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The past 30 years have seen the emergence of a growing desire worldwide to
take positive actions to restore and protect the environment from the degrad-
ing effects of all forms of pollution: air, noise, solid waste, and water. Because
pollution is a direct or indirect consequence of waste, the seemingly idealistic
goal for “zero discharge” can be construed as an unrealistic demand for zero
waste. However, as long as waste exists, we can only attempt to abate the sub-
sequent pollution by converting it to a less noxious form. Three major ques-
tions usually arise when a particular type of pollution has been identified:
(1) How serious is the pollution? (2) Is the technology to abate it available? and
(3) Do the costs of abatement justify the degree of abatement achieved? The
principal intention of the Handbook of Environmental Engineering series is to help
readers formulate answers to the last two questions.

The traditional approach of applying tried-and-true solutions to specific pol-
lution problems has been a major contributing factor to the success of environ-
mental engineering, and has accounted in large measure for the establishment of
a “methodology of pollution control.” However, realization of the ever-increas-
ing complexity and interrelated nature of current environmental problems ren-
ders it imperative that intelligent planning of pollution abatement systems be
undertaken. Prerequisite to such planning is an understanding of the perfor-
mance, potential, and limitations of the various methods of pollution abatement
available for environmental engineering. In this series of handbooks, we will
review at a tutorial level a broad spectrum of engineering systems (processes,
operations, and methods) currently being utilized, or of potential utility, for pol-
lution abatement. We believe that the unified interdisciplinary approach in these
handbooks is a logical step in the evolution of environmental engineering.

The treatment of the various engineering systems presented in Air Pollution
Control Engineering will show how an engineering formulation of the subject
flows naturally from the fundamental principles and theory of chemistry, phys-
ics, and mathematics. This emphasis on fundamental science recognizes that
engineering practice has in recent years become more firmly based on scien-
tific principles rather than its earlier dependency on empirical accumulation of
facts. It is not intended, though, to neglect empiricism when such data lead
quickly to the most economic design; certain engineering systems are not
readily amenable to fundamental scientific analysis, and in these instances we
have resorted to less science in favor of more art and empiricism.

Because an environmental engineer must understand science within the con-
text of application, we first present the development of the scientific basis of a
particular subject, followed by exposition of the pertinent design concepts and
operations, and detailed explanations of their applications to environmental
quality control or improvement. Throughout the series, methods of practical
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design calculation are illustrated by numerical examples. These examples clearly
demonstrate how organized, analytical reasoning leads to the most direct and
clear solutions. Wherever possible, pertinent cost data have been provided.

Our treatment of pollution-abatement engineering is offered in the belief that
the trained engineer should more firmly understand fundamental principles, be
more aware of the similarities and/or differences among many of the engineering
systems, and exhibit greater flexibility and originality in the definition and innova-
tive solution of environmental pollution problems. In short, the environmental
engineers should by conviction and practice be more readily adaptable to change
and progress.

Coverage of the unusually broad field of environmental engineering has
demanded an expertise that could only be provided through multiple
authorships. Each author (or group of authors) was permitted to employ,
within reasonable limits, the customary personal style in organizing and pre-
senting a particular subject area, and, consequently, it has been difficult to
treat all subject material in a homogeneous manner. Moreover, owing to limi-
tations of space, some of the authors’ favored topics could not be treated in
great detail, and many less important topics had to be merely mentioned or
commented on briefly. All of the authors have provided an excellent list of
references at the end of each chapter for the benefit of the interested reader.
Because each of the chapters is meant to be self-contained, some mild repeti-
tion among the various texts is unavoidable. In each case, all errors of omis-
sion or repetition are the responsibility of the editors and not the individual
authors. With the current trend toward metrication, the question of using a
consistent system of units has been a problem. Wherever possible the authors
have used the British system (fps) along with the metric equivalent (mks, cgs,
or SIU) or vice versa. The authors sincerely hope that this doubled system of
unit notation will prove helpful rather than disruptive to the readers.

The goals of the Handbook of Environmental Engineering series are  (1) to cover
the entire range of environmental fields, including air and noise pollution con-
trol, solid waste processing and resource recovery, biological treatment pro-
cesses, water resources, natural control processes, radioactive waste disposal,
thermal pollution control, and physicochemical treatment processes; and (2) to
employ a multithematic approach to environmental pollution control since air,
water, land, and energy are all interrelated. No consideration is given to pollu-
tion by type of industry or to the abatement of specific pollutants. Rather, the
organization of the series is based on the three basic forms in which pollutants
and waste are manifested: gas, solid, and liquid. In addition, noise pollution
control is included in one of the handbooks in the series.

This volume of Air Pollution Control Engineering, a companion to the volume,
Advanced Air and Noise Pollution Control, has been designed to serve as a basic
air pollution control design textbook as well as a comprehensive reference
book. We hope and expect it will prove of equally high value to advanced
undergraduate or graduate students, to designers of air pollution abatement
systems, and to scientists and researchers. The editors welcome comments from
readers in the field. It is our hope that this book will not only provide informa-

vi Preface

Wang_Air_Pol_v1_FM 5/22/04, 1:05 PM6



tion on the air pollution abatement technologies, but will also serve as a basis
for advanced study or specialized investigation of the theory and practice of
the unit operations and unit processes covered.

The editors are pleased to acknowledge the encouragement and support
received from their colleagues and the publisher during the conceptual stages
of this endeavor. We wish to thank the contributing authors for their time and
effort, and for having patiently borne our reviews and numerous queries and
comments.  We are very grateful to our respective families for their patience
and understanding during some rather trying times.

The editors are especially indebted to Dr. Howard E. Hesketh at Southern
Illinois University, Carbondale, Illinois, and Ms. Kathleen Hung Li at NEC
Business Network Solutions, Irving, Texas, for their services as Consulting
Editors of the first and second editions, respectively.

Lawrence K. Wang
Norman C. Pereira

Yung-Tse Hung
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1. INTRODUCTION

Fabric filtration is a physical separation process in which a gas or liquid containing
solids passes through a porous fabric medium, which retains the solids. This process
may operate in a batch or semicontinuous mode, with periodic removal of the retained
solids from the filter medium. Filtration systems may also be designed to operate in a
continuous manner. As with other filtration techniques, an accumulating solid cake per-
forms the bulk of the filtration. Importantly, an initial layer of filter cake must form at
the beginning of the filtration operation (1,2).

Fabric filtration effectively controls environmental pollutants in gaseous or liquid
streams. In air pollution control systems, it removes dry particles from gaseous emissions;
in water pollution control, filtration removes suspended solids; in solid-waste disposal,
filtration concentrates solids, reducing the landfill area required. Often, filtration pro-
cesses simultaneously reduce air, water, and solid-waste disposal problems. An air
pollution control system might, for example, remove particles and/or gases from an
emission source and might consist of a scrubbing device that removes particulates by
impaction and the gases by chemical absorption. The reaction products of gases and
chemicals can produce a crystalline sludge. A fabric filter may also be used to remove
solids from water so that the water can be recycled. As a result, effluent slurry does not
present a water pollution problem. Effective use (optimization) of a fabric-filter sys-
tem would minimize problems with waste disposal.

From: Handbook of Environmental Engineering, Volume 1: Air Pollution Control Engineering
Edited by: L. K. Wang, N. C. Pereira, and Y.-T. Hung © The Humana Press, Inc., Totowa, NJ
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Although fabric filtration is suitable for removing solids from both gases and liquids,
it is often important that the filter remain dry when gases are filtered, and likewise, it
may be desirable to prevent the filter from drying out when liquids are filtered. In the
gas system, many solids are deliquescent, and if moisture is present, these materials will
have a tendency to pick up moisture and dissolve slightly, causing a bridging or blind-
ing of the filter cloth. The result is a “mudded” filter fabric. In such cases, it is often
impossible to remove this material from the cloth without washing or scraping the filter.
If the cake on the cloth is allowed to dry during liquid filtration, a reduction in the
porosity of the cake as well as a partial blinding of the filter could result, which could
then reduce the rate of subsequent filtration.

2. PRINCIPLE AND THEORY

In section 1, it was stated that the fabric itself provides the support, and true filtering
usually occurs through the retained solid cake that builds up on the fabric. This is
especially true for woven fabrics; however, felts themselves actually can be considered
as the filtering media. It has also been stated that the cake must be removed periodically
for continued operation. The resistance to fluid flow through the fabric therefore con-
sists of cloth resistance and cake resistance and is measured as a pressure drop across the
filter. Cleaned cloth resistance is often reported, although this in itself is not the new or
completely clean cloth resistance. Once the filter has been used and cleaned a few times,
a constant minimum resistance is achieved, which consists of the clean cloth resistance
and the residual resistance resulting from deposited material that remains trapped in the
cloth pores. This resistance may remain constant for the life of the fabric. Changes in this
resistance usually indicate either plugging of the pores or breaking of the filter. Clean
cloth resistances may be obtained from suppliers. However, it is best to obtain the steady-
state values by empirical measurements. An example of clean cloth resistance, expressed
according to the American Standards of Testing and Materials (ASTM) permeability tests
for air, ranges from 10 to 110 ft3/min-ft2 (3–33.5 m3/min-m2) with a pressure differential
of 0.5 in. (1.27 cm) H2O. In general, at low velocities, the gas flow through the fabric
filter is viscous, and the pressure drop across the filter is directly proportional to flow:

(1)

where ∆P1 is the pressure drop across fabric (inches of water [cm H2O]), K1 is the resis-
tance of the fabric [in. H2O/ft/min (cm H2O/m/min)], and v is gas flow velocity [ft/min
(m/min)].

