in Table 3, including an SO, standard of 1.2
Ib/million BTU heat input. Assume that the plant has an overdl efficiency of 39%.
Solution

First caculate the heat input rate for a 39% efficient plant:
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I11. Characteristics of Particulate M atter

Before we attempt to design a PM control device, we must obtain information about the
particles and the gas stream that is carrying them. Important characteristics of the particles
include size, Sze digtribution, dengity, stickiness, corrogvity, resgtivity, toxicity, and others. Gas
stream characteristics of importance are temperature, humidity, chemica compostion,
volumetric flow rate, and particulate loading (mass concentration of particlesin the gas). Findly,
we must know the regulatory requirements for control (either a percent remova or an dlowable
emisson rate or loading in the outlet gases). Many of the devices used for collecting particles
exploit the vadt difference in the physcad sze (and mass) of particles and gas molecules. Figure
1illugtrates the large range of szes of various types of particles.

Because most collection devices work better on larger particles than on smaller ones, an
important characterigtic isthe Sze ditribution of particles. As seen in Figure 1, particles that
must be collected can be much smdler than the diameter of a human hair (50 to 150 pum), and
even smdler than the diameter of ared blood cell from an adult human (about 7.5 pm). Thus, if
the PM being emitted consst of mostly particles larger than 20 um, the collection task is much
eader than if the PM digribution is heavily weighted towards particleslessthan 5 um. In the
two cases, we probably can use two different types of control devices. Also, if the temperatures
and humidities of the two gas streams are quite different, then different control devices are
probably needed. Finally, a single device generdly works better on larger, denser particles and
collects them with a higher efficiency than smaler lighter particles. Therefore, the device will

exhibit a higher
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Figurel. Sizesof Particlesand Examples of Particle-in-Gas Disper soids

Adapted from Lapple, 1961.




efficiency on those larger sized particles than on the smaller ones. To determine the overdl
collection efficiency of the device, it is usualy important to know something about the Sze
digribution of particles.

Control Efficiency. Inall cases, the efficiency of PM control is based on the mass percent

of the incoming PM that is collected or removed from the gas stream. That is, collection
efficdency iscdculated as

h= Massrate of particles collected
Mass input rate of particles

x 100% 1)

where: ? = particle collection efficiency, percent

Air pollution control devices operate on a continuoudy flowing stream of contaminated
ar or exhaust gas. The dusty gas flows into the device, and most of the particles are separated
from the gas stream and collected as solids, while the entire air flow continues through the

device (see Figure 2).

Cleaned ar out
Dugv arin —>

Collected dust

Figure 2. Schematic diagram of particulate matter air pollution control device
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The gas volumetric flow rate often is the same a the inlet and the outlet Side of the
device. Therefore the collection efficiency can be calculated based on mass loadings (or
concentrations) of particlesin theinlet and outlet gas streams.

L, - L
? = == x100% @)

where: L = massloading or concentration of PM in the gas, pg/n™

i or e = subscriptsindicating inlet or exiting ges

Example Problem 2

Congder the cod fired power plant of Example Problem 1. Assume that it burns cod at the rate
of 3800 tons per day, and that the coad has an ash content of 4.5%. Calculate the overal
efficiency required for aPM control system for this plant.
Solution
From Example Problem 1, the dlowable PM emission rate is 1.6 tons per day. In order to
cdculate the efficiency, we mugt firgt caculate the mass input rate of ash (PM).

ash input = 3800 tong/day of coa x 0.045 = 171 tons/day of ash
The PM collected isjust the input minus the output, and the required efficiency for a control
sysem isgiven by:

=11 -16 100% =99.1%

Collection by Impaction, I nterception, and Diffusion. When aflowing gas approaches a

dationary object (such as afabric filter thread, or alarge water droplet, the flow streamlines will
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diverge around the object. Because of their inertia, particlesin the gas will not follow the
geamlines exactly, but will tend to continue their motion in the origind direction. If the particles
have enough mass and inertia, and are located close enough to the object before the streamlines
begin to diverge, the particleswill collide with the object and be collected.

Impaction of particles occurs when the center of mass of a particle strikes the object.
| nterception is the phenomenon that occurs when the particles center of mass would closaly
miss the object, but because of the particle’ s Sze, the edge of the particle strikes the edge of the
object, and the particle is collected. Diffusond collection occurs when asmdl paticleis
following a streamline that would cause it to miss the object, but because of random motions of
the particle (diffuson), the particle veers avay from the streamline and strikes the object. These
three mechanisms areillustrated in Figure 3, and dl three mechanisms can be employed in
collecting particlesin various control devices. The particles may be forced to move in adirection
away from the gas flow streamlines by inertia forces, gravitational forces, eectrogtatic forces

and others.




Figure 3. Callection of particles on a stationary object
Adapted from Cooper and Alley, 2002.

A dmple means of explaining impaction is to use the concept of stopping distance. If a
particle diverges from the fluid sreamlines with an initid velocity v, the frictiond drag forces of
the fluid on the particle will dow it down and eventudly stop it. The distance it takes for the
particleto cometo rest is cdled the stopping distance. The particle velocity initsorigind
direction isgiven by:

vy e ©)
where v = particle velocity, nvs

Vo = initid velocity, m/s

t = time from moment of divergence, sec

T = characterigtic time of the system (a function of the particle and the gas properties),

Integration of this equation from time zero to infinity gives the stopping distance, which
in equation form, is the product of initid velocity times characterigtic time:
Xaop=Vo T 4
where: Xqop = Stopping distance, m
If the particle stops before striking the object, it can be swept around the object by the
diverging streamlines of gasflow. If the particle does not stop in time, it will strike the object,
and is conddered to be collected. The stopping distance is very smdl for smdl particles,

sometimes in the range of 10'sto 100°'s of microns. A useful parameter in determining if a
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particular particle will be collected by a particular object is the impaction number, defined asthe

ratio of stopping distance to object diameter:
Ni = Xsop/ Do (5)

where: N, = impaction parameter, dimensonless

D, = object diameter, same units as Xgop
If the impaction number islarge (Sgnificantly greater than 1.0), this means that the stopping
distance is large compared with the object diameter, and that the particle is very likdly to be
collected. If the impaction number is smdl (Sgnificantly smdler than 1.0), then the particleis not
likely to impact onto the object and will not be collected.

V. Air Pollution Control Optionsfor PM

The most effective control often issmply astep or steps to prevent pollution from being
formed. In recent years, such steps have been taken in many industries. Nevertheess, no
process can be made 100% efficient, and so there will dways be some air pollution emissons
that must be controlled. Engineers have developed severd large, interesting, and important
pollution control devices for industrial sources of particulate matter.

