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FOREWORD

This document is submitted to the Department of Health, Fducation
and Welfare, National Air Pollution Control Administration, in partial
fulfillment of the requirements under Contract CPA 22-69-38. The
principal technical objectives under the contract were: (1) to evaluate
the status of engineering technology currently available to the researcher,
manufacturer and user of fabric filter systems; (2) investigate the
current practices in the application of fabric filtration; (3) investigate
major air pollution control areas which could_bé amenable to control
by fabric filtration; (4) make a critical review and engineering evalugtion
of the major types of fabric filter devices currently available in order
to assess the strength and weakness of each type of device; (5) prepare
a comprehensive report containing the information collected in the task
areas cited above; and (6) develop five-year research and development
programs specifying the research and development efforts required to
fill the stated technical gaps. The results of the contract efforts

are presented in the following four volumes:

Volume I -~ Handbook of Fabric Filter Technology

Volume II - Appendices to Handbook of Fabric Filter Technology
Volume III - Bibliography Fabric Filter Systems Study

Volume IV - Final Report Fabric Filter Systems Study

The following professional staff members of the GCA Technology Division
contributed to the study and preparation of this report: Dr. Charles E,
Billings, Mr. Richard Dennis, Dr. Leonard M. Seale, and Dr. John Wilder.

The results of the contract efforts, partially‘presented in this document,

covered the period from January 1969 to January 1971.

Mr. Dale Harmon of the Process Control Engineering Division, National
Air Pollution Control Administration, served as the Contract Project

Officer,

iii
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CHAPTER 1

INTRODUCT ION

1.1 GENERAL DESCRIPTION

A fabric filter consists of a porous flexible layer of textile material
through which a dusty gas is passed to separate particles from the gas
stream. As particles accumulate, resistance to gas flow increases. Deposits
are removed periodically by vigorous cleaning of the cloth to maintain the
pressure drop across;the filter within practical operating limits. Provision
of methods for cleaning the fabric in place 1s a distimguishing characteristic

of this class of gas filter.

Fabric filters are commonly used for control of dust concentrations in
the range of 102 pg/m3 (urban atmospheric dust) to 103 g/m3* (pneumatic con-
veying). They provide effective removal of particles whose sizes range from
submicron fumes to >200 micron (m) powders. Fabrics are available to permit
operation at gas temperatures up to about 550°F and to provide chemical re-
sistance against specific constituents of the gas or particulate. Fabric
filters can provide a substrate for support of granular reactants or adsor-

bents., to recover gaseous components.

The quantity of ventilation air or process gas, and the dust concentration,
in cohjunction with specific flow-resistance properties of the particulate de-
posit, determine the amount of cloth area required for any selected value of
operating pressure differential. An operating pressure drop is generally
selected in the range of 3 to 4 inches of w&ter, for economic reasons, but
some designs operate substantially in excess of 10 inches of water. Super-
ficial filtration velocities (total air volume filtered/total cloth area),
ccmmonly called the air-to-cloth ratio, are generally in the range of 1 to
15 cfm/ftz, i.e., 1 to 15 ft/minf* However, values in excess of 50 ft/min
can be achieved at moderate flow resistance with certain cleaning devices

on coarse dusts.

* One gram per cubic meter = 0.435 grains per cubic foot.
** Average for shaker type, reverse air and pulse jet are approximately
2.5/1, 2/1 and 6/1, respectively.
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Collectors are readily available in sizes from a few square feet of
cloth up to several hundred thousand sqﬁare'feet. Total gas flows handled
by individual units range from < 100 cfm to >106 cfm. Units up to a few
hundred square feet of cloth are fabricated and assembled by semi-automatic
production line techniques, produced in relatively large quantitics, and
shipped assembled. Larger units, which are carcfully designed to meet the
requirenents of specitic applications, arce frequently fabricated for asscembly

at the installation site.

Costs vary in proportion to size and with respect to kind and arrange-
ment of {abric and elcaning apparatus; initial collector costs are typically
in the range of 0.35 to 1.25 dollars per cfm. Actual installed costs, in-
cluding necessary auxiliary equipment, may be 2 to 3 times the base cost of
the filter, a figure of 2.25 times being suggested as a reasonable average
estimating approximation.1 Total annual operating costs relative to weight
removal efficiency for fabric filters and other gas cleaning equipment are
shown in Figure 1.1 adapted from Stairmand.2 Fabric filters are séen to
yield lower penetrations (higher efficiency) at costs lower than those pre-
dicted from the guideline shown. This favors fabric filters in those situa-
tions where their use is not precluded by other factors, and where very high
collection efficiency is required for finc particles.2 Generally, high ef-

ficiency at reasonable cost is an inherent characteristic of the separation

process utilized in fabric filters. 1If they are properly designed, installed,

operated and most important, properly maintained, fabric filters will col-

lect more than 99.9% of the incoming dust on most applications.

In many industrial applications, the discharge from the fabric filter
can be returned to the interior of the plant, as it will be respirably ac-
ceptable if the conveying gas is respirable. This effects a saving on the
heating or cooling of make-up air. The collector discharge dust concentra-
tion will frequently be found to be less than 100 pg/m3 which is as low or
lower than ambient atmospheric dust concentrations found in many major U.S.
cities. 1In general, increased outlet concentrations are associated with
higher inlet concentrations, more cleaning energy, and higher filtering

velocities. Performance and cost relationships are explored and considered

in more detail in subsequent chapters.
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1.2 HISTORICAL ASPECTS OF FABRIC FILTRATION

1.2.1 Early Filtration Equipment

The use of textile fabrics as filters for the separation of air-
borne dust and fume includes much of the recorded history of man, probably
éncompassing the textile and metallurgical technologies developed in the
Egyptian Old Kingdom (ca. 5000 B.C.). Eérliest recorded applications of fab-
rics as filters appear in the use of a cloth drawn over the mouth and nose to
prevent inhalation of dusts by millers and bakers, miners and stone cutters,
and in lead refining and non-ferrous metallurgy. Surviving records from Bib-
lical times mention the use 6f woven sacks (bags) placed over the head and
tied round the neck for protection from dusts in mining and refining of lead

oxide. This primitive practice persists essentially unchanged to the present

under certain dusty conditions.3

Davies4 has reviewed the early history of the use of fabrics and
fibrous materials for respiratory protective devices, (see summary in Appen-
dix 1.1), together with some early contributions to the present day under-
standing of aerosol filtration. The major stimull to the development of an
understanding of the filtration process, especially of the initial step of
particle deposition in a cleanable fabric filter, were associated with the
protection of workers from dust. This includes medical respirators for
reduction of airborne infectious agents; fire-fighters smoke protection; and
respiratory protection from chemical, biological and radiological aerosols
in industrial and.military environments. Development of industrial fabric
filters has proceeded independently for the processing of large volumes of
gas for product recovery, protection of machinery or other equipment, as well
as for worker health or nuisance control. The recovery:of valuable products
from dusts and fumes in non-ferrous smelting and refining operations was pro-
bably one of the earliest applications nf industrial fabric filters. The
escaping fume represented an economic loss. 1In addition, in the case of lead
and arsenical ores, the fume was the source of injury to the surrounding
populace and livestock and damage to the surrounding property, resulting in

damage suits and further economic penalties.
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Table.l.l summarizes some of the developments of fabric filters

for industrial dust and fumes.

1.2.1.1 Early Designs.- Figure 1.2 illustrates a single bag

design patented in 1852 by Jones (see Appendix 1.2) for the recovery of zinc
oxide fume, probably used in New Jersey zinc works of that time. A bag at
least 8 feet in diameter by 70 feet long was suggested for sixty small retorts.
The filtering velocity is estimated to have been about 0.4 ft/min. Fabrics sug-
gested were closely woven cloths of cotton, wool, flax, or other fibrous tex-
tiles. Cleaning was accomplished by striking the bag on the outside during
operation or by stopping the blower, allowing the bag to collapse and then
striking it. The use of reverse air flow cleaniﬁg was suggested by turning
the bag inside out and applying the pressure to the opposite side. The branch
tubes from the main bag were emptied during operation by tying the top and
opening the bottom. Jones cites the prior use of a series of canvas bags

open at one end for natural draft, in the collection of lamp-black (carbon
blackj from incomplete combustion of oils. (Lamp black was produced for ink
and paint pigment in ancient Chinese civilizations, more than 5,000 years

ago.) The Jones patent contains discussions of the basic design requirements
of all fabric filtersﬁ a closely woven fabric, means for retaining or sup-
porting the fabric, consideration of the amount of fabric area necessary, a
blower or exhauster, means for cleaning the fabric of accumulated dust and
fume, and provision for discharge of the collected product. Subsequent fabric
filter patents relate to new and useful improvements or modifications involv-

ing these same basic requirements.

Other early uses of fabric filters include the configuration
shown in Figure l.3a employing natural draft,12 and "long filter sleeves
hung in rows, tied tqgether at the bottom, while the dirty gases were ducted
into the top..... At intervals the sleeves were shaken manually and emp-
tied."7 Figure 1.3b illustrates an early filter related to the fabric fil-
ter but using instead granules and screens. More will be said about this

type of filtration later in this report.

Initial mining and smelting of zinc in the Missouri, Kansas and

Oklahoma areas in the late 19th century resulted in further developments of

1-7



1867

1870

1876

1881

1885

1888

1892

Table 1.1

Event

Collection of ZnO fume in 8 ft.x 40 f¢t.

"bag of woven cotton, wool, or flax, forced

(or drawn) through by fan-blower, approxi-
mate filtering velocity 0.5 ft/min.

Screens in the side of a house substituted
for the bags previously employed as filters
for ZnO, Wetherill and Hall, U.S. Patent
72,032.

Fabric collection suggested for lead fume,
Percy, '"Metallurgy", p. 449. Initial
mining of Zinc in the Joplin, Missouri
area.

Lone Elms Works (A.S. & R.), Joplin, Mo.
installed two-section bag house for recov-
ery of fume from Scotch Hearth lead smelt-
ing furnace; concrete tube sheet containing
(18 in. diam.) thimbles, bags fastened at
top on downstream side of fan, cleaned

by airing or allowing the bags to tremble

in the current of air created by opening

the thimble floor doors and the stack dampers
after shutting off gas flow into the chamber;
later hand shaken. ‘

Beth patent, German, mechanical vertical
motion to top of bags, cement mill dust,
downstream of fan, wooden casing, 2 bag
compartmented unit (est. 1 ft.diam. x

6 ft high).

Cyclone apparently first patented by
Jackson.

Solvay, Eng. Patent 18,573, Sand filter
(probably to treat lime kiln dust for
purification of COy to ammoniated brine
for sodium bicarbonate and soda ash).

Large metallurgical bag house developed
by Iles and associates, (U.S. Patents
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Reference

Ebaugh (5)

Ebaugh (5)

Ebaugh (5)

Labbe &
Donoso (6)

Strauss (7)
Thlefeldt (8)

Lapple (9)

Gibbs (10)

Ebaugh (5)



Date

1892 (cont.)

1893

1894

1907-8

1909

1948

Table 1.1 (Continued)

Event Reference

475,774, 480,834; 484,016;-017) for lead
and zinc furnaces (not for copper furnaces
or roasters) consisting of lower dust
chambers 14 feet high compartmented, and
with provision for closure of inlet, and
upper bag chamber 30 to 45 feet high, one
room, walls and partitions of brick, 18
compartments showing in lower chamber, bag-
housce 130 ft. long x 55 ft. wide; tube
sheet, iron or steel plate with 18 inM
diameter nipples for wool (earlier cotton)
bags, outlet initially direct through
ventilators and later through 200 ft.
stack; capacity 150 to 250,000 cfm, 3000

to 4500 bags 18 in. x 30-33 ft (130 ft2/bag,
filtering velocity 0.3 ft/min), note sug-
gested fiber blends in warp and f1ill (U.S.
Patent 485,797) and lower section of bag to
be of wool reinforcement nearest thimble.
Temperatures of 70 to 270°F used, but 160°
most satisfactory, cleaned by hand, then by
external hand-operated lever beaters.

Reverse air flow in use for cleaning. Thlefeldt (8)

Rings around centers of bags attached to Ebaugh (5
wire led outside of building, hand-shaken

by end of rope, Rourke, (U.S. Patent

530,553).

Early tests of Rhodes and Sprague on Ebaugh (5)
neutralization of copper furnace and

roaster gases passed to bag house by addi-

tion of zinc oxide to protect bags.

Bags attached to short levers extended from Ebaugh (5)
a central shaft, whose outer end projects

beyond the bag house wall, there provided

with a larger lever to shake the bags by hand.

Development of venturi scrubber. Ekman and

Johnstone (11)
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Figure 1.2 -Early Fabric Filter for Zinc Oxide Control
(See also Appendix 1.2.)
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(a) A filter bag,
an early type of dust
removing apparatus.

(b) Section through an
old time coke air
filter.

Figurc 1,3 ~Early Filters for Dusts,
(From Lewis, Ref. 12.)
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fabric filters. Labbe and Donoso6 cite a two-section bag house for recovery

of fume from Scotch Hearth lead smelting furnaces constructed in 1876 at

the Lone Elms Works of Joplin, Missouri. Lead fume was removed from the

bags initially by shutting the damper between the bag house and the fan dis-

charge, and then alring the bags, causing them to tremble. Lead fume dropped

into the lower chamber (smoke cellar) and was sintered in place.

During the period of rapid cconomic development, that followed the

completion of the trans-continental railway in about 1869, large metallurg-
ical production facilities were built in the western and inter-mountain
states (e.g., Montana, Utah). Later during the period 1830 to 1890 large
metallurgical bag houses containing several thousand bags were constructed
for use in zinc and lead smeltings,such as shown in Figure 1.4. Thirty foot
bags of cotton or wool were hung from supports near the top of the building
and the lower open ends were tied to nipples or thimbles projecting from the
floor of the bag compartment. The lower dust chamber was partitioned into
as many compartments as there were flues leading to the bag house, enabling
a part of the system to be shut down as required for cleaning. Cleaning
probably involved some reverse flow of gas through the fabric. The diwen-
sions of the housing shown in Figure 1.4 are approximately 140 ft.long by

60 ft.high, with a depth of the order of 90 ft. (est). Filters of this tvpe
were suitable for flue gas volumes of apout 50,000 to 150,000 cfm depending

upon the application (e.g. Scotch Heartﬁ or lead blast fume).

Copper furnace and roaster gases containing high concentrations
of sulfur dioxide and sulfur trioxide could not be filtered because of acid
deterioration of the fabric. However, the feasibility of fabric treatment
by neutralization of the smelter smoke with zinc oxide or lime dusts was
demonstrated in the 1907-1908 period and suggested for effluents from copper
blast furnaces, reverberatories, and converters in 1909. Claims for damage
to vegetation and cattle from smelter smoke became an important factor_ dur-
ing this period and required the simultaneous removal of fine metallic
oxide fume particles (lead, arsenic) and the reduction of sulfur dioxide

emissions.
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The vigorous application of Cottrell's electrostatic precipita-
tion process, beginning about 1910 and continuing through the 1920's, re-
sulted in the virtual cessation of development of fabric filter equipment.
The simultaneous construction of high stacks and the development of sulfur
dioxide flue gas recovery plants (chamber, contact, sorption) during the
period 1910 to 1920 reduced ground level concentrations of noxious fumes
and sulphurous gascs and, in turn, tended to inhibit further development on
fabric filtration systems. Fabric filters continued in use for lead and zinc
furnace applications, however, but it wasn't until the early 1950's that :ig-
nificant new development efforts resumed. These efforts were directed prim-
arily toward new methods of fabric cleaning and new synthetic fabrics capable

of withstanding both higher temperatures and corrosive conditions.

1.2.1.2 Early Cleaning Methods.- In the early equipment, the

removal of accumulated dust and fume from the interior surfaces of bags was
accomplished by shaking or beating by hand or with a simple lever-bar. For
lead and arsenical fumes, however, this was a particularly unhealthy and un-
satisfactory method. Hand or foot operated shaker bars are still used in
small unit dust collectors (< 300 ft2). Automatic shakers, as shown in
Figure 1.5,7’8 were developed during the period 1880 tb 1910. By 1909, bugs
were suspended from short levers attached to a central shafting which could
be pivoted back and forth with an external lever.6 This was soon automated
by tying all shaker shafts in one chamber to a central shaft outside the
housing and with a motor and cccentric arrangement impafting either a vertical
or horizontal reciprocating motion to the bags. Subsequent modern compart-
mented fabric filters contain electro-mechanical devices for automatically
stopping the flow, shaking, admitting reverse air when required, dwelling for

a period to allow settling, and finally restoring flow.

1.2,1.3 Early Commercial Manufacturing.- Large bag houses for

lead and zinc dusts and fumes were commonly designed and built by the works

15,16 In addition, continuing

engineers of the individual smelter éompanies.
engineering development work by the individual companies was directed toward

defining the relationships between pressure drop, volume (Ap ~ Qz), dust con-

centration and collection efficiency (Seitz, A.S. & R.,, 1929).6 Much attention
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Date

1874

1877

1881

1905

1907

1907

1908

Table 1.2

DEVELOPMENT OF PRINCIPAL U.S. FABRIC FILTER MANUFACTURERS

Firm

W.W. Sly Co.,
Cleveland, Ohio

Buffalo Forge
Co., Buffalo,
New York

Day Co.,
Minneapolis,
Minn.

Panghborn Corp. .
Hagerstown,
Md.

Western Pre-
cipitation
Corp., Los
Angeles, Cal.

Research-
Cottrell,
Bound Brook,
N.J.

Wheelabrator
Corp., Mish-
awaka, Ind.

%
Company Literature

Remarks

Development of tumbling mills

for small casting cleaning

(1880-7), original patents on
fabric collectors, envelope streen
design (1920), travelling reverse
flow air cleaning device since 1951,

Blowers, fans, machine tools,
inertials and scrubbers; acquired
Aeroturn reverse-jet from Koppers
1965, publishers of fan engineer-
ing handbook since 1925.

Sheet metal shop, probably cyclones,
for sawdust and shavings from
Mississippi River lumbering
operations, Hersey reverse-jet
collector since 1948,

Sand and shot blast cleaning
cquipment, continuous multi-

bag and envelope screen de-
signs, 1920, reverse flow clean-
ing since 1952, pulse-jet design
1959, acquired by Carborundum
Co., Buffalo, N.Y. 1965,

Electrical precipitators, Hersey
reverse-jet collectors built
since 1952, glass fabric bag with
collapse cleaning since 1957,
acquired by Joy Mfg. Co., 1959.

Electrical precipitators, glass
bag filters since 1965e, Flex-
kleen, (1959) acquired with pulse-
jet type, 1968.

Shot blast casting cleaning cab-
inets; airless abrasive shot blast
systems, 1920; dust collecting
equipment built since 1924.

Reterence

1

c.L. , 22

C.L.

14

C.L.
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Date

1910

1917

1923

1925

Firm

Northern Blower
Co., Cleveland,
Ohio

Dracco Corp.,
Cleveland,
Ohio

Pulverizing
Machinery Co.,
Summit, N.J.

American Air
Filter Co.,
Inc., Louis-
ville, Ky.

Table 1.2 (Continued)
Remarks

Fans, blowers, cement mill pro-
cess equipment, merged with
Buell Engineering Co., Inc.,
1960.

Fans, blowers, pneumatic con-
veylng systems, cement, metal~-
lurgical process equipment,
merged with Fuller Co., 1957;
first glass fabric bag collec-
tors, 1957, with sonic cleaning
1960, plenum pulsc 1968.

Pulverizing mills, powder clas-
sifiers, pneumatic conveying
systems, reverse-jet collectors
built since 1945, original pulse-
jet design introduced 1957, ac-
quired Airetron Co., scrubber,
inertials, ce¢lectricals 1958,
plenum pulse-jet designs 1969,
acquired Menardi & Co. (1954) in
1969.

Filtration devices for space heat-
ing and air-conditioning, fixed
fabric, paper types, inertials,
scrubbers for most dusts; for
fibrous dusts. (1947), reverse-

jet filter built 1953, glass
fabric collector since 1959,
pulse~-jet introduced 1969.
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ventilation and dust control for protection of machinery as well as for

recovery of abrasive. As a result, envelope shaped fabric geometries sup-

ported on a screen or frame were developed by Sly and Pangborn in the 1920's.

Wheelabrator began manufacture of cylindrical bag filters about 1916 for use
with blast cleaning equipment. Northern Blower (Buell) and Dracco (Fuller)

began manufacture of fabric filters for cement mill dust recovery during the
period 1910 to 1920,

The fabric configurations, fabric supports, and automatic clean-
ing nechanisms, developed during the 1920's and 30's, have in general with-
stood the test of time and are still commercially available today. Some of

these carly production designs developed prior to about 1940 are shown in

Figure 1.6.10‘15’19’20 The British units (Figure 1.6a, 1.6b) illustrate the

use of conical bags with a larger inlet at the bottom tapering toward the
top hanger.

The Hersey reverse jet filter using dense woolen felt bags was
developed during the 1940's:

"It grew out of an effort t:o provide a means of collecting
silicious ore crushing plant dust in the Coeur d'Alene mining
district of Idaho (ca. 1939) which would produce a constantly
permissible silica dust count, not possible with shaken woven
cloth bags operating on a time switch. The first attempt was
with various means of pressure controlled shaking of large
wool felt bags. Although the wool felt was dense enough to
prevent leakage after shaking, it finally blinded. This was
followed by variations of reverse jet applications, some of
which broke down the filter medium, and some of which failed
to achieve a level porosity balance.

Finally in 1941 a reverse jet filter consisting of one 36"
diameter by 16 ft. bag, lengthened later to 32 feet, was
started in a large grain elevator on an experimental basis.
After three years of service it was considered proven that
wool felt would stand the service and that constant air flow
and pressure drop could be maintained with the right combina-
tion of reverse jet action and filter medium base. By 1950,
several hundred reversc jet filters were applied to various
problems in widely diversified industries including chemical,
metallurgical, pigments, abrasives, textiles, grain, flour,
cereals, sugar, ceramics, cosmetics, confections and drugs.
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Although the patent literature has disclosed numerous con-
ceptions of reverse flow filters of both the blow thru jet
and the vacuum sweeper type, none of them reached commer-
cial success or significant practical use so far as is
known. They lacked the combinations of features .....
which provided high-capacity one-step separation without
leakage."21

Typical fabric dust and fume collectors of principal U.S. man-
ufacturcrs during the period 1945 to 1950 were summarized by Silvermanl9
(Appendix 1.3a) and by Lapple.9 The reverse-jet filter was manufactured by
several U.S. firms (as indicated in Appendices 1.3b and 1l.3c¢c), during the
1950's. Appendix 3.1 presents a 1969 survey of U.S. manufacturers and

Chapter 3 includes a description of the major products available in that year.

The pulsc-jet filter shown in Figure 1.7 was developed in the mid
50's and introduced in 1957 by T.V. Reinauer of Pulverizing Machinery.2
This device, which cmploys a short pulse of compressed air to cause fabric
motion (with reverse flow) to remove dust from the outside of felt filter
bags, requires no moving parts ins;de the collector. At this time (1970)
most major U.S. manufacturers of fabric filters have introduced some form of

air-jet or pulse cleaning configuration in their fabric filter product lines.

For many years fabric filter developments have been directed at
increasing the filtering velocity while maintaining a reasonable pressure
drop of a few inches of water. A continuing approach to accomplishing this
end has been on-stream cleaning. The early manufacturers of envelope geome-
tries introduced continuous back-flow air cleaning carriage configurations
in the early 1950's. ®@perating gas velocities have increased from about
0.2 ft/min, on early infrequently hand shaken units, to nearly 3 ft/min on
modern automatic compartmented fabric filters. The relétively recent reverse-
jet and reverse-pulse units, which are continuously cleﬁnable on-stream, per-
mit operation at velocities up to 10 to 20 ft/min, depending on conditionﬁ.
Figure 1.8 shows these developments in filtering velocity increases and sug-
gests near-future increases of one or even two orders of magnitude. Develop-
ment studies were reported in 1962 on cleanable industrial filter configura-
tions with gas velocities up to 300 ft/min for high temperature metallurgical

furnace fume (1000°F) utilizing low energy shock wave cleaning of fibrous
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Status of Filtering Velocity.
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mnts.ZA Studies continue on cleanable rdfractory granular filter mcdiu‘l“"‘?‘6

and devices for utilization of granular media with pulse-jet cleunin32 to
meet the requirements of demanding physical and chemical environments.
These unusual filter configurations are not subject to the same limitations

in filtration velocity as are fabric filters. This point will be discussed

further in Chapter 2.

1.2.2 Fabric Developments

As néted above, fabric filter designs have been modified to take
advantage of the rapid growth over the past 25 years of fabric technology.
This technology has included completely new developments in fibers, yarn,
aﬁd textile processes; most notably the synthetic fibers and glass fabrics
enabling filtration both at higher tcmperatures and under more corrosive
conditions. Figure 1.9 shows the development of filtration temperature
capability, for example. Because of the outlook for still more chemically
and thermally stable fibers is improving, the simultaneous evolution of

fabric technology and collector and cleaning designs seems likely to continue.

Woven cotton and woolen flannel fabrics used in the early non-
ferrous metallurgical bag housesS were suitable for temperatures below
200°F. Attempts to use woven asbestos fabrics for higher temperature appli-
cations were unsuccessful because the materials were not mechanically strong
. enough to resist the vigorous shaking required to dislodge dust.19 Fine
steel wool mats28 or stitched blanket matsls,used for metallurgical furnace
fumes in the 1920's, were not sufficiently cleanable by rapping or shaking ~,

and since they also oxidized rapidly at temperatures in the vicinity of

300°F they have not found wide application.

Man-made polymer textile fibers having improved temperature and
chemical resistance have been developed and marketed commercially since the
latter part of the 1940's. OrlonR* acrylic multi-filament fabrics were tested
prior to 1950 in fabric filters,g’zg’30 for acidic atmospheres up to 300°F.
Fabric weaves were developed for 6ptimum permeability and dust retention

properties, and techniques were perfected for heat setting the fabric prior

*
Registered trademark
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to sewing it into bags in order to eliminate shrinkage under operating condi-

OrlonR fabrics were being used successfully at 275°F by Wheelabra-
31,32,33 for numerous applications. These included

30
tions.

tor and others by 1951
carbon black, foundry cupolas, electric furnaces, rock dryers, dry grinding

mills, spray driers, sinter machines, and brass refining furnaces, with
auxiliaryv cooling as required.

By 1954, several other man-made fiber textiles had been evalu-

. . 0 .
ated for their usefulness in filtration at higher temperatures, including

nylon, vinyon, DynclR (+60% vinyl chloride, acrylonytride) and Dacron
(polyester):

"In no case were these fabrics found to be capable
of withstanding continuous operation in the tempera-
ture ranges for which OrlonR and fiberglass fabrics
are suitable. However, some of these fabrics possess
resistance to certain .chemicals which has justified
their use in special cases. For example, nylon
possesses superior resistance to alkaline materials
and is often used in gas filtration at a maximum
temperature of 225°F. Vinyon possesses satisfac-
tory resistance to certain chlorides and, to a
lesser extent, fluorides; however, its maximum
operating temperature is 200°F, and this limit has
sharply reduced its general applicability."30

Glass fibers in mat form have been widely used in the filtration
of low concentrations of atmospheric dusts in building ventilation air clean-
ing, from the 1930's onwatd.34 Early attempts were made to produce durable
filtration fabrics from glass fiber, but experience soon showed that these
filter media were entirely unsuccessful from the standpoint of resistance to
mechanical damage during handling and shaking. Despite this drawback, the
use of fiberglass had an obvious advantage in that it could withstand'operat-
ing temperatures in the neighborhood of 400° to 450°F.30 USPHS -sponsored
research efforts were directed to high temperature bag filter developments
through use of colloidal graphite lubricants for fiberglass filter fabrics to
improve flexure life (A.D. Little, Inc., 1957-1959).35 In 1950 Dracco in-
stalled the first full scale commercial fiberglass installation at Hudson Bay
Mining and Refining. This large, shaker and reverse air cleaned, installation

marks a significant milestone in the employment of graphite and siliconized

glass filter fabrics.
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Subscquent PHS evaluation (1963) of the cffects of added col-
loidal graphite treatment to commercial silicone-treated glass fabrics in-
dicated substantial improvements in flexure life below SSOOF.36 As a con-
scquence, the majority of fiberglass textiles used for gas filtration today
(1970) arc generally trcated with silicones and graphite for high tempcra-
ture operation. Fabric lives comparable to those of other fabrics are now
achieved. Newer proprictary glass fabric treatments are now undergoing
evaluation and pilot scale testing for operation at temperatures up to

approximately 1000°F.

DuPont's NomexR, a high temperature (450°F) nylon was tested in
filter bags on a small scale during 1962 and 1963, and was made commercially
available in 1964.37 It has been uscd in a number of filtration applications
including carbon black, calcining cffluents, and non-ferrous metal fumes in
both woven and felted designs. TeflonR (fluorocarbon) filter fabric is
available, with chemical properties and heat resistance of considerable merit,
but its applications have been limited by cost. Other high temperature media,
including ceramics (e.g. Fi.berfraxR by the Carborundum Co.) and fine mono-
filament metal fiber (e.g. BrunsmetR by Brunswick Corp.) have been woven and

tested on bench and pilot scale for high temperature applications.

Other equally important advances have occurred in textile tech-
nology dﬁring the period 1945 through 1970. It has been necessary to develop
spinning, weaving and finishing techniques for each of the man-made fibers
consistent with the required fabric permeability and dust retention proper-
ties. Methods for heat setting, finishing, and sgwing have been developed
to provide long life under a wide range of environmental exposures. Felts
suitable for use in pulse-jet and reverse-jet fabric filters have been de-
veloped (Smith, MIT, ca. 1957) by mechanical needle punching of staple fila-
ments through woven fabric Substrate.38 Processes for the texturizing or
bulking of filament yarns have been developed to provide numerous tiny fila-
ments within the woven interstices necessary for good dust retention. Chap-
ter 4 discusses in greater detail the available fibers, yarns, and fabrics

and their production and properties with respect to filtration performance.



1.2.3 Manufacturcrs and Market Developments

The history of the present U8, fabric {iltey industry in the
aum ol the growths of individuat (frms that have developed gpectitiice devices,
confipgurationy, and prodacts to mect the peeds of temporal mavkets. As
indicated above, mbjnr steps In applications growth have been associated

with tmproved cleanling methods and devices for higher air-to-cloth ratio
(compartmented automatic and reverse air on-stream devices) and with recent
developments in fiber and fabric technology. Apart from relatively small
amounts of independent research efforts, the growth of the fabric filter in-
dustry has been achieved through applications-oriented developments by indivi-

dual uscrs and fabric filter manufacturers.

Although not a widespread practice today, early filters (prior
to about 1910) were largely constructed by individual users for applications
such as metallurgical fume recovery. The demonstration (1916) that fine
respirable (£ 10 um) mineral dusts were dangerous (by many investigators,
including Higgins, Lanza, Laney, and Rice of the Public Health Service and
the Bureau of Mines) led to increased requirements for silicious dust con-
trol in.foundry, granite, pottery and similar industries. Toxic metallic
compounds (c.g. Pb, As) had long been recognized as hazardous, but the impor-
tance of particle size in occupational health had not heretofore been estab-
lished. The use of toxic particulate smokes as military tactical agents
during the first World War (1916-1918) also provided substantial impetus to
research and development in basic aerosol science, respiratory deposition
and fate, and in methods for generation, sampling, analysis, and most impor-
tantly collection of fine particulates. These efforts have been further

augmented by the advent of production of nuclear materials after 1945-1950,

Simultaneous developments in foundry sand blast and casting
cleaning operations also resulted in filter development by firms such as
Pangborn, Wheelabrator and Sly, Other developments of fabric filters have
been associated with powdered materials technology, such as pneumatic trans-
port and fine grindings, as in cement production by Fuller Company and
Norblo (Buell). Since about 1945-1950, ccntrol of particulate air pollu-
tants has been largely responsible for thé steady growth in the fabric filter
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market. This growth has been made possible by advances in fabric resis-

tance to temperature and to other physical and chemical environmental

factors.

1.2.3.1 Manufacturers.- A census or enumeration of U.S§. fabric

filter manufacturers has been estimated periodically since 1950 for the
Atomic Energy Commission, as shown in Figure 1.10. Manufacturers for the
vears 1950, 1954, and 1961 are listed ir Appendix 1.3, along with charac- -
teristics of their equipment. Manufacturers and equipment for the year 1969
are given in detail in an Appendix to Chapter 3. Together these summaries
indicate the growth of the iﬁdustry through the continual addition of new
products, and also through increasing numbers of munufacturers.* For the
purpose of thesc‘tabulations, manufacturers have been included who have
product capability tor a fixed installation grcater than about 10 square
feet of fabric (i.e., greater than portable commercial industrial vacuum —
cleaners which would contribute an estimated additional 30 manufacturers).

Included is the range from bin-vent and unit dust collectors (one to a few -
bags, < 100 cfm) through major installations of the order of 106 sq. ft. '
As Figure 1.10 shows, the fabric filter industry has in the vicinity of 50

producers at present.¥*

It should be emphasized that the individual producers represent
a wide spectrum of capability for product and application, design engineer-
ing, service, industrial application, and market specialization and penetra-
tion. They also vary in ability to respond to new or novel application
requirements and specifications. For example, only a limited number of the
four dozen manufacturers are large enough or qualifiedfto respond to a major
high temperature air pollution control application such a kiln or furnace
effluent, and able to provfde the engineering design, fabrication, construc- —
tion, installation and operational shalie down required for turn-key respon-

sibility. On the other hand, these same firms might not be in a position o

* See also Appendices 1.4 and 1.5.
*% It is important to note, however, that the IGCI members in 1969
accounted for 83 percent of the total fabric filter system sales,.
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NUMBER OF FABRIC FILTER MFG. CONCERNS

100

T T T T [ 1
90 Source -
80 1. L. Silverman, 1950, AIHAQ, 11, 1 (Principal Mafrs. only) Ref. 19 -
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to respond or compete profitably in small- to medium-sized units, where
other producers are especially qualified. Although producers have tradi-
tionally tended to concentrate in specific related markets, thesec distinc-
tions are gradually disappearing with the increase of filter applications
and the tendencies toward acquisition and merger characteristic of the
1960's. Furthermore, major suppliers of fabric sewn fnto ready-to-use
filter elements have traditionally been independent of the fabric filter

manufacturers, but this characteristic of the industry is also disappearing.