In practice, the fabric resistance K1 is usually determined empirically. It is possible
to estimate a theoretical value of this resistance coefficient from the properties of cloth
media. Darcy’s law states that

(2)

where K is the Kozeny permeability coefficient, µ is viscosity, ρ is density, and g is
gravitational acceleration. Note that necessary constants need to be applied to make the
equation dimensionally consistent. Values of the permeability coefficient K found in
literature range between 10−14 and 10−6 ft2 (10−15 and 10−8 m2). Values of K may also
be estimated using the relation

∆P vK g1 = −( ) +µ ρ

∆P K v1 1=
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(3)

where ε is porosity or fraction void volume (dimensionless), c is a flow constant, K is
the Kozeny coefficients, and S is the specific surface area per unit volume of porous
media [ft−1 (m−1)]. Values of the Kozeny constant can be estimated using the free-sur-
face model (2). Assuming a random orientation averaging two cross-flow fibers and one
parallel fiber and assuming that a cloth medium behaves like a bed of randomly oriented
cylinders, the constant for flow parallel to the cylinder is obtained by

(4)

and when flow is at right angles to the cylinder,

(5)

As the system is operated, cake deposits on the fabric, producing an additional flow
resistance proportional to the properties of the granular cake layer. The resistance to
fluid flow owing to cake build-up usually amounts to a significant portion of the total
flow resistance. This resistance increases with time as the cake thickness increases. This
additional resistance (∆P2) is typically of the same order of magnitude as the residual
resistance (∆P1) and can be expressed as

(6)

where ∆P2 is the change in pressure drop over time interval t [in. H2O (cm H2O)], K2
is the cake-fabric filter resistance coefficient,

v is fluid velocity [ft/min (m/min)], L is inlet solids concentration [lb/ft3 (kg/m3)], and
t is time (min). An expression for the cake–fabric filter resistance coefficient using the
Kozeny–Carman procedure has been derived for determining flow through granular
media (2):

(7)

where k is the Kozeny–Carman coefficient, which equals approx 5 for a wide variety of
fibrous and granular materials up to a porosity equal to about 0.8, ε is the porosity or
fraction void volume in cake layer (dimensionless), µf is fluid viscosity [lbm/(s ft)], ρP
is the true density of solid material (lbm/ft3), and the S is the specific surface area/unit
volume of solids in the cake layer (ft−1). This equation shows that as the particles being
filtered become smaller in diameter, the porosity of the cake decreases and consequently,
K2 increases. The net result of the larger cake–fabric filter resistance coefficient (K2) is
that the pressure drop increases as porosity decreases.
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The value of the dust–fabric filter resistance coefficient is necessary to predict the
operating pressure drop in new fabric-filter installations. This information, with filter
velocity and time between cleaning cycles, then may be used to estimate optimum oper-
ational procedures, which affect both installation and operating expenses. Some typical
dust–fabric resistance coefficients for air–dust filter systems are given (2) in Table 1.
The resistance coefficients calculated by Eq. (7) do not always agree with the values
obtained from operating systems using Eq. (6). Some engineering data (2–4) are sum-
marized in Table 2 for several particle sizes ranging from 0.1 to 100 µm for solids with
a density of 2 g/cm3. The specific area is estimated assuming spherical particles and
standard conditions (SC) of 70°F (21.1ºC) and 1 atm pressure. These data are taken
from industrial cloth-type air filters.

The above equations and tables show that the various parameters of pressure drop,
velocity inlet loading, and time are closely coupled with the physical properties of
both the fluid and the solids being filtered. The value of K2 also depends on the size dis-
tribution of the particles, which is often neglected when estimating porosity. Particles
usually exhibit a log-normal (geometric) probability distribution. Two materials with
the same mass mean size could be quite different in size distribution (geometric devia-
tion), which would affect the porosity of the cake. The shape of the particles, which is
not accounted for in the theoretical equations, is also significant and influences both
cake porosity and fluid flow drag.

62 Lawrence K. Wang et al.

Table 1
Dust-Fabric Resistance Coefficients for Certain Industrial Dusts on Cloth-Type Air
Filters

K2 (in. water per lb of dust per ft2 per ft per m in of filtering velocity)a

for particle size less than the following

Coarse Mediumb Fineb

Dust ~800 µm ~100 µm ~44 µm <90 µm <45 µm <20 µm <2 µm

Granite 1.58 2.20 19.80
Foundry 0.62 1.58 3.78
Gypsum 6.30 18.90
Feldspar 6.30 27.30
Stone 0.96 6.30
Lamp black 47.20
Zinc oxide 15.70c

Wood 6.30 25.20
Resin (cold) 0.62 11.00
Oats 1.58 9.60 8.80
Corn 0.62 1.58 3.78

a

bTheoretical size of silica, no correction made for materials having other densities.
cFlocculated material, not dispersed; size actually larger.
Source: ref. 2.
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When no data are available, it has been shown that it is possible to estimate values
of the resistance coefficient; however, it is more desirable to obtain the coefficient by
actual measurements [operating data and Eq. (6)] when this is possible. Once the coef-
ficient is known, any one of the parameters in Eq. (6) can be determined by specifying
the remaining variables.

Empirically derived values for the resistance coefficient also may differ for similar
systems under different operating conditions. For example, if the cake is composed of
hard, granular particles, it will be rigid and essentially incompressible. As the filtration
process continues, there is no deformation of the particles and the porosity remains con-
stant. On the other hand, if the cake is extremely soft, it can be deformed, resulting in a
different effective porosity as filtration continues. The amount of cake buildup, which
is a function of gas velocity, inlet solids concentration, and time, must be considered
when attempting to obtain a meaningful value of K2 for similar systems.

An equally perplexing problem is the fact that there is no standardized filtration
rating test procedure. Ratings such as “nominal,” “absolute,” and “mean flow pore” serve
largely to describe filter systems, but they do not provide a rational basis for filtration
engineering and analysis.

Fabric filters consist of a porous filtration medium, in which the pores are not all
uniform in size. Therefore, attempts are made in the rating procedures to take this into
consideration; for example, the mean flow pore system exerts air pressure to one side
of a porous filter, and the pressure is noted at which the first bubble appears on the wet-
ted medium. This is called the bubble point and corresponds to the largest pore in the
filter. The distribution of pores in the medium would be expected to be log-normal and
obtaining the pressure corresponding to the smallest pore is quite a different story.
Recently, Cole (5) suggested a “summation of flow” rating, in which an attempt is made
to define the pore size at which about 16% of the flow goes through larger pores.

A common laboratory technique for obtaining empirical data for liquid fabric filters
is to use a device called a filter leaf. In the test procedure, the filter fabric is secured over
a backup screen and inserted in the test system. Unfortunately, this procedure is not
standardized, although Purchas (6) has proposed a standardized test procedure for liquid
filtration tests. This procedure consists of obtaining a 1-cm-thick cake when utilizing a

Fabric Filtration 63

Table 2
Comparison of Calculated and Observed Dust-Fabric-Filter Resistance Coefficients
(K2) (4)

Resistance coefficient (K2),
in. H2O/(lb/ft2)(ft/min)

Particle size Calculated using
(µm) S (ft−1) Porosity ε Eqs. (6) and (7) Observed

0.1 1.83 × 107 0.25 48.0 41,200 715
1 1.83 × 106 0.40 9.38 705 180
10 1.83 × 105 0.55 2.70 2.32 12
100 1.83 × 104 0.70 0.878 7.56 × 10−3 0.2

1
3

− ε
ε
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pressure differential of 1 atm. The result for a given fabric–solid combination would be
a “standard cake formation time expressed in minutes.” In gas filtration tests, the most
common method for expressing new fabric resistance is to measure the gas volumetric
flow rate at a 0.5-in. (1.27 cm) H2O pressure drop.

3. APPLICATION

3.1. General

The use of fabrics as a porous filter medium in both liquid and gas cleaning systems
has been stated, and the separation of solids from liquids will be discussed in detail in
other chapters of this handbook series. The major emphasis of this section is on gas
cleaning, and, in most applications, the gas considered is air.

3.2. Gas Cleaning

Filters used to clean gases are categorized in this section in five different ways
according to the energy required, the fabric employed, the type of cycle, the service, and
the application. The first category includes either high-energy or low-energy filters,
depending on whether the filters are operated at high or low filter pressure drops. For
any given application involving filters, a high-energy system is usually more efficient, but,
ultimately, this depends on the size, size distribution, and type of material being filtered.
Energy and efficiency are not always directly related and will be discussed below.

High-energy systems generally consist of pulse-jet devices, whereas low-energy clean-
ing systems utilize shaking and reverse flow. Note that this classification also describes the
cleaning method used to remove dust from the bags. In the pulse-jet systems, blasts of air are
blown through jet nozzles in pulses to free the dust from the fabric, as shown in Fig. 1. Note
that the cleaning jet is introduced into the Venturi nozzle to expand and clean the bag.

The low-energy systems are split approx 50–50 between continuous and intermittent-
type collectors. Shaking, as the word states, simply implies mechanically flexing the
bag to clean it. Reverse-flow applications consist of introducing air into sections of
the filter system in the opposite direction from normal gas flow to blow the dust off the
bags. There is a third category, in which no cleaning energy is utilized. This applies to
units designed for situations in which the media are disposable.

Fabric filters can be divided generally into two basic types, depending upon the fabric:
felt (unwoven) and woven. Felt media are normally used in high-energy cleaning systems;
woven media are used in low-energy devices. Felt fabrics are tighter in construction
(i.e., less porous), and for this reason, they can be considered to be more of a true fil-
ter medium and should be kept as clean as possible to perform satisfactorily as a filter.
In contrast, the woven fabric is, in general, only a site upon which the true filtering
occurs as the dust layer builds up, through which the actual filtering takes place. In addi-
tion, a third type of fabric filter is nonwoven disposable configuration material, which
is used as a vacuum cleaner with disposable bags.

Filter systems can also be categorized as either continuous or intermittent collectors.
In a continuous collector, the cleaning is accomplished by sectionalizing the filter so
that, while one part is being cleaned, the rest of the filter is still in operation. Under
these conditions, the gas flow through the device and the overall pressure drop across
the device are essentially constant with time. In contrast, there must be an interruption
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in the gas flow while the cleaning process takes place in intermittent collectors. In these
systems, gas flow is greatest immediately after the filter medium has been cleaned and
decreases as the cake builds up. A typical cycle for an intermittent system is operating
for 0.25–4 h and cleaning for 5 min.