Overview of PM Control Devices.  There are severd mgor types of control devicesfor

removing particulate matter from exhaust gases before the gases are emitted into the
amosphere. These include cyclones, wet scrubbers, eectrostatic precipitators, and baghouses.
In the following few paragraphs we give a brief description of each device, stating their
comparaive advantages and disadvantages for removing particulate matter. We will explore

ESPs and baghouses in more detall later in this lesson.
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A cyclone is designed to remove particles by causing the entire gas treamto soinina
vortex a high velocity ingde acylindrica chamber. The centrifugd force acts more strongly on
the larger, denser particles and flings them preferentidly toward the ingde wal of the cyclone
where they impact and then fall to the bottom of the cyclone. The gas flows out through the top
of the cyclone (still carrying some of the smdler, lighter particles), while the collected dust is
removed from the bottom. Advantages of cyclones are that they are Smple, rugged, and
inexpensve. Also, they collect the PM in adry form o that it can be re-used or recycled. The
mgor disadvantage is that the collection efficiency tends to be somewnhat low. In fact, the
efficiency of acycloneis often too low to be able to use the cyclone as afind control device.
Therefore, cyclones are often used as pre-cleaners. Furthermore, moving the gas through a
cyclone a high enough velocities to collect areasonable fraction of the PM, creates a substantial
pressure drop (which means an increase in operating costs).

Wet scrubbers operate on the principle of collision between particles and water
droplets, collecting particles in the larger, heavier water drops. The water fals through the
upward-flowing gases, colliding with and removing particles, and accumulates in the bottom of
the scrubber. The “dirty” water is pumped from the scrubber and treated to remove the solids
asawet dudge. Advantages of wet scrubbersinclude being able to handle flammable or
explosive dusts, provide cooling of the gases, and neutrdize acid mists and vapors.
Disadvantages include a high potentid for corroson, a high use of water, and awaste liquid or
wet dudge effluent that must be treated and/or disposed. The capital and operating costs of wet
scrubbers vary considerably with type of scrubber, efficiency desired, and location of the

country.
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An electrostatic precipitator (ESP) removes particulate matter from a gas stream by
cregting a high voltage drop between dectrodes. A gas stream carrying particles flowsinto the
ESP and between sets of large plate eectrodes, gas molecules are ionized, the resulting ions
stick to the particles, and the particles acquire a charge. The charged particles are attracted to
and collected on the oppositdy charged plates while the cleaned gas flows through the device.
While the gas flows between the plates at velocities in the range of 1 to 3 meters per second,
the particles move towards the plates at a velocity (caled the drift velocity) that isin the range of
1 to 10 meters per minute. During the operation of the device, the plates are rapped
periodicaly to knock off the layer of dust that builds up. The dust is collected dry and can be
disposed of or recycled.

ESPs are large and expensive to buy, but have the important advantage that they collect
particles with very high efficiencies. Another mgor advantage is that they present very little
resstance to gas flow therefore cause only a dight pressure drop even when operating on flows
aslarge asamillion cubic feet per minute. Therefore their operating costs are not aslarge as one
might expect. Many cod-fired power plants use ESPs.

A baghouse can be thought of as a giant multiple-bag vacuum cleaner. The polluted gas
Stream (containing the particles) is forced to flow through cloth filter bags. The dugt isfiltered
from the gas stream, while the cleaned gas passes through the cloth and is exhausted to the
amosphere. The bags are periodicaly cleaned (two methods are by shaking the bags or by
blowing clean air backwards through them) to knock the dry dust down to the bottom hoppers

where it can be removed to be either recycled or disposed.
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The capita costs of baghouses are high, but their efficiencies are so high that they have
become very popular asfina control devices. Many power plants, and a variety of dry-process
industries use fabric filtration as a control technology. Baghouses have been used a cement
plants, a sted mills, and at hospitals to control incinerator emissons. When powdered lime and
activated carbon isinjected into the gases before flowing into the baghouse, the system will
control not only particulate matter, but also HCI gases and mercury fumes. The biggest
operating cost comes from forcing large volumetric flows of ar or combustion gases through the
bags, which creates a substantia pressure drop.

To summarize theimmediately preceding discusson, there are severd different types of
particulate matter control devices, with varying efficiencies and cods. Each hasitsown
advantages and disadvantages, and Site- pecific engineering is needed to make the best choice.
However, two of the most efficient and most widdy-used types of PM cortrol devices are
ESPs and baghouses. Later in this course we explore these two types of devicesin more detail.

When two control devices operate in series, the overall PM collection efficiency of this
system is the sum of the masses of PM collected by each device divided by the PM mass that

flowed into the lead device. See the next example problem.

Example Problem 3

Cdculate the overdl efficiency of aparticulate control syssem composed of a cyclone
(75% efficient) followed by an dectrogtatic precipitator (90% efficient).
Solution

The overd| system looks like this;

PM
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|—> E —>
PM;,, —» C
100 units

¢ ¢90% (of PM)
PM. = 75 units
Firgt, assume that PM input (PM;,) = 100 mass units. Then, PM collected in cyclone
(PMo =0.75x 100 = 75 units.

Note: PM exiting the cyclone (PMg) = 100 — 75 = 25 units. ( = PM into ESP).

PM collected by ESP = 0.90 x 25 units = 22.5 units

Tota PM collected by both devices =75 + 22.5 = 97.5 units.

Ovedl eficiency of sysemis

he = LLE 0.975
100

In Example Problem 3, we analyzed each piece of equipment, and then added the
collected PM to get the totd collection efficiency. Let us define fractiond penetration as one
minus the fractiond efficiency:

Pt =1- h/100 (6)

Then, it should be obvious that penetration is the fraction of particle pass-through and

that overd| penetration for two devicesin seriesis

Pt,oa = Pt, X P, ©

overall

Thus, the overdl efficiency of collection for two devicesin seriesis
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?overall = (1— Pt overall )XlOOO/O (8)

Combining equations (3) and (4) dlows us to solve Example Problem 3 directly. Thet is,

?=(1-025x0.1) x 100% = 97.5%

Example Problem 4

A dtream of gas from amanufacturing plant contains 50 gr/ft* of PM. Regulations
require an overdl control efficiency of 98.5%. The proposed control system consists of a
cyclone (70% efficient) followed by an ESP. Cdculate (a) the alowable outlet concentration of
PM, and (b) the efficiency of the ESP.
Solution

The overdl system looks likethis,
i

5 —p C ¢
o/t ¢

@ C,, =(1- .985)50=0.75¢ / ft°

(b) Pt,=1- 0.7=0.30

PM gyioneouc = 0-30(50) =15 gyt °
he :15'1—2'75: 0.95 or 95%

V. Electrostatic Precipitators

Background. Electrostatic precipitetion is a mature technology, having been used to control

fly ash from cod fired power plants for more than 75 years. Fly ash is aterm used to describe
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the fine particles of non-combustible minerds that remain suspended in the combustion gases
after burning pulverized cod. However, ESP technology has continued to improve over the
years, and is gl very effective, finding use in many cod fired power plants, aswell asin
numerous other combustion and non-combustion processes that emit PM. 1n the 1930s and
1940s, fly-ash ESPs were built that achieved efficiencies near 95%. By the 1950's, guarantees
were being made for efficiencies of 97%-98%. By the 1970's, electrostatic precipitator (ESP)
specifications were often above 99.5% efficiency. Modern ESPs have been designed for
efficiencies gregter than 99.9%. Keegp in mind that the seemingly smdl improvement in
collection efficiency (from 99.5% to 99.9%) actualy corresponds to an 80% decrease in PM
emissions (from 0.5% to 0.1%).