Appendix 1.4 estimates the fabric filter equipment sales and also
the total air pollution control equipment sales of each identified manufac-
turer. Thesce estimates illustrate two major factors associated with the
manufacture of fabric filters. First, no single producer has a majority of
the market; rather the total sales are divided among some 45 to 50 large and
small firms. Second, nearly all manufacturers have other products, and fab-
ric filters are estimated to provide a relatively small fraction of their
total annual sales. These two factors have important consequences relative
to research funding. No single producer is large enough to be able to fund
more than a modest program in fabric filter research, typically 1 to 2 per-
cent of FF sales. When funded, these programs tend to be concerned with _
specific markets, applications problems, or product development. Most open
literature technical publications presented by industry representatives
emphasize engineering applications, e.g., "How XYZ Co. solves its Fume Pro-
blem," rather than the fundamental aspects of filtration. The orientation
of these companies to applications rather than to research hag undoubtedly

been a significant factor in the growth pattern of the fabric filter industry.

The larger fabric filter producers, for thesmost part, manufac-
ture a full range of air pollution control equipment including inertial
collectors, scrubbers, and electrostatic precipitators. Thus, their in-
terests have not been confined only to the development of fabric filter

equipment.

1.2.3.2 Fabric Filter Industry.- An estimate of the average

growth rate of the fabric filter industry during the past 20 years is shown

in Figure 1.11. Reported total annual sales for two major producers who
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supplicd sales data were normalized to the inftial year indicated. Both
producers are prominent in the fabric filter Lndustry having well developed
product lines, world-wide marketing organizations, access to necessary
operational and expansion capital, responsible service, and experienced
cnglneering staffa., It appears that the average sales of well established
firms, in the alr pollution control equipment business, have tended to
double in about 10 years (7.2 percent annual growth rate). In neither in-
stance does there seem to be any major perturbation associated with accel-
erated alr pollution control sales at least through 1969. Both seem to be
increasing at approximately the same rate, This growth rate 1s considered
as typical for modern U.S. industry; for example, the average sales of the

ten largest industrial companies in the U.S. were $3.3 billion in 1954 and
$6.5 billion in 1964.

Figure 1.12 estimates the growth of the particulate air pollu-
tion control equipment market, and also that part of it associated with .
fabric filters. Curve A represents an estimate of the growth rate of the
mature air pollution control equipmént industry derived from Figure 1.11.
Curve B represents total particulate control equipment sales estimated
from various reporting sources as indicated. Sales prior to 1963 seemed
to follow the growth rate estimation given in Curve A. However, from 1963
through 1967 (last available data), sales have tended to increase more
rapidly as a consequence of legislative and social pressures for greater
air pollution controls. From this data base Curve B has been extrapolatec
at the same rate to 1970 as shown, indicating estimated 1969 sales of $140
millions. From the standpoint of future estimates'or projections it seems
unlikely that this rate of increase can continue, so Cufve B has been con-
servatively estimated to return, after 1970, to the mature industry growth

rate defined in Curve A.

Sales of fabric filters for air pollution control purposes are
shown associated with Curve C as reported by Business and Defense Services

Administration, (1963, 1967) and the Industrial Gas Cleaning Institute in
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conjunction with the Department of Commerce and NAPCA (1966, 1967).* Filter
sales have reportedly increased from $14 million (1963) to approximately $20
million (1967). The slope of the growth estimate Curve C is not greater than
about 107 above what would be predicted from the Curve A mature industry
growth rate estimate. 1In view of the relatively rapid growth in sales shown
in Curve B for all particulate control equipment, this seems to indicate a
decreasing relative share of the control equipment market for fabric filters.
This is rather surprising considering the expansion of application markets
through fabric and filter device technological developments. Curve C indi-
cates an estimated pollution control fabric filter sales of $25 million in
1969. Curve C’/ has been included to demonstrate the growth rate of pollution
control fabric filter sales, had they grown from 1962 at a rate parallel to
Curve B or total control equipment sales (est. 1969 FF sales $45 million).
The asterisk at $55.5 million for estimated 1969 aggregate sales of all fab-

ric filters results from a consideration of individual fabric filter manufac-

turers in Appendix l.4.

This estimate of $55.5 million for the annual fabric filter sales
is of the order of twice the Figure 1.12 estimate provided by extrapolation
of Department of Commerce BDSA and IGCI sales. The reasons for the difference
in the two independent estimates are not evident, except for a possiblg
qualification to the data provided in the earlier surveys. There, process

equipment applications have been excluded by definition as not related to

air pollution control. For the purposes of estimating total numbers of
fabric filters in use, the lower figures have been used, recognizing that

the estimates so provided may be low by a factor of order 2.

Further statistics of the fabric filter industry and its devel-
opment are presented in Appendix 1.5. An analysis of these data yields the

following estimates:

*These surveys were directed toward fabric filter air pollution control
applications and simultaneous product recovery. The distinction is fre-
quently unclear, however, and the surveys may include some non-air
pollution control sales.
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Fabric

Filters In Use,
In usc, Solé in as of
ca. 1910 1969 1969
Number of Fabric 750 7500 100,000
Filters: ,
Average filter size 400 3000 ---
(ft<):
, 6 6 6
Total filter area 0.3x10 22x10 243x10
2y.
(ft<):
2 6
Fabric sold (ft7): - 100x10 -
Gas volume filtered 0.15x106 - 750x106
(cfm):
Filter sales: - $22x106 -~
Fabric sales: --- $33x106 -

It is emphasized that these estimates are tentative, and are not as precise
as could be generated by a national census or register of fabric filter
devices. Sizes and costs of fabric filter equipment will be the subject

of later sections of this handbook.

1.3 OPERATING PRINCIPLES

A fabric filter is made up of a woven or felted textile material in the
shape of a cylindrical bag or flat supported envelope. The textile material
is contained in a metal housing having inlet and outlet gas connections, a

dust storage hopper, and means for cleaning the fabric periodically.

Woven fabrics consist of parallel rows of yarns in a square array.
Open spaces between adjacent yarns are occupied by projecting fibers.
Felted fabrics consist of close, randomly intertwined fibers compacted to
provide fabric strength. In operation, dusty gas passes through the filter
normal to thevfabric and dust particles, at the start of filtration, deposit
on individual fibers and yarn surfaces. Additional-particles then deposit
and accumulate on aiready deposited particles forming filamentous aggregate
structures which project into the gas stream. As deposition and accumula-
tion continue, openings between yarns and individual fibers become occupied

by aggregates and reduced in size. Eventually a more or less continuous
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deposit forms, analogous to the filter cake common in 1iquid filtfation.
Particle collection then occurs by mechanisms associated with porous gran-
ular media. Thus, the fabric filtration process may be considerced to con-
sist of at least three distinct phases: (1) initiaml or carly deposition,
when depositing particles land on individual fibers, fibrils or filaments
of the yarn; (2) intermediate deposition when particles accumulate on pre-
viously deposited particles, long filamcntous particle aggregates form, and
bridging of interweave and interstitial spaces occurs leading to the forma-
tion of a more or less continuous deposit; and (3) the continued deposition
of particles on a matrix similar to a granular layer, leading to the forma-

tion and consolidation of a filter cake.

Accumulation of dust causes an increase in gas flow resistance, as a
consequence of the particle drag forces and interparticle pore (capillary)
resistance. The properties of the particle bed (porosity, permeability)
also change during the formation of the deposit. Aggregates deform, bend,
collapse, or reorient under the action of the gas flow and the increasing
compressional pressure in the bed as its depth increases. Fundamental
mechanisms of deposit formation and cake mechanisms are considered in

greater detail in Chapter 2.

The filter bag (sleeve, tube, or envelope) is supported by external
and sometimes internal structures to permit the dusty gas to flow through
the housing from an inlet section to a clean gas outlet section. This is
shown in Figure 1.13 in one of several typical arrangements. In the parti-
cular arrangement the bag is fastened at the bottom to a tube sheet or cell
plate and held up vertically by a top hook on an overhe§d rack. The bag .
may be pulled to the desired tightness by means of a tension adjustment.
Gas flows into the inside of the bag from the bottom and passes up the in-
terior and through the bag to the outlet ducting. The gas may then go to
the suction inlet of a blower and hence out of the system, either returning
to the ventilated space or to the outdoor atmosphere. Alternatively, the
blower can be located on the inlet side of the fabric filter so that it
draws air or gas from the ventilated system or process and discharges it to

the bag collector under pressure. In this latter case, as before, the gas
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passes through the fabric leaving the dust on the inner surface, and the

gas 1is then discharged.

There are several methods of removing the dust from the inside of the
filter bags. In the design shown the dust may be removed by stopping the
flow and allowing the dust to fall off by its own weight. More typically
the dust is removed by vigorously oscillating the surpension rack back and
forth (~ 5 cpa) through an amplitude of a few Inches. This shaking motior,
imparted to the bags in the absence of flow, causcs sufficient forces to
be transmitted to the deposit to scparate most of it from the fabric sub-
strate. The dust then drops down the interior of the bag, through the mouth
of the bag at the tube sheet, and into the hopper. Collected dust is re-
moved from the hopper periodically or continuously for disposal or return

back into the production process,

Cohesion and adhesion forces, holding individual particles together or
to the underlying fibers or yarns, exist over a range of values. The appli-
cation of a cleaning force by shaking initially removes a large amount of
the deposit on the first few shake cycles but then progressively less and
less on succeeding cycles, A substantial amount of residual deposited
particulate material remains within the fabric interstitial spaces. The
remaining deposit produces a residual (cleaned) pressure drop across the
fabric. It also provides a fairly high initial particle collection efficiency
upon resumption of flow of the dust& gas on the next filtration cycle as
the individual residual particles and particle aggregates act as objects
for collection of the incoming dust. Upon resumption of filtration the
dust deposit more rapidly acquires a continuous charac;er because of the
residual material. These deposition processes proceed;at different ratés
within the total bag structure at different areas of the fabric in response
to the amount of flow passing locally, which depends upon the amount of
residual dust. Thus a local area which.has 2 more porous or open residual
structure will tend to allow more flow and, initially at least, material will
deposit faster. These initial differences tend to even out so that filtra-
tion velocities and dust deposition rates tend to become uniform over the

entire fabric surface.
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As the gas flows outward through the bag the velocity inside the bag
decreases. Since the particle-gas motion is vertical, there are flow and
particle stratification effects which enter into the analysis of the macro-
scopic processes of deposition, accumulation, and gas flow through the
media. In the configuraRion depicted in Figure 1.13, the upward flow within
the bag and the turn of the gas in leaving the hopper and entering an indi-
vidual bag tend to separate larger particles out of the flow by gravity or
inertia. Larger particles carried into the tube are deposited in the lower
end of the tube as the gas velocity, progressively decreases as it uses.
This stratification of particle sizes has important consequences on deposit
characteristics and on fabric performance énd life over the entire bag

length, but cespecially at the bottom near the entry.

The operation cycle of the labric filter thus contains two phases. The
first is a filtration phase during which material is depositing and accuma-
lating on the fabric while pressure drop across the deposit is increasing,
and as a consequence total flow is decreasing. The second is a cleaning
phase with no filtration flow during dust femoval. By'compartmenting sec-
tions of bags and isolating these one at' a time from the gas flow for clean-
ing, the total flow from the process ventilated can be maintained reasonably
constant. This cleaning procedure , can be automatic and the operation con-
tinuous. The residual dust deposited and retained within the fabric inter-
stices gradually reaches an equilibrium value after numerous filtration and
cleaning cycles, after which the residual pressure drop remains more or less
constant throughout the useful life of the fabric (~104 - 107 cleaning

cycles).

Particles entering a new fabric initially contact individual fibers,
fibrils, and yarn filaments and are separated from the gas by several
filtration mechanisms (see Chapter 2). Deposited particles serve as addi-
tional obstacles for further capture of other particles. After cleaning,
the residual dust provides a substantial number of obstacles for further
particle collection. The collection efficiency of a fabric filter is de-
fined as

outlet dust concentration _
inlet dust concentration

Efficiency = 1 -
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It may be determined for an operating filter from simultaneous measurements
of inlet and outlet dust concentrations by appropriate stack sampling tech-

niques.

The basic collection efficiency of new filter fabric 1s generally in
the range of 50 to 75% for submicron atmospheric dust (0;5 Hm count median
diameter, and an inlet concentration of 75 pg/m3) at 3 to 8 ft/min. As dust
accumulates, efficiency rises. By the time the deposit amounts to 2 to 3
grams of dust per square meter (~ 3 to 5 grains per square foot) the collec-
tion efficiency usually exceeds 907%. This happens in about one minute at
an inlet dust concentration of 2.3 g/m3 (1 gr/ft3), a common industrial dust
lcading. Overall efficiency then continues to increase with dust accumula-
tion, and will generally exceed 997 when the deposit reaches 150 g/mz
(0.03 1b/ft2), i.e., after an hour or less at common industrial dust con-
centrations. After a period of cyclic filtration and cleaning ranging from
a few hours to a few days the residual deposit will stabilize and thereafter
efficiency will remain greater than 99%. During usual operating conditions,
fabric filter overall weight collection efficiency will exceed 99.9%. The
collection efficiency for the submicron fraction of the inlet dust is usually

at least gréater than 90%.

The high overall effitiency is related to the nature of the accumulated
deposit. Overcleaning in order to reduce flow resistance will frequently
cause a reduction in overall efficiency and a slight visible puff of dust
may be observed upon resumption of filtration. The dust collection efficiency
for the submicron fraction may then be less than 807% until cake formation.
Collection efficiency and pressure drop performanée relétionships between
dust, fabric, cleaning, and design parameters are discussed in subsequent
sections. Overcleaning can also shorten the life of the fabric and thereby
contribute substantially to the cost of maintaining the filter system., Fab-
ric life averages about one year, although it can vary from a few weeks up
to 20 years. The actual fabric life and indeed the entire filter performance
depend on the design of the filter, the application conditions and the care

given the filter system. These are all the subjects of later sections of

this handbook.
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1.4 FABRIC FILTER APPLICATIONS AREAS

It is the purpose of this section to cite several gencral application
arcas of fabric filte;s and of altcrnative particulate control equipment.
As indicated earlier there are estimated to be at least 105 fabric filter
particulate collectors in use (1969) treating on the order of 750 x 106
cfm. These fabric filters range over more than a hundred different appli-
cations, and in size over six orders of magnitude. The spectrum of sizes
in use is also estimated, insofar as possible, within the limits of data
now available. Later in Chapters 6 and 9, more.specific applications will

be described.

Friedrich39 has estimated '"that approximately 80 percent of all manu-
facturing plants produce dust loadings and particles small enough to warrant
or require the use of..." fabric filters. Since there are some 311,000 man-
ufacturing plants in the U.S. (1969 Statistical Abstracts) this provides an
approximation of the potential usage of fabric filters. This estimate, of
course, represents a reasonable approximation of the total market for parti-
culate control devices including fabric filters, electrostatic precipitators,
scrubbers and mechanical collectors. Since each system has unique qualifi-
cations for specific applications, the performance and economic aspects of
each type of device must be evaluated in the context of the applicable par-
ticulate control requirements. Addressing our attention specifically to
fabric filter systems, however, we emphasize that this approach to particu-
late control is highly versatile. With design modifications they may be
used in the treatment of process gases, for the recovery of powdered pro-
ducts, and for the recovery of nuisance or toxic dusts and fumes for the
protection of the environment as in air pollution control. As indicated
earlier these applications include mining and minerals processing (both
metallic and non-metallic), chemical and allied manufacturing, food products,
rubber and plastics, metal refining, primary metallurgy, and machinery.
Fabric collectors handle dusts from crushing, grinding, pulverizing, convey-
ing, milling, drying; fumes from cement kilns, iron melting cupolas, rever-
beratory and electric arc furnaces; and carbonaceous smoke from incomplete
combustion of chemical process streams as in carbon black manufacture and

fuel combustion, to mention just a few.

1-43



The principal advantages of fabric filter syétems in such 1installa-

tions are:

Particle collection efficiency is very high and can be main-
tained at high levels.

Efficiency and pressure drop are relatively unaffected by large
changes in inlet dust loadings for continuously cleaned filters.
Filter outlet air may be recirculated within the plant in many
cases.

. The collected material 1s recovered dry for subsequent processing
or disposal.

There are no problems of liquid waste disposal, water polluticen,
or liquid freezing.

. Corrosion aud vusting of components 18 usually not a problem.

There is no hazard of high voltage, simplifying maintenance and
repair and permitting collection of flammable dusts.

. Usc of selected fibrous ur granular filter aids permit the high
efficiency collection of submicron smokes and gaseous contaminants.

Filter collectors are available in a large number of configurations
resulting in a range of dimensions and inlet and outlet flange
locations to suit installation requirements.

Some limitations in the use of fabric filters include:

Fabric life may be shortened in the presence of acid or alkaline
particle or gas constituents, and at elevated temperatures.

. Temperatures much in excess of 500°F require special refractory
mineral or metallic fabrics that are still in the development

stage.

. Hygroscopic materials, condensation of moisture, or tarry,
adhesive components may cause crusty caking or plugging of the
fabric, or require special additives.

Certain dusts may require fabric treatments to reduce seeping of
the dust or in other cases to assist in the removal of the col-
lected dust.

. Concentrations of some dusts in the collector (~ 50 g/m3) may
represent a fire or explosion hazard if spark or flame is admitted
by accident. Fabrics can burn if readily oxidizable dust is being
collected. :

. Replacement of fabric may require respiratory protection for main-
tenance personnel.
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Filter applications can be categorized to reflect similarities of
industrial processes, unit operations, or filter usage patterns. Surveys
of fabric filter applications by some categories are available, such as the
Business and Defense Services Administration (BDSA) survey of fabric fiiter

sales for the year 1967 summarized in Table 1.3.40

Table 1.4 presents a summary of sales reported by member companies of
the Industrial Gas Cleaning Institute for the years 1966 and 1967.41 Data
are presented by Standard Industrial Category Number (S.I.C. No.)* for
value and number of collectors sold. Fabric filters represent the largest
number of devices sold in each year, and were employed in all categories

except domestic, commercial, and industrial heating plants.

Data obtained from these two surveys may underestimate total fabric
filter usage because: (1) questionnaires are believed to have been speci-
fically directed only to air pollution control sales; and (2) the number of
manufacturers of fabric filters surveyed (23 by BDSA, 15 by IGCI) was less

than half the total number of about 50 manufacturers.

Data from the IGCI particulate air pollution control equipment summary
in Table 1.4 have been combined in ten categories as shown in Table 1.5
to illustrate present usage patterns and for later estimation of potential
application areas. In addition, these combined figures may be compared to
similar figures developed by BDSA in Table 1.3 for some of the categories.
Several conclusions may be drawn from Table 1.5:

(1) Major 1967 application areas for fabric filters included all
categories except Combustion, Pulp and Paper, and Petroleum

< 4
For more S.I.C. detail, see "Standard Industrial Classification Manual,"
Bureau of the Budget, Washington, D.C.
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Table 1.3
INDUSTRIAL GAS CLEANING EQUIPMENT --MANUFACTURERS' SHIPMENTS BY END USE, 1967

(Thousands of dollars)

Fod use Electrostatic Scrubbers, Mechanical Fabric % Fabric Filters
precipitators particulate collectors filters of all Types

Iron and steel........... 5,783 7,423 2,300 4,536 22.5
Utilities................ 15,506 (1) 2,476 (1) ---

Chemicals................ 1,207 3,709 3,130 5, 344 40.5

Rock products% ........... 2,760 1,142 1,038 3,602‘ 42.4

Pulp and paper........... (1) 989 802 122 -—--

’; Mining and metallurgical. (1) 825 389 1,855 -—--
> Refinery............. ..., (1) (1) (1) (1) -
ALl other>.......uv.nnn. 687 3,901 8,408 4,959 27.6
Exports................. (1) 651 (1) 1,081 ——

Total shipments 36,509 19,229 22,381 21,730 21.8

1
Not published to avoid disclosure.
"Rock products” includes cement and asbestos plants.

3 <
"All other'" includes shipmients to distributors where end use can not be identified.

(From Ref. 40)
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TABLE 1..
SUMMARY OF .THE MANUFACTURERS' REPQRT OF AIR POLIUTION
%
CONTROL EQUIPVMENT SALES (PARTICULATE)
ELECTROSTATIC MECEANICAL FAZRIC FILTER WET SCRUZITX

INDUSTRIAL CLASSIFICATION Year Number Amount sumber Amount wumber Amount Nunoer A-Iunt
ALL EQUIPMENT, NEC =¥ 1966 1 63,580 93§ 953,121 1,250 201,548 143 TTiLLTT
i 1967 0 ] 1,066 551,012 1,380 907,779 12 350, L0
DOMESTIC & COMMERCIAL o .
HEATING PLANTS 1966 0 < 7 12,849 0 0 1 .38

1967 0 o 16 135,783 0 G 0 2
INDUSTRIAL HEATING PLALTS 1964 3 308,533 113 907,468 0 Q 9
B 6 T36.,327 106 885,153 ] [¢] K13

MINING ' 19n% 5 355,200 33 194,222 35 409,¢76 58 - TUNDO

(S.1.C. Ne. : 10) 1967 4 556,700 27 185,843 24 187,622 50 108,237
MINING AND QUARRYING OF
NONMETALLIC MINERALS,
EXCEPT FUELS 1966 0 Q 224 388,733 55 334,594 28 288 548

{(S.1.C. No.: 14) 1967 0 J 178 336,136 46 378,234 20 24,650
FOCD AND KINDRED PRCDUCTS 1966 0 ] 119 407,330 394 1,074,862 65 199,812

(S.1.C. No. 20) ’ 19¢7 0 2 £5 298,277 315 949,096 82 350,228
TEXTILE MILL PRCDUCTS 1966 0 8] 5 7,374 45 84,741 [\ <

(S.1.C. No.: 22) 1967 0 0 2 1,33¢ 20 73,618 0 Q0
APPAREL & REIATED PRCDLZTS 1966 0 4] 4] 0 0 0 4] Q

($.1.C. No.: 23) 1967 0 2 0 0 1 428 ¢ <

* s LR
(From Ref. ~l}.

*k o
NEC = Not Elsewnere Classified.
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TABLE 1.4 (Continucd)

SUMMARY OF THE MANUFACTURERS REPORT OF AIR POLILTION

CONTROL EQUIPMENT SALES (PARTICUIATE) (Contlnncd,

ELECTROSTATIC MECHANICAL FARRIC FILTER wET SCRUHBLER
INDUSTRIAL CIASSIFICATION Year Number Amount Number Amount urner Lrount Yunter Arount
LUMBER AND WOOD PRODUCTS,
EXCEPT FURNITURE 1966 0 0 197 381,689 £1 235,845 6. 80,099
{S.1.C. No.: 24) 1967 0 0 331 600, 985 127 403,181 5 22,076
FURNITURE & FIXTUKES 1966 0 0 22 85,204 31 20,320 0 0
(S.I.C. No.: 25) 1967 0 0 47 94,702 3 T7,727 0 0
PAPER AND ALLIED PRODUCTS 1966 19 2,696,185 53 114,325 75 150,577 2 567,036
(5.1.C. No.: 26) 1967 9 1,654,280 48 65,590 55 125,927 A 483,822
PRINTING AND PUBLISHING . 1946 0 0 44 28,477 6 18,450 12 22,758
($.1.C. No.: 27) 1967 0 0 27 21,056 7 13,039 10 25,042
CHEMICAL & ALLIED PRODUCTS 1946 11 ©772,085 358 880,561 791 3,857,69% 1.7 1,490,181
(5.1.C. No.: 28) 1967 5 394,605 306 936,531 776 3,787,876 132 1,417,583
PETROLEUM REFINING AND
REIATED INDUSTRIES 1966 - 2 72,680 50 3,455,610 44 183,697 18 121,521
(5.1.C. No.: 29) 1967 5 537,965 42 2,237,788 27 239,166 26 214,726
RUBBER AND MISCELIANEOUS S
PLASTICS PRODUCTS 1966 0 0 132 197,791 186 399,605 33 111,212
(S.1.C. No.: 30) 1967 0 0 93 106,083 137 339,399 40 108,841
LEATHER AND LEATHER
PRODUCTS 1966 0 0 74 50,462 81 54,803 1 1,895
(S.1.C. No.: 31) 1967 0 0 90 65,159 97 77,196 0 0
( { L L. ( ( ( { L { l i
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TABLE 1.% (Continued)

SUMMARY OF THE MANUFACTURERS REPORT COF AIR POLUUITICN

CONTROL EQUIPMENT SALES (PARTICUIATE) (Continuvd)

ELECTROSTATIC MECHANTICAL TABRIC FILTER wIT SIELZEEE
INDUSTRIAL CLASSIFICATION Year Number Amount Nurber Amcunt uster ATount N aToLnt
STONE, CIAY, GLASS & 1966 11. 2,351,850 99 380,909 405 2 ,B14,0952 2 =2
CONCRETE PRODUCTS
(5.1.C. No.: 32) 1967 13 2,054,695 91 332,825 276 3,450,635 18 Ji0. 588
PRIMARY METAL INDUSTRIES 1966 20 3,966.483 386 927,599 819 5,738,659 ) T.383.35%
(S.1.C. No.: 33) 1967 16 2,366,368 356 704,457 833 6,587,496 395 2,018,852
FABRICATED METAL PRODUCTS -1966 .0 0 162 109,28¢ 226 207,725 35
(5.1.C. No. 34) 1967 0 0 0 0 264 251,527 5
MACHINERY, EXCEPT
ELECTRICAL 1966 0 0 521 329,444 8355 574 ,54% 0 2
(S.I.C. No.: 35) 1967 0 0 375 270,210 704 581,670 0 fas
ELECTRICAL MACHINERY 1966 0 0 245 146,923 376 337,055 3 14,9835
(S.1.C. No.: 36) 1967 0 0 203 140,671 321 258,873 7 &3 Qs
TRANSPORTATION EQUIPMENT 1966 0 0 149 95,848 200 272,056 2 &32 5%
(S.1.C. No.: 37) 1967 0 0 147 105,321 187 342,152 2 33,800
INSTRUMENTS 1966 0 0 121 72,184 141 141,763 0 0
(S.1I.C. No.: 38) 1967 0 0 108 75,836 160 221,117 0 °
MISCELLANEOUS MFG.
INDUSTRIES 1966 0 0 89 58,204 107 111,070 0 [y}
(S.1.C. No.: 139) 1967 0 0 77 53,927 121 91,29 4 70,770
ELECTRIC, GAS & SANITARY
SERVICES 1966 55 15,998,885 139 1,854,969 33 369,361 25 833,534
(S.1.C. No.: 49) 1967 63 22,774,900 129 1,798,669 20 221,670 115 787,021
TOTAL 1966 127 26,617,381 4,281 12,040,582 6,237 18,173,618 879 13,015,318
1967 123 31,078,140 3,950 9,985.349 5,963 19,595,543 1,014 10,738,154
PARTICULATE QCNTROL TOTAL 11,524 69,846,899
11,050 71,397,186
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SUMMARY OF IGCI REPORT OF FABRIC FILTER SALES FOR AIR POLLUTION CONTROL

Table

1.5

1466 1967
%_by Category 3 %_by Category % FF § of all APCE Average FF
No. § x 10 Ro. 7 § % No. $x10° No. % $ % $ 1in Category Cost, §
1. Combustion
SIC 010,020,49 33 363 0.5 2.0 20 221 0.3 1.1 1 11,000
2. Food & Feed 394 1,075 6.3 5.9 315 949 5.3 4.8 60 3,000
SIC 20
3. Pulp & Paper 81 179 1.3 1.0 62 149 1.0 0.8 6 2,400
SIC 26,27
4. Inorganic 156 681 2.5 3.8 146 661 2.5 3.4 24 4,500
Chem.
sic 28/
5. Organic 821 3,576 13.2 19.7 766 3466 12.8 17.7 70 4,500
Chem.
SIC 28/30
6. Petrol Ref. 44 184 0.7 1.0 27 259 0.5 1.3 8 9.600
SIC 29
7. Non-metal- 461 3,150 7.4 17.3 322 3828 5.4 19.5 56 11,900
lic Min Ind
SIC 14,32
8. Iron & Steel, 725 5219 11.6 28.7 735 5755 12.3 29.4 Y 7,800
Fdy SIC 10/
33/
9. Non-Ferrous 129 929 2.1 5.1 122 1019 2.0 5.2 35 8,400
Met SIC 10/
33/
10. Misc NEC 3393 2812 54.4 15.5 3447 3288 57.9 16.8 55 960
SIC 00,22,23,
24,25,31,34,
35,36,37,
38,39
TOTALS 6237 18,174 100.0 100.0 5962 10,595 100.0 100.0
$/FF $2,910 $3290
% FF § of Total 26% 2n

APCE §

*
APCE $ = Sales of all types of air pollution equipment for particulate control.



Refining, which in 1967 represented in all less than about 37
of filter sales.

(2) ‘Fabric filters apparently represent more than 507 of particulate
control device sales in Food and Feed, Chemicals, and Non-
metallic Minerals, and between 35 and 45% for Metallurgical
applications.

(3) The average cost of a fabric filter sold in 1967 was approximately
$3290 (as compared to $253,000 for the average electrostatic
precipitator, $2530 lor the average mechanical collector, and
$10.600 tor the average scrubber). Using the previously assumed
average cost of §1 per sq. ft., the average filter size was 3290
sq. ft.

(4) Approxomately 58% of the units sold in 1967 cost less than $1000
(category l0), while less than 6% of the units sold cost more
than $10,000 (categories L and 7). The dollar volume recpresented
by these groups was approximately the same (~20% of sales), a
characteristic of the size distribution of fabric filter installa-
tions. This pattern is further illustrated in the discussion which

follows.

Two major U.S. manufacturers have provided information on typical 1967
and 1968 sales, including product model, application area and size of col-
lector, for each of some 1200 units sold during this period. This sawple
is believed to represent 5 to 10% of the total number of fabric filters
produced in the U.S. for this period, and approximately the same fraction
of total dollar value. The distribution of fabric filters by application
ard size is presented in Table 1.6. These figures indicate that manufac-
turer C had major product penetration ( >10% of area sold, column 2) in
categories 7 and 8, and that manufacturer D had major penetration (column 4)
iﬁ categories 2, 5, and 7. Manufacturer C produced a larger number of
collectors with areas >3200 sq. ft., whereas manufacturer D produced more
collectors with areas <320 sq. ft. Statistical analyses of number-size

data indicate the following median sizes:

Mnfr. C Mofr. D
Median Size by Area: 5500 sq. ft. 1100 sq. ft.
Median Size by Number: 1500 sq. ft. 250 sq. ft.

The median collector area produced for the two manufacturers combined for
both years was approximately 650 sq. ft. The differences in medians for

the two manufacturers cannot be directly translated to gas volume treatcd
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Table 1.6

SALES OF TWO FABRIC FILTERS MANUFACTURERS BY INDUSTRIAL CATEGORY

(1967 - 1968 Combined Sample)

Category Manufacturer C Manufacturer D Distribution of Fabric Filter Size, Sq.Ft., 7 Nos.
% Tot. Area % Tot. No. 9% Tot. Area % Tot.No. <100 100- 320- 1000- 3200- 1000~
320 1000 3200 10, 000 32,000

1. Combustion 8.0 6.0 -—- --- 0 0 15 29 53 3
--- --- 2,2 1.3 0 25 25 50 0 0
2. Food & Feed 4,7 2.3 - ~-- 0 8 30 8 23 31
--- --- 22.6 24,3 23 34 30 9 4 0
3. Pulp & Paper 2.0 0.8 -—-- --- 0] 40 60 0 0 0
--- --- 0 0 0 0 0 0 0 0
4. Inorganic Chem, 3.0 3.8 --- -—— 0 0 23 50 27 0
--- --- 8.0 14.0 32 34 27 7 0] ¢
5. Organic Chem. 9.7 13.3 -—- --- 0 3 50 20 25 1
--- -—-- 28.9 24,2 29 29 19 18 5 0
6. Petrol Refining 0 0 --- -—-- 0 0 0 0 0 0
——— --- 0 0 0 0 0 0 0 0
7. Non-metallic Minerals 39.3 45.1 -——- --- 0 7 34 29 26 4
--- --- 28.2 21.8 17 38 30 9 ) ¢

8. Iron & Steel Foundry 10.0 4.5 --- -—- 0 4 8 34 23 31
--- --- 2.2 1.0 0 33 67 0 0 0

9. Non-Ferrous Metals 4.9 1.7 --- -—- 0 30 20 30 10 1C
-~ --- 2.1 2.9 47 0 41 12 0 0
10. Not Elsewhere Classi- 18.4 22.5 --- == 0 14 35 17 32 2
fied - --- 3.8 10.5 33 27 38 2 0
TOTALS 100 100 100 100 14 18 31 19 13 5
CUM 7% Nos. 14 32 63 82 95 100

{ { ( L L. l it | L { ( L L {
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or sales dollar volume because of differences in applications and design.
For example, as will be seen in Chapter 7, a 650 sq. ft. collector could

have a cost range of 2 to 10 $/sq. ft. or more.

The analyseé presented above have been directed to: (a) an estimate
of the total number of fabric filters in use and their cost to enable a
rcasonable estimate of the likely yield from research and development
investment; and (b) an estimate of the distribution of the use of fabric
filters (categories, sizes, and numbers) to establish the state-of-the-art
and gap areas in applications to be identified with research needs. For
maximum confidence it would be extremely valuable to have additional data
on each application, or on a reasonably representative sample. Since the
number of fabric filter installations is probably in cxcess of 100,000, a
representative sample would require at least several hundred installations
within the ten use-categories to characterize adequately the range of var-

iables in each process and each operation.