A fourth major way in which fabric filters can be classified is by service. Particulate
removal is the major service performed by fabric filters. However, they also can be used
for gaseous control by adsorption and chemical adsorption (chemisorption), which are
well-proven industrial techniques. For example, solid alumina can be used to adsorb
chlorine; gaseous ammonia can be injected to react with sulfur oxides to form a solid
particulate, which can be filtered; sodium and/or calcium compounds can be added as

Fabric Filtration 65

Fig. 1. Schematic diagram of a reverse-pulse baghouse.
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precoats to react with and adsorb sulfur oxides; and activated carbon can be introduced
to remove odors.

There is another basic service distinction between process and nonprocess work.
Process functions may include the removal of material from air-conveying systems in
which product collection is the primary function. A nonprocess application would be the
removal of nuisance dust, where only a small amount of the product would actually
encounter the filter. However, because of pollution control considerations, the same
care and attention should be paid to nonprocess applications that have been given
process collectors in the past.

The fifth and final classification of fabric filters is by application. These classes
include temperature solids concentration type of pollution in the inlet gas moisture content
suction, pressure applications size of filter and filter efficiency. The use of glass fiber
media makes it possible to operate filters at temperatures up to about 550°F (288°C). A
number of different fabric filter media and their characteristics are given in Table 3. Work
is currently in progress to develop higher-temperature media, as indicated in the table.

Dust loading is defined as the concentration of solids in the inlet gas stream.
Obviously, as dust loading increases, the amount of cake will increase for a given
volumetric flow rate of gas. In order to maintain the necessary gas approach velocity
and be able to operate an intermittent filter for a reasonable filter cycle time, it may be
desirable to reduce the inlet dust loading. One method of doing this is to install
mechanical collection devices in front of the fabric filter to remove large-diameter solid
material. Gas conditioning, which can consist of introducing air as a diluent, could, in
effect, reduce dust loading. However, this process is used more often to reduce inlet
temperature and/or humidity.

It is a wise precaution to operate gas cleaning filter systems above the dew point
temperature. It has been pointed out that if some dusts become wet, they will bridge and
mud (plug) the filter. Methods of keeping the system above the dew point include insu-
lating the filter, heating either the filter and/or the gas, and using warm, dry dilution gas.

Fabric filters can be used in systems that operate at either positive or negative
pressures. Some systems are operated at pressures over 200 psi (1.38 × 106 N/m2),
and vacuum systems commonly operate at up to 15 in. (0.38 m) Hg. The most common
operating range is ±20 in. (0.508 m) H2O.

3.3. Efficiency

Fabric filters are extremely efficient solids removal devices and operate at nearly 100%
efficiency. Efficiency depends on several factors (10,11):

1. Dust properties
a. Size: particles between 0.1 and 1.0 µm in diameter may be more difficult to capture.
b. Seepage characteristics: Small, spherical solid particles tend to escape.
c. Inlet dust concentration: The deposit is likely to seal over sooner at high concentrations.

2. Fabric properties
a. Surface depth: Shallow surfaces form a sealant dust cake sooner than napped surfaces.
b. Weave thickness: Fabrics with high permeabilities, when clean, show lower efficiencies.

Also, monofilament yarns, without fibrils protruding into the yarn interstices, show
lower efficiencies than “fuzzier” staple yarns having similar interstitial spacing.
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c. Electrostatics: Known to affect efficiency. (Particles, fabrics, and gas can all be influenced
electrostatically and proper combination can significantly improve efficiency in both
gas and liquid filtering systems.)

3. Dust cake properties
a. Residual weight: The heavier the residual loading, the sooner the filter is apt to seal over.
b. Residual particle size: The smaller the base particles, the smaller (and fewer) are the

particles likely to escape.

4. Air properties. Humidity: with some dusts and fabrics, 60% relative humidity is much
more effective than 20% relative humidity.

5. Operational variables
a. Velocity: Increased velocity usually gives lower efficiency, but this can be reversed

depending on the collection mechanisms, for example, impaction and infusion.
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Table 3
Characteristics of Several Fibers Used in Fabric Filtration

Resistanceb

Max operating
Fiber typea temp. (°F) Abrasion Mineral acids Organic acids Alkalis Solvent

Cottonc 180 VG P G P E
Woold 200 F/G VG VG P/F G
Modacrylicd 160 F/G E E E E

(DynelTM)
Polypropylened 200 E E E E G
Nylon polyamided 200 Ee F F E E

(Nylon 6 and 66)
Acrylicd 260 G VG G F/G E

(OrlonTM)
Polyesterd 275 VG G G G E

(Dacron f)
(CreslanTM) 250 VG G G G E

Nylon aromaticd 375 E F G E E
(NomexTM)

Fluorocarbond 450 F/G Eg Eg Eg Eg

(TeflonTM, TFE)
Fiberglassc 500 F/Gh G G G E
Ceramicsi

(Nextel 312TM) 900+ — — — — —
aFabric limited.
bP = poor resistance, F = fair resistance, G = good resistance, VG = very good resistance, E = excellent

resistance.
cWoven fabrics only.
dWoven or felted fabrics.
eConsidered to surpass all other fibers in abrasion resistance.
fDacron dissolves partially in concentrated H2SO4.
gThe most chemically resistant of all these fibers.
hAfter treatment with a lubricant coating.
iThe ceramic fiber market is a very recent development. As a result, little information on long-term

resistance and acid and alkali performance has been documented.
Source: Data from refs. 7–9.

02_chap_wang.qxd  05/05/2004  12:40 pm  Page 67



b. Pressure: Probably not a factor except that increase of pressure after part of the dust cake
has formed can fracture it and greatly reduce efficiency until the cake reseals.

c. Cleaning: Relatively unstudied but discussed in the following sections.

It is important to stress that all of the considerations discussed thus far can be opti-
mized only when the system is properly operated and maintained. Several of the factors
mentioned earlier under operational variables are significant enough to merit further
discussion in the following section.

4. ENGINEERING DESIGN

4.1. Pretreatment of an Emission Stream

The temperature of the emission stream should remain 50–100°F above the stream
dew point. An emission stream too close to its dew point can experience moisture con-
densation, causing corrosion and bag rupture. Acid gases (e.g., SO3) exacerbate this
problem. Procedures for determining the dew point of an emission stream are provided
in Chapter 1. If the emission stream temperature does not fall within the stated range,
pretreatment (i.e., emission stream preheating or cooling) is necessary, as discussed in
Chapter 1. Pretreatment alters emission stream characteristics, including those essential
for baghouse design: emission stream temperature and flow rate. Therefore, after select-
ing an emission stream temperature, the new stream flow rate must be calculated. The
calculation method depends on the type of pretreatment performed and should use appro-
priate standard industrial equations. Also, emission streams containing appreciable
amounts of large particles (20–30 µm) typically undergo pretreatment with a mechanical
dust collector. Chapter 1 also describes the use of mechanical dust collectors.

All fabric-filter systems share the same basic features and operate using the principle
of aerodynamic capture of particles by fibers. Systems vary, however, in certain key
details of construction and in the operating parameters. Successful design of a fabric
filter depends on key design variables (7–26).

• Filter bag material
• Fabric cleaning method
• Air-to-cloth ratio
• Baghouse configuration (i.e., forced or induced draft)
• Materials of construction

4.2. Air-to-Cloth Ratio

The filtration velocity, or air-to-cloth (A/C) ratio, is defined as the ratio of actual volu-
metric air flow rate to the net cloth area. This superficial velocity can be expressed in
units of feet per minute or as a ratio. A/C ratios of 1:1 to 10:1 are available in standard
fabric-filter systems. Low-energy shaker and reverse-flow filters usually operate at A/C
ratios of 1:1–3:1, whereas the high-energy reverse-pulse units operate at higher ratios.

Particulate collection on a filter fabric occurs by any or all mechanisms of inertial
impaction, interception, and diffusion, as shown in Fig. 2. Inertial impaction occurs for
particles above about 1 µm in diameter when the gas stream passes around the filter fiber,
but the solid, with its high mass and inertia, collides with and is captured by the filter.
Interception occurs when the particle moves with the gas stream around the filter fiber,
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but touches and is captured by the filter. Diffusion consists of random particle motion in
which the particles contact with and adhere to the fiber filters. Diffusion increases as
particle size decreases and is only significant for submicron-diameter particles.

A high A/C ratio (filtering velocity) promotes particle capture by impaction. On the
other hand, an excessive velocity will blow captured material off or through the fabric,
in many cases the only support for the cake. This would reduce collection efficiency. As
for filtering by diffusion, a higher air-to-cloth ratio reduces the residence time available
for particle collection. “Normal” air-to-cloth ratios are about 3:1; “high” air-to-cloth
ratios are 6:1 and above.

New filter fabrics having no buildup of solid material will often exhibit a pressure
drop of 0.5 in. (1.27 cm) H2O at normal air-to-cloth ratio ranges. This is called the fab-
ric permeability and is often the same for woven and felted fabrics, although woven
bags usually have a weight of 5–10 oz/yd2 (170–340 g/m2), and the much heavier and
fuzzier felted bags have a weight of 10–20 oz/yd2 (340–680 g/m2). A/C ratios are not
based on theoretical or empirical relationships, but on installation experience of indus-
try and fabric-filter vendors. Recommended A/C ratios usually depend on a specific dust
and a specific cleaning method.

Hand calculations using basic equations give only a general indication of the needed
A/C ratio. In practice, tabulated values are frequently provided and are an approximation.
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Fig. 2. Mechanisms for particle removal by a filter.
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Table 4
Air-to-Cloth Ratios

Shaker/woven
Dust Reverse-air/woven Pulse jet/felt

Alumina 2.5 8
Asbestos 3.0 10
Bauxite 2.5 8
Carbon black 1.5 5
Coal 2.5 8
Cocoa, chocolate 2.5 12
Clay 2.5 9
Cement 2.0 8
Cosmetics 1.5 10
Enamel frit 2.5 9
Feeds, grain 3.5 14
Feldspar 2.2 9
Fertilizer 3.0 8
Flour 3.0 12
Fly ash 2.5 5
Graphite 2.0 5
Gypsum 2.0 10
Iron ore 3.0 11
Iron oxide 2.5 7
Iron sulfate 2.0 6
Lead oxide 2.0 6
Leather dust 3.5 12
Lime 2.5 10
Limestone 2.7 8
Mica 2.7 9
Paint pigments 2.5 7
Paper 3.5 10
Plastics 2.5 7
Quartz 2.8 9
Rock dust 3.0 9
Sand 2.5 10
Sawdust (wood) 3.5 12
Silica 2.5 7
Slate 3.5 12
Soap detergents 2.0 5
Spices 2.7 10
Starch 3.0 8
Sugar 2.0 7
Talc 2.5 10
Tobacco 3.5 13
Zinc oxide 2.0 5

Note: Generally safe design values — application requires consideration of particle size and grain loading.
A/C ratio units are (ft3/min)/(ft2 of cloth area).