The process of dectrostatic precipitation involves (1) the ionization of contaminated air
(and particles) flowing between dectrodes, (2) the migration and collection of the particles on
oppositely charged plates, and (3) knocking the particles off the plates and into hoppers, and
(4) the remova of the materid from the hoppers. The air flows fredy through the ESP, but the
particles are left behind on the plates. The collected materid is periodicaly knocked off or
washed off the plates, and is collected in the bottom of the ESP. The ESPis unique among air
pollution control devices in that the forces of collection act only on the particles and not on the
entire ar sream. This phenomenon typicaly resultsin ahigh collection efficiency with avery low
air pressure drop.

In addition to dry ESPs (the focus of this section), wet ESPs can be used when there is
apotentia for explosion, when the particulates are sticky or are liquid droplets, or when the dry

dugt has an extremely high resistivity (resistivity is aproperty of particles that is quite important
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in the design and operation of the ESP, and will be discussed in more detail later in this section
of the course). ESPs have severd advantages and disadvantages in comparison with other
particulate control devices.
Advantages of ESPs
Very high efficiencies, even for very smdl particles
Can handle very large gas volumes with low pressure drop
Dry collection of vauable materid, or wet collection of fumes and mists
Can be designed for awide range of gas temperatures
Low operating costs, except a very high efficiencies
Disadvantages of ESPs
High capital costs
Will not control gaseous emissions
Not very flexible, once ingtdled, to changesin operating conditions
Take up alot of space
Might not work on particulates with very high dectrical resstivity

Design Equations. A cutaway view of an ESPisshown in Figure 4. As can be seen, there

are anumber of pardld plates with wires hanging down between them. The plates have a height
of H (often 10 — 20 feet), and a spacing between them of D (on the order of 1 foot). The wires
aretypicaly charged negatively, and the plates are grounded. In many ESPs, the charge
differential can be as high as 100,000 volts across an air gap that isonly 6 to 12 inches. The
dusty air flows into the ESP through a grid of openings (shown in the right Sde of Figure 4) to

help the flow divide equdly and uniformly among dl the ducts
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The totd gas volumetric flow rate divides into N-1 channels, where N = number of
plaesin pardld across the width of the ESP. The veocity of gas through the ESPis given by:
u = QA )
where: Q = gas volumetric flow, ft3/min

A = cross sectiond areafor flow, ft2min

u = linear gas velocity, ft/min




Figure 4. Cutaway view of an Electrostatic Precipitator

Adapted from Cooper and Alley, 2002.

Note that the cross sectiond areafor gasflow isjust:
A =D x Hx (N-1) (10)
where: D =duct width, ft
H = duct height (plate haght), ft
N = number of platesin paralel across the width of the ESP
The velocity a which particles gpproach the plates is much different from the gas
velocity through the ESP. The particles migrate across the direction of the gas flow at a speed

cdled the drift velocity, whichis given the symbol w. The drift velocity is akey parameter for

the design of an ESP. The other key parameter isthe total plate collection area, given the
symbol A. Thisareaisthetota areaof dl the sted plates available to collect particles. Because
plates are usudly placed in severd sectionsin the direction of flow (see Figure 2, which has 3
sectionsin the direction of flow), the totd plate collection areaiis equa to the area of one plate
(double-sded) area times the number of channds in one section of the ESP times the number of
sectionsin the direction of flow. The number of channds or ductsisjust one less than the
number of platesin pardld.

A = A, x Ngx (N-1) (11)
where: A = tota plate collection areg, ft?

A, = double-sided area of one plate, ft?
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Ns = number of sections in the direction of flow
N = number of platesin pardle
Note that the double-sded area of one plate issmply:
Ap=Hyx L, (12)
where: H, = height of aplate, ft
L, = length of aplate, ft
Now that we have introduced the meanings of the terms, we can present the key ESP
design eguation, the Deutsch equation. The Deutsch equation relates overdl particle collection
efficiency to the gas volumetric flow that must be treated and the two key parameters. particle
drift velocity and totd collection area. The Deutsch equation is:
?2=1-—e"R (13)
where: ? = fractiond collection efficiency
Equation (13) indicates that the efficiency increases with increasing A and w, and
decreases with increasing Q. Any consistent set of units can be used for w, A and Q (for

example, ft/min, ft%, and ft3/min, respectively.

Example Problem 5

(8 Cdculatethetota plate area required to achieve 98% efficiency in an ESP that is
treating 100,000 ft*/min of air. The effective drift velodity is 20 ft/min.

(b) Assuming the plates are 15 ft high and 6 ft long, and that there will be 3 sectionsin
the direction of flow, calculate the number of plates required.
Solution

(8 Rearranging Eq. (13),
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In(1-?)=-AwQ
A=-(Qw)xIn(1-?)
= - (100,000/20) x In (1 - 0.98)
A= -5000 x In(0.02)
A = 4961 ft?
(b) Thedouble-sided platearea= 2x 15x 6 = 180 ft?
Solving eq () for N, we get:
N= A/(A,x Ny +1
N=4961/(180x 3) +1
N =10.2 (Round up to 11 platesin paralél.)
The number of platesin pardld isthe number of platesin one section. Therefore, the tota

number of platesin the ESPis 11 x 3 = 33 plates.

Design Considerations. The complete design of an ESP includes cd culating the needed

electricd energization, szing and determining the configuration of the plates, determining the
structurd needs, and specifying the rapping, dust remova, and performance-monitoring
systems. Although the detailed mechanica design of an ESP is usudly Ieft to the vendor, it
behooves us to know some of the details about electrical energization and plate configuration.
Corona. Anélectrica field (or corona) must be established to charge particles.
Corona istheionization of gas molecules by high energy electronsin the region of a
strong electric field. The excess eectrons generated by the corona are readily attached onto

electronegative gases such as oxygen or SO,. Inturn, the negatively charged gasionsthet are
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produced are adsorbed onto particles, which then migrate to the relatively positively charged
plates. Typicdly, the discharge eectrodes (wires) are energized while the collecting plates are
grounded, but the wires can establish either a positive or negative corona. Negetive corona (in
which the wires have a negative charge) has inherently better voltage/current characteristics, and
is used more frequently. However, negative corona produces more ozone than positive corona.
For this reason, pogitive corona, even though less efficient, is used for dl indoor ar cleaning
goplications.