Limited surveys of this kind have been made including a number of NAPCA
programs, recently completed or presently underway, and an independent
survey of the Non-metallic Minerals Industry reviewed in Appendix 1.6.42
NAPCA systems studies completed as of early 1970 include: Category 1, In-
cineration (Arthur D. Little, Inc.); 2, Pulp and Paper (A.A. Sirrine); 8,
Iron and Steel (Battelle Memorial Institute); 9, Non-Ferrous Metallurgy
(Arthur G. McKee). Others are planned, programmed or in progress. Each
of the completed studies present substantial detail of the technical re-
quirements for parficulate pollution control; e.g. operations, processes,
gas temperatures and flows, particulate rates, etc. However,-it isn't pos-

gsible from a study of these reports, to obtain technical details about more

than a few variables associated with specific fabric filter installationms.

Technical aspects of the utilization of fabric filters have been des-

cribed for many types of applicatiens in the "Air Pollution Engineering

43 based on typical installations in Los Angeles County. Source

Manual"
inventory data which might be used to estimate the whole population is

not given, however. Similar presentations have been prepared by and for
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the iron foundry industry. It has not been possible to deduce the extent

or magnitude of controls for major application categories from these manuals.

1.5 SUMMARY

Fabric Filter dust collectors are one of 4 major types of particulate
control equipment. They are highly efficient, economically attractive in
many applications and are widely used throughout industry. Their origin is
traceable back many centuries and some of the initial design approaches de-
veloped in the late 19th century are still found in new installations. With-
in the last 20 years, however, innovations have been made which have been

widely accepted and which have resulted in significant improvements in

system performance.

There are now over 100,000 fabric dust collectors in use, ' in hundreds

of different dust applications and over a size range of six orders of mag-

nitude.

Approximately 50 U.S. manufacturers are now supplying in the vicinity
of 7,500 fabric filters a year with sales of¥25 to 50 million. The fabriec
for these filters has a similar sales volume. Apparently, as a direct con-
sequence of this broad supply of manufacturers and the fact that no single
manufacturer has a large percentage of the market, there is an economically
based reluctance to undertake the research programs necessary to fully ex-

ploit the applications potential of fabric filter systems.

The analyses presented in this volume, and the conclusions derived
therefrom, have been hampered by a lack of available and reliable informa-
tion. As will be shown lafer, better fabric filtration equipment 1is needed
for both present and potential applications. This need may justify a mére
penetrating survey of the present art from any of several standpoints -
performance of fabrics,'methods of cleaning the fabric, varieties of dust,
similarities of application, manufacturers' R & D experience, etc. In fact
any such survey must cover several of these standpoints to some degree in

order to be effective, as they are so interrelated.

The principal conclusions which we have reached based on foregoing dis-

cussion and tabulations, and the information presented in the appendices,

are:
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The fabric filter market in 1969 including both hardwgre and
fabric sales is estimated to have been about $50 x 10°. 1t may
very well have been twice this as a result of conservative re-
porting and estimating.

Historically the fabric filter market has approximately doubled
cvery ten years and indications are that the recent growth rate
has been about the same, although the growth rate of all air pol-
lutfon control cquipment has been approximately twice this.

There are now approximately 50 manufacturers of tabric filter
cquipment, and the number is increasing at the rate of 2 or 3
per year. ‘

Fabric sales are a large proportion of the total fabric filtra-
tion market.

Because the fabric filter industry is composed of a large number
of producers of equipment, each producer has a small portion of

" the market and apparently cannot invest more than a modest amount
on research. (As will be seen in Chapter 4, a similar comment
applies to the manufacturers and processors of filter fabrics

and fibers.) ‘

Research and development efforts tend to be concerned with specific
markets, applications problems, and equipment improvement, rather
than with basic engineering investigations which might result in
significant advances  in fabric filtration technology.
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CHAPTER 2
FABRIC FILTRATION TECHNOLOGY
2.1 TINTRODUCTION

The purpose of. this chapter is to relate the preséure drop, effi-
ciency and performance characteristics observed in operating fabric fil-
ters to the underlying physical and chemical phenomena of the collection
process. The latter may be examined at three analytical levels, as out-

lined in Table 2.1,fmacroscopic, microscopic and molecular.

From the macroscopic point of view, fhe fiitration process can be
considered to consist of a collection phase, in which dust is removed from
the gas that penetrates the filter media, and a cleaning phase during
which the gas flow through the media may or hay not be interrupted depend-
ing on the cleaning system. Analysis of the process is presented below,
with respect to a single bag element, by considering the macroscopic
aspects such as the fabric material type, geometry, weave and treatment;
and by the form and transmission characteristics of the application of
cleaning energy including frequency, amplitude and duration. ' The perform-
ance of the complete collector and further characteristics of fabric and

cleaning on single bag collectors are discussed in Chapters 4 and 6.

The underlying features of the filtration and cleaning processes have
been approached at the microscopic level by consideration of fluid-particle
mechanics, deposition phenomena, accumulation structures, particle removal
efficiency and resulting pressure drop. The special single particle-
collector case, essentially a two-body'problem for which many theories
have been developed, remains under continuing investigation. Analysis of
collection and pressure drop in a practical multi-particle system with

cake formation, however, is less well-developed.

Processes at the molecular level include effects of absorbed or ad-
sorbed vapors, humidity, adhesion, cohesion and electrostatic charge on
particles and the fabric filter elements. Analyses of these effects

which are properly in the domain of colloid and interfacial phenomena,
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TABLE 2.1

ELEMENTS IN THE ANALYSIS OF FABRIC FILTER TECHNOLOGY

Typical Elements of Analysis

Level of Analysis . .
Dimension —

0
MACROSCOPIC > 107 em Fabric design,material, yarn type, weave,

finishes, bag configuration (length/dia-

meter), design, suspension, cleaning

process variables (type, frequency, ,
amplitude, duration, repetition rate, -
energy input pattern and amount), flow

patterns in bag, deposit relationship

to pressure drop, macroscopic deposit -
flow property (drag).

MICROSCOPIC ~ 10 ° cm Yarn characteristics, treatments, (tex-
turizing, bulking, napping, needling,
felting); deposition .of particles on
individual yarn elements, deposition —
on previously deposited particles,
structure of cake; deposition in and on
cake; compaction of cake, collapse, -
reorientation; reentrainment in flow;
cleaning, adhesion of individual particles
and of aggregate structures, size of
deposit structures removed, mass-energy-
force relationships in cleaning.

MOLECULAR <10 cm Fiber surfaces, particle surface,
adhesion, humidity effects, electro-
static charge, .adsorption, forces
and phenomena of attachment arising
from molecular considerations.




are summarized in this chapter, in forms suitable for engineering esti-
mates. The approach taken in this chapter is to discuss the interrela-
tionships between these molecular and microscopic processes and the ob-
servable (macroscopic) performance of a single filter element (bag),
i.e., pressure drop and efficiency, fabric life and fabric filtration

costs.
2.2 DESCRIPTIVE AEROSOL TECHNOLOGY

2.2.1 Particle Size, Concentration, and Terminology

An aerosol is defined as a stable system of solid or liquid
particles suspended in a gas. If the gas is relatively of turbulence and
essentially motionless, stability obtains only when particles are about
1 ym in diameter and of unit density. 1In the case of highly turbulent and
fast flowing gas streams, however, particles in the 100 um diameter range
may remain in suspension. Thus, In the context of this discussion, use of
the term "aerosol' refers to particulate dispersions which effectively
undergo no change in particle concentration or size prdperties during
transit to a dust collection device. A particle is considered to be a
single continuous unit of solid or liquid matter, composed of many mole-
cules and hence, much larger than molecular size (~ 0.001 um)*. A particle
may also consist of two or more unit structures (agglomerates) held in
contact by interparticle adhesive forces, such that it behaves as a single
entity while aerosolized. Typical sizes of particulate dispersions of
concern are shown in Figure 2.l1. Sizes range from macromolecular to about
one-tenth millimeter (100 pm) in diameter with an approximate range of
mass from 10“21 to 10-6 grams per particle. The maximum size that remains
suspended for appreciable periods depends upon the relative magnitudes of
fhe fluid forces acting upon the particle and the external forces tending

to remove particles from the system.

The presence of a dust particle represents a local discontin-
uity which modifies the continuum properties of the gas, e.g., viscosity
(1), density (p), and thermal conductivity (). Alterations of the gas

properties may be significant if the particle concentration is high or

* -
pum = micrometer, 10 6 m (formerly micron, u)
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Figure 2-1.

Characteristics of Particles and Particle Dispersions
(Courtesy Stanford Research Institute)
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if the fluid velocity gradient is large. Figure 2.2 presents the concen-

trations encountered in several industrial and atmospheric environments.

A concentration of 100 gm/ms(typical of that found in pneumatic
conveying systems and represcenting about 10 percent of the supporting air
density) will decrecasc the air viscosity by about 10 percent. Similar
hehavior is observed in hydrosol systems. However, the more common con-
centrations cncountered in filtration practice {(~ 10 grams/m3) will have
very little measurable effect on the continuum properties of the fluid as
far as macroscopic analysis of motion, matter and energy are concerned,

6
except in systems where the rate of change of energy is high.a’s’ 7

Aerosol behaQior can be considered as a part of the general
study of disperse systems in fluids. Analysis of the physical character-
istics and kinetic properties of an aerosol system will contain both the
properties of the particles (e.g., size, shape, density) and the continuum
properties of the fluid. For particle size approaching the average inter-
molecular distance in the gas (molecular mean free path, X*), mot ion of
the particle with respect to the fluid is greater than estimated from its
continuum behavior. Analysis of the motion will contain a slip correction
factor for small particles ( < 1 ym at NTP) or at reduced gas pressure,

depending upon the particle Knudsen number, Kn = ZX/DP.

An important characteristic of particulate systems, from the
physical and chemical points of view, is the greatly increased area per
unit of mass available for interaction with surfaces as in adhesion and
with molecular constituents of the gas as in adsorption and catalysis.

Two or three phases coexisting may lead to chemical reaction at high rates,
combustion and explosion, heterogeneous reactions, catalysis, condensa-
tion, health effects, etc. 1Interfacial characteristics of a particulate
system are also of interest in the effectiveness of inter-particle con-

tacts, molecular accommodation, adhesion and interactions with boundaries.

A particle is defined above as a discrete kinetic unit of

solid or liquid matter, and an aerosol as a system of particles suspended

* -8
A= 65 x 10 "m, NTP
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in a gas. Aerosol systems (see Figure 2.1) are usually classificd by

comnon terwms relating to particle origin or occurrence, such as:.

. Dusts - so0lid particles arising from mechanical disinte-
rration or resuspension of solid materials in comminution
processes (drilling, crushing, grinding, pulverizing), in
which the individual particles usually have the same chemi-
cal composition as the parent material. Sizes range from
macroscopic (visible powders) to microscopic, and shape is
determined by the crystalline nature of the parent sub-
stance.

. Fogs, mists, clouds - liquid particles formed by mechanical
disintegration of a liquid or by condensation of molecular
constituents in gas upon suitable nuclei. Size range is
generally above one micron. When they become larger than
50 to 100 ym by collision and coalescence, they tend to fall
as drizzle or rain, or if the gas 1is saturated, the particles
may persist.

. Fumes - arise from combustion, sublimation or distillation
processes; particle composition is frequently different from
the bulk parent material through oxidation or hydrolysis in
the gas. Size is generally below one micron and typical
fumes such as iron oxide or zinc oxide from metallurgical
operations will coagulate rapidly to form loose aggregate
particles. Sizes formed will vary with temperatures, air
motion, or rate of cooling.

. Smoke - visible material arising from combustion of organic
materials typically; particles may consist of fine solid
inorganic ash constituents with condensed carbonaceous
pyrolysis fragments such as tarry liquids of low vapor pres-
sure. Size is generally below 1 pm. Chimney smoke from
combustion of fossil fuels may also contain fly ash or soot
flakes of relatively larger sizes, above 1 um, depending
on the combustion conditions, fuel use pattern, or particle
deposition and reentrainment in the flue gas passages.

. Smog - deonotes an aerosol of the type associated with atmo-
spheric pollution that consist mainly of a combination of
smoke and fog. Photochemical smog implies a complex aero-
sol formed from condensation of gaseous hydrocarbons from
combustion products of liquid fuels, through chemical reac-
tion processes in urban atmospheres, potentiated by solar
radiation, and has typical biological manifestations (eye
irritation, plant damage) in addition to visibility reduc-
tion.

. Atmospheric dust or the atmospheric gerosol - is the sum
of all types of particulate matter suspended in the atmo-
sphere (e.g., haze), including many of the components
above, with a wide variety of chemical constitutents de-
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pending upon source and history. Size is typically
submicron to about 10 pum for well mixed, aged material.
In addition, local anthropogenic sources may release
relatively large particles that may not remain airborne
over large distances. Injection of large quantities of
material into the atmosphere at high altitudes (strato-
sphere, > 3 x 104 ft) may give rise to a large-sized com-
ponent sufficient to appear throughout the global cir-
culation. WNatural sources of atmospheric particles in-
clude sea spray solid residues; smoke from forest fires;
blown dust from prairie erosion; dust from volcanic erup-
tion; and pollen, spores and plant exudates.

2.2.2 Significant Characteristics of Particles with Respect to
Filtration

2.2.:2.1 Particle Size.- The size of particles and their chemi-

cal composition, physical state, and concentration are major variables in
industrial gas cleaning systems. Most natural aerosol particles are poly-
disperse* with respect to size, and frequently with respect to shape,
density, and chemical composition. 1In some special situations, such as

the preparation of sediments, glass spheres, and powdered metals or resins,
one may encounter size distributions which approach the monodispersed
state. Methods for characterization of the size spectra which were indi-

cated earlier in Figure 2.1, are summarized in the following discussion.

Techniques and size analysis apparatus for area and stack

’ The most recent

measurements are described in more detail elsewhere.
instrument available for fundamental particle size, surface, and composi-

tion spectral analysis is the scanning electron microscope.

For many purposes in dust collector design, size analysis is
performed with the Bahco*ﬁnicro-particle analyzer which employs a cen-
trifugal winnowing configuration to separate size fractions by aerodynamic
behavior in a flowing gas stream. Other techniques in current use in-

clude centrifugation, sedimentation, and electrical resistance changes

*

The terms polydisperse and monodisperse are often used to describe
aerosols containing a range of sizes and a single particle size, respec-
tively.

*x
H.S. Dietert Co., Detroit, Michigan. See also ASME Power Test
Codes, PTC-28-1965.
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(Coulter) in liquids, optical microscopy, and screen analysis with con-

. . 8 . .
ventional and micromesh sieves.  Most of the available instruments have
an cffective lower limit of about 1 um, as shown in the followiB;,summary

table:

Sizing Technique Size Capability Range
Common Testing Sicves 20 mesh (= 840 um) to 325
mesh (= 44 um)

Micromesh Sieves - ~5 um - 50 um
. Sedimentation, Elutriation > 50 pm
Cyclones, respirably size > 50 um

selective ‘
Centrifugation - Whiting)MSA' > 5 um
Bahco Micro-Particle 2 1 pum
Aerosol spectrometers, 0.2 - 102 pm

Goetz, Stober
Light microscope > 0.2 um
Electron microscope 0.001 - 102 pm
Scanning electron microscope > 0.05 um

Size analyses below 1 um are usually performed with an electron microscope,

which provides resolution down to approximately 0.001 pym.

Particle size refers to some characteristic dimension of the
physical geometry, as for cxample a diameter measured in a consistent
manncer. It may, however, reflect the particle behavior in a fluid, as for

example in sedimentation, from which a diameter can be inferred.

The particle size distributions of many naturally occurring
aerosols tend to be somewhat similar, because of the commonly acting
mechanisms of particle formation and removal. On the other hand, the
size distributions of particles generated by industrial processes are
highly variant, depending on the source and age of the material. Size
distributions are frequently described by one or more of the following

statistical parameters, among others:

. Range - the size of the largest and the smallest particle.

. Mean size - the arithmetic average sizes of all partiales.



. Median size (by number) - that size for which there are an
equal number of smaller and larger particles.

. Median size (by weight) - that size for which the weight
of all smaller particles equals the weight of all larger
particles.

. Standard deviation or a geometric standard deviation - a
measure of the range with respect to average particle size
(see any standard statistics text).
It is important that there be no misunderstanding as to which diameters
(mean or median, by number, weight or surface) are used to characterize a

dust since their numerical values can easily vary by a factor of ten,and

up to one hundred or greater,with highly polydisperse materials.

2.2.2.2 Shape and Structure.- Individual particle shape

depends upon the methods of particle formation. The shapes of particles
formed by disintegration operations (as in comminution, attrition, pul-
verizing, grinding) are determined largely by the nature of the parent
material. Usually, they appear as irregular crystalline granules. Part-
icles formed by condensation processes, from vapor phase reactions, e.g.v
metallurgical fumes and smokes, or from high temperature combustion pro-
cesses, e.g., fly ash, are frequently regular in shape (spherical, cubic).
Subsequent changes take place in particle shape and structure as a function
of the history of the particle in its environment, and may include crystal-
lization, hydration, collisions and coagulation, or chemical reaction (con-
densation of moisture, oxidation) with gas phase constitutents. Spherical
liquid particles produced by condensation may coalesce on contact to form
larger droplets. Volatilization of metallurgical vapors proceeds simul-
taneously with oxidation, followed by condensation and solidification of
primary particles (< 10.2 um) and further coagulation to form larger chain-
like floccs of spheres or cubes (as with iron oxide, magnesium oxide).
Carbon black is produced as soot from pyrolysis of liquid or gaseous
hydrocarbons and involves vapor phase decomposition and condensation of
molecular carbon to form small semi-graphitic spheres (10-2 - 0.5 pym),
typical of condensation aerosols, with formation followed by rapid coagu-

lation.

Particle size and particle structure are functions of the

formation process and of concurrént and/or subsequent events. There-
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fore, changes in size and structure must be considered in the design or
specification of fabric filters, especially if the material to be col-
lected is freshly-formed or likely to undergo chemical or physical changes

while on the fabric, making subsequent removal difficult.

Typical shapes and observed concentrations;o of airborne
materials likely to be cncountered in urban atmospheres are shown in
Table 2.2. A morec comprehensive presentation of morphological features
and other characteristics of some 500 specific dusts is presented- in
McCrone's Particle Atlas.ll Light optical and electron photomicrographs

of typical particulate materials are shown in Figures 2.3, 2.4 and
2.5 12,13,14 '

The following text discusses analytical solutions for particle
capture mechanisms and for pressure drop, based on models for spherical
particles. It is evident from the photomicrographs that particles likely
to be encountered in practice are seldom uniform spherical entities, but
rather are irregular granular or highly chain-like floccs. These natural
forms may be compared to those cited in Table 2.2. The shape and struc-
ture of a particle will influence its collection, its interaction with
the fabrié, and its behavior as an element in a granular deposited layer
or cake. Characterization of the size, shape, and structure for most
particles of concern requires costly and sophisticated analysis and little
has been done to relate properties of the particulate system to behavior
in a fabric filter deposit, or to effects on filter performance. Most
dry dusts from manufacturing operations involving product handling, vent-
ing, and the related processes consist of highly aggregated systems of
single particles. Since they are often compacted so that their envelope
shapes are approximately spherical, their aerodynamic behavior can be
predicted adequately from spherical models. Most analytical treatments
are based on resistance forces arising from spherical shape. Irregular
shapes will experience greater resistance forces which counter the

gravitational force and lead to reduced settling velocity.

2.2.2.3 Coagulation.- Formation of fine solid particles in
high concentrations by vapor phase condensation is generally followed by

rapid coagulation. Coagulation occurs in all aerosol systems at a rate
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TABLE 2.2

MAJOR SHAPES OF AIRBORNE PARTICLES AND TYPICAL CONCENTRATION RANGES

o,

fumes, e.g. iron oxide

15 - 0.2-2 0.01-0.1

*k
Wt % in dust Shape factors
Shape Appearance Kinds Range Average as av
. smokes, pollen, fly ash
spherical @ liquid droplets 0-20 10 n n/6
salt crystals,
cubical @ MgO indiv. part.
, ] mineral dusts,
irregular-cubical cinders 10-90 40 3-8 0.2-0.5
minerals, graphite
flakes ﬁ . epidermis, mica 0-10 5 1.5-2 0.02-0.1
acicular, zinc oxide,
spiny ammonium sulfate
lint, plant fibers, 2
fibrous asbestos, talec, fiber 3-35 10 anL % Dg L
% L glass, man-made fiber
a ti carbon smokes
;igcz:sa ion @ coagulated metal oxide 0-40

*from Whitby and Liu, Ref. 10 with additions

(04
** s = surface shape factor

%y = volume shape factor

o
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proportional to the concentration of particles and, as shown above, has

a marked effect on particle mass, size, shape, and structure. Coagula-
tion arises as a consequence of relative motion and collisions among
individual particles. As will be discussed below, impact forces between
small particles and surfaces are sufficiently large so that collisions
usually result in the formation of an adhesive bond. For particles less
than about 1 pym, the principal phenomenon promoting contact arises from
Brownian (thermal) motion of the particles caused by impact with the sus-

pending gas molecules.

For simble systems of monodisperse spherical particles, the

rate of coagulation is

- dn/dt = an _ 2.1)

where n is the particle number concentration per cc, K is the coagulation

coefficient, and t is the time.

For thermal motion of the particles,

K=4kTC/3u (2.2)

where k is the Boltzmann constant, T the absolute temperature, He the

fluid viscosity, and CC the Cunningham-Millikan slip correction factor.

Integration yields the expression

1 _ 1 _ 4kT -
s T n T3, G t (2.3)
o f

for the concentration particles, n, at any time, t, with the initial
condition of n = no particles at the onset of coagulation, t = 0. The
theoretical value of the coefficient(ékT/3pf) has been found to be in
general agreement with measured values, to within a factor of 2, (of the
order of 5 x 10-8 per cc-min) for particles in the range 0.1 < D < i m.
For t ~ 102, the particle concentration must be > 106/cc for subgtantial
coagulation to occur. The experimental verification of thermal coagula-
tion is illustrated in Figure 2.6, taken from the pioneering studies of

Whytlaw-Gray and Patterson.15 This figure shows the large, loose,
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irregular masses of chain-like aggregates formed from metal oxide smokes
of cadmium and zinc oxide. Less tendency to form string-like complexes
was observed in oxides of lead, copper, magnanese and chromium, some-
what greater in iron, while oxides of magnesium, aluminum, and antimony
appeared similar to clusters shown in Figure 2.6. Later investigations
utilizing electron microscopy have established the metal oxidesvstruétures
as large loose irregular stringy chains as shown in Figuré 2.4.13

These observations are doubly significant in the study of
fabric filter technology. First, the capture of these large aggregate
particles by fibrils and by the previously deposited granular cake should
be‘substantially greater than would be estimated on the basis of the
individual particles forming the complex. Secondly, these aerosolized
aggregate structures are very similar to the kinds of aggregates formed
upon collection of particles in fabric and granular filters. Typical
material removed by the cleaning of fabric filters also appear as highly

complex structures.

More recent analytical treatments of coagulation for aged

16,17

disperse systems are available. These have led to a model of the

particle size distribution for the coagulating aged atmospheric aerosol

which has been experimentally verified.18

The process of coagulation and the resulting structure of
aerosol aggregates is influenced by several factors including particle
shape, electrical charge on the interacting particles, adsorbed vapors,
and fluid shear gradients as a consequence of stirring or mixing in the
aerosol, sonic fields, and also because of sedimentation of larger part-
icles or collision of particles on walls or collection on obstacles in
the flow. The production of aerosol aggregates as an aid to the build-up
of particle size to make the particles easier to remove from suspension
has been investigated. The use of filters as agglomerators has been

shown to be practical in the filtration of both solids and liquid aerosols,

2.2,2.4 Density.- Suspended particulate density is related
to the method of formation and subsequent events. Initially dust formed
by attrition of a solid will have the density of the parent material.

However, if it undergoes subsequent surface oxidation or hydration, for
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example, its density will change. Particles formed by condensation
processes undergo substantial coagulation, as shown above for metallurgical
fumes such as Zn0O, MgO, Fe203, or carbon blacks. The density of these

agglomerates will be less than that of the particle materials due to air

inclusions, as shown in Tables 2.315 and 2.4.19 Density of these aggregates

is about one-tenth of the density of the parent material because of encap-
sulated void volume (up to 90%). Other recent studies of the aérodynamic
behavior or particlc aggregates include those of Stober et al.,14 Johnstone
and Sehmel20 (who confirmed the earlier finding for MgO given in Table 2.3)
and Kunkel,21 and Megaw and Wiffen.22 Aerodynamic properties of fine
fibrous particles are under intensive investigation in conjunction with
observations of excess numbers of these particles in the lungs of urban

dwellers.

Difficulties have been encountered in measuring the discrete
particle densities of organic dyes used as test aerosols (uranine and
methylene blue) according to Stein, Esmen and,Corn,23 Sehmel,24 and
McKnight and Tillery.25 Inconsistencies in reported dimensions are at-
tributed to differences in manner of generation, degree of drying, and

sampling.

Fly ash particles from combustion of pulverized coal typically
contain fused hollow spheres (cenospheres) having densities substantially
below that predicted from material properties alone. These differences
are of significance in predicting the atmospheric transport of released
particulate materials from anthropogenic'sources with respect to environ-
mental effects. They are very important in predicting -and interpretating

fabric filter performance.

From a practical point of view, particle density can be
assumed to range from 1 to 0.1 that of‘EHe.true density of the parent
material. Estimates of density and particle size of aerosol aggregates
are required in order to relate particle mass to particle collection in
inertial systems and to predict the effects of acceleration and fluid

forces in the cleaning of fabric filters.
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TABLE 2.3
: *
PARTICLE DENSITIES FOR AGGLOMERATES

Floc Normal
Density Density
Material g/cc g/cc
Silver 0.94 10.5
Mercury 1.70 . 13.6
Cadmium Oxide 0.51 6.5
Magnesium oxide 0.35 3.65
Mercuric chloride 1.27 5.4
Arsenic trioxide 0.91 3.7
Lead monoxide 0.62 9.36
Ant imony trioxide 0.63 5.57
Aluminum oxide 0.18 3.70
Stannic oxide 0.25 6.71

*From Whytlaw-Gray and Patterson, Ref. 15.

TABLE 2.4
*
TYPICAL DENSITY RATIOS FOR AEROSOL PARTICLES AND PRECIPITATED SMOKES

——

Material Density Ratio*¥* Reference
PbO 0.089-0.049 Kohlschutter and Tuscher (1921)
: Precipitated smokes
Sb,0 0.11 Kohlschutter and Tuscher (1921)
273
Precipitated smokes
A1203 0.19 Kohlschutter and Tuscher (1921)
Precipitated smokes .
As, O 0.049 Kohlschutter and Tuscher (1921)
273 .
Precipitated smokes
NaCl 0.045 Moffat and McIntosh (1957)
Precipitated smokes
MgO 0.064-0.145 Johnstone (1961) and Whytlaw-

Gray and Patterson (1932)
Aerosol Particles

HgCl2 0.115-0.517 Whytlaw-Gray and Patterson (1932)
Au 0.0109-0.34 Whytlaw-Gray and Patterson (1932)
W 0.07 Johnstone: (1961) '

%
From Beekmans, Ref. 19.

*% :
Ratio of observed particle densities to the true density of the material,
i.e., solids fraction, . This ratio for a material composed of equal,
randomly packed spheres is 0.61, i.e., 397 porosity, ¢ = L-«.
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A fabric filter collector reduces a gaseous dispersion oé
particles to a powder mass. The porosity of the powder (void fraction),
. =1 -@=1 - bulk density/true density) affects the collected cake
pressure drop through its effect on permeability. Powder bulk density

and porosity data for a variety of materials are given in Tables 2.19,

2.20, and 2.21.

In summary statements of aerosol size properties (dimensions
alone) are not adequate for prediction of particle aerodynamic behavior
or for estimation of filter cake porosity. Unless the particles are of
reasonably regular shape, the size, shape, and structure must be con-

sidered simultaneously to explain physical measurements.

2.2.2.5 Surface Area.- The large amount of surface area per

“unit mass (specific surface) is a characteristic feature of dusts, powders
and aerosol systems. For example, a cubic centimeter of unit density
material distributed as 1 ;m spherces will have a specific surface of

11.5 mz/gram. Surface areas of some common mineral dusts are given in
Figure 2.6a.27 Fine particulate matter, which may have specific surface

3

areas ranging from 10_2 mz/gram (sands) to 10 mz/gram (carbon black),

provide extensive area for chemical and physical reactions with gas phase
constitutents. Materials of practical interest are usually found to have
greater surface areas than those predicted by geometrical considerations
alone for the reason that such considerations do not ordinarily take

surface roughness or interstitial surface into account.

Organic and inorganic combustible materials may burn or ex-
plode when finally subdivided. Effects of particle characteristics (shape,
size, and concentration) on the intensity of explosions for a wide variety
of materials of technical interest have been presented by Hartmann, Nagy

29-35

and co-workers at the U.S. Bureau of Mines. Hartmann's summary of

earlier (1916-1957) Bu. Mines studies of explosive characteristics of
representative dust dispersions is given in Table 2.5.36 These studies
indicate that explosibility is inversely proportional to particle size,
as illustrated in Figure 2.7.32 Minimum explosive concentrations in air
are in the range of 10 to 100 grams/m3 (10 to 100 oz/lO3 £e3 or 4.3 to

43 grams/ft3), c.f. Figure 2.2. For the aluminum data shown in
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TABLE 2.5

*
EXPLOSION CHARACTERISTICS OF VARIOUS DUSTS

Typo of dust

Motal powders
Aluminum, atomised . ..
Aluminum, milled .
Aluminum, ntunymd

Fomn (8H
on clrbon .......

Tron, eloctrolytio
Iron. hydrogen rodueod
Magnosiumm, atomised. .
Muagnosium, milled. . .. ...
Magnesium, stamped . . . ... ..
Manganese. ............ Co
Silicon...................
Thorium .. ...............
'fhunnm hydride..........

Titanium..... . .........
Titanium hydride. . . ..
Urantum .. ... ..., R
Uranlum hydride. ... ..... ...
Vanadium...... .. ...... . .
Zine ..
Ziroondum .. .. ...
Zirooniun hydride.... ... ...
Aluminum-cobalt u!uy 00— 40)
Al:{v)mnummonpu loy (B0
Aluminum-nickel nlluy (00—40)
Calcinme-silicon alloy ..
Dowmetal ... . ... ...
l-umnmnganm (1.49, ().
Ferrosilicon (80% 8i) .. ... ..
Forrotitanium, luw-onrbon
Ml';nenbl;m-alnmlnum nlluy

Allylalcohol resin. e
Butadione-styrens resin. . . ...
Celluloso acetates. . e
Cellutose promonno. A
Coumarone-indene résin. . . . ..
Dimcthy! tereph ate.

Guma (ardbie, cupal, ete. )..