Source: ref. 8.
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Computer software provides rigorous design. However, the purpose of this section is to
provide the reader with some qualitative insight concerning the design and operation of
fabric filters. Therefore, these programs are not discussed.

In addition to evaluating a particular fabric filter application, the A/C ratio and the
emission stream flow rate (Qe,a) are used to calculate net cloth area (Anc):

(8)

where Qe,a is the emission stream flow rate at actual conditions (acfm), A/C ratio is the
air-to-cloth ratio, (acfm/ft2 or ft/min) (from Table 4), and Anc is the net cloth area (ft2).

The net cloth area is the cloth area in active use at any point in time. Gross or total
cloth area (Atc), by comparison, is the total cloth area contained in a fabric filter, including
that which is out of service at any point in time for cleaning or maintenance. In this text,
costing of the fabric-filter structure and fabric filter bags uses gross cloth area. Table 5
presents factors to obtain gross cloth area from net cloth area:

(9)

where Factor is the value from Table 5 (dimensionless) and, Atc is the gross cloth area (ft2).
Fabric filters with higher A/C ratios require fewer bags and less space, and may be less
expensive. However, the costs of more expensive (felted) bags, bag framework structure,
increased power requirements, etc., may reduce the savings of high-A/C-ratio systems.

4.3. Fabric Cleaning Design

One removes the cake from the fabric by mechanically disturbing the system. This
can be done by physically scraping the fabric, mechanically shaking it, or pneumatically
or hydraulically reversing the flow of fluid through the fabric to clean the pores. For gas
cleaning systems, the common cleaning methods include mechanical shaking, pulse
cleaning, and reverse flow.

A Anc tc× =Factor

Q
Ae a

nc
,

A C ratio
=
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Table 5
Factors to Obtain Gross Cloth Area from Net Cloth Area

Net cloth area, Anc (ft2) Factor to obtain gross cloth area, Atc (ft2)

1–4,000 Multiply by 2
4,001–12,000 Multiply by 1.5

12,001–24,000 Multiply by 1.25
24,001–36,000 Multiply by 1.17
36,001–48,000 Multiply by 1.125
48,001–60,000 Multiply by 1.11
60,001–72,000 Multiply by 1.10
72,001–84,000 Multiply by 1.09
84,001–96,000 Multiply by 1.08
96,001–108,000 Multiply by 1.07

108,001–132,000 Multiply by 1.06
132,001–180,000 Multiply by 1.05

Source: ref. 8.
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Fabric shaking combines stress in a normal direction to the dust–fabric interface (ten-
sion), stress directed parallel to the interface (shear), and stress developed during the
warping, binding, or flexing of the fabric surfaces. Mechanical cleaning studies (10) indi-
cate that dust removal efficiency is a function of the number of shakes, shaking frequency,
shaking amplitude, and bag movement acceleration. In general, more dust is removed
each time the bag is shaken. However, after about 100 shakes, very little extra dust can be
removed, and 200 shakes are recommended as being optimum. At this point, often a max-
imum of only about 50% of the dust is removed. The shaking frequency is significant in
that a resonance frequency can be set up when the fabric is mounted as a bag in a bag-
house. More dust is removed at the resonance frequency, but, otherwise, it appears that
the higher the frequency, the greater the amount of dust that is removed. In the shaker
amplitude range 0–2 in. (0–5.08 cm), dust removal is increased with increased amplitude.

Filter capacity increases with bag shaking acceleration, up to 10 g. Beyond the accel-
eration range of 1.5–10 g, residual dust holding varies approximately with the inverse
square root of the average bag acceleration. Other factors also affect fabric cleaning and
filter capacity. These include initial bag tension, amount of cake deposited on the fabric,
and cohesive forces binding dust to the fabric. The initial bag tension values should
range between 0.5 and 5 lbf (2–20 N).

Overcleaning requires additional energy and causes undue wear on the bag fabric.
However, undercleaning a filter (e.g., by shaking less than the recommended 200 times),
decreases system filtration capacity and adversely affects operating costs.

The amount of cleaning by pulsed-jet air varies directly with the rate of rise of the
pressure differential across the bag. This should range from 1000 to 4000 in.
(2500–10,000 cm) H2O pressure drop per second. Residual resistance values after
cleaning also depend on the dust–fabric combination. Mechanical shaking often aug-
ments the reversed-airflow cleaning of bags. This is especially applicable to woven
fabric bags. Dust removal in woven bags during reverse flow is usually attributed to
bag flexure. Reverse-flow cleaning is, in general, not a satisfactory cleaning technique.
In fact, data indicate that in combined shaking–reverse-flow systems, mechanical
shaking is responsible for essentially all of the cleaning. The main role played by the
reverse air appears to be prevention of projection of dust into the clean air side of the sys-
tem. Reverse-air cleaning velocities typically range from 4 to 11 ft/min with 0.3–3 ft3 of
gas required per square foot of bag area.

Selection of a cleaning method depends on the type of fabric used, the pollutant col-
lected, and the experiences of manufacturers, vendors, and industry. A poor combination
of filter-fabric and cleaning methods can cause premature failure of the fabric, incomplete
cleaning, or blinding of the fabric. Blinding of a filter fabric occurs when the fabric
pores are blocked and effective cleaning cannot occur. Blinding can result from moisture
blocking the pores, increased dust adhesion, or high-velocity gas stream embedding
of particles too deeply in the fabric. The selection of cleaning method may be based on
cost, especially when more than one method is applicable. Cleaning methods are dis-
cussed individually below (13,14), with Table 6 containing a comparison of methods.

A summary of recommended A/C ratios by typical bag cleaning method for many
dusts and fumes is found in Table 4. These ranges serve as a guide, but A/C ratios may
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vary greatly from those reported. Fabric-filter size and cost will vary with A/C ratio.
Lower A/C ratios, for example, require a larger and thus more expensive fabric filter.

4.4. Baghouse Configuration

Baghouses have two basic configurations, with gases either pushed through the system
by a fan located on the upstream side (forced draft fan) or pulled through by a fan on
the downstream side (induced draft fan). The former is called a positive-pressure bag-
house; the latter, is called a negative-pressure or suction baghouse. Positive-pressure
baghouses may be either open to the atmosphere or closed (sealed and pressure-isolated
from the atmosphere). Negative-pressure baghouses can only be of the closed type.
Only the closed suction design should be selected for a hazardous air pollutant applica-
tion to prevent accidental release of captured pollutants. At temperatures near the gas
stream dew point, greater care must be taken to prevent condensation, which can moisten
the filter cake, plug the cloth, and promote corrosion of the housing and hoppers. In a
suction-type fabric filter, infiltration of ambient air can occur, lowering the temperature
below design levels (8).

4.5. Construction Materials

The most common material used in fabric-filter construction is carbon steel. In cases
where the gas stream contains high concentrations of SO3 or where liquid–gas contact
areas are involved, stainless steel may be required. Stainless steel will increase the cost
of the fabric filter significantly when compared to carbon steel. However, keeping the
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Table 6
Comparison of Fabric-Filter-Bag Cleaning Methods

Pulse-jet 
Mechanical Reverse Pulse-jet compartmented

Parameter shake airflow individual bags bags

Cleaning on-line
or off-line Off-line Off-line On-line Off-line

Cleaning time High High Low Low
Cleaning uniformity Average Good Average Good
Bag attrition Average Low Average Low
Equipment ruggedness Average Good Good Good
Fabric typea Woven Woven Felt/wovena Felt/wovena

Filter velocity Average Average High High
Power cost Low Low to medium High to medium Medium
Dust loading Average Average Very high High
Maximum temperatureb High High Medium Medium
Collection efficiency Good Good Goodc Goodc

aWith suitable backing, woven fabrics can perform similarly to felted.
bFabric limited.
cFor a properly operated system with moderate to low pressures, the collection efficiency may rival

other methods.
Source: US EPA.
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emission stream temperature above the dew point and insulating the baghouse should
eliminate the need for stainless steel.

4.6. Design Range of Effectiveness

A well-designed fabric filter can achieve collection efficiencies in excess of 99%,
although optimal performance of the system may not occur for a number of cleaning
cycles as the new filter material is “broken in.” The fabric filter collection efficiency
depends on the pressure drop across the system, component life, filter fabric, cleaning
method and frequency, and the A/C ratio (13,14,26).

Performance can be improved by changing the A/C ratio, using a different fabric, or
replacing worn or leaking filter bags. Collection efficiency can also be improved by
decreasing the frequency of cleaning or allowing the system to operate over a greater
pressure drop before cleaning is initiated. Section 5.2 will discuss the above filtration
performance parameters in detail.

5. OPERATION

5.1. General Considerations
Many times, optimization of the fabric filter’s collection efficiency occurs in the

field after construction. The following discussion does not pertain to the preliminary
design of the fabric filtration control system; however, the information presented
should be helpful in achieving and maintaining the desired collection efficiency for the
installed control system.

5.2. Collection Efficiency

To discuss fabric-filter “collection efficiency” is somewhat of a misnomer because
a properly operated system yields very constant outlet concentrations over a broad
range of inlet loadings. As such, the system really does not operate as an efficiency
device—meaning that the performance of a fabric filter is not judged by the percent
particulate matter (PM) reduction from initial PM concentration. Outlet concentrations
are not a strong function of inlet loading. Typical outlet concentrations range between
0.001 and 0.01 g/dscf, averaging around 0.003–0.005 g/dscf. However, the term “col-
lection efficiency” applies to a fabric-filter system when describing performance for a
given application. The above given outlet concentration usually corresponds to very
high collection efficiencies (17).