Particulate Resistivity. In addition to Sze and size digtribution, a very important

property of the particlesisresitivity. Once particles have migrated to a plate, they are
considered to be collected. However, collected particles can be re-entrained into the gas, thus
lowering the net ESP efficiency.

Theresistivity of a material (e.g., fly ash) isa measure of itsresistance to
electrical conduction. Resdivity is extremdy important because it can vary widely, and
because it strongly influences particle collection efficiency. Once collected, particles begin to
lose their charge to the plate. Thistransfer of charge completes the eectrica circuit, produces
current flow, and dlows maintenance of the voltage drop between the wires and the plates. If
the resgtivity istoo low (that is, the dust is a good conductor), the eectrogtatic chargeis drained
off too quickly and the dust is re-entrained into the ges. If the resdtivity istoo high (thet is, the
dust isagood insulator), the charge does not drain off at the collecting plates. In this Stuation,
first a“back corond’ develops, reducing the ionization and migration of particles in the gas, and

second, the particles remain strongly atracted to the plate and are difficult to “rap” off.
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The resdivity of amaterid is determined experimentdly by establishing a current flow
through a dab of the materia with known geometry. It isimportant to make resstivity
measurements of freshly collected dust in the actud flue gas stream produced from burning the
particular cod to be used. Thus, such measurements should be made in the field rather than in
the laboratory. Resigtivities measured in the lab on the “ same’ dust can be from 100 to 1000
times grester than field resdtivities ( White 1984).

Theresgtivity P of materias ranges from 10° to 10 ohm-cm, but for cod fly ashes, P
usudly ranges from 10° to 10* ohm-cm (White 1977) or about 5 orders of magnitude. The
resstivity of dry cement dust can exceed 10 ohm-cm (U.S. Environmenta Protection Agency,
1985). ESP design and operation are difficult for resistivities above 10" ohm-cm.

The mgor factors influencing fly-ash residtivity are temperature and chemica
composition (of the fly ash and of the combustion gases). The conductivity of the dust layer is
derived from two effects: volume conduction through the materid itsdf, and surface conduction
viaadsorbed gases or liquids. Volume conduction decreases with increased temperature,
wheress surface conduction increaseswith T. Therefore, resdtivity (which isthe inverse of
conductivity) has adisinct maximum vaue. Unfortunately for power boiler operators, this
maximum occurs at about 250-350F.

The temperature of the maximum resdtivity is unfortunate because operators often
cannot reduce ESP temperatures below 250 F without risking the condensation of sulfuric acid
on some of the cold surfaces. On the other hand, temperatures above about 350 °F result in

unnecessary loss of heeat out the stack, which represents a monetary loss.
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Resgtivity decreases with increased cod sulfur content because of increased adsorption
of conductive gases by the fly ash. In the padt, resstivity changes were responsible for
increased fly-ash emissons when power plants switched from high-sulfur colato low-sulfur cod
to reduce SO, emissions. However, in some cases, increases in residtivity caused by switching
to alower-sulfur cod can be partidly offset by adding certain chemicas (such as ammoniaor
SO,) to the flue gas. Thistechnique is known as flue gas conditioning.

A highly resstive dust increases the occurrence of sparking in the precipitator, and
forces alower operating voltage. A serious back corona can devel op, which reduces both
particle charging and collection. The effects of resigtivity are more significant above 10™ ohm-
cm, but can be accounted for in design by the effective drift velocity. The effect of higher
resstivity isto lower the effective drift velocity.

I nternal Configuration. The design of the internd configuration of an ESP often

involves more art than science. The even digtribution of gas flow through the ductsis very
important to the proper operation of an ESP, as are uniform plate spacing, proper €l ectrode
arangement, “trueness’ of plates (plates must be flat and pardld such that dl points between
two adjacent plates are equidistant), Sopes of hoppers, adequate numbers of eectrical sections,
and many other features.

Although there have been improvements in computer models for ESP design, rdiance is
il placed on experience and pilot-scae studies. Some practicd desgn parameters arelised in

Table 4.

Table4. Valuesof Selected Design Parametersfor ESPs
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Parameter Range of Vdues

Drift velocity 3—30ft/min
Channd (duct) spacing 1-2ft
Gas v ocity 4 — 8 ft/sec
Aspect ratio (= Nsx L, / Hp) 0.5—-21.5(must be > 1.0 for ? > 99%)
Power density 1 — 3 watts/ft?
Number of eectrica sections
In the direction of flow 2-8
Totd inthe ESP 3 — 30 sections per 100,000 ft*/min

Adapted from Cooper and Alley, 2002.

Using the information given in Table 4 and abasic understanding of the configuration of
an ESP, we can estimate the overdl size of an ESP. For instance, the overdl width of the
precipitator is virtualy equa to the number of ducts plus alittle extrafor the two side of the box.
The overdl length of the precipitator is given by

Lo=Ns, + (NseI)Ls + Ley + Le (14)
where: L, = overdl length, ft

Ns = number of eectrical sectionsin the direction of flow

L, = plate length, ft

Ls = spacing between eectrica sections, ft

L = entrance section length, ft

L = exit section length, ft
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The spacing between sections can be 1 -3 ft, and the entrance and exit length each can be 10 ft
or more. Platesfor large fly-ash ESPs are often 10-30 feet high and 3-15 feet long (length is
measured in the direction of gas flow). The ESP height can be 1.5 to 3 times the plate height
due to hoppers, superstructure, controls, and so forth.

The number of eectricd sections (in the direction of flow) ranges between 2 and 8, and
depends on the aspect ratio and the plate dimensions. However, the number of sections must
be sufficient to provide the minimum tota collection arearequired but not a greet excess of area.
The number of sectionsis chosen by experience, with each section being energized by one
transformer/rectifier (T/R) set. The designer must balance the increased capital cost of providing
more T/R sets againg the risk of only providing afew sections, each with many plates. With
only afew large sections, the failure of one T/R set may cause unacceptably poor performance
of the ESP and require that the whole process be shut down.

In redity, ESP performance improves with increasing sectiondization. There are severd
fundamentd reasons for this phenomenon. Electrode aignment and spacing are more accurate
for smaler sections. Smdler rectifier sets are more stable and can operate at higher voltages.
Larger numbers of dectrica sections alow for meeting the overal efficiency targets even if one
or more sections become inoperable. However, adding these extra sectionsincreases the
capita cost.

Plates and Wires. Thetype and positioning of the collecting plates and the charging

wires can be mgjor factors in the operation and maintenance of an ESP. The plates are usudly
sted sheetswith stiffeners. Baffles are added to reduce turbulence (and thus reduce dust re-

entranment) in the vicinity of the plates. The plates should be true (perfectly flat) and should be



hung straight and pardld o that the Spacing between plates a any point is uniform to within 0.5
om.