Mothyl ingthaary
Phenolic rpsins .
Pinc-rosin buge resin
Polyacrylonitrilo . .
Polynmide. .
l'olyonar n-uln- fiber mix-
ture (68~-35). ..... ......
Polyethar nleoh:u-uln. e
Polyethylenerestn. ..........
Polyethylene lnruphchahw. ..
Tolystyrene . . . . .. -
Polyvinyl nogtate te .
lluf;bor, synthetip, hard.. .. ..
Shellne...,..... ... ...
Styrene-maleic sphydride
copolymer. ... ... .o
Urearesio..................
Viny| butyralresin. . ..
Vinyl nhlorido-uorylomtrlle
Vi poll met.l .................
iny! copol mer rosin.
l’ Y tural umduch
Alhlh .........
Cellucutton.
(J.nnmnnnl fuhvdsated.
trus pesl, duhy: e
&unrnd .......... Ve

Ignition
temp of
duet
clnudx
deg C

Min spark
onergy
required
for igni-
tion of
duat
clond,
milli-
joulen

Min ex-

plonive
aoneen-
tration,
os |1n'r
1,000
e ft

Max
oxplosinn
Preasu e,

T

Rates of
pressure vise,
Pl per see

Avg Max

3.500 I(4).000+

2,000 250
10,000 | 10,000 }
9 2,500
1,500 | 7,000
500 | 1.000
800 | 1,750
2.000 | 5,250
3,000 | 10,000 |-
1,400 | 10,000 +
1,300 | 2,250
2,000 | 10,000
1,400 | 3,2%0
2,100 [ 6,7%0
500 | 1,250
3,400 | 10,000 |-
3,800 | 10,000 +
1,600 | 3,500
2,900 | 6,2%
200 300
600 | 1,750
0] 8,25
2,400 | 8,750
, 8,500
800 | 2,500
2,600 | 10,000+
400 | 10,000 4
3,600 | 10,000 +
1,400 | 4,250
1,500 | 3,600
2,200 | 9,500

2,800 {10,000 4

1,400 { 4,000
2,800 | 6,7%0
1.600 | 4,750
2,800 ,
3,100 | 10,000
1,500 { 5,000
1700 | 4,750
1,400 6,000
506 1.7%0
1,700 & 6,
1.900 | 7:300
2.000 3,000
1,800 | 7,
2,200 | 6,900
1.000 ,
1,500 1 1.%00
1,600 { 7.900
2.400 | 7.000
1,200 | 3.000
1.100 3,00
1,400 | 3,50
2,300 | 9,500
00 | 2,000
500 ; 1,000
1,700 | 4,500
00 500
300 1,000
| 2& 2”0
1,200 :.338
400 1,000
530 +,200
130 250

Limiting
OxyRun
pereent-
age to
i wrevent
Ignitiun
of duat
oloud hy
electrie
spnrks

13
13

From Hartmann, Ref. 36.
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TABLE 2.5 (Continued)

AR -
tates of TLimiting
Min syinrk H
anergy Min ex- "::1'"': ::‘ ' oLy gen
lgnition | roqulred plosive M S 't pe perosnt-
. tenmp ol (o {gni- | aoneen- | :1 " “:
Type of dust. dunt tion of teation, | 03P \ :; &l:it: t
clnmlx dust or per m"ll . ¢ d on
ey € elowd, t,000 g Avg Max ‘I:o dut.)‘
' willi- cu ft ':,l““'dy
jouloa lp:rk:
Corncobmeal. ... ... ..., 400 60 30 120 1,200 | 3,750
waroh, .. ... 380 30 40 110 1200 | 6,730 0
Cotton soed . .. 470 80 1] 90 800 | 2.500 15
N, 0OTR . 400 40 40 103 1,800 { 7,000
Purfurs| residue 440 40 40 10% 1,400 | 4,000
dust.... 430 30 55 95 1,000 2.;58 .
ussoeed. ... .. . 500 60 40 103 1,400 | 4,73
Lyoogodiumm. . 480 40 25 a3 2300 | 7,000 1
utehalls. ... .. 420 30 10 103 1,900 | 4,000
, dehytrated 410 . 130 03 400 l‘m
s, dohiydrated 360 40 50 100 2,100 | 6,
Pectin. . .. 420 35 75 10 1,800 | 8,000
Potato starah 440 28 45 95 2,300 | 8,000
wtuln 480 80 100 40 600 1,500
Rico...... .... 440 40 48 9% 1,000 | 2.7%0
Boybean 50 50 35 100 1,200 1 3,250 13
BORRT. e 3 30 3 90 1,600 | $.000
O 440 140 70 1y 1,400 3,500
Wheat dust. ., . .. 470 50 70 103 1,500 | 3,500
Whestflour. .. .. ... 380 50 30 95 1,200 § 3,750
g e 520 50 50 105 1,000 | 2,500
Miscellaneous
Adipicasld .. 540 70 35 75 1,200 | 2,750
Alumjnuw stearate . . 400 [} 13 95 , 300 | 4,750
Agpirfn. ... . 660 15 38 83 ,000 | 10,000 +
Rerk dust ()Iougins hr) 540 40 30 90 900 | 9,500
Bepyllium acctote. . . . 620 100 80 80 600 | 2,000 \7
Caloium lignin sulphonic neid. 590 100 160 80 600 | 2,000
Carbon, aotiva . 660 L 40¢ 200 300
Casein, rennet. . .. . 520 60 45 [ 3] 400 { 1,000 12
Cellulose. . ... . . 480 80 55 100 1,100 { 2,750 13
Charone! {pine wond) . 620 N 408 200 250
low volatile . . .. . .. 635 . .. 45 300 400
 medium volatile ., 605 120 120 60 300 600 "
,high volatile (Pgh. mmn) 610 60 53 a5 800 | 2,250 16
subbituminowa . . . 458 60 45 935 1,200 | 3,000
....... . . 470 45 35 100 2,000 | 3,500
ﬁ:umlnohenlino. 350 20 [} 90 2,900 | 10,000 +
Dinitro-ortho-v rean) 440 80 13 55¢ 1,300 | 2,250 15
Dighenyl. .. . 650 60 35 55 400 { 1,500
nite. . ... .. 560 25 20 90 1,200 { 3,750
Hexamethylenetotramine 410 10 15 100 2,400 | 10,000 + 14
Lactalbuinin. . ... 570 50 40 90 900 | 2,750 13
e i 330 9 S0 0 | ol | "
Liver protoin. . .. '
‘hp.l?n. .. 450 40 20 83 1,000 | 3, ¥
Maraforranldehyde 410 20 40 100 2,500 | 10,000 +
eal. aphaguitn 460 50 45 85 900 | 2,250
Pentaerythrital . 450 10 30 90 1,700 | 9,% 14
Phenot hiagine 540 . 15 80 1,400 | 4,250 1
Phthalic anhydride . . 650 [} 13 70 1,300 | 4,250 V4
Bytosteral L 1 30 10 28 75 1,500 | 8,
Pitch, conl tar (58% vol nnt-
:,),.. ( 710 10 15 9% 1,900 | 6,000 I}
Procaine penicillin 450 . 25 50t 1,000 | 2,000
Rubber, erude, hard 350 5¢ 23 a0 1,200 { 3,8 5]
Secobarhital sodium 520 95 105 55 150 500
...... . 430 60 45 45 600 | 1,750
um alk ylorylaslphesine 540 .. 130 751 400 | 1,250
m banzoate 560 80 55 L} 1,800 | 10,000 +
Sodiums oarbuxymethy! acllu-
v I BB Y3
Borbio aci i , -
wm’ ......... 190 13 35 80 1,700 | 4.750 "
Vitamin By, . .. .. 500 80 108 30 1,000 | 2,250
Wood flour . . . 430 20 40 1o 1,600 | 5,500 17

# When uranium, ursisuin hydride, and zireoninm were dispursed into air at room tampoerstura, the dust

hndhi‘u‘nlml undor s conditiuna.
[} axygen reductoon Jdatain
ortum, titenium, uranivin, sireoniun,

ia pure CO;.

hin talile are bneed un tonts made in air-Cts mixtures.
Viowinoted, nid certain magnesiuin and magnosium-alluy pow

1ouat elouds of
dors

{ Presgures and ruten of prasnure rise for thess dunts wern nwssurod by an older testing teohnique.
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Figure 2.7. [ffect of Average Particle Diameter of Atomized

Aluminum on Explosibility Index (from Jacobson
et al., Ref. 32),

Figure 2.7, the particle size, concentration, and energy input effects

are shown in Figure 2.8.

Dust explosions occasionally occur in fabric filters as the
result of the accidental admission of a spark from tramp iron, welding
or grinding operations, or during maintenance or repair. Disastrous
effects of explosions can be minimized by providing burst diaphrams or
pressure reflief panels and large vent ducting to the outside of the
plant. The loss-prevention staff of most major insurance companies can
recommend adequate designs, and fabric.filter manufacturers can supply

proper components.

The extensive specific surface area associated with powdered
materials is also used as a reaction surface for the recovery of 802
or SO3 from flue gases. By generating an aerosol of reactive powdered
material, such as CaCO3, and collecting it on a fabric filter, the

filter-dust combination functions as a fixed bed reactor for partial
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removal of sulfurous flue gases. Other relevant characteristics of fine

particulates associated with size and specific surface, and not necessarily

restricted to filter applications, include pigment color and cover prop-
crties, flow properties, caking characteristics, drying, heating, surface
cover, abrasiveness, potency of therapeutic properties, setting time of

cements, bulk powder density, magnetic properties and so1ubi1ity.37’38

2.2.2.6 Electrostatic Charge.- Electrostatic charge assoc-

iated with suspended particles consists of an excess ( - ) or deficiency
( + ) of electrons on the particle. Most small particles have naturally
acquired charges from electron transfer during contact and separation

or because of free ion diffusion. This charge may be assumed to reside

on the particle 3urface.13’39’40’41

Mechanisms39 that usually produce a charge on aerosol part-

icles are:

. Electrolytic Mechanisms - Electron exchange at a high-
dielectric liquid-solid interface followed by separation
as from a jet, over a surface, or by impact of liquids
on solids.

Contact Potential - Free electron transfer across a po-
tential barrier because of a differential work function
of two metals in contact.

Spray Electrification - Separation of liquids by atomiza-
tion leads to formation of charged droplets due to ion
concentration in the drops.

Contact-Separation (Tribo-) Electrification - Separation
of contacting, dry, non-metallic surfaces (surface work
function).

Ion Diffusion in Gases - Air ions may be created by elec-
trical discharges in air, by natural radioactivity, or by
flame ionization. These ions diffuse rapidly in air and
become attached to particles.

Charges of both signs usually appear in equal number after
dispersion of small particles so that the net charge of the aerosol may
be quite small even when individual particles in the cloud are highly

42,43,44 Collision and adhesion of oppositely charged particles

charged.
affect behavior of dust clouds and therefore bear upon the inter-

pretation of size analyses.
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Representative charge levels on dusts of interest are given
in Table 2.6.40 The number of charges acquired by particles is limited
by the breakdown strength of the surrounding medium. In the case of
dry air, this is about 8 esu per cmz, or 1.66 x 10 0 electrons per cm .
Tt is possible to create charges on particles which exceed this value
under certain conditions, e.,g.,, electrostatic precipitation, but observed

levels are usually considerably less.

Figure 2.9 shows maximum likely particle charge based on

13,40,43,41

8 esu/cm2 and some experimentally determined values. Figure 2.9

illustrates two important characteristics of electrostatic charge phen-
omena in aerosols: 1) charge levels can exist up to the theoretical maxi-
mum as set by breakdown environment and particle surface area and 2) charges
observed on natural and artificial aerosols are usually of the order of
1/10th of the maximum value. For estimating purposes, when measurements
are not available, the data of Figure 2.9 allow an approximation of the
likely charge level. The accompanying notes indicate the methods used in
the generation of the particulate charge carriers. Liquid break-up and
dry powder dispersal are seen to produce high residual charge on particles
(e.g. see items 5,6). Presence of an excess ion cloud tends to reduce
residual charge, and conversely, residual small particles remaining air-
borne, after electrical charging and partial precipitation of the larger
fraction, are observed to carry larger numbers of electrons (e.g. see

items 19, 20).

Whitby and Liu46 calculated the theoretical distribution of
charge on particles between 0.0l and 1.0 ym in equilibrium with a bipolar
ion atmosphere based on diffusion charging, as shown in Table 2.7. The
probabilistic nature of the acquisition of particle charge has been con-
sidered by Boisdron and Brock,41 who illustréte the spectrum of particle

charge for various conditions and the underlying analysis.

When particles greater than about 1 ym in diameter are passed
through a corona discharge, they acquire charges from electrons and ad-
sorbed gas ions in proportion to the square of the particle diameter, D ,
and the strength of the charging field, Eo.42 For conducting particles?

2

ne = (3/4) EODP (2.4)
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TABLE 2.6

*
CHARACTERISTIC CHARGES ON SOME REPRESENTATIVE DISPERSOIDS

(A4

Method Charge Distribution Specific Charge
Dispersoid of Dispersal Pos. Neg. Neutral (esu/g)™"
(%) Positive Negative
Raw cement mix Agitation in air 35 35 30 0.7 x 104 0.7 x 104
stream
Gypsum dust Grinding, drying 44 50 6 1.6 1.6
(Schumacher in flash dryer
Plant, L.A.)
Copper smelter 40 50 10 0.2 0.4
dust (Tooele, :
Utah)
Fly ash 31 26 43 1.9 2.1
(Stateline, |
Chicago) N
Fly ash 40 44 16 4.8 4.2
(Rochester
Electric)
Gypsum dust Grinding and 0.2 c.2
(U.S. Gypsum drying in a
Phila, Pa.) rotary kiln
Lead fume Dwight-Lloyd 25 25 50 0.003 0.003
(Tooele, sintering machine
Utah)
Laboratory Condensation 0 0 100 0 0
0il fume from vapor

“From White, Ref.

.
w

*
1l esu =2 x 10

9

40,

electron charges
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12.

13.

14.

15.

16.
17.

18.

19.
20.

21.
22.
23.
24.

Ref.

13
13

13
13

13
13
43
43
43

43

43

45

46

40

47
47

47
47
48

Source
Green & Lane
Green & Lane

Green & Lane

Green & Lane

Creen & Lane

Green & Lane
Green & Lane
Dalla Valle
Dalla Valle
Dalla Valle
Dalla Valle

Dalla Valle

Dalla Valle
Megaw & Wells
Whitby & Liu

White
White

White

Schroter

Schroter

Schroter
Schroter
Schroter

Mercer

Notes for Figure 2.9

Material
Theor.
Theor. -

Ammonium
Chloride

MgO

Silica

H20

H20

Tobacco Smoke
MgO0

Clay

Stearic Acic

Ammonium
Chloride

Ammonium
Chloride

Dow PSL

Theor.

Theor.
Theor.

0il spray

Mg0
MgO

Plexiglas (PMMA)
PVC

PSL

Theor.
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Remarks, Generation Method
2 kV/cm, Field chg.

6 kV/cm, Field chg.
(Gillespie)

Thermal cond.

Combustion fume (Gillespie)

25 psig air jet redispersion
(Gillespie)

Fog, dry (Wigand)

Fog, damp, unstable (Wigand)
Combustion

Combustion

Air jet redispersed, elutriation

Laller~Sinclair vap'n-cond'n
generator

Laller-Sinclair vap'n-cond'n
generator

Spray alcohol solution

Sprayed, measured ion
equil distbn.

Equil. charge, bipolar ion
atmosphere

515 ions/cﬁB, t>> 1, diff. limited

6.7x104
limited

Exptl. ESP, 506 kV/cm,t << 1
field limited (p. 145)

Combustion fume, naturally occur.

ions/cm3, t > 1, diff.

Comb. fume, after charging
and propnl. larger fraction

Spray dried from benzene
Spray dried from cyclohexanone
Spray dried from benzene

Sprayed distilled water, 1014

ions/cm



No.
25.

26.

27.

29.
30.
31.

32.

33.

34.

35.

36.

Ref.

49

49

66
66
66
66

66

66

66

66

65

Notes for Figure 2.9 (Continued)

Source

Lundgren
Lundgren
Lundgren

Kunkee
Jutzi
Jutzi

Jutzi

Jutzi

Jutzi

Jutzi

Jutzi

Deryagin
& Zimon

Material

Meth. Blue:

Uranine

Meth. Blue:

Uranine

Meth. Blue:

Uranine
Quartz
Quartz
Quartz

Quartz

Zinc

Zinc

Zirconium

Aluminum

Glass‘

Z2-35

Remarks, Generation Method

4:1, Spinning disc as gen-
erated

Neutralized, 10% > 6 e/p

1:1 Collision sprayer and
impactor

. Quoted in Zimon, p. 78
' Quoted in Zimon, p. 78

Quoted in Zimon, p. 78

Quoted in Zimon, p. 78,
15 kV corona discharge,
7.6 x 1073 A

Quoted in Zimon, p. 78,
15 kV corona discharge,
7.6 x 1072 A :

Quoted in Zimon, p. 78,
15 kV corona discharge,
7.6 x 10-3 A

Quoted in Zimon, p. 78,
15 kV corona discharge,
7.6 x 1073 A

Quoted in Zimon, p. 78,
15 kV corona discharge,
7.6 x 1079 A

Blow-off surface, quoted in
Corn p. 380.

E¥



TABLE 2.7

DISTRIBUTION OF CHARGES ON PARTICLES IN EQUILIBRIUM
WITH A BIPOLAR ION ATMOSPHERE®

Number of Charges on particle

D Average
p 0 1 2 3 4 5 6 7 8 9 10  Charge
(w)
0.01  0.3993  0.007 0.007
0.015 0.955  0.045 0.045
0.02  0.900  0.100 9.10
0.03  0.763  0.236 _ 0.001 0.238
r 0.06  0.550  0.430 0.020 0.470
ﬁ 0.1 0.424  0.48 0.09 0.006 0.677
0. 0.241  0.41 0.232  0.093  0.024 0.005 1.247
1.0 0.133  0.253 0.214  0.162  0.109 0.065 0.035 0.017 0.007 0.003 0.001 2.36
*From Whitby and Liu, Ref. 46.



where n = number of electron charges

charge on one electron (4.8 x 10-10 statcoulomb)

e

Particles of insulating materials acquire charges to 50 to 60 percent of

this value. For particles less than about 0.2 um, diffusion charging

predominates4 ’ 6'according to the following relation:
D kT nDc No e2t )5
n = ;ﬁi— (L + ST ) (2.5)
where np = charges o? an initially neutrf}6partic1e after ;ime, t
k = Boltzmann constant, 1.38 x 10 "~ ergs/molecule K
N, = ion density, ions/cm3
¢ = ion velocity (root mean square), cm/sec.
= time, sec.
T = temperature, OK

The theoretical charges acquired by particles of various sizes:

for a rod and cylinder precipitator assembly are shown in Table 2.8.50

These agree approximately with reported experimental values.40 Since
particles acquire sufficient charge to precipitate rapidly in a parallel .
field condenser, this method has formed the basis for the design of sev-

eral electrostatic particle-size clgssifiers.46’49’51

The migration
velocity of a charged spherical particle, Ve’ in the direction of a col-
lecting electrode can be obtained from the following expression, assuming

that air resistance is given by Stokes Law:

vV, = C, Enpe/3ﬂ He Dp (2.6)
where E = field strength in the collecting space (esu/cm), and Cc is the

slip correction factor.

. Effective electrical precipitation depends upon the particle
charge level (np) and a strong collection field gradient (E) which, in
turn, is attained by providing a large value for the product Not, or a
reasonable number of ions (No) over a realistic time to charge (t).

A practical constraint is that the charging time, t, must be less than

the gas residence time in the system as determined by the volume-flow
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TABLE 2.8

*
NUMBER OF UNIT CHARGES ACQUIRED BY PARTICLES

Particle Field Charging Diffusion Charging
Diameter Exposure Time, Sec.** Exposure Time, Sec.
pm 0.01 0.1 1 Y 0.01 0.1 1 10
0.2 0.7 2 2.4 2.5 3 7 11 15
2.0 72 200 244 250 70 110 150 190
20.0 7200 20,000 24,000 25,000 1100 1500 1900 2300

2
‘From Lowe and Lucas, Ref. 50.

ot .
L1m1t1ng Charge

Note: Calculated from equations (2.4) and (2.5) under the followxng
conditions typlcal of a rod and cylinder assembly;T= 300K, N =

5 x 10/ ions/cm3, E_ = 2 kV/cm, in air at atmospheric condi-°
tions, at 40 kV w1tﬁ a discharge current of 40 pA/ft.

relationships. Practical devices utilizing electrical precipitation must
take into consideration the physical and chemical characteristics of the
carrier gas, and particle deposition, adhesion, bounce, and reentrainment

caused by fluctuations in the flow field.

Acquisition of maximum theoretical charge gives rise to

strong attractive coulombic and dipole forces which can be used to collect,

separate, or classify particles. The presence of electrostatic charges
is often a severe problem when handling particles less than 10 um having
relatively low mass, as fine particles tend to clump togther. This
makes it difficult to produce good ‘air dispersions for Subsequent sedi-
mentation, prevents dry screening of powders with electro-formed sieves,
and complicates particle removal from fabrics. Undesirable charge ef-
fects may be counteracted by exposing the aerosol to emanations from a
nuclear radiation emitter to produce excess air ions for neutralization,
or by humidification which enhances charge leakage. The latter process,

however, will also accelerate particle clumping.

Powdered materials which are good electrical conductors

(e.g. carbonyl iron spheres) can be grounded before and during sieving

2-38



to reduce charge cffects. Fugitive electrostatic charge accumulation in
powderced materials handling systems is one source of ignition for ex-

plosive reactions, as indicated above.

The presence of electrostatic charge on a particle gives rise
to forces influencing its aerodynamic behavior in an electrical field and
clasgifiers have been designed to take advantage of the fact that a charge
may be placed on a particle in proportion to its size. Theories of
particle charging by diffusion and electrostatic field charging mechanisms

have been reviewed by White40 and Whitby and Liu.46

Measurements of particle electrostatic charge can be ob-
tained experimentally by methods illustrated schematically in Figure 2.10.
The Faraday ice pail method sthn at (a) consists of an insulated filter
holder connected to ground through an electrometer and a bucking circuit

52,53 From an

(Figure 2.11), and measures the total aerosol net charge.
independent measure of particle numbers (as with an automatic light scat-
ter aerosol particle counter, particle size analyzer, or by counting
particles on a membrane filter sample), the average charge per particle
(+ or -) can be obtained. Millikan's oil drop experiment (Figure 2.10)
provides a means for measurement of the motion of a particle in an elec-
trical field. 1Individual particles are suspended by an electrical field
in a parallel plate condenser and their motion observed by light scatter
in a microscope. Differential velocities under the action of gravita-
tional and electrical fields are used to compute individual particle.
charges. The method requires great patience on the part of the observer.

Other modifications of the motion of particles in electrical fields are

illustrated in Figure 2.10, ¢ and d. Stroboscopic photographs of

particles are taken in a defined field and serial tracks are used to com-

pute size (from falling velocity) and chafge (transverse displacement).

Charge spectrometers have been employed to sort out particles
by electrical mobility in a parallel field configuration, (Figure 2.10 e,f)
With an independent measure of size (as by automatic analyzers), the spectrum
of charges can be deduced. Whitby and Liu have used the method in reverse
by diffusion charging the aerosol particles to a known level, (0.0l < Dp <

0.5 um) and measuring collection of species of known charge at various

2-39



elec-

tro-
meter

sheath

air

Figure 2.10.

Charge Spectrometer
Whitley-Liu,

Megaw & Wells
Kraener & Johnatone
Sturtevant, CIT

Pleld M{ll

GCA, others

aerosol
filter
vt
{insulator %
electrometer

b.

{

switch

Millikan's method

<

~

(E

-1

d. Kunkel's method

¢

electrometer

f.

Field

Charge transfer on deposi-

tion kiley

/

)

1
L~

i

|

ot

uncharged

particles of
greater charge
migrate outward

Hinckley & Dalla Valle's charged
particle spectrometer (also Gillespie
& Langstroth)

Electrostatic Charge.

2-40

Experimental Measurement of Particle



1%-¢

1«
C ]
- 3 l

3R 1

:, — GV
{a) CIRCUIT OF MASTERS
Ca 50 u4ut e A 104y, 1, ELECTROMETER, HI LKG
K~ 500 4y t V= VIV

r~-————-——-

r-————=—- 7T TT=777

{h) EXPERIMENTAL DUPLICATION OF MAS TERSCIRCUIT

. LLULITE CYLINDER{29CM) ¢

3 WG TE SCREEN
4 HIGH EFFICIENCY

. STATIC TAPS c{

WRAPPED WITH
TEFLON

BRASS COLLAR(I9CM )

FILTER PAPER

e e e e et )

niminis
D I 3 =

te) - Faraday Cylinder for Net

Aerosol Charge Measurement

Figure 2.11. Simple Method for Measuréments of Aerosol Net Charge (From Anderson

and Silverman, Ref. 53).



velocities to deduce the size distribution. The field mill (Figure
2.10,g) and the spectrometer method of Hinckley and Dalla Valle (Fig-
ure 2.10,h) measure the spectral distribution of charge in a flowing
aerosol cloud. Other methods of charge measurement include deflection
of a charged particle at high velocity in a magnetic field, charge
transfer upon deposition, etc. Although none of these methods is com-
mercially available for field investigation of particle charges they are
frequently adapted for laboratory measurements of charges in simulant
acrosol clouds. In conjunction with an independent measure of number-
size distribution, the system of Masters is readily adaptable to stack

sampling for field measurement.

The subject of clectrostatic effects in filtration, the
production of charge in aerosols or on fibers to promote collection, and
the use of electrets (the electrical analog of a permanent magnet) are

discussed in subsequent sections.

Particle charge measurement and charge phenomena in dispersed
powders has been the subject of extensive research on powder dissemination
properties during the past ten years. A summary of the present state of

knowledge is included in a recent treatment by Lapple.54

2.2.2.7 Adsorption.- Suspended solid and liquid particles
are surrounded by a surface film of gas molecules held by imbalanced
electrical or chemical valence forces arising from interactions with
the surface or near-surface molecules. Gas or vapor molecules may be
adsorbed in proportion to their concentration in the surrounding gas phase
up to saturation of one monomolecular layer. Additional layers have
been demonstrated in typical aerosol systems of int;ereste.s5 The quantity
of adsorbable vapqr on particle surfaces may be used to estimate surface
area and average particle size under controlled conditions, and instru-
mentation for powder surface area determination is commercially available.56’57
Atomic or molecular configuration, electrical charge, and particle shape,
structure, and fissures affect surface adsorption. Presence of adsorbed
vipors on ambient aerosol particles will modify the surface characteristics
of particles such as charge, adhesion, and evaporation. The kinetics and

mechanisms of adsorption of gases and vapors on solid surfaces are treated
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extensively in recent texts on the physical chemistry of surfaces, 8,59

6
the solid-gas interface, 0 and from the standpoint of technological con-

siderations in recent symposia on particle surfaces.

Adsorption is described practically59 in terms of the empir-

ical adsorption isotherm:

Volume of gas adsorbed = f (partial pressure of the adsorbent).

Typical adsorption isotherms are indicated in Figure 2.12.59

Type 1 represents the Langmuir type isotherm in which the vapor is ad-
sorbed as a monolayer. Since the capacity is sufface limited, the amount
of adsorbed material rapidly becomes independent of its partial pressure

in the vapor phase. If a multilayer prevails, a common occurrence in

the case of physical adsorption, the Type II curve is more representative
of the adsorption process. Type III is a rather unique case where the
heat of adsorption appears to be less than the heat of vaporization of

the absorbate. Both Type IV and Type V curves tend to reflect capillary
condensation phenomena since they level off before the saturation pressure,
Pgy» is reached. The volume of vapor adsorbed is a function bf the vapor
pressure and adsorbent properties. Typical values of surface area of
several commercial carbon blacks are shown in Table 2.9,62 (Columns

4 and 5). Estimates of surface area calculated from particle size meas-
urements with the electron microscope (Column 3) are seen to be genefally
lower than area measured using a nitrogen adsorption method. The wide
range of areas 1is typical of variations in methods of producing particulate
tmaterials and of the spectrum of particle sizes. Column 2 indicates the
bulk (or apparent) density of the powders, 0.1 < p < 0.75 gm/cm3. True
density of amorphous carbon is 1.8 to 2.1 gm/cm33 and of graphite is

2.25 gm/cm3. The conversion to the powdered state produces a density of

the order of 1/10th to 1/3rd of the true density, as indicated previously
(Tables 2.3 and 2.4).

Powder porosity (void fraction, € = 1 - @) is higher with

finer particle sizes, i.e., ¢ = 0.93 at Dp = 10-2 pm (high color channel
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black) and ¢ = 0.625 at DP = 0.5 ym (MT thermal black). Specific surface
area also varies from 103m2/gm (DP = 10-2 um) to about 1 to 10 m2/gm
(0.5 pm).

Type 1 !
Vads i 5
! il Type II
! i
i i
P T % AP %
Vads { Type X
|
[
1}
i
P B PP

Figure 2.12. Brunauer's Five Types of Adsorption
Isotherms (From Adamson, Ref. 59).

In many technical systems of interest, behavior of small
particles on contact or at separation is observed to be a direct function
of adsorbed ambient moisture. The role of gas adsorption on atmospheric
particulate is largely unstudied and poorly defined at present. It is
recognized that these processes are influenced by many factors including
concentration, humidity, catalytic effects, and natural irradiation

1evels.9’63

2.2.2.8 Adhesion.- Contact of small solid aerosol particles
with solid surfaces often results in very strong bonding forces.- The
phenomena of attachment of solid particles to surfaces is called adhesion,
and the force applied to overcome the attachment is called the particle
adhesion force.* Since adhesion is an important characteristic of small
particles (high surface to volume ratio) it must be considered in many
practical aerosol systems; e.g., generation or dissemination of powders,

the collection of pafticles from disperse systems, the control of pollu-
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TABLE 2.9

*
PHYS ICAL PROPERTIES OF TYPICAL CARBON BLACKS !

Carbon-black Bulk Av. E.M. N2

type Density Particle Surface Area Surface Area

g/cc*2 diam, au*3  sq w/g* sq m/g*>

A. Color and

ink channel

blacks:

High color 0.1-0.2 10-14 218-186 1000-860

Medium col. 0.2 18 130 400

Low color 0.2 30 95 110

Long flow 0.2 30 100 350
B. Rubber

grade chan-

nel blacks:

cc 0.35 25 194} 225

HPC 0.35 26 105 140

MPC 0.35 28 106 120

EPC 0.35 30 95 100
C. Gas fur-

nace blacks:

SRF 0.45 70 25 25

HMF 0.42 50 40 35

FF 0.46 40 60 75
D. Oil fur-

nace blacks:

GPF 0.40 55 40 25

FEF 0.33 40 60 40

HAF 0.35 28 75 75

ISAF 0.33 24 120 130

SAF 0.35 20 140 140

CF 0.32 19 120 220
E. Thermal

blacks:

FT 0.50 185 16 16

MT 0.75 520 6 6
F. Other car-

bons:

Acetylene 43 60 64

black

Graphite Large platelets

*]
From Smith, Ref. 62

*2
Bulk density as commonly supplied to {ndustry. Color black may also be

supplied in densified pellet form.

*3
Average value from electron micrographs for arithmetic mean diameter.
*

“Calculated assuming spheres from electron hicrograph surface average
diameter.

*

SCalculated from adsorption in nitrogen at -195°C by method of Brunauer,
Emmett, and Teller,
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tants, the assesswent of quantity of suspended material, and in the build-
up of deposits on filters and duct surfates. Although adhesion phenomena
are commonly displayed and of great technical importance, the calculation
of adhesion forces in any given situation may be difficult. Their estima-
tion must include the effects contributed by solid and surface properties,
gas constitutents, interface geometry, and history of the environment

or system under study.

Consider two 50 um solid spherical quartz particles brought
into contact under ambient conditions. From classical considerations,**
the force of gravitational attraction between the two particles by virtue
of their wutual masses is equal to (approx.) 2 x 10-16 dynes. If the
particles are oriented vertically in the gravitational field of the earth,
and the upper particle is held fixed (for example, by a glass fiber), the
gravitational force of the earth on the lower particle is (F_ = mg) of
order of 2 x 10-2 dynes, thus indicating that the lower par%icle should
fall away. 1In fact, the lower particle will probably not fall, but be
held firmly to the upper one. If a separating force is applied to the
two particles (e.g. in a centrifuge, or by a microbalance technique), the
actual adhesion force can be estimated to be of the order of about 0.5
dynes. This additional adhesive force arises as a consequence of several
adhesion mechanisms that operate at and near the interface between the
two particles. 1If two particles having a common contact area of 1 sq um
were assumed to be bonded intimately through chemical or physical means,
the force required to overcome the molecular attraction would be approxi-
mately 10 dynes. This corresponds to the mechanical strength of the
parent materials, of the oraer of 109 dynes/cmz. Thus,Ethe magnitude of

adhesion forces encountered in situations of interest for particulate

-~

*
The study of adhesion in friction, lubrication, and wear of surfaces
in relative motion is not considered here.

Fk -
Newton s law of universal gravitation, Fy =G m1m2/r2, G~7x10 8
dyne cm /gm For two bodies of different size, >> 1) ~ ry, and
the attractive force is directly porportional to tﬁe s1ze of the larger.
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control technology are usually less than those estimated from considera-
tion of the strength and areas of materials in contact, but apparently
somewhat greater than predicted classically. The problem of the analysis
or estimation of adhesion‘forces in aerosol deposits in fabric filters is
more complex because the particles are usually packed in close juxtaposi-
tion to one anothér as well as attached to a substrate. This leads to
additional forces arising from particle to particle interactions, and

also to considerations of the actual geometry of the deposit.

A summary of the major effects in adhesion phenomena is pre-
sented in the discussion which follows with empirical relations and obf
servations suitable for technical or engineering estimating purposes.

The following aspects are briefly treated:
o Adhesion forces for individual particles including

effects of particle size, relative humidity and
time-dependency. .

. Effects of electrostatic charge on particle adhesion.
. Effects of particle and surface shape.
. Effects of surface roughness.

. Adhesion phenomena in ensembles of particle deposits.

(1) Adhesion Forces for Individual Particles - According

6 ‘o .
to Krupp's 4 unified analytical treatment, the phenomenon of particle
adhesion to a surface proceeds as:follows:
"1) At first, particle and substrate come into contact
at one point by a contact area of atomic dimensions.

2) By long-range attraction forces between the two, the
particle... is subject to a moment of force so that
several contacts are formed... between non-perfectly
smooth adherents.

3) By the interaction forces the ... area at these
contacts increases until the attractive forces and
the forces resisting the further deformation at the
interface are in equilibrium. An adhesive area of
finite size is formed between the adherents."
The effectiveness of the contact between particle and sub-
strate also depends upon the magnitude of the force acting on the particle

at the instant of contact; i.e., the kinetic energy given up by the
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particle through its stopping distance, or by the pressure or gravitational

force applied by the particle to the substrate to provide intimate con-

tact.

Upon application of a separating force, separation takes

place as follows:64

"1) The external forces of separation exerted on... the
particle... cause a partial or complete recovery of
the deformation at the interface.

2) Generally, the centre of attack of the separating
force will not be symmetrical to the location and
strength of the individual contact sites, so that
the particle is subject to a moment of force and
individual contacts may become broken separately.

3) Finally, the last contacts are separated; the particle
is set free. ‘

The adhesive area, ... is ... the area of the common
interface between the adherents effective during this
last step."
The adhesive force is defined as that force applied perpendicular to the
center of gravity of the particle necessary to remove the particle from
, . . . 6 , .
the substrate in a fixed period of time. Krupp 4 classifies the inter-
action forces as follows:
"Class I - long-range attractive interactions resulting from:
Van der Waals forces, electromagnetic fluctuation phenomena
between the elementary oscillators of a solid; and electro-
static double layer forces, arising when two solids in con-
tact charge each other by electron transfer (differential

surface energy), the contact potential difference at equili-
brium being of order 0.1 V for conductors.

Class II - shorﬁ-range attractive interactions resulting
from the various types of chemical bonds and hydrogen
bonding mentioned below, and

Class III1 - interfacial reactions such as diffusion, dis-

solution, and alloying."

The exact analytical prediction of adhesion forces from
physical models is difficult because adhesion results from mechanisms
operative at the molecular level leading to chemical and non-chemical
bonding at the interface, and to the establishment of a complex field of

~mechanical stresses, strains, and deformation around the interface.

2-48 ¢

o



These interrelationships change with time and with the application of the
separating force, leading to requirements for a kinetic model.64 Forces
that produce an attractive interaction petween solids in contact include
those which provide intermolecular cohesion in solids, such as metallic,
covalent and ionic primary chemical boﬁds, and secondary van der Waals
attractions having energies of 1 to 10 and 0.1 eV, respectively. Inter-
mediate energies arise from hydrogen bonds, electronic charge transfer

bonds, and the electrostatic double layer forces.

As discussed below, adhesion forces in practical systems are
also related to ambient relative humidity or absolute humidity in the
surrounding gas, as a consequence of capillary condensation of moisture in

the interfacial space.