A well-designed fabric filter can achieve collection efficiencies in excess of 99%,
although optimal performance of a fabric-filter system may not occur for a number of
cleaning cycles, as the new filter material achieves a cake buildup. The fabric-filter
collection efficiency is related to the pressure drop across the system, component life,
filter fabric, cleaning method and frequency, and A/C ratio. These operating parameters
should be modified to meet the required fabric filter performance. Modifications to
improve performance include changing the A/C ratio, using a different fabric, replacing
worn or leaking filter bags, and/or modifying the inlet plenum to ensure that the gas
stream is evenly distributed within the baghouse. Collection efficiency can also be
improved by decreasing the frequency of cleaning or allowing the system to operate
over a greater pressure drop before cleaning.
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5.3. System Pressure Drop

The pressure drop across the fabric-filter system depends on the resistance to the gas
stream flow through the filter bags and accumulating dust cake, amount of dust deposit
prior to bag cleaning, efficiency of cleaning, and plugging or blinding of the filter bags.
Normally, the design pressure drop is set between 5 and 20 in. of water. In practice,
variations in pressure drop outside the design range may indicate problems within the
fabric-filter system. Excessive pressure differentials may indicate (1) an increase in gas
stream volume, (2) blinding of the filter fabric, (3) hoppers full of dust, thus blocking
the bags, and/or (4) inoperative cleaning mechanism. Subpar pressure differentials may
indicate (1) fan or motor problems, (2) broken or unclamped bags, (3) plugged inlet
ducting or closed damper; and/or (d) leakage between sections of the baghouse. For
these reasons, continuous pressure-drop monitoring is recommended.

As the dust cake builds up during filtration, both the collection efficiency and system
pressure drop increase. As the pressure drop increases toward a maximum, the filter bags
(or at least a group of the bags contained in one isolated compartment) must be cleaned
to reduce the dust cake resistance. This cleaning must be timed and performed to (1) main-
tain the pressure drop and thus operating costs within reasonable limits, (2) clean bags as
gently and/or infrequently as possible to minimize bag wear and to maximize efficiency,
and (3) leave a sufficient dust layer on the bags to maintain filter efficiency and to keep
the instantaneous A/C ratio immediately after cleaning from reaching excessive levels, if
woven fabric with no backing is used. In practice, these various considerations are bal-
anced using engineering judgment and field trial experience to optimize the total system
operation. Changes in the process or in fabric condition through fabric aging will shift in
the cleaning requirements of the system. This shift may require more frequent manual
adjustments to the automatic control to achieve the minimum cleaning requirements.

5.4. Power Requirements

The cost of electricity depends largely on the fan power requirement. Equation (10) can
estimate this requirement, assuming a 65 % fan motor efficiency and a fluid specific grav-
ity of 1.00:

(10)

where Fp is the fan power requirement (kWh/yr), Qe,a is the emission stream flow rate (acfm),
P is the system pressure drop (in. H2O), and HRS is the operating hours (h/yr). For mechani-
cal shaking, Eq. (11) provides an estimate of the additional power:

(11)

where Pms is the mechanical shaking power requirement (kWh/yr) and Atc is the gross cloth area
(ft2). The annual electricity cost is calculated as the sum of Fp and Pms, multiplied by the
cost of electricity given in Table 10.

A pulse-jet system uses about 2 scfm of compressed air per 1000 scfm of emission
stream. Thus, a 100,000 scfm stream will consume about 200 scfm. Multiplying by both
60 and HRS gives the total yearly consumption. Multiplying this value by the cost of
compressed air given in Table 10 gives annual costs. For other cleaning mechanisms,
this consumption is assumed to be zero.

P Ams tc= × ( )( )−6 05 10 6. HRS

F Q Pp e a= × ( )( )( )−1 81 10 4. , HRS

Fabric Filtration 75

02_chap_wang.qxd  05/05/2004  12:40 pm  Page 75



5.5. Filter Bag Replacement

The cost of replacement bags is obtained from Eq. (12):

(12)

where CRB is the bag replacement cost ($/yr), CB is the initial bag cost ($), CL is the bag
replacement labor [$ (CL = $0.14Anc)], and, CRFB is the capital recovery factor, 0.5762 (indi-
cates a 2-yr life, 10 % interest). Because the bag replacement labor cost is highly variable,
a conservative high cost of $0.14/ft2 of net bag area has been assumed (8).

6. MANAGEMENT

6.1. Evaluation of Permit Application

One can use Table 7 to compare the results from this section and the data supplied
by the permit applicant (13). The calculated values are based on the typical case. As
pointed out in the discussion on fabric filter design considerations, the basic design
parameters are generally selected without the involved, analytical approach that char-
acterizes many other control systems. Therefore, in evaluating the reasonableness of
any system specifications on a permit application, the reviewer’s main task will be to
examine each parameter in terms of its compatibility with the gas stream and particu-
late conditions and with the other selected parameters. The following questions should
be asked:

1. Is the temperature of the emission stream entering the baghouse within 50–100°F above the
stream dew point?

2. Is the selected fabric material compatible with the conditions of the emission stream (i.e.,
temperature and composition) (see Table 3)?

3. Is the baghouse cleaning method compatible with the selected fabric material and its con-
struction (i.e., material type and woven or felted construction) (see Section 4.3 and Table 6)?

4. Will the selected cleaning mechanism provide the desired control?
5. Is the A/C ratio appropriate for the application (i.e., type of dust and cleaning method used)

(see Table 4)?

C C C CRFRB B L B= +[ ]
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Table 7
Comparison of Calculated Values and Values Supplied by the Permit Applicant for
Fabric Filters

Process Calculated value Reported 
variables (example case)a value

Continuous monitoring of system
pressure drop and stack opacity Yes —

Emission stream temp. rangeb 365–415°F —
Selected fabric material Fiberglass or TeflonTM —
Baghouse cleaning method Mechanical shaking, reverse-airflow, pulse jet —
A/C ratio 2.5 ft/min for mechanical shaking

or reverse air; 5 ft/min for pulse jet —
Baghouse configuration Negative pressure —

aBased on the municipal incinerator emission stream.
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6. Are the values provided for the gas flow rate, A/C ratio, and net flow area consistent?

The values can be checked with the following equation:

(8)

where the variables are as described earlier.
7. Is the baghouse configuration appropriate; that is, is it a negative-pressure baghouse?

6.2. Economics

Fabric filtration systems are attractive in that they are highly efficient collection
devices that can be operated at low-energy requirements. In addition, they usually have
no water requirements so that the solid-waste-disposal problem may be significantly
less than that for wet systems. On the other hand, fabric filtration systems are expensive
in that they require a large amount of space for installation [about 1 ft2 (0.1 m2) of floor
space per each 5 ft3/min (0.14 m3/min)] and have a large capital investment.

The highest maintenance component of fabric-filter systems is the fabric itself. In
baghouses, the bags have an average life of 18–36 mo and account for 20–40% of the
equipment cost. If the system is expected to have a 10-yr life, this means that the bags
must be replaced anywhere from three to seven times during this lifetime. Causes of bag
failure include blinding (mudding), caking, burning, abrasion, chemical attack, and
aging. Prior discussion in this chapter indicated how these problems can be reduced by
proper operating and maintenance procedures.

The Industrial Gas Cleaning Institute (IGCI), representing about 90% of all fabric-filter
gas cleaning device manufacturers, estimated that about half of the filter systems in the
United States are low energy and half are high energy.

This chapter mentions factors affecting the economics of filter systems. These factors
include the composition of both the solids and the gas, the type of filter system desired,
requirements for gas conditioning, and proper operating and maintenance procedures.
Other factors that also influence the cost of fabric filtration systems are, for example, spe-
cial properties of the gas stream (toxic, explosive, corrosive, and/or abrasive), space
restrictions in the installing facility, and the nature of ancillary equipment, such as hoods,
ducts, fans, motors, material-handling conveyors, airlocks, stacks, controls, and valves.

These costs (Tables 8–10) are averages of all industries, and actual operating and rela-
tive costs would depend on the specific application. Abrasive, corrosive, hot applications
may have greater total costs plus proportionally greater replacement and labor costs.
Equipment costs for a fabric-filter system can be estimated by either obtaining quota-
tions from vendors, or using generalized cost correlations from the literature. Total capital
costs (see Table 9) include costs for the baghouse structure, the initial complement of
the bags, auxiliary equipment, and the usual direct and indirect costs associated with
installing or erecting new structures. The price per square foot of bags by type of fab-
ric and cleaning system appears in Table 8 (3rd quarter 1986 dollars). The prices repre-
sent a 10 % range and should be escalated using the index provided in Chemical
Engineering (27). The annual costs (see Table 11) for a fabric-filter system consist of the
direct and indirect operating costs. Direct costs include utilities (electricity, replacement
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Q

A
e a

nc

,

Fabric Filtration 77

02_chap_wang.qxd  05/05/2004  12:40 pm  Page 77



78 Lawrence K. Wang et al.

Table 8
Bag Prices (3rd quarter 1986 $/ft2)

Type of materiala

Bag diameter
Type of cleaning (in.) PE PP NO HA FG CO TF

Pulse jet, TRb 41⁄2 –51⁄8 0.59 0.61 1.88 0.92 1.29 NAc 9.05
6–8 0.43 0.44 1.56 0.71 1.08 NA 6.80

Pulse jet, BBR 41⁄2–51⁄8 0.37 0.40 1.37 0.66 1.24 NA 8.78
6–8 0.32 0.33 1.18 0.58 0.95 NA 6.71

Shaker
Strap top 5 0.45 0.48 1.28 0.75 NA 0.44 NA
Loop top 5 0.43 0.45 1.17 0.66 NA 0.39 NA
Reverse air with rings 8 0.46 NA 1.72 NA 0.99 NA NA
Reverse air 8 0.32 NA 1.20 NA 0.69 NA NA
w/o ringsd 111⁄2 0.32 NA 1.16 NA 0.53 NA NA

Note: For pulse-jet baghouses, all bags are felts except for the fiberglass, which is woven. For bottom
access pulse jets, the cage price for one cage can be calculated from the single-bag fabric area
using the following:
In 50 cage lots: $ = 4.941 + 0.163 ft2 $ = 23.335 + 0.280 ft2

In 100 cage lots: $ = 4.441 + 0.163 ft2 $ = 21.791 + 0.263 ft2

In 500 cage lots: $ = 3.941 + 0.163 ft2 $ = 20.564 + 0.248 ft2
aPE = 16-oz polyester; PP = 16-oz polypropylene; NO = 14-oz nomex; HA = 16-oz homopolymer
acrylic; FG = 16-oz fiberglass with 10% TeflonTM; CO = 9-oz cotton; TF = 22-oz TeflonTM felt.
bBag removal methods: TR = top bag removal (snap in); BBR = bottom bag removal
cNA = Not applicable
dIdentified as reverse-air bags, but used in low-pressure pulse applications.