The discharge electrodes in older U.S. ESPs are wires (of about 2.5 mm diameter) kept
taut by weights and positioned through guides to prevent excess swaying. Thewirestend to be
high maintenance items. Corrosion can occur near the top of the wires because of air leakage
and acid condensation. Also, long weighted wires tend to oscillate. The middie of the wire can
approach the plate quite closdly, causing increased sparking and wear. In the past, European
designs favored rigid, madt-type supports for the wires, and many used barbs on the wires, or
sarrated grips ingtead of round wires. Companies on both continents have begun using rigid
eectrodes because they have advantages over elther wires or wire-frame (madt-type
electrodes).

Removal of Particle Dust. After collection, the accumulated dust on the plates must be

removed periodicaly so that the ESP can continue to function properly. Dust removd is
accomplished by rapping the plates, causing a vibration that knocks off the layers of dust. The
dugt fdlsinto hoppers and is then discharged through pneumatic tubes or screw conveyorsto a
loading facility. The wires dso collect some dust; they are aso rapped or vibrated periodicaly.
The plates remain energized during rapping.

The two basic approaches to rapping are the American gpproach and the European
goproach. In most American designs, the plates are repped by afdling weight. Theintensty of
therap is easly adjusted by varying the height from which the weight is dropped, or by adjusting
the acceleration-fidld strength. In atypicad European design, rapping is accomplished by afixed

gzerotating hammer. Thus, to adjust the rapping intengty, the hammers must physicdly be
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changed. Generdly, one rapping unit is provided for every 1200 to 1600 square feet of
collection area (U.S. Environmenta Protection Agency 1985). Both designsdlow for
convenient adjustment of the rapping interva, which can vary from 1 to 10 minutes.

ESP hoppers catch the faling dust and provide temporary storage. Most hoppers have
apyramida shape that converges to either around or square discharge. Hopper wals must be
steeply doped (usualy greater than 60%) to prevent dust caking and bridging. Also, hoppers
are often heat traced because warm ash flows much better than cold ash. Usudly, about 60-
70% of the dust is removed through the firgt (inlet) set of hoppers. However, in case of falure
of thefirst electrical set, the dust load is transferred to the next downstream hopper. Therefore,
liberd sizing of the hoppersisrecommended. Proper support structure must be provided so
that a hopper will not collgpse when filled with dust.

Power Consumption. Operating power consumption in an ESP mainly comes from corona

power and pressure drop, with corona power being the main source. Even though the gas
pressure drop islow (typicdly lessthan 1 inch of water), the gas volume flow ishigh. There, the
cost of fan power needed to pull the air through an ESP is not negligible.

Corona power can be approximated by the equation

P. = lcVag (15)

where: P, = corona power, watts

| = coronacurrent, amps

Vag = average voltage, volts
Even though voltagesin ESPs are very high, the current flow due to gasion migration islow, o

the dectrica power consumption is reasonably low. The power dendty istheratio of corona

32



power to collection area, and the effective drift velocity can be related to the corona power
densty asfollows.
We=k PJ/A (16)
where: w, = effective drift velocity, ft/min
P/A = power density, watts/ft?
k = an empirical constant.
For well-built fly-ash ESPs, k isin the range from 0.5 to 0.7 for units of we in ft/sec and
PJ/A inwatts/ft>. Although the power density often increases (Sometimes by as much as a factor
of ten) from the air inlet of the ESP to the outlet, the overdl power densty (total corona
power/tota plate areq) is afarly stable and representative parameter. Typicd vaues of the
overal power density are 1-2 waits/ft? (U.S. Environmental Protection Agency, 1985). By
substituting EQ. (16) into Eq. (13) (the Deutsch equation), the corona power can be related to
the collection efficiency asfollows
?2=1-¢"R (17)
White (1977) has shown Eq (17), with k = 0.55 for P, in units of watts, and Q in units of ft*/s,
to be reasonably accurate for efficiencies up to about 98.5%. For efficiencies above 98.5%,

the required corona power increases non-linearly with an increase in efficiency

Example Problem 6

An ESPisto be designed to treat 90,000 ft¥min of gasto remove paticles at an
efficiency of 98%. Egtimate the required corona power in kW.

Solution



First, convert 90,000 ft*/minto ft¥/s
90000 ft¥min x 1min/60s = 1500 ft*/s
Next, rearranging equation (17), we get
-kP/Q = In(1-?)
P. = -In(2- ?) Q/k
P. =-In(0.02) 1500/0.55

P. = 10670 watts or 10.7 kW




V1. Baghouses

General. A baghouse is nothing more than a*“house full of bags” The bags are usudly
made of cotton, wool, synthetic, or glass fibers, and there may be hundreds of bags within one
dructure. Thiskind of fabric filtration is awell-known and practiced method for separating dry
particles from a stream of gases (usudly ar or combustion gases). The dusty ges flows into and
through the fabric, leaving the dust on the inside of the bag, while the cleaned gas exits through
the bag to the other Sde and then out the baghouse. The fabric does some filtering of the dugt,
but redly is more important in its role as a support medium for the layer of dust that quickly
accumulaes onit. This dust layer actudly does the highly efficient filtering of smal particles for
which baghouses are known. A cutaway view of one compartment of a shaker baghouse is
shown in Fgure 5.

There are many different types of fabrics, different szes of bags, different ways of
flowing the gases through the bags, and different ways of cleaning the bags within the baghouse.
Extended operation of a baghouse requires that the bags be periodicaly cleaned, and that the
dust be removed from the baghouse. The three common types of baghouses (based on cleaning
methods) are shaker, reverse-air, and pulse-jet baghouses. In a shaker baghouse, the dusty air
flow is blocked from the compartment to be cleaned, and the bags are shaken to knock off the
dust. In areverse-air baghouse, the dusty ar flow is blocked from the compartment to be
cleaned, and the clean air is forced to flow gently backwards through the bags, didodging the
particles. In a pulse-jet baghouse, a blast of compressed clean air flows briefly into the bags,

while they are il filtering dusty air, knocking off some dust. In al cases the didodged chunks of



dust fall by gravity and is collected in hoppers, and can be removed without further disturbing

the air filtering process.
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Figure5. Cutaway view of a shaker-type baghouse



Adapted from Cooper and Alley, 2002.