Analytically tractable geometries of technical interest in-
clude sphere-to-wall (half-space), sphere-to-sphere, and sphere-to-
cylinder contacts. Present knowledge is limited to estimates of adhesion
for particles between 1 and 103 um. The lower limit arises because all
real solid surfaces contain numerous irregularities (asperities) under
10 ym such that particles of the same order are effectively embedded in
a fissure or crack. 1In the case of larger particles, gravitational
forces are greater than the adhesive forces, because the true contact
area, which défines the adhesive forces, is determined by the relatively
small dimensions of the surface irregularities.64 The theoretical bases
of particle adhesion have been systematically presented by Krupp.64
Substantial reviews of the fundamental relationships, technical estima-~
tions, and measurements of adhesion forces have been given by Corn65

and Zimon.

The following experimental methods65"71 have been used to

measure the adhesion force of single particles on surfaces, as indicated
in Figure 2.13:
. Microbalance technique for particles that can be
manipulated (diameter 75 um)

. Pendulum method which requires that the gravitational
force, Fg, excced the adhesive force, Fa
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b. Pendulum method6

65 7
a. microbalance method
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68,70,71

¢. Centrifuge methodb7'70'7l d. Aerodynamic method

LLLLLL LY

i '

3 2, .
F-a_(n/b)Dp ,p(2n::) (esin wt)

allow to break
under own
welight or in
moving fluid

oscfillator

.-

e. Vibration method68 t. Belscher's method69

Figure 2.13. Experimental methods for measurement of particle
adhesion forces.

2-50

(3



FRACTION &N? OF ADHERING

. Centrifuge method which requires that particle mass be
known

. Aerodynamic method which requires definition of velocity
gradients surrounding the contact regions

. Vibration method in which the particle interface is
subjected to an alternating compressure force

The following discussions relate to adhesivefforces determined by each of
the several methods. A modification of the microbalance technique was
used by Beischer69 who allowed coagulating threads of individual Fe203
particles of 0.5 um diameter to break under their own weight. The force
required was estimated from the size of the separated fragment. His

work indicated that for submicron particles the adhesive force was of

the order of 0.5 x 10—4 dynes.

1f several identicalparticles are dispersed separately upon
é substrate the force required to remove each one will not be the same.
Application of a fixed fsrce will remove but a fraction of the particles.
Complete separation of all particles may require a significant increase
in the force field. The probabilistic nature of this phenomenon is

6
presented in Figure 2.14, 4 in which the relative number of particles

10 200 T
[
e N &
3 / N Uzi
< W
= =
4 ) -
g N g
': R~ @
[+ 4 S z;
P-4
a O 10 20 30 °

ADHESIVE FORCE, Fq, millidynes

Figure 2.14. Adhesion. of Spherical Fe Particles of 4 um Diameter to
Fe Substrate at Room Temperature in Air as a Function
of Applied Force (from Bohme, et al., Ref. 67).
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remaining after scquential application of discrete centrifugal forces is
shown. Whereas filty percent of 4um iron particles were removed at
approximately 4 x 10"3 dynes, 98 percent removal required a force in
cxcess of 3 x 10-2 dynes. Thus the actual adhesion forces for a large
number of identical particles must be represented by a cumulative dis-
tribution function of the form N = N(Fa)° The number of particles re-
moved by the application of a given force can be represented by its

derivative, the distribution density function

dN(F
aF 2.7)
o

Zi—

n(f) = -

where N0 is the initial number present and dN(F) is the fraction of
particles whose adhesion force lies between F + 1/2 dF, with n(F) = 0 at
F=0andF ~ oo.64 Since n(F) is highly skewed, a logarithmic probability
distribution function, or other two-parameter distribution function, will

enable presentation of the median detaching force and standard deviation

in any given experiment, e.g.,

y
dN  0.43 (log F -log F)
B 22— exp |- : dF (2.8)
Fa . c~f2n 20

as suggested by Zimon.66

Loffler70’71

describes the adhesive properties of small
granular quartz particles (5 to 15 um) collected on different fiber filters
(50 um nylon, polyester, and glass fibers) with a logarithmic probability
distribution, Figure 2.15. Median forces required to remove 501 of ad-
hering particles from 50 um nylon fiber ranged from 10-3 to 6 x 10-3
dynes, for 5 to 15 um particles, respectively. The median force required
to separate 5 um irregular quartz particles ( ~ 1.0 m dyne) was less than
that reported by Krupp (Figure 2.14) for smoother 4 um spherical iron
particles (~4 m dyne). The geometric standard deviation, (&F), of the

forces representing Loffler's data (Figure 2.15) was about 4.0 for each
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Figure 2.15. Distribution of adhesion
'3 forces, logarithmic-probability

plot, for classified crushed

quartz particles collected by
filtration at V = 42 cm/sec on
polyamide (nylon) fiber, 50 pum diam.,
at ~ 50% R.H.

(From Loeffler, Ref. 71.).

of the size rangesstudied. The high degree of skewness in the distribution
was consistent with Krupp's findings, Figure 2.14. The median force
required to remove 507 of the particles represented by the data shown in

Figures 2.14 and 2.15, leads to an approximate force-size relation given by

Fa ~ 10 Dp (2.9)

where the coefficient has the dimension of surface energy, dyne/cm, and
particle diameter is expressed in cm. For removal of nearly all particles,
the constant wéuld be of order 102. The effect of particle size on ad-
hesion of glass and quartz particles on flat glass plates at 95 percent
relative humidity is shown in Figure 2.16, from the extensive measurements
of Corn. Corn's results can be represented by the empirical equation

F = 102 D (2.10)

a p

at 95 percent R.H. for 5 < Dp < 200 um. He also gives the relationship by

Fa = 2n 7H20 Dp &~ 600 Dp (2.11)

2-53



100 i
s 10 -~
c
>
v p L
Zz
o
wn
w = -
I
<
olle] -
« PYREX—OPTICAL FLAT
o QUARTZ— © "
> QUARTZ — GLASS SLIDE
I T=25°C i
P=760 MM. HG.
Qol L - | l L 1 l | L
0 2 5 10 20 00 200 500 1000

PARTICLE SIZE, microns

Figure 2.16. Adhesion of Quartz and Pyrex Particles at 95% Relative
Humidity (from Corn, Ref. 74).

where 0.0 is the surface tension at a water-air interface, for Y40 =

70 dynes/cm. Similar results were obtained by Bradley for. pairs o%

quartz spheres having diameter D, and D, :

1 2
D.D
{7172
Fa = 212 DD (2.12)
1 72
over the range 200 < (D) < 600 um, and for sodium tetraborate
D.D
172
Fa = 434 D1+D2 (2.13)

over the range 500 < (D) < 1700 um.

As a first approximation, particle adhesion force is propor-

tional to particle size at or near 100 percent relative humidity. The
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coefficlent of proportionality is of the order of 102 multiplied by a small
integer. For particles less than 1 um, the coefficient may be as low as

1, as reported by Beischer.69

Forces arising from molecular interactions are modified in
practical aerosol systems by the presence of substantial (unknown) amounts
of adsorbed or condénsed molecular species from the constituents of the
gas phase.65 The open region found at the point of immediate contact
between a perfect sphere and flat surféce represents a microfissure of
small radius of curvature. The capillary condensation of vapor at this

location in accordance with the Kelvin equation 13 produces a minute pool
l : .

of liquid in the interface. The theoretical force of adhesion due to

this film of liquid can be shown to be:65

a = 2n 7H20 DP (2.14)
Since the surface tension of water (7H 0) is of the order 70 dynes/cm, the
constant in equation 2.14 should be of the order 102, and seldom greater
than 500. The effect of equilibrium relative humidity (surfaces pre-ex-
posed before contact) on adhesion of quartz and glass particles to glass
plates is shown in Figure 2.17. The adsorption isotherm for water vapor
on quartz is also shown, together with earlier data of Bowden and Tabor75
for glass spheres on glass plates (also see Figure 2.12). Effects of
capillary condensation are reported to diminish below about 60 percent
R.H.,66 although Corn65 and Larsen68 both reported effects ascribed to
moisture substantially below 60 percent R.H. The effect of relative hum-
idity on adhesion force can be estimated from a linear approximation to
Corn's data in Figure 2.17 as:

f K

F = 10° D, ’10.5+4.8 x 1073 (% R0 (2.15)

a

which will be reasonably consistent for 50 < % R.H. < 95% for particleswith
D > 20 .
p Hm

' 6
Zimon 6 (p- 82) presents the following data (Figure 2.18,
Zimon's Figure 1.2) for effects of particle size with 50 < % R.H. < 65,

for spherical glass particles on steel surfaces:
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Figure 2.17. Variation of Particle Adhesion With Relative
Humidity (From Corn, Ref. 74, and Bowden and

Tabor, Ref. 75).
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Dp, um 40-60 20-30 10-20 5-10

Fa’ dynes
Calculated ffom Equa-
tion 2.14: 2.3 1.2 0.7 0.3
Measured, for 50% -4 -3 -3 .2
removed: 2.1x10 2.1x10 6.1x10 1.3x10

Zimon concludes from these data that R.H. < 50% has no effect on adhesion.
Figure 2.1866 also illustrates the effect of varying force on detachment
of particles of varying sizes, and the shapes of the cumulative force-

removal curves for different particle size classes in the same experi-

1 L
w? w¥ w
Fdew dyn
b

w0t -

Figure 2-18. 1Integral adhesion curves for spheri

r I pherical glass particles
of different diameters adhering to a steel surface of the lgth clas:
of units of g (a), and in absolute measure (b). 1) dp = 80-100; 2)
40-60; 3) 20-30; 4) 10-20; 5) 50-104 (from Zimon, Ref. 66)

nental system. In a similar study at R.H. near 100 percent, Zimon66 re-

ported:
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Dp, pm 40-60 80-100 100-200
Fa’ dynes
Calculated from

Equation 2.14: 2.3 4.1 5.1
Measured 0.9 4.3 4.7
7% Removed 59 78 ‘ 75

Condensation effects also depend upon particle size and fiber
or substrate surface as shown in Figure 2.19 a, b, ¢, small particles
apparently being less affected by humidity in these st:udit—zs.-lo’n’74
Both polyamide and polyester indicate much less capillary condensation
effect on adhesion, as expected from the contact angle (< 90o vs 00 for

glass).
In spite of apparent differences between results presented

by various investigators, the data are in reasonable agreement in confirm-

ing the relationship between adhesion and particle size and relative

humidity. Very low humidity air would be expected to. produce relatively

low adhesion, from the above data. Reduced humidity, however, removes the
adsorbed vapor layer between the particle and substrate. This leads to
closer approach and hence the formation of stronger bonds between the two
materials. Since the electrostatic charge on the particle or substrate

is less mobile or less shielded at low humidity it may be a major reason

for increased adhesion at low relative humidities.

Effects of capillary condensation which depends upon exposure
time of the interface to the vapor, require about one hour to approach the
full effect.66 Other time—dependent effects include stress-strain and
deformations of the particle-substrate interface under the action of the
adhesion force. 1In general, adhesion forces tend to increase with time
with a time constant of the order of an hour or more.64 Dust removal
processes, therefore, should be more effective if applied as soon as pos-
sible. The magnitude of time effects on adhesion may be of the order of

25 percent or more.

(2) Effects of Electrostatic Charge on Particle Adhesion

Elcctrostatic charge on a particle might be expected to cause a marked
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incrcasce in adheslion ftorce. To a first approximation, the charge effect
on adhesion force should be given by Coulomb attraction: '
Q,Q
F o= 1°2

a K r2
e

(2.16)

where Ke is the permittivity of the intervening dielectric, and Q1,2 are
the charges separated by distance r. To find the approximate affect of
particle charge'on attractive force, consider a 10 micron particle attached
to a conducting plane surface, with an expected fugitive charge of the

order 100 electrons (from Figure 2.9).

The image force will be of the order (Q2/4r2)=10n9 dynes, or
substantially less than the observed adhesion forces. On the other hand,
if the particle were charged to its maximum possible amount, the charge
would be 5 x 104 e. The resulting image force of attraction upon deposi-
tion on a grounded conductor would be approximately 10'-4 dynes, or the
same order of magnitude as found experimentally by Zimon, for low humidity
tests data. Since the image force increases with the square of the charge,
and the charge, in turn, as with the square of the particle size, ad-
hesive forces arising as a consequence of particle charging will be larger
than those for uncharged particles. This applies to practical situations
such as electrical precipitation, flocking, and xerography, where charges

are high.

Electrical forces also arise as a coﬁsequence of the contact
potential from different electronic states of the contacting surfaces. in
the form of an electrical double layer. The charge will depend upon the
particle electrical conduction pfoperties and the state of the interface.
Glass particles (50 to 70 ;m) successively detached from a painted sur-
face ~ were found to produce residual charges as shown in Figure 2.20.
The higher charges were associated with a higher particle retention after
application of a given force. The electrostatic charges upon separation
of 50 ym particles were 3000 < Qp < 12,000 e. If a high voltage is ap-
plied to a conducting substrate, the particles can be caused to leave.
However, no application of this observation to fabric filter cleaning has

been reported.
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Figure 2.20. Adhesive Force as a Function of the Charge Determined on Detaching
Glass Spheres of Various Diameters (by the Vibration Method ) From
a Painted Metal Surface. 1) d = 50+5um Fyee=3.6 - 10-3 dyn;
2) d=70+5um Fiet=1.9 - 1074 dyn (From Zimon, Ref. 66).

(3) Effects of Particle and Surface Shape - As shown by

Zimon (Ref. 66, Chapter 10), the shape of particles in contact and the
substrate geometry influence the magnitude of the adhesion force. For

two spheres of diameters D1 and D2 in contact, the adhesion force can

be shown to be as given above:
D.D

2 172
F_~ 10 (2.17)
a D1+D2
1f Dl = D2, ) ,
2 D1 10 Dl
Fa = 10 EBI = 3 (2.18)

or one-half the value expected for dissimilar sizes. For the case of

D2>> Dl’
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2 1
Fa = 10 D1 1D /Do (2.19)
172
Therefore as Dz‘» o, the force between a plane and sphere becomes
F 102 D (2.20)
a” 1 )

as found by Corn.72. Note that the force between two equal spheres is
about one-half of that between a sphere and a plane. For the case of

‘ 6
a sphere resting in liquid on a cylinder (as on a filter fiber), Larsen 8

derived the adhesion force from geometric considerations as

Fa = 2n KL 7H20 Dp (2.21)
where
k -1
d 1 1
K, = + (1+ =) (2.22)
L 2 2,1/2 2 1/2 k
(kc + kd ) (kc +1) d
and
_ diameter of liquid layer _2p
k. = T diameter of particle D (2.23)
diameter of fiber Df
k. = = — (2.24)

d diameter of sphere D

o

Larsen's derivation for the sphere- cylinder case is presented in Appen-
dix 2.1. An experimental verification of the Larsen eqﬁation is not pos;
sible without a measure of the size of the liquid pool layer which cannot
be readily measured experimentally. On the other hand, knowledge of the
experimental separating force for fibef—éphere geometry would provide in-
formation on the interfacial pool size, contact angle, etc. Corn studied
the adhesion forces between spherical quartz particles and Pyrex fibers
with a microbalance =chnique at 90% R.H. These data are shown in Fig-
ure 2.21 as percent or adhesion to a flat surface vs Df/Dp. The probabil-
istic nature of adhesion forces discussed above for a group of particles

on a substrate is also evident in the data of Figure 2.21. Here attach-
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ment and separation of a single particle to the same surface resulted in

a distribution of forces. This observation supplements the data presented
previously by Krupp and'by Zimon, for a single particle attached several
times to the same surface and then separated. Corn also plotted the
Larsen equation (2.21) in Figure 2.21 for the fiber and particle sizes

of his experiment (0.2 < Df/Dp < 40; 50 < Dp < 250 um) in terms of the

fraction of adhesion to a flat plate. He found agreement with the form

TO PYREX FLAT

% OF ADMESION

100 A S N N T T
T
LARSEN _EQUATION:- R !
—] -
y.-zﬂ"| Tf )’ Dp P ) :
IS A a -
b | 2 < M d |
j P 1.0 /pgf"
. - - b, /0, 0,70, 1+ uv{n‘ (s ."v{"l) “—_1-_17"-/_1 B ‘ ' ) .
y [} 0.2 5.0 6.0 0.1a7 - ‘ 1 l ] ' !
i 0.3 2.0 3.0 0.33 - : { :
o | M~ .[ o g iy : 24 C.gT5 26°C.
) ' : 05 s o7 03 P = 760 MM. HG.
e : oL w 0.9 05 :ésgan%u ;
0 0.0% I.l),:) 0.9% 0.95 p H
A .02 0. L9715
o STy A i il

L] L0 10

DIAMETER FIBER (Df)/DIAMETER PART ICLE (DP)

Figure 2.21. Effect of Fiber Size on Adhesion of Quartz
Particles to Pyrex Fibers (From Corn, Ref. 74).

of the function within 10 percent. It is evident that Larsen's equation
¢2.21) is of limited usefulness without data on the third (unknown) para-
meter, i.e., the diameter of the interfacial liquid geometry. Under the
assumption that the pool diameter is small with respect to either the
fiber or particle diameter such that Kc<< 1, Larsen's equation can be

satisfactorily approximated for computation by

2 -1 (2.25)

. D
F 10 L
. Dy (L+55)
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Data calculated for this approximation are indicated by squares in Fig-
ure 2.21. For Dp < Df, the leading term of the series expansion
(L - Dp/Df) provides a reasonable estimate, as shown in the calculations.
Larsen's equation represents essentially thc solution to the two-sphere
problem, but approximates the sphere-cylinder data produced by Corn.
Since irregular shapes are less tractable, resort to experi-
ment is required. Data for various surfaces and particles are presented
in Table 2.10 (from Zimon, Ref. 66, p. 111). The adhesive properties of
flat platelets (graphite, kish, mica) which may have many points of con-

tact, approach theoretical values. These forms are less frequently en-

countered than irregular, three-dimensional shapes.

Enginecering estimates of the force of adhesion for many cases

of practical concern at or near 95 percent R.H. can be approximated by:

2
2-sphere; Fa = 10 D1D2/(D1+D2) (2.26)
Sphere-plane; Fa I 102 Dp (2.27)
' 2 -1
Sphere-cylinder; F_ = 10 Dp(1+Dp/Df) . (2.28)

Reduction in R.H. reduces adhesion as indicated approximately in Equation
XZ.IS). Adhesion for small particles (< 20 ) may be little affected by
humidity (c.f. Figure 2.19).

(4) Effects of Surface Roughness on Particle Adhesion - Lar-

ger particles (200 < DP < ‘103 um) and most plane surfaces of technical
interest have surface irregularities (asperities) of the order of a few
microns or less, depending upon manufacturing and finishing processes. The
effect .of surface roughness was studied by Corn and by.Bowden and Tabor,
Table 2.11. Corn's data were obtained with a Stylus profilometer on optical
flats and glass slides. Bowden and Table used polishing techniques with
various finishing compounds. All data indicate a consistent reduction of
the predicted adhesion force as asperity size increases. A physically
acceptable model (assuming a single contact) would be thé force relation-
ship between two spheres with the apparent size of the smaller sphere

approximately equivalent to the size of the asperity ( h Dp). Therefore:
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TABLE 2.10

ADHESIVE FORCE OF PARTICLES DETERMINED Bi VARIOUS
METHODS FOR VARIOUS AIR HUMIDITIES

Particle Fa, dynes
Substrate material Material D ,um for air humidity
P 50-60% 90%
Pyrex Detachment of individual
particles
Quartz (fused 25 0.28 0.37
ends of fila- 36 0.3 0.55
ments) 63 0.6 0.76
88 0.88 1.38
Glass Glass 400 22 -
800 30 -

Centrifuging for 75 2%

Glass Glass 50 0.37 1.83
Sand 50 0.76 0.06
Coal 50 0.55 0.94
Plexiglas Glass 50 1.44 1.97
Teflon Sand 50 0.65 1.28
Brass Coal 50 0.90 2.85

Centrifuging for 7= 50%

Starch Starch 7-9 0.2 -
13-15 0.2 -
18-21 0.2 -
Gold Gold 4 0.07 -
5-6 0.09 -
7 0.1 -
8 0.16 -
Vibration method for Y™ 2%
Steel Glass 40-60 1.64 -
Vibration method for I 50%
Steel Glass 5-10  1.33-1005 -
10-20 6.12-10_3 -
20-30 2.15°10_4 -
40-60 2.13°10 -
Note 7y = fraction of particle numbers remaining attached after appli-

cation of indicated force.

%*
"From Zimon, Ref. 66.
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TABLE 2.11 EFFECTS OF SURFACE ROUGHNESS IN ADHESION

RMS Depth  Force, - b/ x10° )
Plate Hm Dynes % Fa P 1 + 107h/Cp Remarks
Pyrex flat 1 0.21 0.27 27 : 0.42 1.42 From Corn, Refs.
72, 74
Pyrex flat 2 0.29 0.17 17 0.58 ' 1.58 50 .m quartz
particles
Microscope Slide . 0.3 0.15 15 0.68 1.68 - 95% ’H
Pyrex flat 3 0.48 0.12 12 0.78 1.78
Glass, highly polished 0.015 9.2 ~100 0.006 1.006 From Bowden and
Tabor
Glass, 500 Carborundum 0.10 7.3 79 0.04 1.04 Ref 75, cited by
Paper Corn
Glass, 320 Carborundum 0.40 4.7 51 0.15 1.15 Ref 73, 260 um
Paper glass particles
Glass 150 Carborundum 10.0 ~-0 ~0 4 5
Paper

% = ‘)-
From Corn, Ref. 72, or calculated from F_ 2m. H,0 Dp'

% of Fa =,2n3‘H 0 Dp, theoretical value for perfect sphere and plane with capillary condensate.
2

wloats
W



9 h D
P 10°\ 2, (2.29)
P

i.e., condensation of moisture at the radius of curvature is determined
by the size of the pip. Using the same argument as that for the sphere-
sphere case, let Da = pip (asperity) height and Dp the particle diameter:

Fo~ D, o £ (1% h ym (2.30)

a »1 5; )
The ratio h/Dp was multiplied by 100 (arbitrarily, to fit data to a curve)
and plotted vs the reduction of adhesion from 2x 7H,0 Dp ag shown in
Figure 2.,22. A function suitable for technical estimation of the effect
of surface roughness at 95% R.H. is obtained from Figure 2.22 as

Fy = 25 % 0 D, (1+102h/Dp) * (2.31)
where 50 < Dp < 250 pym, and h is the mean asperity height, 0.0l1< h <1Opm.
Further work is required to improve the prediction of adhesion on surfaces
encountered in practical devices. A contributing factor to surface
roughness in practical systems is the deposition of fine fugitive dust
from the ambient atmospheric aerosol and from industrial processes.

Corn72 studied the effects of carbon coatings on his quartz particles

(to Pyrex flat). Typical results of interest are:

o 2

Dp R.H. Measured 2n7H20Dp AFa 1+10°h/Dp

o Force,

H dynes dyne
Vacuum evaporated carbon 36 93 0.26 1.5 17 --

36 46 0.23 - -- --
Acheson '"Dag" colloidal 79 93 0.03 3.3 2.4 2.3
graphite, dip and dry 51 90 0.08 2.1 3.8 3.0

79 46 0.03 -——- ——— ===

The average sized particle in the colloidal graphite was reported to be

72 L A ;
1 um. The lower adhesion in this instance was attributed by Corn to
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surface roughness. Using the data above, h/D is approximately 1/79 or
0.0126 and (1 + 10 h/D ) is of the order of 2 3. Adhesion was observed
to be approximately 2, 4 percent of that predicted from condensation ex-
pectations. Selected data from Corn's experiments on surface coatings
which are indicated on Figure 2.22, tend to support the computational
approximations given above. The effect of the evaporated carbon coating
on reduction of adhesion may be related to the change in contact angle
for water on a hydrophobic carbon surface (0~ 86° for graphite, to 180°
for carbon black, vs 0° for glass) 77 The evaporated carbon film depth

in Corn's study was probably at least a few 0.01 pum.

Additional experimental data on effects of surface roughness
are presented by Zimon (Ref. 66, p. 93 et seq.) but with only qualitative
estimates of roughness height, Figure 2.23 a, b and ¢. Three conditions
are proposed. In the first, where the plane and sphere are ideally smooth,
the forces can be calculated from fundamental considerations. 1In the
second case, where the substrate contains microscopic asperities generally
smaller than the particle dimension, the adhesion force is decreased. 1In
the third case, the roughness depth is of the order of the particle size
and the particle rests in a trough, leading to increased contact area and

greater adhesion.

Surface coatings (i.e., paints) and viscous adhesive films
(e.g., o1l or adhesive-coated high velocity filter fibers, impactor or
settlement plates for fallout catch) modify the adhesion phenomena des-
cribed above. Penetration of particles into the viscous film will, in
general, be expected to produce adhesion forces in proportion to the vis-
cosity.68 Tacky or oily surfaces provide much larger adhesion forces,
depending largely on the depth of the film, and degree of particle pene-
tration. Condensible components in the gas may accumulate on fibrous
filter collections, leading to such high adhesion forces that simple
mechanical (shaking) or pneumatic (jet or pulse) cleaning mechanisms,
developed for dry dusts in non-condensible gases, are unable to provide
sufficici:it dislodging energy. fhis does not imply that such deposits are

unfilterable (or uncollectable), but only that cleaning techniques com-
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monly employed are inadequate to overcome the forces present. Typical
combustion effluents in which condensation of moisture occurs (incinerator,
boiler plant) are generally not amenable to filtration with present
c¢leanable industrial filters for this reason. Similar restrictions apply
to tarry deposits, but in stationary applications recourse to continually
washed or wetted collecting surfaces can prevent buildup of thick vis-

cous deposits. Attempts to use fibrous filters or electrical precipitators
on particulates from internal combustion engine exhaust with widely vary-
ing moisture content (cold to hot cycles) have generally been unsﬁccess—
ful because of condensation problems assoc#ated with the capture or dis-
posél of the particulate éomponents. The collec%ion of non-wettable |
carbon black particles in electrical precipitators is related to the ad-
hesion and moisture adsorption character of the deposit. The particles
build up to large, fluffy aggregates and blow-off the collecting plates
(because of the low charge conduction and few adhesion points). Adhesion
of carbon black aggregates to surfaces should be low, based on the rela-
tively low affinity of the carbon surface for water, (i.e, large contact
angle, > 900, for the interface carbon-air-water). These same aggregates
are subsequently recovered satisfactorily in filter collectors with
tightly woven fabrics where adsorbed moisture effects on particulate ac-

cumulation mechanisms are less significant.

(5) Adhesion Phenomena in Ensembles of Particle Deposits -

Adhesion phenomena in ensembles of particles are related to the size dis-
tribution of the components in the deposit, to the manner in which the
particles attach to each other and the substrate, and the relative ad-
hesive forces that occur. Typical deposits of particles on fibers in
the early stages of filtration before formation of a complete cake are
discussed below. Aggregates of particles build up outward from the fiber
surface and form bridges over interfiber openings. As deposition con-
tinues, and particularly in repetitive filtration as in cleanable fabric
filters, fibers will presumably become dust coated. On the limiting case,
extended fabric use with certain polydisperse aerosols may plug the fabric
to the point that effective filtration is no longer possible. There are
no reported microscopic observations of the history of deposition, aggre-
gate formation, and location of residual dust deposits in fabric filters
operated cyclically. At the particle-fiber (fabric) level, the deposit
?-71



probably appears approximately as indicated in Figure 2.24a. Removal
forces are applied to overcome adhesion and clean the fabric by either
vigorously shaking the fabric as in (b) or by directing air flow backward
through the fabric, as in (c). 1In either cleaning mode, fabric flexure
and local deformations occur, tending to separate adjoining particles and
fibrils. 1In the shaking mode, a reciprocating motion is produced on the
fabric, causing an acceleration of the fabric and dust, which at the

maximum displacement is

2n2 t m2 (2.32)

o]
[}

acceleration, cm sec

where a
o]

w = cycle frequency, sec

displaccment, cm

The force applied to the deposit is

F = mamaps « Di3/6 (2.33)
i

The mass set in motion is illustrated schematically in Fig-
ure 2.24 (b) and is equal to the sum of the masses of the individual
particles separated. Points of prior attachment are indicated by small
arrows, each having an adhesive force overcome by the inertial force de-
veloped within the deposit. The deposit is actually three-dimensional,
but estimates of the mass removed for typical accelerations produced in

shaker-type cleaning can be made from the schematic model. If particles

were 10 ym, and 10 attachments were involved, for 3g acceleration (typical)the

mass of the aggregate removed would be approximately (Fa ~ 0.1 dyne x 10

particles) 10-4 grams or about 106 particles (i.e., ~ 100 um spatial ex-

tent). When the dust deposit is large in amount and extent, gravitational

effects will be expected to produce additional forces. The analysis of
the forces arising on a granular deposit, from gas flow backward through
the layer as in Figure 2.24 (c¢), can be approximated for estimating

purposes as
Fan(BrD, uVC, (2.34)
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(c) Model of Reverse-air Cleaning Method for Removal of Dust Cake in Fabric
Filter

Figure 2.24 Schematic of Cgke Build-Up and Removal in Fabric Filter
N
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where n = the number of particles in the layer and C2 is a cake drag fac-
tor. For the same 106 particles of 10 ;m diameter as calculated above,
flow of air backward through the deposit at the same velocity (~3 ft/min)
as the forward filtering flow (after filter flow has been stopped) would
be estimated to produce a force of the order of one dyne, or sufficient

to overcome adhesion forces at 10 particles. These estimates are intended
to illustrate the type of calculation that could be made if observations
or data were available on deposit geometry and aggregate structure in
fabric filters during deposition and cleaning. Very few studies have

been made on the size of aggregates removed upon filter cleaning as a func-
tion of deposit geometry or cleaning energy. None affords sufficient

data for a detailed analysis as suggested above, however. Those observa-

tions that are available (e.g. E. Anderson7,8 Billings et al.,79 Larsen,68

Corn,80 Taub,81 indicate that the material removed from filter surfaces
(by air flow, jet action, or shock flow) consists of aggregates of many
individual particles, of substantial aggregate size, and further, that
aggregate size removed tends to be smaller upon application of greater
cleaning energies.79 These studies suggest the use of a primary filter
screen as a particle agglomerator prior to secondary inertial collection,

followed by tertiary filtration.

Air velocities required to remove single particles (~20 pm)
from individual filter fibers are generally greater than 10 m/sec (> 2000
ft/min). Velocities of this order are used in reverse-jet cleaned
fabric filters, but are not typical of other commercial cleaning methods.
All practical methods utilize fabric flexure as well as an applied force.
The possibility of cleaning fabric filters by meahs_of?gir flow directed
along the dust cake (parallel to it) has been suggested in certain com-
mercial cleaning methods, but Zimon (Ref. 66, p. 308) indicates that flow
velocities of the order of 20 m/sec are required (but without citation as
to source of experiments). The discussion of fabric filter cleaning in
Zimon's comprehensive test is limited to 6 pages (303 to 309) illustrating
the lack of knowledge on this subject. Table 2.12 (from Zimon, Ref. 66,

p. 112) illustrates adhesive forces observed experimentally for separation
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TABLE 2.12

*
ADHESIVE FORCE OF A POWDER LAYER

Particle D F, dynes
Substrate Material Material p’ km (referted to 1 cm )
Steel Glass (spher- 60-90 1.1
ical particles) 40-60 21.7
20-30 208.0
10-20 370.0
Steel Aluminum 324 37
oxide 163 42
97 67
81 90
68 85
47 103
35 143
25 223
Steel Lime dust, - 520
ordinary non-
wetting type
Glass Magnesite 200-300 39
150-200 56
88-150 83
75-88 116
60-75 169
Magnesite Magnesite 200-300 29
' 150-200 40
88-150 60
75-88 89
60-75 103
*From Zimon, Ref. 66, p. 112.
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of powder layers of various materials from various materials from various
substrates. No filter Fabrics werc represented in Zimon's Table 2.12.
Corn73 studied removal forces for individual quartz, particles from wool
felt tabric and all-glass filter paper (used in high-volume samplers) with
results as shown in Figure 2.25. C(Cleaning methods in commercial fabric
filters are developed entirely empirically, without regard to fundamental

properties of the particle-fabric system.

The coefficient of friction of powdered materials sliding
on themselves is an index of particle internal adhesion. A technical
measurement of such property is easily performed. Typical values for
several materials are given in Table 2.20a. Carrl34 discusses technical
measures of powder adhesion indices by simple spatula-dip and angle of
response techniques. The relationship of these simple tests to actual

adhesion forces at the particle and aggregate level are not available.

2.2.2.9 Summary of Particle Properties.- The above discus-

sions indicate that there are two major characteristic groups of prop-
erties of particulates that affect the development of a filter cake on
a fabric and its subsequent removal:

1. Particle size, size distribution, structure, density,

and the shape (morphology) of aggregates affect col-
lection efficiency and pressure drop of the layer.

2. Particle charge, electrical characteristics, adsorptive
properties (especially with respect to ambient water
vapor) and adhesion affect the cleanability, in con-
junction with properties of the fabric substrate and
cleaning mechanisms ‘and kinetics. 5

Electrical charge and adhesion also affect aggregate mor-

phology, collection efficiency,and pressure drop, as discussed below.

These aerosol and powder properties are not simply measured
in fabric filter systems of practical interest and little data are
available relating these properties to filter performance, i.e, pressure
drop, efficiency, life, and costs. Further investigations of particle
properties in relation to filter performance would be required for cost-

benefit analysis,

<«
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This treatment of aerosol technology covers only those areas
judged to be significant for fabric, fibrous, and granular filtration.
Appendix 2.2 contains references to further sources of information on the
properties, characteristics, and occurrences of aerosols and the relation-

ships of aerosol technology to contemporary engineering and science.

2.3 FABRIC FILTRATION PROCESSES

2.3.1 Introduction

The fabric filtration process 1is concerned with filtration of
solid particles (usually) by fibrous, woven fabric, and granular obstacles
placed in the flow stream. A fabric is a porous flexible textile material
made by weaving yarns (twisted fine fiber strands of many individual fila-
ments or staple long fiber) or by felting a random array of fibers. The
appearance of typical woven filter fabrics is shown in Figure 2.26(8)82.
Yarns are composed of sﬁun staple or continuous monofilament stranded
fibers. Yarns are visible to the eye, as in any common woven textile
material, and are of order 100 to 500 microns in diameter. At the rela-
tively low (20x) magnification of Figure 2.26(a), filter fabric appears
quite dense, with reflected light. Illumination from below with trans-
mitted light indicates a regular pattern of openings between the yarns
(Figure 2.26(a), right-hand side).