These costs apply to 41⁄2-in.- or 55⁄8-in.-diameter, 8-ft and 10-ft cages made of 11 gage mild steel and hav-
ing 10 vertical wires and “Roll Band” tops. For flanged tops, add $1 per cage. If flow-control Venturis are
used (as they are in about half of the pulse-jet manufacturers’ designs), add $5 per cage.

For shakers and reverse air baghouses, all bags are woven. All prices are for finished bags and prices can
vary from one supplier to another. For Gore-TexTM bag prices, multiply base fabric price by factors of 3–4.5.

Source: ref. 8.

bags, and compressed air), operating labor, and maintenance costs. Indirect costs con-
sist of overhead, administrative costs, property taxes, insurance, and capital recovery.
Table 10 provides the appropriate factors to estimate these costs.

The bag replacement labor cost depends on such factors as the number, size, and type
of bags, the accessibility of the bags, how much they are connected to the tube sheet,
and so forth. As such, these costs are highly variable. For simplicity, assume a conser-
vatively high cost of $0.14/ft2 net bag area, per EPA guidance (8). Dust disposal typi-
cally comprises a large cost component and varies widely with site. The reader should
obtain accurate, localized costs. These fall between $20/ton and $30/ton for nonhaz-
ardous waste, and 10 times this amount for hazardous material (8).

The cost of operating labor assumes a requirement of 3 h per 8 h shift and the wage
rate is provided in Table 10. Supervisory costs are taken as 15 % of operator labor costs.
The cost of maintenance assumes a labor requirement of 1 h per 8 h shift, and the wage
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rate is provided in Table 10. The cost of maintenance materials is assumed to equal the
maintenance labor costs.

6.3. New Technology Awareness

A sanitary bag filter has been developed to enhance clean-in-place (CIP) capability (28).
The entire system can be cleaned between product changes without changing the filter
bags. The system eliminates crosscontamination of products while still efficiently col-
lecting powdered pollutants from an air emission stream. Another gas filter has been
developed using the ceramic-element technology. The controlled filtration layers trap
larger particles in the outer layer and catch smaller ones in the inner layer, resulting in
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Table 9
Capital Cost Factors for Fabric Filters

Direct costs Factor

Purchased Equipment Costs (PEC)
Fabric filter As estimated
Bags As estimated
Auxiliary equipment As estimated
(EC = sum of as estimated)
Instruments and controls 0.10 EC
Taxes 0.03 EC
Freight 0.05 EC
PEC = 1.18 EC

Installation Direct Costs (IDC)
Foundation and supports 0.04 PEC
Erection and handling 0.50 PEC
Electrical 0.08 PEC
Piping 0.01 PEC
Insulation for ductworka 0.07 PEC
Paintingb 0.02 PEC
Site preparation (SP) As required
Buildings (Bldg.) As required
IDC = 0.72 PEC + SP + Bldg.
Total direct cost (DC) = PEC + IDC = 1.72 PEC + SP + Bldg.

Indirect Costs
Engineering and supervision 0.10 PEC
Construction and field expense 0.20 PEC
Construction fee 0.10 PEC
Start-up fee 0.01 PEC
Performance test 0.01 PEC
Contingencies 0.03 PEC
Total Indirect Cost, IC = 0.45 PEC

Total capital cost (TCC) = DC + IC = 2.17 PEC + SP + Bldg.

aIf ductwork dimensions have been established, cost may be established based on $10–$12/ft2 of sur-
face for field application. Fan housings and stacks may also be insulated.

bThe increased use of special coatings may increase this factor to 0.06 PEC or higher.
Source: ref. 8.
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a 99.999% removal rating for 0.003 µm at maximum flow rate. The ceramic medium is
processed at temperatures above 2000°C, eliminating organic contaminants. It is capable
of producing flow rates up to 2700 L/min (29).

The most recently developed filtration processes use membrane filtration media.
Because substances that permeate nonporous membranes are reasonably volatile, appli-
cation of a vacuum always causes the permeate to be desorbed from the membrane in
the vapor state. Hence, the term “pervaporation” applies if the feed to the membrane fil-
ter is liquid, because the contaminant appears to evaporate through the membrane (30,31).
If the feed is vapor, or a gas–vapor mixture, the process is called “vapor permeation”
(30). More new technologies are reported elsewhere (32–36).

7. DESIGN EXAMPLES AND QUESTIONS

Example 1
The process flow diagram for a typical shaker fabric filter appears in Fig. 3. Give a general
process description for the fabric filtration process.

Solution

Fabric filters are air pollution control devices designed for controlling particulate matter
emissions from point sources. A typical fabric filter consists of one or more isolated com-
partments containing rows of fabric bags or tubes. Particle-laden gas passes up along the
surface of the bags, then radially through the fabric. The upstream face of the bags retains
particles while the clean gas stream vents to the atmosphere. The filter operates cyclically

80 Lawrence K. Wang et al.

Table 10
Annual costs for Fabric Filters

Cost item Factor

Direct Costs (DAC)
Utilities

Electricity $0.059/kWh
Compressed air $0.16/103 scfm

Replacement parts, bags
Operating labor

Operator $12.96/h
Supervisor 15% of operator labor

Maintenance
Labor $14.26/h
Material 100% of maintenance labor

Waste disposal Variable
Indirect costs (IAC)

Overhead 0.60(operating labor + maintenance)
Administrative 2% of TCC (total capital cost)
Property tax 1% of TCC
Insurance 1% of TCC
Capital recoverya 0.1175(TCC − 0.05CL − 1.08 CB)
aCapital recovery factor is estimated as i(1+i)n/[(1+i)n − 1],
where i is the interest rate, (10%) and n is the equipment life, (20 yr).
Source: ref. 8.
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to alternate between long filtering periods and short cleaning periods. During cleaning,
accumulated dust on the bags is removed from the fabric surface and deposited in a hop-
per for subsequent disposal.

Fabric filters collect particles ranging from submicron to several hundred microns in diameter,
at efficiencies generally in excess of 99% Routinely, gas temperatures can be accommodated
up to about 500°F, with surges to approx 550°F. Most of the energy use in a fabric-filter sys-
tem derives from the pressure drop across the bags and associated hardware and ducting.
Typical values of pressure drop range from about 5 to 20 in. of water column.

Example 2
Fabric filters are often categorized by the cleaning method for removing the dust cake.
Three common types include (1) shaker filters, (2) reverse-air filters, and (3) pulse-jet
filters. Describe and discuss (1) general cleaning methods and (2) the three types of
fabric filter.

Solution:

1. General cleaning methods: As dust accumulates on the filtering elements, the pres-
sure drop across the bag compartment increases until cleaning of the bags occurs.
Cleaning is usually controlled by a timer or a pressure switch set at the specified max-
imum pressure drop. At this point, the bags in the compartment are cleaned to remove
the collected dust, and the cycle is then repeated. The two basic mechanisms for bag
cleaning involve flexing the fabric to break up and dislodge the dust cake, and reverse
airflow through the fabric to remove the dust. These may be used separately or togeth-
er. The three principal methods used for fabric cleaning are mechanical shaking (man-
ual or automatic), reverse airflow, and pulse-jet cleaning. The first method uses only
the fabric flexing mechanism; the latter two methods use a combination of the reverse-
airflow and fabric flexing mechanisms.

2. Three types of fabric filters:
a. In a shaker filter (see Fig. 3), the bags are hung in a framework that is oscillated

by a motor-controlled timer. In this type of system, the baghouse is usually divid-
ed into several compartments. The flow of gas to each compartment periodically is
interrupted, and the bags are shaken to remove the collected dust. The shaking
action produces more wear on the bags than other cleaning methods. For this rea-
son, the bags used in this type of filter are usually heavier and made from durable
fabrics (13,26).

b. In a reverse-airflow filter, gas flow to the bag is stopped in the compartment being
cleaned and a reverse flow of air is directed through the bags. This approach has the
advantage of being “gentler” than shaking allowing the use of more fragile or
lightweight bags (13).

c. The third type of baghouse, pulse-jet fabric filter, is by far the most common type
for Superfund applications. In this type of system, a blast of compressed air
expands the bag and dislodges collected particles. One advantage of pulse-jet fab-
ric filters is that bags can be cleaned on line, meaning fewer bags (less capacity)
are required for a given application (26).

Example 3
Discuss (1) mechanical shaking cleaning methods, (2) reverse-airflow cleaning methods,
and (3) pulse-jet cleaning methods in detail.

02_chap_wang.qxd  05/05/2004  12:40 pm  Page 81



Solution

1. Mechanical shaking cleaning method: With mechanical shaking, bags hang on an
oscillating framework that periodically shakes the bags at timed intervals or at a pre-
defined pressure drop level (14,15,18). The shaker mechanisms produce violent action
on the fabric-filter bags and, in general, produce more fabric wear than the other
types of cleaning mechanism (16). For this reason, mechanical shaking is used in con-
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Fig. 3. Fabric-filter process flow diagram.
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junction with heavier more durable fabrics, such as most woven fabrics. Bags with fair
to poor abrasion ratings in Table 3 (e.g., fiberglass) should not be chosen for fabric fil-
ters cleaned by mechanical shaking unless they are treated with a special coating (i.e.,
a backing) before use. Although shaking is abrasive to the fabric, it does allow a dust
cake to remain on the fabric, thus maintaining high collection efficiency (15,22).