Although the detailed mechanica design of abaghouse is usudly left to the vendor, the
student should be familiar with the principles of design and operation of baghousesin order to
select the right ones for each application. Baghouses have severd advantages and disadvantages
as shown below:

Advantages of baghouses

High collection efficiencies even for very amdl particles

Can operate on awide variety of dusts

Modular in design and construction; modules can be manufactured in the factory and

assembled in thefidd

Reasonable pressure drops
Disadvantages of baghouses

They take up alot of space

Fabrics can be harmed by high temperatures or corrosive chemicas

Cannot operate in highly humid conditions

Potentid for fire or exploson
The advantages of baghouses often outweigh the disadvantages, and their use increased
remarkably from the early 1970’ s through the 1990’ s. The use of baghouses has become
widely accepted, and fabric filtration is often preferred over ESPs for PM control in U.S ectric

power plants. Thisindustry’s use of baghouses grew from dmost nothing in 1975 to 57
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ingtdlations on over 16,000 MW of ingtdled capacity in 1989, and baghouses are now chosen
for more than haf of new power plant ingtalations (Cooper and Alley, 2002).

Design and Selection of Shaker and Reverse-Air Baghouses. It isinteresting to note

that fabric filters, when designed and operated properly, are dmost 100% efficient at collecting
particles. So efficiency is not generdly a design concern! With a high collection efficiency asa
“given,” the design of abaghouse involves the sdection of the right fabric and type of baghouse
(deaning method) to fit the process gas stream, and choosing the best superficid filtering
veocity, V.

Before we proceed further, it isimportant to understand the concept of superficd
filtering velodity. The superficid filtering velocity (dso known asthe air/cloth ratio) isthe
average volumetric flow rate of gas divided by the area of cloth through which it passes. This
average velocity is caculated by

V = QA (18)
Where: V = superfidd filtering velodity, ft/min (or cfrm/ft?)

Q = gas volumetric flow rate, ft3/min (or cfm)

A = fabric area, ft?

The choice of the right fabric and the sdlection of the correct design vaue of V are
greatly influenced by the temperature of the gas stream, and the type of PM to be collected.
Table 5 provides data on the maximum recommended temperatures for various fabrics.
Generdly speaking, the higher the temperature tolerance, the more expensve the fabric, so from
an economic point of view, we would want to select a fabric from apogtion higher in the table

rather than lower, if possible.



Table 5. Recommended Maximum Operating Temperaturesfor Various Fabrics

Fabric Temperature, °F
Cotton 180
Wool 200
Nylon 200
Polypropylene 200
Dacron 275
Nomex 400
Teflon 400
Glass 550

Adapted from Cooper and Alley, 2002.

For most baghouses, the superficid filtering velocity must be kept very low (just afew
feet per minute) in order to provide for good filtration, and to avoid large pressure drops (and
the accompanying high operating costs). Therefore, if we have alarge gas flow to trest, we must

provide an enormous amount of cloth area. See the following example.

Example Problem 7

A dusty gas from afetilizer plant is flowing at the rate of 24,000 cfm a 220 °F. What type of
cloth do you recommend? If the design filtering velocity must be limited to 2.0 fpm, what isthe
cloth area needed?

Solution
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From Table 5, we see that 220 °F istoo high for the first four fabric choices, sowe
recommend Dacron. Any of the other fabrics positioned lower in the table would also work, but
would likely be more expensve than necessary.

For the second part of this problem, rearrange equation (18) to get

A=QNV

24000 ft3/min
20ft/min

12,000 ft?

Actudly the previous example was a bit amplified in that we did not congder the
number of compartments. Both shaker and reverse-air baghouses are built with a number of
identica compartments. The baghouse works with dl compartments operating in pardld,
filtering dust. Periodically, one compartment is taken off-line for cleaning. When one
compartment is taken off-line for cleaning, the same tota gas flow must now flow through the
remaning compartments. This causes the velocity in each of those to go up for that brief
cleaning period (afew minutes a mosY). It is recommended that the maximum filtering velocity
be calculated based on the cloth area contained in N-1 compartments for a baghouse that has
N compartments. The cloth areain N-1 compartmentsis caled the Net Cloth Areg, and is just
the cloth areain one compartment multiplied times N-1.

Because shaker and reverse-air baghouses have been in use for many years, avast
amount of operating experience has been collected, and is used in the design of new baghouses.

Table 6 provides data on the recommended maximum filtering velocities for various duds.



Table 6. Shaker and Reverse-Air Baghouses— Maximum Filtering Velocities

Type of Dugt Max. Filtering Veoaity,
cfm/ft? or f/min*

Activated charcoal, detergents,
carbon black, meta fumes 15

Aluminum oxide, fertilizer, iron ore,

lime, fly ash 20
Ceramics, chrome ore, flour, flint, glass,

plagtics, cement, gypsum 25
Cork, feeds, grains, marble, salt 3.0
L eather, paper, tobacco, wood 35

* Based on net cloth area

Adapted from Cooper and Alley, 2002.

Example Problem 8

A dusty gas from afertilizer plant isflowing at the rate of 24,000 cfm. If it is determined
that 5 compartments will be used, what isthe cloth areain each compartment? Also what isthe
total cloth areafor the baghouse?

Solution

In the previous problem we used a design filtering velocity of 2.0 fpm. Now, from Table
6, we see that thisisthe correct vaue for fertilizer but that it must be based on the net cloth
area. Therefore, the 12,000 ft of fabric we caculated previoudy is the net doth areafor this
baghouse. That is, this much cloth is contained in the 4 compartments that remain filtering while

one isoff-line for cleaning. Thus the area per compartment is
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Areain one compartment = 12,000 ft% 4 = 3,000 ft?

Thetota cloth areafor the baghouse is 5 compartments x 3,000 ft* = 15,000 ft?

How do we determine how many compartments we should specify? Although one might
think that it would be related to the total flow rate, past experience has shown that the best and
most reliable indicator isthe net cloth area. Thus Table 7 relates net cloth area and number of
compartments.

Table7. Number of compartmentsvs net cloth area

No. of Compartments Net Cloth area, ft?

2 1-4000

3 4,001-12,000
4-5 12,001-25,000
6-7 25,001-40,000
8-10 40,001-60,000
11-13 60,001-80,000
14-16 80,001-110,000

17-20 110,001-150,000

Adapted from Cooper and Alley, 2002.
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Pressure Drop. Recdl that efficiency for a properly designed baghouse will be very

high, and thus not a concern. Therefore, after selecting the type and numbers of bags, the
proper filtering velocity, and a reasonable number of compartments, the desgner’smain
concern is the pressure drop. As time passes and dust builds up on the fabric, the layer of dust
caught on the doth (through which the gas must pass) gets thicker. This thicker layer of dust
offers more resistance to gas flow, thereby increasing the pressure drop.

The weight of dust deposited per unit area of fabric is caled the aredl dust density and is

the product of the concentration of dust in the gas times the superficid filtering velodity timesthe
time snce the last dleaning. In equation form it is
W=LVt (19)
Where: W = ared dust density, g/n?
L = concentration of dust in the gas, g/n™
V = supefidad filtering veocity, mymin
t =timedncelast cleaning, min
Thefilter dragis defined as the pressure drop divided by the filtering velocity, or
S=?P/V (20)
Where: S = filter drag, Pa-min/m
? P = pressure drop, Pa
V =filtering velodty, m/min

Thefilter drag model is alinear equation that relates S and W through two congtants that are

functions of the cloth and the dust. These congtants are usudly determined empiricaly. The filter



drag modd helps engineers predict the pressure drop that will be experienced in a baghouse.
Thefilter drag modd is
S=Ke+ KW (21)

where: K, and K are constants.