In the case of spun yarns, individual fibrous filaments (the
basic textile elements within the strands) occur within the interyarn
(interstitial) spaces, as shown diagramatically in Figure 2.26(b).83
Similar projecting filaments, 5 to 10 pm diameter, and 5 to 20 um long
serve as extérior obstacles for fhe initial captu%e of dust materials in
the interweave spaces. Figure 2.26(c) illustrates the appearance of cotton
(sateen) filter fabric at high magnifi~ation. The interstitial filaments
(individual cotton fibers) can be seen projecting between the yarns. It
is evident from the appearance of these woven fabrics that the majority
of gas flow during each filtration must pass between the tightly twisted
yarns, that is, through the interstitial spaces. If the optical density
listributions in the photographs of typical fabrics in Figures 2.26(a)

and (c) are any index of the local permeability of the fabric, it would

appear that little flow could pass through the yarns. Therefore the

2-78

-









—

process and the progress of filtration at least initially, depends upon
the characteristics of the interyarn spaces, and not necessarily on yarn

count or weave design.

Fiberglass yarns, and other man-made continuocus filament yarns
probably present few interstitial fibers in the woven form. Therefore
they are expected to be poorer fabrics from the standpoint of reduced
collection cfficiency and greater seepage of deposits. Lower flow rates
arc required for satisfactory field performance. Deposits that build up
in these fabrics have fewer locations in the interstitial spaces to build
bridges on, and are probabiy more susceptible to bressure drop forces in
deposit collapse and bleedf(seepage) in thefeffluént. The use of étaplé
yarns, or bulked or texturized glass yarns, with many projecting filament
ends would be expected to improve the collection efficiency and stability
of deposit at higher flow velocities. Effects of interstitial fibers on
improved dust-holding capacity and pressure drop should also be evident.
Repeated filtration and cleaning cycles will cause a gradual accumulation
of residual deposit in the interstices, between yarns, and later in the

interfiber spaces.

The initial phase of the filtration process begins with the
capture of individual particles by single fibers within the flow field
(presumably in the interyarn spaces). Particles that deposit on fibers
projecting into the flow thén act as additional obstacles for future
capture of particles. A debosit aécumulates on the individual fibers in

the form of loose chain-like aggregates projecting into the flow.

Observations of particle deposits during initial stages of
filtration before formation of a complete cake are illustrated in Figures
2.27 through 2;31.8‘*_88 Table 2.13 summarizes microscopic observations on
the structure of solid particle deposits on fibers, including data per-

taining to certain of the figures (2.28, 2.29, 2.30, 2.31).

Figures 2.27(a) and (b) indicate the effect of time on particle
deposition and aggregate growth at constant loading (uniform 1.3 um parti-
cles, 103p/cm3) and constarit filtering velocity at the same site on '
is¢lated untreated J:i'bers.s4 Structure of aggregates indicates that

deposition occurs primarily on previously deposited particles (filtering
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Figure 2.27a. Deposits of 1.305~micron Polystyrene Latex Spheres on 8.7-micron
Diameter Glass Fiber operated at 13.8 cm/sec at an approximate concentration of
1000 p/cm3. Aerosol flow into photograph. (From Billings, Ref. $4).
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(b) 220 minutes

Figure 2.27b. Same as 2.27a, but 9.7 micron diameter fiber and 29 cm/sec.
(From Billings, Ref. 84).

Higher velocities appear to produce more compact
has reported that projecting

efficiency increases).
aggregates, closer to the fiber. Tomaides
aggregates tend to bend in the flow and become detached at higher velocities,
when aggregate length exceeds about 10 particle diameters. Figures 2,28

and 2.29(a) and (b) illustrate the formation of aggregate deposits on sub-
micron glass fibers in filtration of methylene blue (filter test aerosol)85 and

metallurgical fumes (Mg ZnO).86 The tendency for aggregates to form on previously

deposited particles is evident in these figures. Substaﬁtial amounts of

bare fiber remain in each case. Figure 2.30 illustrates formation of

particle éggregates of oil orange dye (aerosol L-1) and NHABr (8-1) on
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Figure 2.28. Electron micrograph of methylene blue particles
caught on glass fibres (from Dorman, Ref 85).

glass fiber at velocities from 1 to 23 ft. per sec 87 (aerosol flow from
left to right). ' Aerosol L-1 formed long hairy filaments projecting up-
stream into the flow. Note that the rear side of the fiber, away from
the flow, is completely bare, a typical observation. Aerosol S-1 formed
short chains and clumps at the lower velocity (75 ft/min) And a denser,
more uniform deposit at higher velocities (600 and 1400 ft/min). The
morphology structure and density of aggregates formed during filtration
are a function of aerosol material and deposition\velocity. The deposit
structure, which influences the porosity and permeability of the filter
cake, has important consequences in the estimatibn of fabric filter pres-
sure drop. As indicated previously, aerosol particles reaching the filter
face may also consist of aggregated structures (typical métal oxide fumes).
Figures 2.3la~-d illustrate. the formation of substantial accumulated de-
posits on filter fibers.87 . These large deposits are presumably the iéme-
diate precursors of the more or less continuous filter cake typical of
normal operating conditions. Pressure drop observed by Wright et al, at

the stage of accumulation shown in Figure 2.31 ranged from 2 to 8 times
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Aerosol: L-1 Aerosol: S-1
Velocity: Approximately Velocity: 1.5 ft./sec.
3 - 10 ft./sec.

Aerosol: S-1 Aerosol: S§-1
Velocity: 10 ft./sec. Velocity: 23 ft./sec.

Figure 2.30. Photomicrographs of Fiber 30G loaded in
observation chamber (Aerosol flow from
left to right).

(from Wright, et. al., Ref. 87)
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TABLE 2.13

OBSERVATIONS OF THE STRUCTURE OF SOLID AEROSOL PARTICLE
DEPOSITS ON FIBERS

Investigator Fiber Particle Deposit
Material Material Particle Velocity
(Diameter) (Diameter) Shape cm/sec Structure Magnific.
Watson (89) Cellulose Meth. blue Sph. - Chains and clumps 4,700
Rubber NaCl Cub. - Chains and clumps 2,300
Glass Carb. bl. Sph. - Chains and clumps 10,000
Leers (90) Cellulose- NaCl Cub. 10 Chains 100
Asbestos (est)
Wright Glass 0il Cryst. 200 Chains 100
et al. (87) (30 um) ‘Orange
(0.3 um)
Glass NHABr Cub. 45 Short chains 100
(30 um) (1.2 um)
Glass NHABr Cub. 300 Short clumps 100
(30 pm) (1.2 um)
Glass NHABr Cub. 700 Unif. deposit 100.
(30 um) (1.2 um)
Cheever (86) Glass MgO Cub. 2.5 Chains and clumps 19,000
(0.5 um) .
Glass Zn0 Stellar 2.5 Needles and clumps 12,000
(0.5 um) Cryst. "
Dorman(85) Glass Meth. blue Sph. - Chains 4,000
Radushkevich Asbestos - Polystyr. Sph. 0.5-25 Chains of 2 or 3 -
and Kolganov(91) (0.06 um) (0.25 um)
( L ! L ( N L { { L { ' { {



the initial clean value for the filter. Such values for accumulation
pressure drop arc common for high velocity roughing filters (ventilation
air cleaning of atmospheric dust) and for high efficiency all-glass filter
media (high efficiency papers required for collecting radioactive aerosols,
biological sterilization of air in hospitals, production of pharmaceuticals,
and in clean-room air supply. Typical pressure drop values for fabric fil-
ters are:

Clean, new woven glass fabric ~ 0.06 to 0.02 inches water at 2 ft/min);
(permeability, 15 to 50 cfm/ft2 at 1/2 inch water),

Residual drag, 4 inches of water at 2 ft/min.

The pressure drop ratio: (terminal value in service prior to
cleaning/clean, new fabric value) is approximately 200 to 1, and ~100 to 1
after cleaning. It is evident that the characteristic appearance of a filter
fabric during service is associated with at leasi 10 times the amount of dust
shown in Figures 2.3la-d. A more or less continuous deposit of accumulated

material forms having the appearance of a uniform cake.

The only photomicrographs of the fabric filter cake formation
process that have been located are shown in Figure 2.32.88 The final de-
posit appears as an undulating layer having surface features reflecting the
underlying structures of the fabric, yarns, and projecting fibers. The ob-
servations of Figure 2.32 were apparently obtained at relatively low magni-

fication (est. X 10).

Removal of deposited aggregates was achieved in the study of
‘Wright et al,87 subjecting the éystem to higher air velocities. Figures
2.31(c) and (d) illustrate the effect of progressively higher blow-off
velocities. Substantial cleaniﬁg effects occurred only at velocities of
the order of 10 meters/sec, which agree with data reported by Zimon and
others cited in Section 2.2.2,.8(4). Wright tests also included effects of
vibration on deposit removal, and studies of efficiency, pressure drop,

and depth effects,

Effects of fabric construction on the depth-distribution of
deposit is considered below with respect to pressure drop. Felted fabrics,
either wool or man-made fiber needle-punched felts, which consist of random

orientations of individual filaments having no consistent directional char-
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sure-volume characteristics of the bloﬁer used and the system under ventila-
tion). 1In describing the filtration processes, 'starting first with a clean
(unused) filter and continuing through the final step where the approaching
aerosol is filtered by a dust cake or layer, one can establish three distinct
filter regimes.‘ These have been characterized by Boré;;;agm;hd Durham177
as blocking or straining (m=2), depth or intermediate filtration (n = 1.5)
and finally cake filtration (@ = 0). The n term cited parenthetically for
cach step is the exponent for the resistance change, AP, in the following
differential equation

4 (p) =K (@p)° (2.34a)

: dv
where dV represents the incremental gas volume passing through filter and
K a dimensional constant. If the system flow is nearly constant, it is
seen that the rate of resistance rise is most rapid and depends upon the
instantaneous AP value during the blocking and depth filtration phases.
Once the dust cake has developed, however, the pressure term dropé out and
the classical cake filtration theory applies. A detailed discussion of the
latter process is presented in Section 2.4. The accumulated dust is removed
from the fabric by stopping the flow and vigorously shaking the element (or
by on-line reverse-air or jet cleaning, etc.). Within the limits of avail-
able observations, dust structures removed are quite large. However, under
usual cleaning circumstances, substantial amounts of the dust deposit re-
main within the fabric interstitial (inter-yarn, inter-fiber) spaces. Re-
sidual pressure drop after cleaning is substantially greater than the ori-
ginal clean fabric value, Complete cleaning is possible, but usually is
uneconomical in terms of power or time required, or because of detrimental

fabric deterioration.

Upon resumpticn of flow, after cleaning, on the second filtra-
tion cycle, the incoming dusf particles presumably see a combination of
some bare fiber and a great deal of residual deposited particulate aggre-
gates. The process of filtration then resumes by particle collection on
fibers in some locations, and on previously deposited particles and aggre-
gates in other locations. These processes have not been observed at the

microscopic level, so the discussion of cake mechanics is in the nature of
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hypothesis or speculation. The amount of flow will vary locally (over
terrain distances of the order of a few hundred microns) depending upon

the amount of collected dust that has been removed by the cleaning action.,
Locations where large amounts of dust have been removed will permit greater
initial flow. Pin holes permitting high flow and dust penetration or leak-
age are commonly observed in the initial stages of filter operation with
nearly new woven fabric. However, the high flow velocity through the more
open areas also raises the local particle flux (concentration x velocity),
causing greater deposition to occur and eventually providing a self-closing
tendency for the more open pores. Aggregates again form around fibers, and
presumably a more or less continuous dust cake is again formed during depo-

sition and accumulation, as in the initial filtration cycle.

During the initial stages of reconstruction of a continuous par-

ticle matrix, efficiency and pressure drop rise rapidly, while the open loca-

tions are accumulating a deposit. Filtration proceeds presumably by the in-
teraction of oncoming particles with those already deposited in granular

(or cake) filtration. Large pressure drop (or diminished flow) eventually
becomes unacceptable in terms of the system requirements, flow is stopped,
and the fabric is again shaken to remove a portion of the accumulated de-
posit. Substantial residual deposited material remains after cleaning,
:usually more than that remaining after the first cleanihg cycle. 1In typical
industrial applications of fabric filters, repeated filtration and cleaning
cycles occur over time intervals of a few minutes to a few hours. After
some 24 hours (but possibly as much as ~100 hours) the residual deposit
after cleaning arrives at a more or less constant value, as governed by the
parameters of the cleaning method (energy input).| Continued filtration be-
yond‘this‘b:iming or ageing periSd results in a relatively constant pres-
sure drop cycle during use and after cleaning. The fabric is essentially
saturated or at equilibrium with the deposited residual material, such that
no more can be added than is shaken out upon cleaning. If an equilibriuﬁ
residual deposit does not oécur after many filtration and cleaning cycles,
residual pressure drop may continue to rise, (slightly less material is

shaken off at each cleaning than is added during filtration), causing the

condition known as blinding of the fabric. As a result, residual pressurc drop

is set by blower and system characteristics. More cleaning is then re-
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quirud'tn remove the residual deposit than is furnished by the original
combination of clcaning parameters in use. Fabric can be shaken more vigo-
rously (greater frequency, amplitude, or duration) if this does not damage
the fabric. Reverse air can be used to augment shaking, or, depending

upon length of time in service, the fabric may be replaced, or laundered,
to remove more of the residual deposit. Both seeping and blinding in fa-
bric filters are manifestations of the adhesion between particlgs and sub-
strate fibrous material (especially man-made monofilament fibers). There-
fore, ecffective bridging of interyarn gaps I8 difficult to maintain causing
material seepage throdgh the fabric during much or all of the filtering cy-
clé. Plugging or biinding of the fabric is the inverse problem, where ad-

hesion forces are greater than removal forces applied by the cleaning method.

In fabrics that remain in satisfactovy service for many cleaning
cycles (104 ~ 107), yarns begin to deteriorate from the mechanical flexure
and relative motion of adjacent internal fibers in the presence of dust as
an abrasive. Individual filaments break, become shorter, the fabric wears
thinner at flexure points, and dust penetration increases in these areas.
Eventually a thin spot or tear develops that cannot be repaired by the dust
buildup during filtration so that the fabric no longer has sufficient in-

tegrity for continued service. The fabric is then replaced, or occasionally

repaired.

2.3.2 Particle Capture in Fibrous, Fabric, and Granular Filters

Particle collection in filtration occurs as a result of one or
more of the following mechanisms:

1. inertial deposition as a consequence of the relative velocity
between the particle and the fluid as the fluid streamlines
separate to pass an obstacle in the flow field (a fiber, or
a previously deposited particle);

2. diffusion to surfaces of obstacles as a result of Brownian motion;

3. direct interception or streamline contact with a surface in
the flow, arising as a consequence of finite particle size;

4. gravitational sedimentation;

5. electrical separation attributable to particle or obstacle
charge, and polarization and space charge effects.

Mechanisms (a) (b) and (c) are illustrated in Figure 2.33.
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Figure 2.33. Mechanisms of Mechanical Filtration
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Theories of particle capture by these mechanisms are based on
the following assumptions:
1. collecting obstacles situated in the flow are sufficiently
far apart so that the fluid flow in the vicinity of a single
obstacle can be represented by the flow near an isolated

obstacle, i.e., flow interference effects from adjacent
obstacles are neglected;

2. the particles approaching a surface do not interact with or
distort the flow to produce additional hydrodynamic lift or
drag; and

3. the particles always adhere on contact, i.e., bounce,
surface migratign, and recentrainment are neglected.

The first asshmption is required to define the fluid flow field
approaching the object. While it is a reasonable assumption for certain very
open fibrous filter geometries, in all cases of interest in operating fabric
filters, deposits of large numbers of adjacent particles present on the sub-
strate completely dominate the flow field. Collecting obstacles are close
together, and in the case of a deposited layer or cake formation,filtration
is presumed to be by deposition of a particle on a previously deposited

particle present in a large deposit aggregate.

The assumption regarding particle-surface interaction and hydro-
dynamic lift or drag is always accepted, but recent studies on particles

in laminar shear flow indicate that a lift force may exist.

The third assumption has been investigated with single obstacles
and test grids of parallel wires exposed to aerosol flow. Not all particles
adhere on contact, and they may bounce, roll, migrate or become reentrained
at some later stage in the filtration cycle. Larger aggregates formed dur-
ing filtration appear to bend in the flow to seek a more stable configura-
tion, or pieces of an aggregate may break off and become reentrained in the
flow to deposit further within the filter bed. In continuously cleaned
filter fabrics, gradual migration of dust to the outlet side of the fabric
has been observed after many filtration and cleaning cycles. Particles
deposited at a given velocity may be removed by a higher velocity, as in-
dicated in Figures 2.31(c) and (d). Effects of adhesion of particles to
surfaces and to each other upon deposition have bevn discussed above.

For purposes of analysis, it is possible only to define a surface accommo-
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dation coctficient, B, related to the ratio of adhesion force to hydrody-
namic force. Presumably 0 < 8 < 1, where 8 =1 is equivalent to assumption
(3) and B = 0 implies elastic collisions., Although B # 1 in all cases for

isolated obstacles, it appears to be close to one for the total filter.

The current theories of filtration have been extensively deve-
loped over the past 30 years for bare fibers at the start of the process
and are bricfly summarized in the following discussion. Effects of de-
posited material on subsequent performance of filters has not been studied

to anywhere near the same extent.

2.3.2.1 Inertial Impaction.- As fluid approaches an immersed obstacle,

elements of the fluid accelerate and diverge to pass around the object.

A particle suspended in the fluid may not be able immediately to accommo-
date to the local fluid acceleration and a difference in velocity between
fluid and particle may develop. Inertia tends to maintain the forward
motion of the particle while the diverging fluid tends to drag the particle
aside. Subsequent motion of the particle is the resultant of the inertial
projection and the fluid drag. From dimensional considerations, it can be
shown that the solutions to the equation of particle motion depend upon

the impaction group, defined as:
I= 2mV/Dpf (2.35)

where m is the particle mass and f is the resistance of the fluid to the
particle motion per unit of velocity. For small spherical particles of
diameter Dp’ the fluid resistance can be assumed to be given by Stokes'

approximation, so that:

f = 3x ue Dp/cs (2.36?

where Mg is the fluid viscosity and C_ is the (Cunningham-Millikan) aerosol
-1

particle slip correction factor, (Figure 2.34 indicates the variation of

CS with the particle Knudsen Number Kn = 2}\/Dp).94’95 The impaction para-
meter for small spherical particles becomes:
2
I=cC, X Dp V/9 u. D, (2.37)

where pp is the particle density, V is the undisturbed stream vclocity

approaching the obstacle, and D0 is the diameter of the collecting ob-
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stacle. This paramcter also represents the ratio of the distance a small
particle will travel in a still fluid when projected with an initial velo-
city of V to the characteristic dimension of the obstacle, (stopping dis-

tance/D ).
)

Several numerical and empirical solutions have been presented for
inertial collection of particles by spheres or cylindrical fibers. Most of

3,93 In general,

these solutions have been discussed in recent reviews.
the particle collection efficiency is a function of the impaction parameter

and the Reynolds number based on obstacle size.

Numerical solutions for the collection cfficiency (nI) of a
spherical particle approaching a spherical collector are summarized in
Figure 2.35.9 In the case of filtration through a granular layer of
deposited particles of the same size as the approaching aerosol particles
(say 10 pm) at a filtering velocity of order 2 fpm (1 cm/sec), (CS = 1),
(pp = 2), the impaction parameter is of order 1. Impaction efficiency
increases with an increase in velocity, if all other factors remain the
same, according to Figure 2.35. Impaction efficiency for the collection
of spherical particles by cylindrical fibers and flat ribbons are shown

in Figure 2.36.97

2.3.2.2 Diffusion.- The transport of suspended particles to an object
in the flow under the combined effects of diffusion and fluid motion can be
determined from solutions to the equation of convective diffusion. From
dimensional considerations, the solutions can be shown to be a function of

the Peclet number, defined as:
Pe =D V/D (2.38)
, O se :

where D0 is the object diameter, V is the undisturbed stream velocity,
and Dse* is the (Stokes-Einstein) particle diffusion coéfficient. The
Peclet number is the characteristic parameter for the relative magnitude

of the effects of convection and diffusion in particle transport.

Several theoretical solutions have been proposed for the efficiency

of cylindrical fibers for particles of vanishing size. They arc of the form:

* = .
DSe kT cs/3x Mg Dp
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where 1/2 < n < 1. It is generally accepted by specialists in mass transfer

that n = 2/3 is the correct dependence for diffusion alone.

The solutions also depend upon the character of the fluid motion

as measured by Reynolds number based upon obstacle size:

Re =D V/v (2.40)
[o] (o]

where v is the kinematic viscosity of the fluid. For most filters in
which diffusion is an important mechanism of removal, Re < 10 . The
dependence upon Re is logarithmic, and its influence is slight over the

usual range (10_4 < Re < 10‘1).

Effects of diffusion in fabric filtration of particles through
a granular layer of previously deposited particles will be of significance
for particles less than about 1 pum. The analytical problem has not been
solved specifically for granular media. Diffusional cdllection improves
at reduced filtration velocity for smaller particle sizes, since the col-

lection efficiency is inversely proportional to Peclet number.

2.3.3.3 Direct Interception.- Particle capture arising from diffusion

or inertial impaction can be determined by assuming the particle is a mathe-
matical point having the property of random molecular motion or inertia.

If a particle of finite size passes near an obstacle as a result of (a)
diffusion, or (b) inertia, or (c) because of fluid motion alone, contact

can occur if the path of the center of the particle comes within a disténce
of one particle radius (ap) of the surface. The éffect of finite partiéle
size on capture is called direct interception. Collection efficiency can

be shown to be a function of the direct interception group:
R =D_/D (2.41)
p o
It is possible to treat the effect of direct interception as a boun-
dary condition in the solutions for collection efficiency by diffusion and

impactioﬁ. The solutions then contain the interception group as an addi-

tional parameter. If the particlec passes near a fiber surface as a result
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of fluid motion alone, fiber efficiency because of direct interception is:

N~ R2 (2.42)

for R< 1 and Re < 1.

The above thrce mechanisms of filter efficiency have been extensively
developed and analyzed for fibrous filters with bare fibers having no
prior deposit. Collection efficiency by the diffusional mechanism decreases
with increasing particle size, whercas impaction efficiency tends to increase.
These effects lead to a minimum in the efficiency-particle size curve for
fibrous filters. Stairmand83has calculated the efficiency of a fabric fil-
ter at the start of filtration (using as a model the geometry shéwn in
Figure 2.26(b) as a function of particle size, with results as shown in
Figure 2.37. Stairmand's discussion related to this calculation follows:

"A method of calculating the collection efficiency of a fabric
or fiber filter has been given in detail..., though, as with elec-
trostatic precipitators, the exercise serves mainly to help in
understanding the mechanism of operation of fiber filters, rather
than to provide accurate design data, A worked example is given
., which show that a normal fiber filter exhibits a grade-
efficiency curve with a pronounced "dip" at about 0.9 p, where both
impingement and diffusional efficiencies are lowest (Figure 2.37).
The formation of an effective floc, or the use of suitable
compressed felt in an appropriate design of filter éwould obviate
this difficulty."

It should be emphasized that the Stairmand calculation illustrated
in Figure 2,37 is based on the réﬁationships presented above for a clean
filter at the start of filtration. Operating efficiencies observed in
fabric filters are usually greater than 99.9 percent for most particles
of interest, as will be discussed below. The use of Stairmand's curve
to represent fabric filter operating efficiency is entirely erroneous and
misleading, and should be discontinued (see for example Figure 20 of Ref.
98, lower right hand corner). Stairmand's curve is typical of performance
for a fairly open fibrous filter, and many experiments have shown a dip
in filter efficiency caused by a crossover from primarily diffusional
separation to impaction collection. Most fabrics used for industrial gas
filtration are quite dense and will have a grade-efficiency curve higher

than shown in Figure 2.37.
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2.3.2.4 Sieving or Straining.- Operating fabric filters contain

extensive deposits of granular particulate material in the form of a more
or less continuous layer. Filtration is presumed to occur as a consequence
of the flow field between or around granules. If the grains deposited are
of the same size as the incoming gas-borne dust particles, then the pores
tétween deposited grains are smaller than the grains themselves. Particle
removal can then occur by direct interception of a surfgce of the incoming
barticle with the surface of a deposited particle. Thié model for filtré-
tion in a granular layer is usually referred to as sieving (or straining)
(particle size > pore size). Since most dust dispersions of practical con-
cern contain particles distributed over a broad spectrum of sizes, pore
openings also vary widely in size. Sieving is probably important for the
larger grains (or agglomerates), say greater than 10 or 20 um. For the
finer particles found in metallurgical fumes, carbon black, oil combustion
ash, etc., collection is probably achieved by the mechanisms of mechanical
filtration. Sieving as a mechanism of collection implies an efficiency of

100 percent for the granular layer, and this is never achieved in a practical
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industrial gas filtration system, Characteristics of granular packings
are discussed below. The difficulty in providing an analytical model for
filtration in an operating fabric filter is a consequence of lack of quan-

titative observations on the characteristics of the deposited layer.

2.3.2.5 Collection by Electrostatic Mechanisms.- The effects of

electrostatic charge on particle collection in fibrous filters have been
considered in several studies. Electrostatic mechanisms in the capture
of particles by granular filters have been discussed by Anderson.
Analytical and experimental studies have not been attempted for the pro-
cess of fabric filtration. Measurement of particle and substrate charge
distribution and location is difficult and is not usually done as part of
the experimental determination of fabric filter efficiency. A number of
experimental studies have been performed on the effects of particle
charge, object charge, and impressed fields in filters (see Reference
numbers 13, 49, 53, 93, 99-112). 1In most.cases, substantial improvements
in collection efficiency result from the added effects of electrostatic
charge. Effects of electrostatic charge on fabric filter pressure drop

are under investigation.

2.3.2.6 Sedimentation.- Sedimentation of particles as a method of

collection in fabric filters 1s usually assumed to be negligible. A gen-

eral effect of gravity on filtration has been proposed asS3’113

_ th » (cross section of collector in vertical direction)
g nVo.(cross section of collector normal to flow)

]

2, .
q = Cs Py 8 Dp /18 ug Vo (2.43)

where n = the number of aerosol particles per unit volume, and Vt is the
terminal settling velocity of the particles. For a spherical collector
in a fabric filter deposit, G is the ratio of the terminal settling vel-
ocity to the local stream velocity. Table 2.14 indicates the terminal
settling velocity for payticles likely to be of interest in fabric fil-

tration.13

For a 10 ym particle of unit density (pp = 1) terminal settling velocity

is 0.3 cm/sec. At a typical filtration velocity of 1 cm/sec (2 fpm), the esti-
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] TABLE 2.14

TERMINAL VELOCITIES AND DIFFUSION COEFFICIENTS OF RIGID SPHERES
OF UNIT DENSITY IN AIR AT 760 mm Hg PRESSURE AND 20°c*

Diameter v . D
L cm/sec cml/sec
0.1 8.71 x 107° 6.84 x 107°
0.2 2,27 x 107 2,02 x 107°
0.4 6.85 x 107 8.42 x 107/
1.0 3.40 x 1072 2.76 x 1077
2 1.29 x 1072 1.28 x 10”7
4 5.00 x 1072 6.16 x 10°°

10 ' 3.03 x 107} 2.41 x 1078
20 1.20 --
40 4.71 -
100 24.7 --

%*
From Green and Lane, Ref. 13.

mated collection efficiency for a granular spherical obstacle in the flow
(10 um), will be of order 0.3, and substantial separatioﬁ by this mechanism
would be expected. 1In a packed bed of spheres with upward aerosol flow, the
effect of gravity opposes collection, as illustrated in the lower part of
Figure 2.38, whereas collection with downward flow is improved by gravity
(upper part). Effects of gravity on submicron aerosol filtration through
fiberglass, sand and lead shot (1500 um) were studied by Thomas and

113’114’115, with typical results as shown in Figure 2.39. Tt is appa-

Yoder
rent that penetration was reduced (greater efficiency) for downflow, even
for aerosol particles less than 1 um as used in these studies. (Experimen-
tal verification of the effects of collection by diffusional and impaction
mechanisms at different particle sizes may also be observed in these data,
maximum penetration or minimum efficiency occurring in the vicinity of
.35 um). Effects of shear flow on particle motion in the vicinity of a

collector have been cited above. Effects of gravity on particle flow and

stratification inside a filter bag are discussed below.
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Figure 2.38. Deposition of Particles in Ascending and
Descending Streams (From Thomas and Yoder,
Ref. 114).
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2.3.3.7 Other Collecting Mechanisms.- Turbulent deposition of parti-

cles on obstacles and boundary walls (ductwork, flues, checkers, sampling
lines) in dust collection systems are of particular importance in system
design. Impaction by the randomly varying transverse fluid velocity is

the principal mechanism, and particle adhesion, particle bounce, and reen-
trainment are the particular problems of interest. Collection of particles
by this mechanism in fabric filters operated at low velocity is probably
negligible. If current experiments on high velocity (100 to 1000 fpm)
cleanable industrial filters become of importance, recent analyses of tur-

bulent deposition may be of significance in interpretation of the process.

Thermal forces occur on an aerosol particle in a temperature gradient
in hot gases flowing over cold walls. As such,these become important in
dust deposits on heat exchanger surfaces in system design for heat transfor
coefficients. Thermal effects are not normally expected in usual fabric
filters, but have been cited as a mechanism in cool granular filtration of

high temperature gases by Strauss and Thring.116

2.3.3 Measurements of Fabric Filter Collection Efficiency

Measurements of collection efficiency in operating fabric filters
are illustrated in Figure 2.40. Typical values are presented for inlet and
outlet concentrations in screen and tube type collectors (intermittently
cleaned, woven fabric, field data), reverse jet collectors (continuously
cleancd felts, field data) a pulse jet collector (continuously cleaned
felt, laboratory results), and a pulsed woolen fabric type. Low efficien-
cies reported are characteristic of low inlet concentrations with continu-
ous cleaning, usually accompanied by poor maintenance or seeping dusts.

Dennis, et 31,117 in discussing their field measurements of

efficiency in operating fabric filters (open and full circle data in
Figure 2.40) indicated that "Test results do not necessarily show optimum
or expected performance since many collectors were poorly maintained or
operated in excess of design capacity.'!" Such tests reflect the degree of
maintenance rather than the inherent performance of the fabric filter. In
no case was there any correlation observed between efficiency and particle

size. Dennis, et al concluded that "For collectors with no obvious leak-
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Figure 2.40. Operating Fabric Filter Efficiency.
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apge the effluent dusts had 98 percent of their mass represented by parti-
cles smaller than 5 microns.” Collection efficiency in operating fabric
filters is very dependent upon cleaning mechanisms and cleaning cycles,
as will be discussed below.

;

The data of Whitby and Lundgren118 are of some interest at
this point. They evaluated a unit-type filter (Torit model 64) upon which
a dust cake of resuspended fly ash was deposited. This cake was then tested

with monodisperse test aerosols, uranine and methylene blue dyes.

Collection efficiency for uranine and methylene blue test

acrosols with the clean fabric and for a fly ash deposit are shown in

Figure 2.41. Particle size efficiency of the clean cotton sateen fabric

(at 7 fpm) was essentially as that predicted by Stairmand's analysis.

Figure 2.37 illustrates the operation of diffusional and inertial mechanisms.
After loading with fly ash (N.B.S. Air Filter Test Dust, ~ 15 um) the parti-
cle size efficiency was observed to be greater than about 99.5 percent for
all sizes greater than 0.08 um (filtering velocity not stated, but calculated
to be approximately 5.2 fpm). The collector was shaken (by foot pedal-operated
rapping bar) for 10 and 35 individual cycles. The major reduction in pres-
sure drop and collection efficiency occurred with the initial 10 shakes.
Collection efficieﬁcy at 10 shakes remained greater than 85 percent for all
sizes. An additional 25 shaking operations produced relatively less reduc-
tion in pressure drop and efficiency (> 75%). This series of tests corre-
sponds to only the first three cycles of operation of a cleanable industrial
filter (estimated from the data presenteg in Ref. 118), and illustrates the
initial steps in the accumulation of a residual dust deﬁosit within the
fabric. The Whitby-Lundgren tests are of value to illugtrate start-up
phenomena in a practical fabric filter. However, they probably do not
reflect fabric filter performance after an extended period of operation
through many (> 102) filtering and cleaning cycles, when the fabric has
achieved an equilibrium residual dust deposit. The test procedure is arti-
ficial because cbllection of fly ash having few particles below about 1 um

would not be likely to result in particles below this size in the effluent.
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In other words, for the fly ash test aerosol with no particles below 1 pm,
collection efficiency starts at 90 percent even after 35 shakes (> 99.8 at
>~ 2 um).The efficiency for test aerosols below 1 um in a fabric filter de-
posit of fly ash particles substantially greater than 1 micron is not a
true reflection of the filter capability. Similar results on a 0.3 pm
test aerosol were reported by Stairmand119 from the data of Skrebowski
and Sutton120 as shown in Table 2.15.
TABLE 2.15
EFFECT OF DEPOSITED DUST ON FILTRATION EFFICIENCY*

EE3
Aerosol Efficienc .
After
New clean After dust |cleaning by
Fabric cloth deposition blowback
) % o/o %
Lightweight plain cloth 2 65 13
(synthetic fibre)
Heavy raised-surface cloth 24 75 66
(synthetic fibre)
Heavy raised-surface cloth 39 82 69
(hatural fibre)

% From Stairmand, Ref. 119.

*% Test aerosol 0.3 ;m radioactive particles.

Particle size~efficiency data for operating fabric filters is discussed

in Chapter 6.