2. Reverse-airflow cleaning method: Reverse-airflow cleaning is used to flex or collapse
the filter bags by allowing a large volume of low pressure air to pass countercurrent
to the direction of normal gas stream flow during filtration (16,18). Reverse air is
provided either by a separate fan or by a vent in the fan damper, which allows a back-
wash of air to clean the fabric filters. Reverse-airflow cleaning is usually performed
off-line. It allows the use of fragile bags, such as fiberglass, or lightweight bags, and
usually results in longer life for bags (16). As with mechanical shaking, woven fabrics
are used. Because cleaning is less violent than with pulse-jet cleaning and is performed
off-line, outlet concentrations are almost constant with varying inlet dust loading
throughout the cleaning cycle. Reverse-airflow cleaning is, therefore, a good choice
for fabric cleaning in hazardous air pollutant (HAP) control situations.

3. Pulse-jet cleaning method: In pulse-jet cleaning, a high-pressure air pulse enters the
top of the bag through a compressed air jet. This rapidly expands the bag, vibrating it,
dislodging particles, and thoroughly cleaning the fabric. The pulse of air cleans so
effectively that no dust cake remains on the fabric to contribute to particulate collec-
tion. Because this cake is essential for effective collection on woven fabrics, felted
fabrics are generally used in pulse-jet-cleaned fabric filters. Alternatively, woven fabrics
with a suitable backing may be used. All fabric materials may be used with pulse-
jet-cleaning, except cotton or fiberglass. Previously, mechanical shaking was considered
superior to pulse-jet cleaning in terms of collection efficiency. Recent advances in
pulse-jet cleaning have produced efficiencies rivaling those of mechanical shaking.

Because the air pulse has such a high pressure (up to 100 psi) and short duration
(≤0.1 s), cleaning may also be accomplished on-line, but off-line cleaning is also
employed. Extra bags may not be necessary to compensate for bags off-line during
cleaning. Cleaning occurs more frequently than with mechanical shaking or reverse-
airflow cleaning, which permits higher air velocities (higher A/C ratios) than the other
cleaning methods. Furthermore, because the bags move less during cleaning, they
may be packed more closely together. In combination, these features allow pulse-jet-
cleaned fabric filters to be installed in a smaller space, at a lower cost, than fabric fil-
ters cleaned by other methods. This cost savings may be somewhat counterbalanced
by the greater expense and more frequent replacement required of bags, the higher
power use that may occur, and the installation of fabric-filter framework that pulse-jet
cleaning requires (14,16,18).

Example 4
A new 8000-ft3/min shaker-type filter installation is being designed to remove iron oxide
from an electric furnace emission. Consider the gas to be air at 110°F with an inlet dust
concentration of 0.8 gr/ft3 (grains per cubic foot). The A/C ratio is 3 ft/min and the mass
mean particle size is approx 1 µm. Other design parameters include the following.

From Table 2 for a 1-µm spherical particle:
S = specific surface area per unit volume of solids = 1.83 × 106 ft −1

e = porosity = 0.40

Assume that the Kozeny–Carman coefficient k = 5 and
ρp = particle density = (5.18)(62.4) = 323 lb/ft3

Fabric Filtration 83
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µf = air viscosity = 1.21 × 10 −5 lbm/(s ft)
g = 32.174 ft/s2

Determine the following design variables:
1. Cake fabric-filter resistance coefficient, K2
2. Filtration cycle time, t
3. Blower horsepower
4. Fabric-filter area
5. Solids removal rate

Solution
1. Using Eq. (7),

Operating data in the literature (3) show that for an installation of this type, using
Orlon fabric filters, K2 = 45. This is obtained via Eq. (6) for an inlet dust loading of
0.8 gr/ft3.

2. Assume that the filtration should operate so that the pressure drop increases by up to
about 3 in. H2O. The filtration cycle time can then be estimated by rearranging Eq. (6)
(use K2 = 45):

Therefore, it would be necessary to shake the system about once an hour.

3. Considering that the residual fabric-filter resistance is also about 3 in. H2O and there
are other gas flow pressure losses, assume an overall ∆P of 7 in. H2O. The size of the
blower can be estimated (7) using 60% blower efficiency:

Blower horserpower(HP) = (3 × 10−4)(∆P)(Q)
∆P = 7 in. H2O
Q = 8000 ft3/min
HP = (3 × 10−4)(7)(8000) = 17

4. The size of the filter area required is
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5. The material handling system to remove the solids must be able to handle a maximum of

This assumes 100% filter efficiency (1320 lb/d for 24-h operation).

Example 5
What is the “HAP Emission Stream Data Form” recommended by the US Environmental
Protection Agency (US EPA)?

Solution

The “HAP Emission Stream Data Form” recommended by the US EPA is presented in
Appendix 1.

Example 6
Prepare a step-by-step calculation procedure for design of a fabric filtration system.

Solution
1. Engineering data gathering for the HAP emission stream characteristics:

1) Flow rate: Qe,a = acfm
2) Moisture content: Me = % (vol)
3) Temperature:  Te = °F
4) Particle mean diameter: Dp = µm
5) SO3 content = ppm (vol)
6) Particulate content = grains/scf
7) HAP content = % (mass)

2. Determine or decide the following engineering data for permit review and application:
1) Filter fabric material 
2) Cleaning method (mechanical shaking, reverse air, pulse jet) 
3) Air-to-cloth ratio ft/min
4) Baghouse construction configuration (open pressure, closed pressure, closed suc-

tion)
5) System pressure drop range in. H2O

3. Pretreatment Considerations:
If the emission stream temperature is not from 50°F to 100°F above the dew point,
pretreatment is necessary (see Chapter 1). Pretreatment will cause two of the pertinent
emission stream characteristics to change; list the new values below.
1) Maximum flow rate at actual conditions: Qe,a = acfm
2) Temperature: Te = °F

4. Fabric Filter System Design
1) Fabric type(s) (use Table 3)

a. 
b. 
c. 

2) Cleaning method(s)
a. 

8000 0 8 1
7000

60
55

1 ft
min

 grains
ft

b
 grains

 min
h

b
h

3

3
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b. 

3) Air-to-cloth ratio (Table 4) ft/min
4) Net cloth area, Anc:

where Anc is the net cloth area (ft2), Qe,a = maximum flow rate at actual conditions
(acfm) = Qe(Te + 460)/537 (which is to be used if given Qe instead of Qe,a), and
A/C ratio = air-to-cloth ratio (ft/min)
Anc = /

Anc = ft2

5) Gross cloth area, Atc:

where Atc is the gross cloth area (ft2) and Factor is the value from Table 5 (dimen-
sionless).

Atc = ×
Atc = ft2

6) Baghouse configuration ___________
7) Materials of construction ___________

5. Determination of baghouse operating parameters
1) Collection efficiency (CE) = __________
2) System pressure drop range __________ in. H2O

Example 7
Fabric filtration is one of the selected control techniques for a municipal incinerator.
Conduct a preliminary design for a fabric filtration system (select filter fabrics, decide
cleaning method, and determine A/C ratio). The pertinent engineering data appear on the
“HAP Emission Stream Data Form” (see Table 11).

Solution

1. Gather engineering data on HAP emission stream characteristics from Table 11:
1) Flow rate, Qe,a = 110,000 acfm
2) Moisture content, Me = 5% vol
3) Temperature, Te = 400°F
4) Particle mean diameter, Dp=1.0 µm
5) SO3 content = 200 ppm (vol)
6) Particulate content = 3.2 gr/scf − flyash
7) HAP content = 10% (mass) cadmium

2. Fabric-filter Preliminary Design. In this case, fabric selection depends on the emission
stream temperature of 400°F, the SO3 content of 200 ppmv, and the flyash particulate
type. Table 3 indicates that filter fabrics capable of withstanding 400°F emission
stream temperature are ceramics (Nextel 312TM), nylon aromatic (Nomex), fluorocar-
bon (Teflon), and fiberglass. Because there is a high potential for acid damage (i.e., a
high SO3 content), however, Nomex bags should not be considered. To obtain an indi-
cation of the A/C ratio, use Table 4. This table shows that an A/C ratio of around 2.5 is

Atc nc= × FactorA

Anc = ( )Qe,a A C ratio  
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88 Lawrence K. Wang et al.

Fig. 4. Structure costs for reverse-air filters.

expected for mechanical shaking or reverse-air cleaning, and an A/C ratio of about 5.0
is expected for pulse-jet cleaning.

A fiberglass bag would provide the most protection during temperature surges
(unless ceramics are used), and because fiberglass bags may be less expensive, it may
be the fabric of choice for an installation with these emission characteristics.
Fiberglass bags would require that reverse-air cleaning be used, unless a suitable back-
ing allows pulse-jet cleaning. Teflon bags with mechanical shaking could also be a
possibility (7,17). Limited information on the long-term effectiveness of ceramics has
been documented. It is expected that ceramic fibers will have performance character-
istics similar to the best synthetic fibers, but will cost significantly more.

Example 8
The HAP emission stream shown in Example 7 and Table 11 is to be treated by a reverse-
air baghouse. Figure 4 is provided by the vendor for the cost of the baghouse structure.
Determine the A/C ratio, net cloth area (Anc), gross cloth area (Atc), and the baghouse total
capital cost (requiring stainless steel add-on and insulation).

Solution
1. From Table 4, flyash, the A/C ratio = 2.5.
2. Thus, Anc = (110,000 acfm)/2.5 = 44,000 ft2.
3. Obtain the total cloth area using Table 5. This table indicates that Anc should be mul-

tiplied by 1.125 to obtain Atc. Thus, Atc = 44,000(1.125) = 49,500 ft2. This value is
used to obtain the structure cost.

4. Using Fig. 4, the structure cost equals $380,000 plus $270,000 for stainless-steel add-
on, plus $40,000 for insulation. The total cost is then $380,000 + $270,000 + $40,000 =
$690,000.
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Fabric Filtration 89

Table 8 is used to obtain the bag cost, CB. From the previous example case, choose fiber-
glass bags with Teflon backing. Assume the bag diameter is 8 in. with rings. The bag cost
is given as ($0.99/ft2) × (49,500 ft2) = $49,000.