Example Problem 9

Cal cuate the maximum expected pressure drop in a shaker baghouse after 4 hours (240
minutes) of operation with L = 500,000 pg/n?, and VV = 0.9 m/min. Also, K = 500 Pa-mirvm,
and K = 3.5 Pa-min-m/g.
Solution

W = LVt = 500,000 pg/n? x 1.0 ¢/10° ug x 0.9 m/min x 240 min = 108 g/n¥

S = 500 Pa-min/m + 3.5 Pa-min-m/g x 108 g/n? = 878 Pa-min/m

?2P =V XS = 09m/minx878 Pa-min/ym = 790Pa

Design and Selection of Pulse-Jet Baghouses. Pulse-jet baghouses have been

introduced to the industry relatively recently (within the last 40 years), and have captured alarge
share of the baghouse market due to their advantages over traditiona shaker or reverse-air
methods of cleaning. In the pulse-jet baghouse, the bags are supported on wire cages, and the
ar isfiltered from the outsde of the bag to the inside, leaving the dust on the outside. A short
pulse of high-pressure (about 100 ps) air is blasted through a venturi nozzle into the center of
the bag, causing the fabric to ripple and knock off the dust from the outside. This happens every

few minutes.



These baghouses are designed as one large compartment, and operate continuoudy.
The bags are cleaned by this pulse of ar every few minutes, but are not taken off-line during
cleaning. In addition, the fabric used to make bags for a pulse-jet baghouse is much thicker and
sturdier than that used in a shaker or reverse-air design, so thefiltering veocity can be
congderably higher in apulse jet system than in the other types (see Table 8). This combination
of higher filtering velocities and no extra compartments, alows the pulse-jet baghouse to be

much smdler (for the same dusty air flow) than atraditiond baghouse. This dso makes the

pulse-jet cheaper to buy.

Table 8. Pulsejet Baghouses— Maximum Filtering Velocities

Type of Dust Max. Fltering Velocity,
ofm¥ft® or fpm*

Graphite, detergents, carbon, metd fumes 5-6

Clay, pladtics, garch, sugar, paint pigments 7-8

Aluminum oxide, cement, gypsum, lime,
limestone, quartz, tac o-11

Cocoa, chocolate, flour, grains, sawdust, tobacco 12-14

* fpm = ft/min

Adapted from Cooper and Alley, 2002.

Example Problem 10




A dusty gas from a gypsum processing operation is flowing a the rate of 30,000 cfm. A pulse
jet baghouse is being considered. What design filtering velocity should you select, and how
much fabric areawill be needed?
Solution

From the table, the recommended design filtering velocity is9-11 ft/min; let us

choose 10 fpm. The total fabric area required will be 3,000 ft* (= 30,000 cfr/10 fpm).

Pulse jet baghouses have one disadvantage compared with shaker or reverse-ar
gystems. A subgtantid air compressor is required to compress the air needed for pulse cleaning.
This usage of compressed air isamagor operating expense of pulse-jet baghouses, and can
equal or exceed the cost of the main blower that moves the dusty air through the baghouse.
VII. Summary

Particulate matter (PM) is one of the primary forms of air pollution. PM is emitted from
numerous indudtria, mobile, resdentia and even natura sources. PM-10 and PM 2.5 aretiny
particles that can be extremely deleterious to human hedth and can cause avariety of
environmentd problems, including impaired vishility even in areas far removed from the source.
Particles have unique characterigtics that influence how we may capture them and remove them
from the gas stream. Efficient collection of particles is especidly dependent on their Size, but the
caculation of collection efficiency is based only on the mass percent collected.

A number of devices have been devel oped to collect particles, anong which are
cyclones, wet scrubbers, ESPs and baghouses. Each device has advantages and disadvantages,

and thelr costs may vary widdy, thus making a Ste-specific engineering sudy imperative to find



the optimum solution to any particulate control problem. ESPs and baghouses are among the
mogt efficient PM control devices, and are often used to control thisform of ar pollution.

ESPs operate by causing the gas to flow between plates with a high voltage drop
between them. An eectrical chargeis placed on the particles and the particles drift over to and
are collected on oppositey charged plates. The key design parameters are the gas flow, the drift
velocity and the area of the plates. The plates are rapped at frequent intervals to knock the dust
off the plates and into hoppers where it can be removed from the ESP and disposed of or
recycled. ESPs are highly efficient and produce a very low pressure drop. But once they have
been designed and congtructed for a particular combination of gas conditions and type of dugt,
they cannot easily be adapted to other conditions.

Baghouses operate by forcing the gas to flow through fabric bags. The gas passes
through the bag but the dust is caught and builds up on the fabric. Thislayer of dust then does
the highly efficient filtering of smal particles for which baghouses are known. The key design
parameters are the gas volumetric flow rate, the superficid filtering veocity, the type of fabric,
the net cloth area, and the number of compartments. The bags are cleaned by various methods
that knock the dust off the bags and into hoppers where it is removed from the baghouse and
recycled or disposed of. Baghouses are extremdly efficient, and have a moderate pressure drop.
The fabrics have temperature and humidity limitations, but are generaly able to collect any type

of dust.
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Examination Questions

1. Of the five primary air pollutants discussed in this course, which oneis not a gas?
a vVoC b. CO c. NOx d. SO, e. PM
2. Of the following sources of PM-10, which one has the highest annua emissons rate?
a. coa-fired power plants
b. petroleum refineries
c. waste disposd facilities
d. paved and unpaved roads
3. How big isamicron?
a. one one-hundredth of a meter
b. one one-thousandth of a meter
c. one one-millionth of ameter
d. one one-hillionth of ameter
4. Which control device depends on spinning the particlesin avortex?
a cyclone
b. baghouse
c. ESP
d. wet scrubber
5. Thecdculaion of collection efficiency for aPM control device is based on:
a the numbers of particles collected
b. the mass of the particles collected

c. the diameters of the particles collected



d. the volume of particles collected

6. A particulate remova system consgts of a cyclone followed by an dectrogatic
precipitator. The cycloneis 65% efficient and the ESP is 95% efficient. Calculate
the overd| efficiency of the system.

a 150%
b. 30.5%
c. 98.25%
d. 61.75%
7. A paticulate remova system must achieve 99.4% overdl efficiency. Cdculate the required
efficiency of aESPif it is preceded by an 80% efficient cyclone.
a 19.4%
b. 95%
c. 97%
d. 99%