'

2.4 FLOW THROUGH POROUS MEDIA

2.4.1 Introduction

The relationship between the pressure drop across the cloth
and dust cake, the velocity through the cloth and cake, the gas viscosity,
etc. involving fundamental filtration mechanics, is a basic part of the
economics of operating a fabric filter system. For practical purposes,
the pressure-velocity relationship can be expressed as Darcy's law. Al-

though more sophisticated relationships can be extracted via fluid mechanics
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theory through solutions of the Navier-Stokes equation, there is little ap-

plication for such refinement at the present time.

The principle that pressure drop across a porous bed is pro-
portional to the flow through is basic to intragranular flows. Darcy's

%*
equation can be written simply as

ap = 5;3 _ (2.44)_
L K

which states that the pressure difference across the bed depends
oq the bed depth L, on the gas viscosity Hes aqd on the permeability of the
bed, K, as well as on velocity, V. All variables are readily-obtained en-
gineering parameters except for permeability K which is the subject of a

following section.

Note that V in Equation 2.44, refers to the superficial gas
velocity through the bed and not to the velocity through the individual
pore structures. V is equal to the volumetric flow approaching the bed
divided by the area of the bed i.e., byythe cloth area. V is the apparent
or superficial velocity through the bed; the true velocity averaged across
a single passageway in the bed is greater by the factor l/e where € is the

volumetric porosity of the bed.

Darcy's law relating‘}ressure drop and errall velocity applies
to a wide variety of beds and fluids with 6n1y a few restrictions. The
flow should be only slightly compressible or not at all, i.e. the pressure
drop across the bed should be bu; a small percentage of the ambient pres-
sure level. The flow should be steady, that is, there should be no sﬁarp
pulses that could excessively compress the gas. The viscosity of the gas
mixture should be Newtonian, and the flow rate low enough so that the re-
sistance to flow is determined by viscous and not inertial effects. The
test for viscous flow is to compute Reynold's number for a typical depo-

sited particle or fiber, whichever is larger:

Re = f v/Do . (2.45)
He

- ‘
’ Darcy's equation is usually expressed in differential form.
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where . and Mg apply to the gas and V’/ equals V/e,the average velocity

past th£ particle or .fiber whose diameter is Do. As long as the Reynold's
number for particle and fiber are both less than unity the resistance to
flow through the cake and cloth is mainly viscous and Darcy's law applies.
This will be the case in most fabric filtration. In the case of high Re
values, another term should be added to Darcy's equation to allow for in-“

2
ertial effects, i.e. pressure loss a function of V as well as v.

2.4.2 Permeability of Rigid Media

The permeability K for use in Darcy's equation is fairly well
understood for rigid porous beds, that is, bedé whose passageways do not
bend or collapse during the flow. (Unfortunately part;culate beds énd
cloths often do change during the flow and this will be discussed in the
next section). Permeability is the openness of a material to the trans-
mission of fluid and is defined by Equation (2.44). It is also experi-
mentally determined by measuring pressure drop across a fixed bed length
and at a given velocity. Since there is an infinite number of different
dust cakes, cloths, packed towers, petroleum shales, ceramic clays, etc.,
one needs a way of predicting permeability based upon a knowledge of par-

ticle sizes, shapes, and arrangements.

From practical fabric filtration experience, K's computed
from laboratory and field measurements on different dust cakes vary by
a factor of 1000 or more with the larger permeabilities usually being
associated with the larger dust particles. Photomicrographs presented
above suggest that smaller partlcles often pack together in feathery
clusters while only the largest partlcles pack closelyxlike marbles.
This indicates that there are apparently large differences in the porosity
of dust accumulations and that there are differences in cake structurc and
or arrangement of adjacent particles. ’These same observations are made in
many other kinds of porous beds. Analysts have traditionally concentrated

on size, porosity, and structure in trying to predict permeability.

Although many permeability theories have been proposed, none
have been widely accepted, partly because of the difficulties in predicting
porosity and bed structure. Perhaps the most widely used theory is the

Kozeny-Carman equation, which is sufficiently simple and reliable to have
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at least some utility in most kinds of porous beds. It is derived by ap-
plying the concept of hydraulic radius to a capillary passageway through
the bed. The Brinkman equation for permeability is less widely used but
is derived specifically for loose assemblages of spheres exerting a drag

on a flowing fluid.

2.4.2.1 Kozeny-Carman Theory.- Consider a fluid flowing slowly

through a tube of diameter d and length .. From Poiseuille's law for
capillary flow, the pressure drop across the tube will be Ap/L = us’/(d2/32)
where V’/ is the velocity averaged across the passageway. If the tube is
feplaced by wide plates L long and spaced d apart, Ap/L = us’(dg/IZ).

The hydraulic radii m for these two configurations, defined as

passageway cross sectional area (2.46)
passageway perimeter

m =

Gmich for a straight passageway is equal to:

passageway volume
passageway surfac

are d/4 and d/2 respectively. When d is replaced by hydraulic radius in
these two expressions, the denominators become m2/2 and m2/3 for the tube
and plates respectively. By analogy with Darcy's law, Equation 2.44, the
permeabilities for these two coﬁfigurations are precisely m2/2 and m2/3.
Since the configurations are quite different in cross section, one might
suspect that almost any passageway configuration might be represented by

K = mz/k where k should be of the order of 2.5.

If one had a material composed of many such passageways,
arranged in parallel, the overall permeability would clearly depend on
the number of passageways, that is, on the relative openness of the material
or the porosity € such that K = m e/k where m is the average hydradlic radius
for all passageways now defined as

= _ void volume for all passageways per unit of dust particle vol,
surface area of all passageways per unit of dust particle vol

Here the denominator is simply So’ a standard bed property defined as
the specific surface of the porous material. The numerator is the volume

ratio /1-¢). Thus finally

2-115



K = GJ (2.47)

ksg(l-e)2
which is the Kozeny-Carman equation for permeability.* Note that although
simple in concept and form it contains the three ingredients sought from
fabric filtration experience; particle size (So is closely related to size),
bed porosity ¢, and arrangement structure (chiefly k, but also So). Carman
in a related study determined a shape factor for a number of non-spherical
particles, as a means of predicting So when particle size is known. (Ref. 122,
page 334-5). Just as K absorbed cverything that was difficult to measure
when the Darcy equation was written, so now k absorbs the uncertainties
remaining in this expreséion for K, since ¢ and So are distinctly defined
and reasonably measurable. Kozeny believed k should have a value of 2;

123,124
Carman

derived the value of 5 for k. As one might expect, experi-
mentally it turns out to depend on the bed structure. A number of efforts
to predict k by introducing such concepts as tortuosity have not been uni-
versally useful although these efforts may help to predict permeability in
materials of specific type, e.g., packed rings, cylinders perpendicular to
the flow, etc. Happel and Brenner125 discuss several models designed to
evaluate k and indicate a significant dependency of k on porosity for
porosities above 0.7. They say that theoretically k ranges from 1 to 70

for very porous beds depending on the type of particle and the model used.
Table 2.16 and Figure 2.42 illustrate the calculated variation of k with
purosity for spheres and cylinders. 1In view of the great variation in fabric
filter dust ~=akes it must be said that for present purposes k is not well
understood. The value of 5 is probably a good starting point for making
estimates of permeability in beds of spherical ﬁarticles. Although k may
vary from this either way by a factor of 2, anticipating the amount of
variation in bed structures, this uncérthinty in k is far smaller than the
range of 1000 in experimentally detcrmined K values. The Kozeny-Carman
theory cannot apply to anisotropic materials unless k, ¢ and S0 are assigned

values that take direction into consideration. K is a local property of the

This derivation of Kozeny-Carman theory follows the imporfaTt concepts.
A more rigorous development can be found in Scheidegger.
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TABLE 2.16

THEORET ICAL VALUES OF THE KOZENY CONSTANT (k) FROM DIFFERENT
CELL MODELS (From Happel and Brenner, Ref. 125).

- - e e e e~
Flow through
Fractional Flow Flow ) Random Flow through
Void Paraliel Perpendicular Orientation Assemblages
Volunie, o to Cylinders to Cylinders of Cylinders of Spheres *
.99 310 53.83 46.25 71.63
.90 7.31 11.03 . 9.79 11.34
0.80 5.23 7.46 6.72 7.22
0.70 4.42 6.19 5.60 5.79
060 396 5.62 5.07 5.11
R R} 3.67 5.18 497 4.74
0.40 1.44 5.28 466 4.54

material which may well vary from point to point, as in a fabric for example.
Thus in Equation 2.44 it is understood that either K is averaged over the
entire distance L or else the material is homogeneous. It is reported that
K does not apply to high porosity materials presuﬁably because the theory

is based on discrete passageways; thus Kozeny-Carman theory should be used

with particular caution for € values >0.7.

2.4.2.2 Brinkman Theory.~- Brinkman addressed himself to the permeability
of a swarm of spheres not quite touching but so close togethér as to affect
the fluid drag on one another. That is, each particle deforms the flow field
around itself and the closer the particles are together the sharper the field
deformation, and the larger the drag. An array of particles close together
form a more impermeable front than the same number of particles widely se-
parated. For example, in sedimentation, a cloud of particles fail‘together
as a large but extremely low density body, i.e., the cloud falls more slowly
than a single particle having density and size similar to the cloud consti-

tuents because the drag is higher.

By vector calculus Brinkman found the drag on one sphere among a swarm

of spheres to be 9

r r
F, =6xu.Vr \1l+-R+_P_ (2.48)
1 f P X
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Figure 2.42. Comparison of Theories for Flow Relative to
Circular Cylinders. (From Happel and Brenner,
Ref. 125).

The first term is simply the Stokes drag on an isolated sphere, but the
drag is increased by two other terms involving particle radius fp and the
swarm permeability, K, which was then solved for as follows. Using n the
number of particles per unit volume équal to (1 - €)/(4/3x rps),

the drag on a unit volume of cloud is:

Vv
dp = M¢' = nF 2,49
F =dp i nF, ( )
r 2
K=_p [3+_4 -3 8 -3 (2.50)
18 (1-¢) (1-¢)

This expression of Brinkman's for permeability must obviously be less
universal than the Kozeny-Carman equation since bed structure is not
taken into account. However; the Brinkman model should apply to near-
spherical particles in very loose, high porosity beds which is most
convenient since the Kozeny-Carman model fails at high porosities. The
Brinkman theory is less widely quoted and appears to have received less

1
experimental testing. A comparison of the two theories can be made
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by replacing S0 (the ratio of particle surface to particle volume) by 3/1'p

(for spheres barely touching)and setting k = 5 in the Kozeny-Carman

expression:
2 .
: K-C:  K="'p (0.4 (2.51)
_ 18 (l-e)z
the curves are plotted in Figure 2.43.
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Figure 2.43. Permeability-porosity Relationships for Kozeny-Carman
- and Brinkman Models.
- We gain confidence from Figure 2.43 in that despite the different approaches
the two theories predict remarkably similar permeabilities. The importance
- . of porosity is evident; over the range of porosities expected in fabric fil-

tered dust cakes the cake permeabilities may well vary by a factor of 100

due to porosity.

2.4.2.3 Other Permeability Theories.- As already mentioned a great

deal of effort has been spent in trying to unify observations of permeability.
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Scheidegger121 discusses the claims for many of these attempts under the
groupings of empirical correlations, capillaric models (e.g., Poiseuille's
law), hydraulic radius theories (e.g., Kozeny-Carman), drag theories (e.g.,
Brinkman), and statistical theories of passageway arrarngement and molecular

kinetics.

2.4.3 Permeability of Changing Media

Since K is a point property of the porous bed, the fact that
the filtration dust layer is growing thicker is no limitation to permea-
bility theory nor to Darcy's law. This theory assumes that one may state
the structural arrangement adopted by the particles as they land on the cake
and hence determihe the value of the permeability. This value plus the
slowly changing layer thickness make it possible to determine the slowly
changing relationship between pressure drop and velocity at any time.

A much more difficult situation arises when the dust structures
formed within the cake collapse because of higher pressures. The dust at
the immediate surface of the cake is under no mechanical stress, except
for a small momentum flux from the landing of later particles. However,
as soon as particles land they exert a drag on the fluid which has to be
supported by a pressure from the particles underneath. Likewise the under-
neath particles exert a drag on the particles supporting them plusg the pfes-
sure from all particles which they support. This accumulation of particle-
to-particle pressure results in a maximum approximately at the bottom of
the cake where the compressive stress on the cake equals the pressure drop
across the dust cake (typically a few inches of water). This compressive
stress is always higher than thestresses at the surface of the dust cake;
perhaps even including the stress during the initial landing shock. As a
result some reorientation or compaction deep in the cake is apt to occur.
If it does, the resistance to flow through the collapsed layer rises, in-

creasing the compressive stress on the cake below this area.

The equations governing this process are as follows. The com-

pressive stress P, at depth x in the cake will be

pc = pco + /Zgg) dx (2.52)
dx



whero Peo is any surface stress associated with the landing particles.

The pressure gradient comes directly from Darcy's law in differential

form:
u.v
dp = - _£_ (2.53)
dx K

where now we include provisions for a dependency of permeability on the

compressive stress:
K = K(R:) (2.54)

This latter dépendency involves the rheology of the dust cake about which
very little is known at present. One could hypothesize that a typical
dust cake may be fairly plastic as opposed to being elastic or viscous,

that is, it may not collapse at all until & certain threshold of compressive

stress is reached.

A napped fabric may also exhibit an increasing flow resistance
as the pressure drop across it increases, that is, as the dust cake pres-
sure on the cloth surface increases. One would surmise that this would be
basically an elastic process, resulting in a slow exponential increase in

pressure drop in addition to any other increases during the filtering cycle.

Evidence for cloth or cake compression during filtration is seen
from time to time. J.P. Stevens Co.126 plotted the pressure drop across
clean cloths as a function of filter velocity and found approximately ex-
ponential pressure increases in practically every case; velocities ranged
up to 20 FPM. Borgwardt, et 31127 report that the resistance of a cake of
fly ash formed at 2,26 FPM was increased irreversibly about 207 by simply
slowly doubling the flow rate and then reducing it to its original value,
all the while using clean air. At doubled air flow, the resultant pressure
drop across the cloth and cake was increased 3 to 4 times ou again in-
creasing the flow, the resistance didn't change appreciably until the
previous velocity maximum was exceeded whereupon the resistance again began
to slowly increase. No recovery of permeability was observed. Earlier in
the same laboratory, Stephan, et a1,128 found similar phenomena, observing
60% changes in permeability when velocity was approximately doubled; but

the interesting thing is that the changes appeared to happen in 4 or 5 dis-
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crete steps as if the collapse werce not entirely plastic. In the related
129,130
field of liquid filtration cake collapse is a well known phenomenon. ’

Still further evidence of cake deformation due to excessive
drag is the familiar observation that once a cake has formed it may puncture,
especially with fairly coarse cloths and fine dusts. This we can conceive

as a collapse of the cake very close to a high-velocity spot in the cloth.

The result is that the cake in that vicinity does not reform but is pulled o

right through the cloth.

From observations of fabric filter equipment in use it seems —_
that there is too often little regard for excursions in pressure and
velocity as long as they are brief. Closing off one compartment raises the drag
suddenly on the dust cakeS'ia adjacent compartments; fan blades create
pressure shocks considerable distances away. Some cloths are deliberately
cleaned by pressure pulses. There is nevertheless some preliminary evi-

dence that 10% or more of the filtering pressure may be saved in certain

cases by carefully preventing unnecessary collapse of the dust cake. -
2.4.4 Permeability in Non-uniform Beds .
To obtain overall permeability K of a cloth-dust cake combina-
tion in which the local permeability Kx varies from point to point through
the bed, one must in effect add the resistances, or the reciprocals of per- -
meability, for each successive layer in the bed. From Equations 2.44, 2,52,
and 2.53, neglecting Peo’ [ - -
K= -y 1 ! (2.55)
A ’ r ‘ -
P - ST
t ~jﬁ HeV) dx
K
° X
or L. -
11 <l_>dx (2.56)
K L K
X ~—

¢
While a theoretical treatment may be able to express Kx as a function of

x through the dust cake and cloth, more often K.x will be estimated for ~

two or more layers of the laminate. In this case

2-122 ' o



L o1
% =2 R, (2.57)

2.4.,5 Resistance vs Permeability

Theoreticians customarily speak in terms of the permeability
of a porous bed rather than its reciprocal concept resistance. On the other
hand, in fabric filtration practice the standard term is specific resistance
which has the commonly accepted units of inches of water per FPM-lb/ftz.

The two are related by the following identity:

Specific resistance = 1 Hel\of 1 5@ 1 - Mg (2.58)
(permeability) \ W Pern. Pe erm pp(l-e)

where 1 is the gas viscosity, L is the cake or cloth thickness, W is the

cake or cloth weight per unit area of cloth, Pe is the apparent density
of the cake or cloth, pp is the density of the individual particles or

fibers, and € is the porosity.

In this middle ground between theory and practice an example
of a conversion may be helpful. If the permeability is 2 x 10-8 cm2,
viscosity is 2 x 10-4 poise, and Pe is 30 1bs/ft3, then the specific
resistance can be computed as follows:

Convert the permeability to 2.09 x 10-11 ft2

1

2. Convert the viscosity to 6.05 x 10-9 1b min/ft2
3

3. Use density as 30 1lbs/ft 1

4. Compute Sp. Res. = 11.1{1b \/min ik
feZ)l TFep €t

Since 1 122 equals 0.193 inch of water,
ft

the Sp. Res. = 2.14 inches of water
FPM - 1b/ft“
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2.4,6 Characteristic Geometric Properties of Porous Media

Three types of porous material are of importance in the
analysis of pressure drop of fabric filters: woven and felted fibrous
materials,and granular porous media cake (deposited particles). The
most usual configuration is a textile fabric woven.of multifilament
or spun staplé yarns of natural (cotton, wool) or man-made fiber (glass,
OrlonR, DacronR, nylon, NomexR, etc). Typical plain, twill, and sateen
weaves are illustrated schematically in Figure 2.44. Basic appearance
of representative fabrics has been indicated previously in Figure 2,26a,
b, c.
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Figure 2.44, Typical Filter Cloth Weaves.

Filter fabrics woven with spun yarns will have many fibrils pro-

jecting into the interyarn spaces,so that the flow geometry in a new fabric

will be through a semi=-fibrous aperturé. Aperture size depends upon

weave design, yarn diameter, and thread count. Characteristics of the
flow through the aperture will depend upon the quantity of interstitial
fibrils (interstitial packing density), their sizes, the flow geometry

(weave dependent), and the degree to which flow occurs between the
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yarns (within the aperture) and through the tightly twisted fibers of
the yarns themselves., Fabrics with no interyarn fibrils are generally
poorer media for gas filtration because of the inability of the dust to
form bridges over the pores. A typlical research model for this flow
geometry 1s a woven monofilament fabric or a woven wire screen, in which
dust builds up on the wires and then sloughs‘off as larger aggregates
(depending upon weave tightness). (Sleves, screens, wire gauzes, punched
perforated metals, or sheets or grids of metal plates are not usually
employed in gas filtration of fine particles, although they are widely
used for size-separation of powdered or granular materials. They are
occasionally used as stilling screens for turbulence reduction, or for
subsequent gas flow profile modifications or control, in.fluid mechanics
studies and as straighteners in pipe flow or in electrostatic precipita-
tors after inlet ductwork elbows to cause a duct to flow full or with a

more uniform velocity profile.)

Napped woven fabric, such as cotton flannel 1is produced by
mechanically abrading the surface of a woven fabric to separate and
withdraw fibrils of the individual yarns, producing a soff, furry sur-
face of many fibers (of order 1/8 inch long) projecting into the up-
stream gas flow. Napped fabric provides a greater amount of fine fiber
for better capture of dust particles. The (permanent) residual deposit
may be greater in this type of fabric with certain methods of cleaning,
which may not be able to separate the interfiber deposits from the
fabric. Napped configuratiom such as cotton flannel or napped sateen
weave cotton are intermediate in filtration characteristics between

woven and felted textile fabrics.

Natural wool felt and needle-punched felts of man-made
fibers (a barbed needle is inserted and withdrawn from a loose woven
filament scrim to separate and withdraw longer fibrils) are other common

types of media used in dusty gas filtration. Felt appears microscopically

as a dense mass of randomly intertwined fibers, and is quite similar

in many respects to fiber filters of paper, metal wools, slag or mineral
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wool, glass batts, paper, and other non-oriented long filamentous fibrous
media. Felts require pneumatic pulse or reverse-jet cleaning for satis-
factory pressure drop regulation and control. They cannot be cleaned by

mechanical shaking. Their basic efficiency for particle capture is high,

To be able to predict the pressure drop during operation of
a fabric filter on a given dust, the filtration engineer requires some
knowledge of several properties of the dust and fabric which are essen-
tially physical geometric quantities. (In addition, other characteris-
tics of the dust-fabric system may be required such as, electrostatic
charge properties, adhesion, humidity or condensation effects, tempera~-

ture, etc, and the specific actions of the components of the dust

collector associated with periodic cleaning,) 1In practice, the dust-fabric

properties are estimated by the filter design engineer based on his
experience with a previous application on the same or a similar dust.
There 1is no substitute for this experience, at present, in the develop=-

ment of the understanding of the mechanics of fabric filtration.

The intrinsic or Darcy permeability of an homogeneous iso-
tropic porous material in slow viscous flow (Rep <10) is a property
defined by the Darcy equation (2.44) as:

‘- Lu v

Ap
with dimension cm? (c.g.s8), where &p = Pe 8 Ah, and h = cm fluid flowing.
Permeability (K) depends upon the following geometric properties of the

porous material:

1) Porosity, void fraction
2) Specific surface

3) Pore size distribution

4) Particle (grain) size

5) Pore structure

6) Shape factor

7) Granule surface roughness

and is presumably independent of the fluid flowing.

Table 2.17 presents a summary of these geometric properties

with methods for measurement. Typical permeability values for various
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- TABLE 2.17

g MEASUREMENTS OF CHARACTERISTIC GEOMETRICAL PROPERTIES
e OF POROUS MEDIA
Characteristic Property Remarks
A. Porosity (See Table 2.18 for typical values)
- - 1. Direct Method Measure bulk volume of porous material
v and compact to remove all voids (for
soft materials only, e.g., organic
- materials)
2. Optical Methods Microscopic measurement of plane porosity
of a random section, photograph,
- : planimeter; also statistical
3. Density Methods esl-as=1- pa/pp where P, = bulk

(packing) density of a known
volume of the porous material, p_ =
true density of the material, a =
fraction of solidd

4, Gas Expansion Methods Direct measurement of gas contained in
pore spaces of known volume of porous
medium, by evacuation to lower pressure

5. Other Resistance to flow using Kozeny-Carman model

B. Specific Surface (See Table 2,22 for typical values)

1. oOptical Methods Microscopic measurement of circumference
" of pores to total area of random plane
section, photomicrograph, planimeter;
also statistical

2. Adsorption Adsorbed gases or vapors by Brumauer,
Emmett, Teller (BET) method

3. Fluid Flow Methods Resistance to flow using Kozeny-Carman model
4, Other Methods Thermal conduction, fluidization, ionic
- adsorption, chemical reaction rate, heat
of wetting, isotopic exchange
C. Pore Size Dilstribution
1. Mercury Intrusion Capillary pressure ~ pore size
2. Surface Adsorption

3. Caplllary Condensation
4, X-ray Scattering
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Table 2.17 (cont)

5. Optical Method Microscopic, photograph

6. Other Methods Surface adsorption, capillary condensation,
x=-ray scattering, sequential crushing
and porosity measurement.

D. Particle (Grain) Size

1. Sieve Method Serial sieving of sample of powder, average
diameter retained on one sieve = Yd;d
where d; = sieve opening on retained screen,
dyp = sieve opening on screen passed just
above., Suitable for granular materials
down to ~325 woven mesh (44 pm); for <44 um
use electoformed micromesh sieves down to

<5 um

2., Microscopic Method Microscope, photograph, can use light optical
for ~1 pm < Dy < 44 um, electron microscope
to ~0,005 pm; sampling and specimen pre=-
paration technique important

3. Centrifugal Aerosol Inertial classifier, Bahco for > 5 um,
Spectrometers starts with powder, disperses in air,
subjects to centrifugal winnowing action,
others available for finer sizes, small
powder volumes.

4, Gravitational Spectrometer Gravitational classifier, Timbrell

5. Other Methods Sedimentation or elutriation in air or
liquids, cascade impactors for segre-
gation of air-borne cloud particles,
light scatter instruments, etc. (see
Figure 2.2)

E. Pore Structure

1. Theoretical Packings of € = 0,0931, (hexagonal lattice)

Uniform Spheres € = 0.259 (rhombohedral or face-centered
cubics densest stable packing) to
€ = 0,875
2. Packing of Natural Pore Size ~ grain size; shape, non=-uniform
Materials sizes present fill interstitial spaces,

angularity promotes bridging
TI'. Shape Factors

6. Granule Surface Roughness

* Adapted from Scheidegger, Ref. 121.
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granular and fibrous materials are indicated in Table 2.18 from measures
of flow and pressure drop.121 These values are of little value for
analytical generalization without additional information on the geometry
of the flow system. Measured and calculated permeabilities specific
to the requirements of porous media filtration of dust and fumes are

treated below.

2.4,6.1 porosity.- Consider a homogeneous isotropic filter
of packing (bulk) density Py (gm/cm3) composed of granular (or fibrous)
material of density pg (gm/cm3). The fraction of solids in the filter

is defined as
a=p /P (2.59)
and the porosity, or void fraction, as

c=l-q (2.60)

TABLE 2.18
*
TYPICAL VALUES OF PERMEABILITY FOR VARIOUS SUBSTANCES

—aren. ——

Substance Permeability range Literature Reference
(Permeability in cm2)

Berl saddles 1.3 x 1073 -3,9 x 10~3 Carman, 1938

Wire crimps 3.8 x 1073 -1.0 x 10~4 Carman, 1938
Black slate powder 4,9 x 10-10-.1,2 x 10-9 Carman, 1938
Silica powder 1.3 x 10-10.5,1 x 10-10 Carman, 1938
Sand (loose beds) 2.0 x 107 -1,.8 x 10-6 Carman, 1938

Soils 2.9 x 1079 -1.4 x 10-7 Aronovici and Donnan, 1946
Sandstone (''oil sand') 5.0 x 10~12.3,0 x 10-8 Muskat, 1937
Limestone, dolomite 2.0 x 10711.4,5 x 10-10 Locke and Bliss, 1950
Brick 4.8 x 10-11.2,2 x 10-9 Stull and Johnson, 1940
Bituminous concrete 1.0 x 10~2 -2.3 x 10-8 McLaughlin and Goetz, 1956
Leather 9.5 x 10710.1,2 x 10-9 Mitton, 1945
Cork board 3.3 x 1076 -1,5 x 10~ Brown and Bolt, 1942
Hair felt 8.3 x 10=6 -1.2 x 1075 Brown and Bolt, 1948
Fibre glass 2.4 x 10=7 -5.1 x 10-7 Wiggins et al., 1939
Cigarette 1.1 x 1075 Brown and Bolt, 1942
Agar-Agar 2.0 x 10-10-4,4 x 102 Pallmann and Deuel, 1945

*

From Scheidegger, Ref. 121.
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A typlcal value of clean porosity for a wool felt swatch*
(17.2 cm long x 12.4 cm wide x 0.25 cm thick) weighing 11.1017 gms
(o = 1.4 gmfcm® at 75% R.HE.) 1s thus e = 1 - @ = 1 - (0.208/1.4) =
1 - 0.148 = 0.842. This is a reasonably typical value for porous fibrous
media (e > 0.8).

Since woven f[abric is not homogeneous, because of the presence
of yarns, interstitial hairy voids, and non-planar geometry, porosity
is'hot obtainable from a simple geometric model as above for felts.

Using a plain-weave wire screen as a reasonably well-behaved geometrical
modél of a fabric, Robertson131 reported porosity values (% open area)
of ;he order of 50% (range 25 to 65%) for wire diameters in the range of

75 uym to 0.2 cm. Open area is defined (for a square or plain weéve) as:

x~ (1 - td)2 per square inch (2.60)

where t = threads per inch and d = yarn diameter. In a subsequent study132

of 45 textile fabrics, porosity (7% open area) ranged from 0.27 to 40.8%
for fabric weights from 13.8 to 2.5 oz/yd , respectively (air flow
permeability at 1/2 in. water ranged from 23.5 to greater than 700 cfm/ft2

for these same fabrics). Figure 2.45 presents Robertson's data on air
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Figure 2.45. Air Flow Permeability vs Fabric Open Area
(at 0.5 water pressure differential across fabric) (after
Robertsonl3l),

*
“Style No. 1753; Gurley air flow permeability 25- 30 (cfm/ft? at 1/2 in. water
pressure drop; 255 psi Mullin-Burst; 16-17 oz/yd 3 plain, Engineered Fabrics
Corporation.
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flow permeability and open area (porosity) for four major weave designs
(of bright, continuous filament viscose rayon). For a typical sateen
weave cotton fabric shown in Figure 2.26C**, with permeability 15-20
cfm/ftz, the porosity is approximately 0.5% (using "other'" curve, Fig-
ure 2.45). Further discussion of fabric weave design, material charac-

teristics, and air flow is given below and in Chapter 4.

The pérosity of granular powders can be obtained from
(¢ = 1 - @) the bulk density (weight of a specified volume of the powder)

and true density of the material. Typical values of interest are presented

in Tables 2.19121, 2.2013? and 2.21134.

Porosity of usual granular
packings (e.g. sand) is of order 40 to 50%. The actual porositiés of
dust deposits on operating fabric filters have never been measured.

Based on dust structures presented in Figures 2,27 through 2.31 above,
and the agglomerate particle densities of aggregated fine particles
given in Tables 2.3 and 2.4, porosity of the dust deposit on fabric
filters will probably range from greater than 0.9 to of order 0.4;
depending on particle size, pressure drop, drag‘forces on the aggregates,
deposition velocity, and effects of‘adhesion, humidity and electrostatic

forces.

The effect of particle size on porosity is shown in Figures 2.46135.

and 2.47136. (Also see effect of porosity on permeability, Figure 2.42,)
Particles below about 30 um tend to form much bulkier aggregated structures,
due presumably to the varying interrelationships of adhesion forces and
particle mass. Search limitations have prevented develbpment of more

of these data from the.powder literature. It is easily obtained in
practice from measures of bulk density (true density assumed known or
easily obtainable by pyncnometer) and particle size. No data were found

for dusts on actual fabric filters in service.

Additional data and information on packing porosity is

presented below in discussions on pore structure.

*k
Style No. 1210; 310 psi Mullen-Burst; 9.7 oz/ydz; 96 x 60; sateen;
plain finish; Engineered Fabrics Corporation.
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2.4.6.2 Specific Surface.- The Carman specific surface of

a granular porous medium (or other configuration of the flow field) is

defined as the surface arca exposed to the fluid per unit volume of -

solid (not porous) material.