Assume that auxiliary equipment costs obtained (see another chapter on cost estimation of
air pollution control technologies) are $10,000. The equipment cost (EC) is then $690,000 +
$49,000 + $10,000 = $749,000. Table 9 lists the purchased equipment cost (PEC):

Instrumentation = 0.10(EC) = $74,900
Taxes = 0.03(EC) = $22,500
Freight = 0.05(EC) = $37,500

The total PEC is then $749,000 + $74,900 + $22,500 + $37,500 = $884,000. Table 9 is
then used to obtain the total capital cost (TCC) of the baghouse system. These costs are
given in Table 12. Another Humana Press book (37) gives additional cost data.

Table 12
Example Case Capital Costs

Direct costs Cost ($)

Purchased Equipment Costs
Fabric filter $ 690,000
Bags 49,000
Auxiliary equipment 10,000

$ 749,000
Instruments and controls $ 74,900
Taxes 22,500
Freight 37,500

Purchased equipment cost (PEC) $ 884,000

Installation Direct Costs
Foundation and supports $ 35,400
Erection and handling 442,000
Electrical 70,700
Piping 8,840
Insulation for ductwork 61,900
Painting 17,700
Site preparation (SP) —
Buildings (Bldg.) —

$ 636,000
Total direct costs $ 1,520,000

Indirect Costs
Engineering and supervision $ 88,400
Construction and field expense 177,000
Construction fee 88,400
Start-up fee 8,840
Performance test 8,840
Contingencies 26,500

Total indirect cost $ 398,000

Total direct and indirect cost = $ 1,920,000
Total capital cost (TCC)
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Example 9

Assume that the waste generation ratio is 3.2 gr/ft3 of HAP emission stream processed, the
HAP emission stream flow is 110,000 ft3/min, and the waste disposal cost is $200/ton-yr,
determine the total annual waste disposal cost for a fabric filtration system.

Solution
1.

2.

Example 10

The HAP emission stream shown in Example 7 and Table 11 is to be treated by a reverse-
air baghouse. Assume the following are the given data:

1. Emission stream flow, Qacfm = 110,000 acfm
2. System pressure drop = 10 in. H2O
3. Annual operating hours, HRS = 6000 h/yr (assuming 8 h/shift)
4. Electricity cost = $0.059/kWh
5. Initial bag cost, CB = $49,000 from Example 8
6. Net cloth area, Anc = 44,000 ft2 from Example 8
7. Operating labor and labor cost of baghouse at 3 h/shift and $12.96/h, respectively
8. Supervisory cost = 15% of total operating labor costs
9. Maintenance labor and cost of baghouse at 1 h/shift and $14.26/h, respectively
10. Maintenance cost = 100% maintenance labor cost
11. Waste generation rate = 3.2 gr/ft3 of HAP emission stream processed. Waste genera-

tion cost = $1,810,600/yr from Example 9
12. Indirect annual cost = Table 10

Determine the following:

1. Total direct cost
2. Total indirect cost
3. Total annual cost

Solution
1. Total direct annual costs: Electricity usage is estimated using Eq. (10). Assume that

the system pressure drop equals 10 in. H2O.

Fp = 1.81 × 10−4(110,000)(10)(6,000)
= 1.19 × 106

Annual waste disposal cost = 1.81 10
lb

yr

ton

 lb ton yr
                                                 
                                           = $1,810,000

7× × ×
2000

200

Waste quantity generated
gr
ft

b
 gr

 ft
h

 h
yr

                                         1.81 10
lb
yr

3

7

= × × × ×

= × ×

3 2
11

7000
110 000 60 60003

.
,
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Electricity cost = $0.059(1.19 × 106) = $70,200/yr

Because reverse air is used, Pms = 0.
Bag replacement costs are obtained using Eq. (12):

CRB = [49,000 + 0.14(44,000)]0.5762
= $31,800/yr

Operating labor costs are estimated as

[(3 h/shift)/(8 h/shift)]6,000 h/yr = 2,250 h/yr
2,250 h/yr ($12.96/h) = $29,200/yr

Supervisory costs are taken as 15% of this total, or $4370.
Maintenance labor costs are estimated as

[(1 h/shift)/(8 h/shift)]6,000 h/yr = 750 h/yr
750 h/yr ($14.26/h) = $10,700/yr

Maintenance materials are taken as 100% of this total, or $10,700.
Waste disposal cost = $1,810,600/yr from Example 9
Total direct annual costs = $70,200 + $31,800 + $29,200 + $4370 + $10,700 + $10,700 +
$1,810,000 = $1,970,000

2. Total indirect annual costs: These costs are obtained from the factors presented in
Table 10 and the example case presented above.
Overhead = 0.60($29,200 + $4370 + $10,700 + $10,700)

= $33,000
Administrative = 0.02($1,920,000)

= $38,400
Insurance = 0.01($1,920,000)

= $19,200
Property taxes = 0.01($1,920,000)

= $19,200
Capital recovery = 0.1175($1,920,000) − 1.08($49,000) − 0.05($0.14)(44,000)

= $219,000
Total indirect costs = $33,000 + $38,400 + $19,200 + $19,200 + $219,000

= $329,000
Total annual costs = $1,970,000 + $329,000

= $2,200,000/yr

Example 11
The bag prices shown in Table 8 are for the third quarter 1986. Discuss how one can update
the third quarter 1986 cost to the March 2002 cost, or any month in the future.

Solution
Using the following equation for equipment cost comparison:

Costb = Costa (Indexb)/(Indexa)

where Costb is the future cost ($), Costa is the old cost ($), Indexb is the future CE equip-
ment cost index, and Indexa is the old CE equipment cost index. For instance, the CE
(Chemical Engineering) equipment cost index for the third quarter 1986 can be obtained
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from the literature (32) to be 336.6. The March 2002 CE equipment cost index can also
be obtained from a different issue of the same source (27). In turn, the March 2002
equipment costs can be calculated using the known values of Cost9-1986, Index3-2002, and
Index9-1986:

Cost3-2002 = Cost9-1986 (Index3-2002)/Index9-1986,

Readers are referred to ref. 37 for more detailed information on cost estimation.

NOMENCLATURE

Anc Net cloth area (ft2)
Atc Gross cloth area (ft2)
c Flow constants
CB Initial bag cost ($)
CRB Bag replacement cost ($)
Cost Equipment cost ($)
CRFB Capital recovery factor
DP Particle mean diameter (µm)
DAC Direct annual costs ($)
ε Porosity or fraction void volume (dimensionless)
FP Fan power requirement (kWh/yr)
g Gravitational constant
HP Horsepower
HRS Operating hours (h/yr)
i Interest rate
IAC Indirect annual costs ($)
Index Chemical Engineering equipment cost index (dimensionless)
k Kozeny–Carman coefficient (approx 5 for 0.8 ≥ ε)
K Kozeny permeability coefficient
K1 Resistance of the fabric (in. H2O/ft/min)
K2 Cake–fabric–filter resistance coefficient
L Inlet solids concentration (lbm/ft3)
Me Moisture content (vol %)
µ Viscosity
µf Fluid viscosity
n Equipment life (yr)
Pms Mechanical shaking power requirement (kWh/yr)
∆P Pressure drop (in. H2O)
∆P1 Pressure drop across fabric (in. H2O)
∆P2 Change in pressure drop due to cake build–up over time interval t (in. H2O)
ρ Density
ρp True density of solid material (lbm/ft3)
Q Volumetric flow rate (ft3/min)
S Specific surface area per unit volume of either porous filter media or

solids in cake layer (ft2/ft3)
t Time (min)
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Te Emission stream temperature (°F)
TCC Total capital costs ($)
v Gas flow velocity (ft/min)
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APPENDIX 1

HAP EMISSION STREAM DATA FORM*

Company _______________ Plant contact _______________
Location (Street) _______________ Telephone No ______________

(City) _______________ Agency contact ______________
(State, Zip)______________ No. of Emission Streams Under Review __________

A. Emission Stream Number/Plant Identification _________________________________
B. HAP Emission Source (a)_____________ (b)______________ (c)______________
C. Source Classification (a)_____________ (b)______________ (c)______________
D. Emission Stream HAPs (a)_____________ (b)______________ (c)______________
E. HAP Class and Form (a)_____________ (b)______________ (c)______________
F. HAP Content (1,2,3)** (a)_____________ (b)______________ (c)______________
G. HAP Vapor Pressure (1,2) (a)_____________ (b)______________ (c)______________
H. HAP Solubility (1,2) (a)_____________ (b)______________ (c)______________
I. HAP Adsorptive Prop. (1,2) (a)_____________ (b)______________ (c)______________
J. HAP Molecular Weight (1,2)(a)_____________ (b)______________ (c)______________
K. Moisture Content (1,2,3) _______________ P. Organic Content (1)***___________
L. Temperature (1,2,3) _______________ Q. Heat/O2 Content (1)______________
M. Flow Rate (1,2,3) _______________ R. Particulate Content (3)____________
N. Pressure (1,2) _______________ S. Particle Mean Diam.(3)____________
O. Halogen/Metals (1,2) _______________ T. Drift Velocity/SO3 (3)_____________
U. Applicable Regulation(s) ________________________________________________
V. Required Control Level ________________________________________________
W. Selected Control Methods ________________________________________________

*The data presented are for an emission stream (single or combined streams) prior to entry into the
selected control method(s). Use extra forms if additional space is necessary (e.g., more than three HAPs)
and note this need.

**The numbers in parentheses denote what data should be supplied depending on the data on lines
C and E:

1 = organic vapor process emission
2 = inorganic vapor process emission
3 = particulate process emission

***Organic emission stream combustibles less HAP combustibles shown on lines D and F.

APPENDIX 2

METRIC CONVERSIONS

Nonmetric Multiplied by Yields metric

MMBtu/h 1054.35 MM J/h
°F 0.555556(°F-32) °C
ft 0.3048 m.
acfm 0.028317 acmm
dscfm 0.028317 dscmm
gal 3.78541 L
hp 746 J/s
in. 2.54 cm
lb 0.453592 kg
mil 0.0254 mm
mile 1609.344 m.
ton 0.907185 Metric ton (1000 kg)
yd3 0.76455 m3
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