8. Assuming compliance with federal NSPS, the allowable daily rate of emissonsof PM from
a coal-fired power plant producing 800 MW of dectricd power at an overdl thermd
efficiency of 40% is about:

a 1200 Ib/day
b. 2700 Ib/day
c. 3200 Ib/day
d. 4900 Ib/day

9. Which of the following statementsis true about typica ESPs?
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a ESPs have a high efficiency and high pressure drop
b. ESPshavealow efficiency and high pressure drop
c. ESPshaveahigh efficiency and low pressure drop
d. ESPshavealow efficiency and low pressure drop
10. Inan ESP, the efficiency isdirectly proportiona to:
a thevolumetric flow rate of gas
b. theplate area
c. theresdivity of particles
d. the concentration of dust in the gas
11. The term “corond’ refersto
a ameasure of the resgtivity
b. the effect of build-up of dust on the bags
c. thepulang effect of high pressure air
d. theionization of gas molecules by high energy dectrons
12. Which of the following statements about cod fly ashisNOT true:
a regdivity decreases with increasing cod sulfur content
b. resigtivity at first increases but later decreases with increasing temperature
c. collection efficiency is not influenced by changes in ressitivity
d. resstivity of cod fly ash can range over 5 orders of magnitude
13. With regard to ESPs, the term “rapping” refersto:
a amodern syle of Snging

b. the cleaning of dust off the plates



c. the knocking sound heard when an ESP mdfunctions

d. the plagtic film that covers anew eectrode when it is shipped
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14. What isrespongble for the highly efficient filtering of smdl particlesin a baghouse?

15.

16.

17.

a The finely woven cloth
b. The layers of fabric placed on top of one another
C. The wire mesh cages that support the fabric
d. The layer of dust that accumulates on the fabric
Theair/cloth ratio isalso known as
a thesupeficid filtering velocity
b. thepulangjet of deaning ar
c. volumetric flow rate of filtered air
d. thelength/diameter ratio of filter bags
The ared dust dengty isameasure of
a thesupeficid filtering velocity
b. permeability of the dust layer
c. theweight of dust collected per square meter of fabric
d. theweight of dust collected per unit volume of ar flow
Given apressure drop of 6 Pa, and a superficid filtering velocity of 1.5 mymin, the Filter
Drag is caculated to be:
a 4.0 Pa-min/m
b. 4.5 Pamin/m
C. 7.5Pa-min/m

d. 9.0 Pa-minim
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18. “Cleaning the dust off the bags is accomplished by a gentle ar flow through the bagsin a
direction opposte to the normd filtering flow” describes the type of cleaning used by:
a. apulse-jet baghouse
b. areverse-ar baghouse

ashaker baghouse

o

d. aflow-splitter baghouse
19.  Which type of baghouseistypicdly built with just one large compartment, and is
cleaned while continuing to operate?
a. apulse-jet baghouse
b. areverse-ar baghouse
c. ashaker baghouse
d. aflow-splitter baghouse
20. Compressed air usageisamagor cost of which kind of baghouse?
a. apulse-jet baghouse
b. areverse-air baghouse
c. ashaker baghouse
d. aflow-splitter baghouse
21. When the center of mass of a particle strikes a stationary object, that mechanism of
collection is called:
a. impaction
b. interception

c.diffuson



d. sreamlining
22. A particle has the best chance of being collected on an object if the vaue of the impaction
number is
a 025
b. 0.75
c. 1.2
d. 35
23. If thefractiond collection efficiency of aPM control deviceis 0.92, then the penetration
of thet deviceis:
a —-0.92
b. 0.08
c. 1.08
d. 1.92
24. What is one problem with awet scrubber that you don’t have with a cyclone, baghouse, or
ESP?
a. Efficdency of collectionistoo low
b. Pressuredrop istoo high
c. Disposd of awet dudge
d. Takesup too much space
25. Which particles would be collected best in a cyclone?
a. large, dense particles

b. smdl, light partides



c. lage light particles,
d. smdl dense particles
26. Electrical power consumption in an ESPis rdatively low because of:
a. thelow voltage
b. thelow current flow
c. thelow gasflow
d. thehigh efidency
27. Tota operating power consumption in an ESP is due mainly to corona power and:
a. efidency
b. rgppinig
C. pressuredrop
d. power dengty
28. Pressure drop in an operating baghouse increases with:
a timeonlire
b. amount of dust collected on the fabric
c. supefidd filtering veocity
d. dl of theabove
29. What is the recommended maximum filtering velocity for cement dust in a shaker or reverse
ar baghouse?
a 20ft/min
b. 25ft/min

c. 30ft/min



d. 35ft/min
30. What is the recommended maximum filtering velocity for cement dust in apulse-jet
baghouse?
a 5-6ft/min
b. 7-8ft/min
c. 9-11ft/min
d. 12-14ft/min
31. An ESPisto treat a gas stream flowing at 50,000 ft*/min with a 97.5 % efficiency. If the
effective drift velocity is 12.0 ft/min, caculate the required plate areaiin ft2.
a 7,580 ft*
b. 9,210 ft?
c. 12,850 ft?
d. 15,370 ft*

32. An ESPis being designed. It is calculated that 20,000 ft2 of collection plate areais needed,
and it has been decided to use 4 sectionsin the direction of flow. Caculate the total number
of platesin this ESP, if each plate is 8 ft long by 15 ft tall.

a. 66
b. 88
c. 110
d. 132
33. The technique of adding a chemica such asammonia or SO; into a flue gas to reduce

particle resstivity and improve collection efficiency in an ESPis called:



a. flue gas conditioning
b. fluegas scrubbing
c. fluegaspartitioning
d. fluegascondensang
34. How many compartments would you specify for a shaker baghouse that requires 50,000 ft?
of fabric area?
a3
b.5
c./
d.9
35. What is the average filtering velocity for a baghouse with 50,000 ft? thet is filtering 100,000
ft*/min?
a 20fpm
b. 2.5fpm
c.3.0fpm
d. 3.5fpm
36. Why isit important to keep the superficid filtering velocity low in a baghouse?
a. to keep the ared dust density low
b. to keep the pressure drop low
C. to keep the cleaning time low
d. to keep the hoppersfull

37. What kind of standards dedl with concentrations of pollutants in the outdoor atmosphere?
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a ESP standards
b. baghouse standards
C. source performance standards
d. ambient air qudity sandards
38. The distance it takes for a particle to cometo rest in afluid after the fluid has diverged from
itsorigind direction is cdled the:
a characteridtic time
b. critical path
C. stopping distance
d. characterigtic distance
39. What isatypical range of drift velocity inacod fly ash ESP?
a 3—30ft/min
b. 1 -2 ft/min
Cc.4—8ft/sec
d. none of the above
40. The Deutsch equation gppliesto the design of:
a acyclone
b. awet scrubber
c.an ESP

d. abaghouse
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