_ surface area of solids in a given total volume (2.61) S

So - volume of solids in a given total volume

_ surface area of one particle

volume of one particle

REPRESENTATIVE VALUES OF POROSITY FOR
VARIOUS SUBSTANCES*

TABLE 2.19

(2.6la)

Substance

Porosity{rangé
(Porosity in %)

Literature reference

68-83

Berl saddles Carman, 1938 (1 < D_. < 5 cm)
Raschig rings 56-65 Ballard and Piret, .1950 —
Wire crimps (5 ~) 68-76 Carman, 1938 (Dp 328 um x 0.6 cm)
Black slate powder 57-66 Carman, 1938 (2 < Dp < 80 pm)
Silica powder 37-49 Carman, 1938 (2 < D, <80 um) —
Silica grains (grains only) 65.4 Shapiro and Kolthof?, 1943
Catalyst (Fischer-Tropsch, 44.8 Brotz and Spengler, 1950
granules only)
Spherical packings, well shaken 36-43 Bernard and Wilhelm, 1950 -
Sand 37-50 "Carman, 1938 (D, ~ 200 um)
Granular crushed rock 44-45 Bernard and w11ge1m, 1950
Seil 43-54 Peerlkamp, 1948 —
Sandstone ("oil sand') 8-38 - Muskat, 1937 '
Limestone, dolomite 4-10 Locke and Bliss, 1950
Coal 2-12 Bond et al., 1950
Brick 12-34 Stull and Johnson, 1940 -
Concrete (ordinary mixes) 2-7 . Verbeck, 1947
Leather 56-59 Mitton, 1945
Fibre glass 88-93 Wiggins et al, 1939 : -
Cigarette filters 17-49 Corte, 1955
Hot -compacted copper powder 9-34 Arthur, 1956
-

* >
From Scheidegger, Ref. 121
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APPARENT DENSITY AND POROSITY FOR SOME INDUSTRIAL

TABLE 2.20

DUSTS COLLECTED IN FABRIC FILTERS**

I

8w » € cone e » P oong
Alfalfs meal 34 17 .51 N Glue, ground 80 &0 .50 "
Alum 103 5 .47 ] Gluten meal 0" &0 .30 "
Alumina 250 60 .76 VA Grains, distillery, dry 70" 30 .%7 "
Alusinue 165 160 -0- | ] GCraphits 132 0 .7 - a
ssmoniue chloride, ula. %Y 52 .48 “ Gypaum 143 15 A8 A
Ant imony 414 417 -0- VA Ilmenite ore 312* 140 .S58 vA
Asbestos, shred 153 23 .84 M Iron oxide 330 100" .70 wa
Ashes, Hard Coal 3 35 -0 ° VA Laad no 710 -0- 'y
Ashes, Soft Coal 43 4)  -0- VA Lead arssnate 400 7172 .82 A
Asphalt, crushed 87 45 .48 VA Laad oxide 567 180" .68 A
Amsonium sulfate 113 45 .60 M Lignite 8 so* a1 A
Sagasee 20 8 . 60 M Lime, ground 87 60 31 YA
Bakente, powdersd 100* 40 .60 N Lime, hydrated 81 40 .50 A
Baking powder 80 41 .49 N Limestone 163 85 .48 VA
Basuxite, crushed 158 80 .50 vA Litharge 560 180 .68 'y
Beans, mesl etc. 82% 41 .50 N Magnasite 167 187* .0- vA
Bentonite 1o* St .s6  va Magnesium 109 100* -0- wa
Bicarbonate of .Soda 137 41 .30 N Magonesium chloride 138 1 .76 A
Soaemeal 75 55 .27 M Malt, dry &6 26 4L »
Bones, ground, minus 1/8" 100* 50 .50 M Manganese sulphate 123 70 .44 A
Boneblack 6s 2) .65 M Maple, hard 4 4)  -0- [ ]
Bonechar 80 40 .50 M Marble 168 9% .43 A
Porax, powdered 109 53 .51 VA Marl 120 80 .33 A
Bran 35 15 .57 N Mica, ground 173 15 914 o
Brass 530 165 .69 M Milk, dried, powdered 70 35 .50 [ |
Brevars grain, spent, dry 65 28 .57 N Monel metal 5S4 550 -0- o
Brick 118 135 -0- A Muriate of potash 160 m” .82 ]
Calcium Carbide 137 80 .56 A Naphthalene flakes n 43 .30 "
Calcium Csrbonate 169 147 .13 A Oak 47 15 .68 | |
Carbon, smorph., graph. 260 130 .50 N Oxatic acid cryetals 104 60 .42 | ]
Carbon black, channsl 15 5 .67 M Phosphate rock 160 80 .50 VA
Carbon black, furnace 15 b} .67 | Phosphate sand 190 95 .50 VA
Carborundum 250 195 .22 VA Porcelsin 150 5 .50 ]
Casein 80 36 .55 M Quarts 165 100 .40 VA
Cast Iron 450 200 .5% VA Resin 67 3 .48 n
Caustic Soda 88 40% .55 M Rubber, ground 72 22 .68 [
Cellulose 9%  8o* .17 M Rubber, hard 7% 59 .20 ]
Cemant, portland 100 80 .20 VA" Rubber, soft (1] b1} .20 |
Cement, clinker 131 8 .40 VA Salt, rock 136 45 .87 A
Chalk, minus 100 mesh 143 73 .49 A Salt, dry, coarse 138 50 .64 A
Charcoal 25 21 .16 N Salt, dry, pulveriszed 140* 15 .48 A
Cinders, Coal 46 43 .06 A Saltpater 138 80 .42 n
Cley, dry 8s% 63* .26 A Sand 150 100 .67 VA
Coal, bituminous ar* s0 .43 A Sandstone 1% 95 .4 wa
Coal, antbracite 100* 55 .45 A Sawdust 35 12 .66 ]
Cocs, powdered 0% 35 .50 N Shale, crushed 175 87 .30 A
Coconut, shredded 45 22 .51 N slag, furnace, grenulated 132 62 .5 YA
Cotfee 48 25 .48 N Slate 172 e .50 A
Coke, bituminous 83 3o .64 A soap, chips, flakss 30 15 .50 ]
Coke, petroleum 110 40 .64 A Soap powder S0 25 .50 ]
Copra (dried coconut) 45 22 .51 NCor Soapstone talc 173 62 .63 -
Cork, fine ground 30 15 .50 .} Soap ash, light 74 35 .9 ]
Corn, crackad, etc. 70 5C .28 N Soda ash, heavy 134 63 .50 ']
Cornmeal 80 40 50 N Sodium Nitrate 134 n .82 A
Cullet (broken glass) 140* 100 28 A Sodium Phosphate 9% 43 .82 A
Dicalcium phosphate 14a* 43 70 M Soybeans, meal 90 43 .50 n
Dolomita 181 100 .45 A tarch 96 40 .58 |
Ebonite, crushed 1 59 .82 L Steel 487 100 .80 A
g powder IS* 16 .45 N Steel cbips, crusbhed 487 ©® .80 'y
Epeom salte 162 45 .72 ] Sugar 108 53 .%0 L
Yeldspar 160 70 .56 A Sulphur 126 60 .32 ]
Perrous sulphata 118 60 .50 A Talc 169 0 .6 ]
Fish meat BO* 4O% .50 [ Tanbark, ground 110 53 .%0 n
Flour 50 35 .30 N Tin 437 A% «0- A
Flue dust, dry 235 117 .50 M Titaniwm 200 100 .66 VA
¥luorepar 200 82 .59 'y Tobacco S0 23 .30 |
Fly ash 8% 40 .5) VA Vermiculite ore 160 80 .50 A
Pullers earth s* 47 .30 A Whita lead 120 % .62 A
Gelatine, granulated ss: 32 .% n Zinc Oxide 360 35 .90 4
Glase batch 162 95 .41 A
CODE: VA-very abrasive A-abrasive M-midly abrasive N-less abrasive

SW-specific wt, 1bs/fe3 BW-bulk wt. 1bs/ft3 ¢-porosity.

* .
Estimated

%
From Ref. 133.
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Pel-¢

TABLE 2.21

PARTICLE SIZE DISTRIBUTION, BULK DENSITY, POROSITY, AND FLOWABILITY OF SOME TYPICAL POWDERS

%

Average Mesh Size Bulk Density True Density Loo-em
Particle Powder Floodable
- Size Powder Granule 3 Porosity Flowability (or can be
Solid Microns b4 b4 Loose Packed Working gm/cm (Void Praction) fluidized)
Aluminum Granules 840 0.0 100.0 99 114 101 2.65 .40 Excellent No
Powder <30 . 100.0 0.0 48 74 57 : .71 Poor Very
Coal Granules 3000 5.0 95.0 43 54 46 1.45 .53 Good No
Gran. Pwd. <74 80.0 20.0 28 36 30 . .63 Poor Very
Limsstons Granules 2000 1.0 99.0 85 105 89 .48 Excellent No
Gran. Pwd. <30 80.0 20.0 55 81 62 2.62 .66 Poor Yes
Powder <30 100.0 0.0 42 66 51 .74 Poor Yes
Salt Granules 250 0.0 100.0 74 86 75 46 Good Ro
Pud. Gran.- 70 25.0 75.0 63 79 67 2.22 .54 Passable Ro
Gran.aPwd. 30 65.0 35.0 46 62 50 .67 Poor Yes
Silica Creanules 80 0.0 100.0 97 108 98 .41 Excellent Ro
Gran. & Pwd, 60 60.0 40.0 51 79 61 .69 Poor Yes
Powder <74 100.0 0.0 51 73 58 2.65 .69 Poor Yes
Powder 5 100.0 0.0 27 44 34 : .84 Very Poor Yeo
Powder 0.01 100.0 0.0 2. 2.7 2. .9872 V. Very Poor Yes(dusty)
Pwd. (porous) 3.5 100.0 0.0 1. 2.7 2. . 9885 V. Very Poor Yes(dusty)
S8oda Ash Granules 250 1.0 99.0 63 76 65 .53 Excellent No
Pwd. Gran. 100 20.0 80.0 36 47 39 2.15 73 Passable No
Gran. & Pwd. % 60.0 40.0 33 51 37 .75 Poor Yes
Sugar Granules 150 0.5 99.5 50 57 51 .53 Good No
Gran. PMwd. 74 72.0 28.0 29 43 33 1.69 .72 Poor Yes
. Powder <74 100.0 0.0 23 36 .28 .78 Very Poor Yes
Sulfur Md. Gran. 220 8.5 91.5 2 86 73 .45 Passable No -
hd. & Grem. 74 52.0 48.0 35 46 38 2.02 .72 Poor Possible
Ped. (lumped) <74 100.0 0.0 36 50 40 ' .71 Very Poor Ko

.ho- Caxr, Raf. 134

rivke
¢ =1 - Bulk Density/True Density

"carr defines: particles > 200 mesh (74 um) as granular, free-flowing units for average weight material of average M.W. (inorganic)
particles < 200 mesh as "powders”, non-flowing. The lighter a material, the coarser is its powder; a

of 25-40 1b/cy. f£r. - :
beavier materisl will have finer powdered entities.
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For spherical particles, Ap = nDpz and Vp = nDp3/6 and AP/Vp = 6/Dp,
with dimension em™1, For non-spherical particles, an empirical shape
factor (greater than 1) is derived, as discussed below. Some represen-
tative values of § (§%Z = surface area of the pores of a unit bulk

volume of the porous medium) are indicated in Table 2.22121.

TABLE 2,22
*
REPRESENTATIVE VALUES OF SPECIFIC SURFACE FOR VARIOUS SUBSTANCES

Substance Specific surface range Literature Reference
(Specific surface in em=l)
Berl saddles 3.9-7.7 Carman, 1938
Raschig rings 2.8-6.6 Ballard and Piret, 1950
Wire crimps 2.9 x 10 -4.0 x 10 Carman, 1938
Black slate powder 7.0 x 103-8.9 x 103  carman, 1938
Silica powder 6.8 x 103-8.9 x 103  Carman, 1938

Catalyst (Fischer-
Tropsch, granules

only) 5.6 x 10S Brotz and Spengler, 1950
Sand 1.5 x 102-2,2 x 102  Carman, 1938
Leather 1.2 x 10%-1.6 x 104  Mitton, 1945
Fibre glass 5.6 x 102=7.7 x 102 wiggins et al., 1939

*
From Scheidegger, Ref. 121

For computational estimates of granular bed pressure drop
to be considered below, values of Ap/V for spheres (= 6/D_) are presented
in Table 2.23. Note that the range of (A/V)2 is from }04 to 1010 for
particles ranging from 500 to 0.5 pm respectively. A typical value for
sand (from Table 2.22) is §_ = 2 x 102/0.6 = 3 x 10 (for an assumed
particle size of 60-90 mesh sand approximately 200 um, as given in
Table 2.19 and from Carman, Ref. 123). Note that the value for épheres'
is 3 x 102, in Table 2.23.

2.4.6.3 Pore size distribution.- Pore size distribution

depends upon the nature and state of a given packing, and is determined
from a mercury~-injection method involving flow and pressure measures

and capillarity, or by bubbling pressure (bubble point test).
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TABLE 2.23

VALUES OF A /V_ FOR SPHERICAL PARTICLES IN
FABRIB FILTER DUST CAKE

Particle Size ANVY (a/v)?
Hm cm cm'1 cm”
500 5 x 1072 1.2 x 102 1.44 x 104
300 3 x 10” 2 x 102 4 x 104
200 2 x 1072 3 x 102 9 x 104
100 10~2 6 x 102 . 3.6 x 10°
50 5 x 103 1.2 x 103 1.44 x 108
30 3 x 10- 2 x 103 4 x 108
20 2 x 10" 3 x 103 9 x 10°
10 10-3 6 x 103 3.6 x 107
5 5 x 1074 1.2 x 104 1.44 x 108
3 3 x 1074 2 x 104 4 x 108
2 2 x 10™ 3 x 104 9 x 108
1 1 x 10-4 6 x 10% 3.6 x 109
0.5 5 x 10-5 1.2 x 10° 1.4 x 1010
* 3 1

2 -
Sy = (A/lV) = 6 7D, /erp = 6/Dp, cm

The true nature of the openings responsible for fluid flow in onen tex-
tile fabrics is not actually known. Pore size distributions in 14 tight
cotton textile fabrics (6 water repellent) were measured by Wakeham and

Spicer137 using a mercury intrusion technique. These are given in

Table 2.24. Total free volume (vt) was obtained from

total volume of fabric - volume of fibers

area x thickness (at 1 psi) - wt., of sampl_e/pf for cotton.

Yarn to yarn spacing (interyarn) openings were indistinguish-
able from internal yarn pores between individual (interfiber) cotton fibers
when y-y distance was less than about 50 pm. Wakeham and Spicer describe

the sizes of pores in terms of

"... the arbitrary designation of 50 p as the upper
limit of diameter of interfiber pores, as distin-
guished from interyarn openings.'
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TABLE 2.24a
PHYSICAL PROPERTIES OF FABRIC SAMPLES INVESTIGATED (DESIZED AND SANFORIZED)

Thick. Rydrestazis
Wominal yarm o. Thread count Veight oass ia Atr permncbilyyy
sample (oz. /eg. 1/1000 perwsa-
0. Dascription Warp Pilling Warp Pilling  yd.) 1a. bliy' migtt no
Group 1
1 Plain wesve 13/1 101 82 52 9.2 20 2.56 .~ -
2 oxtord 131 10/1 85 54 8.7 22 3.41 e .-
3 Sateen 13/1 10/1 84 n 11.2 3o 5.10 - -
[ Berringbone twill 131 10/1 82 (73 10.6 Fx] 2.19 - .
s Modified berringbone twill 131 10/1 82 63 10.6 24 .17 - -
Group 11
6 2/1 twill, 7/8-in. average cotton 13/1 10/1 82 53 9.8 2% 5.83 10 510,000
7 2/1 twill, 1-in. average cotton  13/1  10/1 2 5 9.3 23 5.70 -- -
8 2/1 twill, 7/8-in. average cotton 13/1 10/1 82 53 9.4 23 7.07 .- -
Group III (water-repellent treated with Norane)
9 Oxford A 80/2 40/2 166 81 6.6 13 1.57 54 1,219
10 Oxford B . 80/3 40/3 136 63 8.3 16 1.58 54 01
11 oxford C 80/3  40/3 159 64 9.0 17 0.80° ] )
12 oxford D 60/3 45/3 142 63 9.5 18 0.84 ] 397
13 Ooxford E 60/3 30/3 140 52 10.0 20 1.00 7S 307
16 oxford P 30/3 15/3 82 19 13.3 25 1.21 50 [T

*Afr flow fn cu. ft./sq. ft./oin.
Bydrostatic pressure in cm. of vater on the fabric.
Permeability in water flow in cc. through & 5 1/2-in. circle in 50 wmin.

From Wakebs*s and Spicer, Ref. 137.
TABLE 2.24b
FABRIC POROSITY DATA

8ET1-C

% . Medizn
Specific Total Interfiber Volume of diamstar of
volume of free pore interyarn interfiber
Sample o fabric volume volume spacas pores
. no. Description (cec./8.) (cc./g.) (cc./g.) (cc./g.) W)
Group 1
1 Plain weave 1.69 1.02 0.503 0.52 9.0
2 oxford 1. 1.04 0.600 0.44 10.4
3 Sateen 2.04 1.37 *0.828 0.54 14.0
4 Berringbone twill 1.7 1.03 0. 609 0.42 10.0
5 Modified berringbone twill 1.65 0.98 0.592 0.39 10.2
Group 11
6 2/1 twill, 7/8-in. average cottom 1.93 1.27 0.7 0.50 13.2
? 2/1 twill, 1-in. average cotton 1.92 1.25 0.686 0.57 12.6
8 2/1 twill, 7/8-in. coarse cotton 1.9 1.27 0.732 0.5 14.8
Group 1I1
9 Oxford A 1.55- 0.88 0.440 0.44 9.6
10 Oxford B 1.57 0.9 0.477 0.43 10.2
- 11 Onford C 1.45 0.78 0.386 0.40 8.0
12 Oxford D - — - 1.47 0.81 0.386 0.42 8.6
13 Oxford £ 1.56 0.87 0.420 0.43 9.0
14 Onford 7 1.46 0.7 0.518 0.28 10.0




'"Microscopic observations and measurements of
the observable interfiber and interyarn spaces in
fabrics have supported the distinction between these
two types of pores. When interyarn pores are
appreciably smaller than 50 p in diameter, they are
no longer recognizable as interyarn openings be-
cause cotton fibers 20 4 or so in diameter consti=-
tute the interyarn-pore walls. In Table (2.24b),
therefore, the interfiber pore volume is that for
all pore spaces in the fabric less than 50 i in
diameter." :

The difference between the total free volume
in the fabric and the interfiber pore volume has
been designated the volume of interyarn spaces.

In view of the fact that all fabrics studied in

this investigation were tight fabrics with prac-
tically no observable interyarn pores through the
fabric, the interyarn volumes shown in Table (2.24b)
may appear to be rather large. This result is due
to the definition of the total free volume in the
fabric. ...these total free volumes are based on a
thickness measurement with a pressure of 1 1b/sq.
in. on the fabric. At this pressure the fabric
undergoes only a slight compression or distortionm,
and the total free volume, therefore, includes
interyarn spaces which are due to the surface
unevenness of the fabric (such as ridges and mounds)
in addition to the spaces between yarns and pores
within., The interyarn volume as given in Table (2.24b)
includes, therefore, interyarn ''pores’ parallel to
the faQFic surface as well as those perpendicular
to it.

Considering these reservations, pore area estimated from
data in Table 2.24a and b, yields an average Interyarn space of
2.2 x 10-2 cm or 220 um. This figure is of the same order or magnitude
as discussed by Stairmand (see Figure 2.26). Wakeham and Spicer indicate

no such pores visible in the microscope.

Average pore sizes of fibrous felted materials, papers, and
the like can be estimated from the porosity, e, (as calculated above),
with a geometric model of the fibrous medium and the fiber size, as in

typical photomicrographs (Figures 2.28 and 2.29, for example).

Pore sizes of granular media depend upon grain size, shape,

and packing arrangement. The general assumption made for relatively
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large grains (e.g. sands)>> 100 wn, is that the pore size is approxi-

mately equal to granule size.

Pore sizes for some typical fibrous, granular and gauze

filter materials are given in Table 2.25138.

2.4.6,4 Particle (grain) Size.~- Particle size in granular

media affects porosity, surface area, and pore geometry, Particle size

8,9,13,37,38,135 In all cases

measurement is discussed in several texts.
of practical concern, particles will be present over a range of sizes,

Formation of a granular porous medium will involve grains at the larger
end of the spectrum present, which may form a loose network with inter-

grain openings filled in to some certain extent with the finer sizes,

2.4.6.5 Pore Structure.- The physical shape and appearance

of pores in a granular porous medium of natural materials is presumably
related to particle size distribution, shape, and surface, as well as to
the degree of compaction or compression applied. The only cases analy=~
tically tractable are spheres, for which certain broad conclusions can
be drawn to assist in interpretation of estimates in non=-spherical cases
(similarly, cylindrical models are used in analysis of fibrous felted
porous media). Pore geometry and structure in spherical (model) arrays

are illustrated in Figure 2.48. These studies lead to the conclusions

that:

(a) For any one mode of packing (for spheres all the
same size) the porosity of the bed is independent
of sphere size.

(b) The porosity of stable beds of uniform spheres
varies upward from about 0.259 (rhombohedral or
face-centered-cubic configurations shown in
Figure 2.48c and d); with uniform spheres, simple
cubic packing yields ¢ = 0.476.

(c) The densest packing of none~overlapping uniform
circles that can be achieved (0.9069) on an area
basis yields 3128rosity of € = 0.0931 in a hexa-
gonal lattice.

(d) If interstitial spaces are partially closed by
smaller particles touching at three points
(stable) (see Figure 2.49) the resulting packing
factor is
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TABLE 2.25
*
PORE SIZES OF VARIOUS FILTER MEDIA

P —— e~ —— 4
Avarege T
Matevial Orade pove sfse, ¥ Mefereaces
Mtere-porous porceletn o 30 0.V, Jerdas, JR., Solas Coerp. Mesh.
xr 0 ng., 73, 359-63, 366 (193))
10 [}
o1s 1.4
03 0.60
03 0.34
Porous Teflom filters crs-40 Metaings 40 4 and Porous Plastic Pilter Co., Gles Cowve,
larger Wew York
crs-25 Retains 25 u and
larger
-~ Pore sise 9 u .
Miter papers 8 & 8 604 4.5 Carl Schleicher § Sobuell Co., Reeme,
393 13 v Nempehire
397 3.
602 2.2
376 1.3
Yewbrane and Calla filters Coarss 3-0.75 carl sSchlaicher 3 Schwell Co., Eesas,
Medtum 0.75-0.5 v Rampshice
Dense 0.5 0.2
Very dense Below 0.2
titrafine end Ultra Cella filters Coarss 0.2 -0.08 Carl Schisisher 3 Schuall Co., Kssue,
Hedium 0.02-0.05 Nevw Nampshire
Danse 0.03-0.01
Very dense 0.01-0.00%
Super dense BDelow 0.003%
18-8 stainless-steel filter [ 165
slemsats (porous) ] 1] Wicro Matallic Corp., Brooklyn, Wew
3 k1] York
| 4 20
[ 10
-} 5
Morous etainless-steel filter 5 8.3 Mstal and Plastice Cospacte, Ltd., Bir-
plates 10 12 minghan, Bngland
20 18
50 N
100 o6
250 »
Carboa Tine 20-40 Filtros, Inc., Rast Rochester, Wew York
Calcined refractory clay
Type B Nedium 70-100
Coarse 100-200 .
Tharmoplastic porous madia Plates 3 sheets 13 riltros, Inc., East Rochester, New York
(Oerman Plexolith) Diaphragms 8
Pused diatomite filtar candlas N 3.6 Barkafeld-Pilter G.w.b.4,, Colle, Qerx-
many
W Prausnits, Glas und keramische Pilter im
Laboratorium fur Pilcretion, Gasver-
v 9.9 teilung, Dialyse, Eutraction. Aksdes.
Verlagsgesellochaft, Leipaig, 1933
Pilterstonss, quarts, pan- 10 15-20 Wilbels Schuler G.».b.K., Bisendersg,
tel, cardbon, chamocte 20 20-40 Germany
so $0-70
100 100-150
130 100-200
Quares filter pl . Superfix 10
Pyrex fritted g filters Extra-coarse 170-220 Corning Glase Works, Coruing, Wew
Coarse 40-60 York
MHedium 10-15
Pine 4-3.5
Ultra-fine 0.9-1.4
Metal cloths
lykro-Pore (can bs supplied with Class EL 3 Multi-iatal Wire Cloth Co., New York
opanings from 30 p up in pure Ni
or other metals such as Pe and Cu
vhich can be electrodeposited)
Plaio Dutch 24 x 110 243
Twilled 20 x 250 100
30 x 230 63
50 x 600 0
100 x 1000 30 i
dard iog o1 100 x 100 149 Bawurd Vire Cloth Oo., Wevark, Bew
140 = 140 103 Jersey
200 x 200 7
323 x 328 &4
400 = 400 37
Sintered fider glass filcers A 143-173 ace Glase, Dae., Viaslend, Bew Jeveey
| | 0-100 ’
[ 29-30
D 10-20
| A-8

*trom Cumstne ané Butc, Ref. 138

Spere oise datersined by bubbling pressure.
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a=1- (L - 0.9069)% (2.62)
and a-+1as K>1, i.e,, € =+ 0,

(e) Packing of non-spherical natural particles will
lead to bridging and increases porosity, offset
partly by the tendency of smaller particles to
accumulate in larger interstitial spaces.

No studies of pore morphology have been reported for fabric filter

deposits.

Figure 2.49. Tricuspid Interstices in the Osculatory Racking of Finite
Areas with Ccircles (from Ref. 140).

2.4.6.6 ghape Factors.- If particles are not spherical,

the specific area-volume relationship is given as A/V = A 6/Dp, where

the particle shape factor M is applied, (1< A< 10). Typical shape
factors are given in Table 2,26 as taken from Leva, et 31.141

Leva’s discussion of his shape factor is given below:
"In order to define the shape factor, X, ... let

D‘ = averags dismetex of a particle of any arbitrary shape;
DP ® Simmeter of a sphere of equivalent volume;

A = purface area of a particle of arbitrary shape, and

Ap = surface area of a sphere of equivalent volume.

Then, A = C!sz, where a is an area shape factor, and Ap - lez.
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TABLE 2.26

SHAPE FACTOR, )\, FOR TYPICAL GRANULAR POROUS PACKING MATERIALS141
Shape Nominal Dimensions, Shape Remarks
Inches Factor
Spheres all 1.00
Rounded Granules 0.170 1.10 Aloxite
Rounded Granules 0.1875 1.10 Mg0O, Oman and Watson
Sharp Granules 0.165 1.10 Aloxite
Cylinders 0.180 1.15 Alundum
. Tungsten sulfide catalyst
Cylinders 5/16 x 3/8 in. D. 1.16 Pellec h/D, = 0.833
Raschig Rings 0.252 1.50 Clay
Raschig Rings 0.400 1.90 Clay, Oman and Watson
Raschig Rings 0.944 2.19
0.480 2.07
Berl Saddles 0.765 2.7
Copper
Cylinders 0.247 x 0.236 in. D. 1.145 pellet h/D, = 1.048
Copper

Cylinders 1/2 x 5/16 in. D. 1.175 Pellet h/D, = 1.60
Lessing Rings 0.953 2.67

.ﬂ,c% -x

for the sphere of equivalent volume.

“By earlier definition, V was designated as the volume of
the particle. Then,

Vp me r3 Dp »

where y is & volume shape factor.

for the sphere of equivalent volume.
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By definition let

A 2
A m= = %2 (6)
Ap xDp

Since
v syplaXp3
p Ym "€ p

solution for Dp yields

D, = 1211 vy 1/3 p, )
Substituting (7) into (6) yhelds
0.642ap 2 o
A= ;72755;7 - O.ZQSYTT; (8)
For any particle,
by

P m

substituting this into (8) and recalling that D, v1/3 = VPU:" yields

A = 0,205 —%73- (9)
v
P
2.4.6.7 Granule Surface Roughness.- For particulate granu-
lar bed systems in slow viscous flow (Rep < 10), Leva et al and other

workers have found no dependence of permeability on surface roughness

of the granules composing the bed. This is analogous to the situation
observed in flow through cylindrical tubes in the so-called streamlined
range (netube‘< 1000). Surface roughness is only significant in the

onget and character of tubulence developad at higher Reyholds numbers,

at least as far as is now known. Since much of the work in fabric fil-
tration has been performed in the slow vicous flow regime, no studies

of effects of grain roughness are available. As technological applica-
tion of fabric, fiber, granular, or grid filtration devices goes to
higher gas velocities (V > 100 ft/min), effects of roughness may be of
significance in analyses of filter performance. Surface roughness effects

at Rep greater than 10 are indicated below.

2.4.7 Working Equations

Pressure drop equations have been extensively investigated

for various types of porous media.
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For a single layer of a plain-weave rectangular mesh wire

screen, the (Lapple-duPont) pressure drop equation cited in Reference 97

is:
h..l'(z.v_z
T2 02 2g
€ ¢ (2.63)
where h = head loss in cm fluid flowing
c = screenidischarge coefficient, dimensionless
¢ = fractional free projected area of screen; pbrosity,
dimensionless '
V = free stream velocity approaching screen, cm/sec
g = gravitational constant, 980 cm/sec2 »

Note the use of V =V
pore free

For a series of screens, the overall head loss is directly proportional
to the number of screems and is unaffected by spacing or orientation.
There are several other studies on screen pressure drop that have not
been included here, primarily in wind and water tunnel flow systems.
The screen discharge coefficient is a function of the modified Screen
Reynolds number

R =
e = Dg V oglug ¢ (2.64)

where Ds = the aperture width, cm
pg = fluid density gm/cm3
ug = fluid viscosity, gm/cm-sec

The {Lapple-duPont) discharge coefficients are given in Figure 2,50 and

are stated to predict the head loss to within +207%. A value of C greater

than 1 implies pressure recovery downstream of the screen.

Use of plain weave wire screens as models for regular, open

textile materials was studied by Robertson, who found

C/"—'_‘_Q"——_
N 2gh 1/2
2 1_Aoz

2-146

(2.65)

/e, in equations (2.63) and (2.64) below.



S where C' = discharge coefficient, dimensionless
3
Q = volumetric flow rate per pore, cm/sec

h = pressure drop, cm of fluid flowing

g = as above
- A1 = upstream flow channel area, cm2
' .2
. A2 = pore projected open area, cm
'"“ ' Ay = By/h =€

DISCHARGE COEFFICIENT C

o 1o' 100 1ot 10* 10* i0°
MODIFIED REYNOLDS NUMBER Ngy= i3~

Figure 2.50. Screen Discharge Coefficients, Plain Rectangular-
Mesh Screens. (From Perry, et al., Ref. 97).

The discharge coefficient is a function of screen Reynolds nuwber
= \Y
Re_ = D pf/pf | (2,66)

where Ds = diameter, or width of square orifice.

Robertson's plot of C vs Res is shown in Figure 2.51 (which confirms the

1944 data of G. I. Taylor and R. M. Davie9142

~ tions shown in Table 2.24 and for plain-weave rayon fabric (yarn, 900

) for the screen configura-

den,) of 25 x 25 ypi (15.6% open area).
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Figure 2.51. Screen and fabric data.
(from Robertson, Ref. 131,).

Robertson132 extended his study to some 45 rayon fabrics using
the same equation, with values of the discharge coefficient as indicated
in Figure 2.52 for a number of different fabrics. Presumably, Robert-
son's data can be extrapolated downward (to Res ~ 0.1) b} reference to
the Lapple-dePont data in Figure 2.50. As will be shown below, the
C~Re relationship is linear for porous media having Re < 10. Note that
these correlations are egsentially pore-related models (i.e. a capillary
flow model is assumed). Robertson indicatesl32 that '"... even in the
tightest weaves tested the yarns can be considered to be impermeable bar-
riers"... to flow, all the flow passing essentially through the inter-yarn

spaces.

For random felted fibrous media, the flow of clean gas can
be considered as a part of the general problem of flow tﬁrough homo-
geneous isotropic, porous media. At the usual velocities and ambient
pressures encountered in filtration, the gas can be considered incom-
pressible. The volume occupied by fibers is usually small ( <10%) in
contrast to granular porous media ( >30%). The average distance be-
tween fibers is several times larger than the fiber diameter, again in
contrast to granular media where pore and particle size are approximately
equal. The macroscobic flow is one-directional and fibers lie essen-

tially perpendicular to the flow.
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2-149



For steady flow through fiber filters under consideration
here (Df <20 microns, V_ < 100 cm/sec), the Reynolds number based on
fiber size is less than about one. Therefore, Darcy's Law applies,

namely:
U=--= &p (2.44)
where k' is the intrinsic permeability of the medium, and Ap is the

pressure gradient. For flow in fiber filters, it is usual to express

Darcy's Law in the form:

o (2.67)

where Ap is the resistance to flow or pressure drop across the medium,
ag is the fiber radius, and Ko( «x) is the theoretical resistance coe-
fficient. The intrinsic permeability is related to this coefficient
by kK = afz/Ko( (r ). For theoretical values of the coefficient, use

Table 2.16.

There have been a number of experimental determinations of

the fiber filter resistance coefficient, defined as:

(2.68)

using measured values of the variables to calculate Ké. Results of
several of these studies are summarized in Table 2.27. The correlation
of Davies is shown in Figure 2.53 for Rec < 1 (Reynolds number based on
fiber cylinder diameter), (p,269 Ref. 112). An equivalent Reynolds
number - resistance coefficient relationship is included in the dis-
cussion below.

The pressure drop for flow in granular beds has been shown

to be141:
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TABLE 2.27

EXPERIMENTAL RESISTANCE COEFFICIENTS FOR FIBER FILTERS

First et al.

Wong and

~Johnstone

Chean
Wright
et al,

Kimura and
Iinoya

Aiba

Wheat

Werner and
Clarenburg

(29/8) ot

(CRe/2)(1/T)

Ky oc /17 (1- oc)(-—;—1r_':?_oc)

(CpRe/21r) X

: Py
(2Reox /47 (1-00)2)(0.6 + L,7Re~ 24 11F.~1

Cpie 0/ 2f2 7 (1-0x)?

K402/4(1- 00)?

180Cs°5/2c[3/2

Investigator Experimental Remarks
Coefficient (Ko’)
Sullivan 2 3 K! = shape factor
Kt ocf/K(1- o) K" = orientation factor
Blasewitz 3/2 Glass fiber
et al. o<
. B Many materizls
Davies 16&3/2(1 + 56 3) y

Glass fiber
10-3 < Re £ 102

Glass fiber
= fiber drag coef.
CpRe ~10

Glass fiber
'K1 ""6.1, K2~;.1'1

Giaos and we::sten fibers
CDRé-JMTT

Gla§s and steel vwool fibers
£ Rc'<10

Glass fibers

CpRe ~50

Sub-micron glass fiber
Ky corrects for slip flow
(~30 at STP).

Sub-micron glass fiber
C_ is a function of the fiber
Kﬁudcmuuo , Ke = A G2
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PACKED FRACTION Q

Dpd% L p

Figure 2.53. Correlation of Bed Demsity (1 -¢ , where€ =
Voidage) with a function of pressure drop Ap and superficial
gas velocity: (ApDz/VfL,u,f), (from Strauss, Ref. 112).

Fluid flow through fibrous material

o0 Glass wool A Kapok O Cotton wool
® Glass wool and copper wire A Merino wool @ Camel hair
+ Glass (fibres perpendicular to OCotton wool v Down

flow)
x Glass (fibres parallel to flow) ’Rayon ¥ Glass wool

' n 2 3-n 3-n
&p _k (Dp "°f> He X (1-0)
L g u p .
£ £ D e (2.69)

flow factor, = 1 for slow viscous flow at low granule

where n =
, (particle) Reynolds nltsnmber < l"."and + 2 for :Re>> 1
. R ., . ? i
Yk = the Kozeny - Carman constant.

For slow viscous flow (the usual case in fabric filtration) the equation

reduces to:

ko e (fﬁ) Cast L (-0 (2.70)
5 P D 2 (3
P

“lg

where Ap = pounds per square foot pressure drop.
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This is identical to the Fair aud Hatch143 equation, derived

experimentally and later on dimensional grounds (with n = 1):

A \?Z 2 |
h=.ls.fi§-v<_2) , 1-; (2.71)

leva, et. al,141 compare their equation to the form commonly used in

chemical engineering for flow in terms of the usual Fanning friction

factor, f,

_ 266 . Q- ¢ -
%P-- D 3 (2.72)
£

where G = fo = mass flux, pounds/ftz-sec, from which it follows that

_ 1
f = C(Dp G/Llf) (2.73)

in slow viscous flow, where the constant C is experimentally derived.
The friction factor~Reynolds number (Re ) relationship found by Leva,
et 31141 is shown in Figure 2.53a and tﬁeir smoothed form in Figure

2.53b. It is apparent from these correlations that the pressure drop

of a granular layer can be predicted to within a factor of 2 at best,
unless the particles are smooth spheres.
The k in the Hatch equation is related to the usual Fanning

friction factor by:

2

k=28 A (2.74)

2
noting that f above in the Fanning form contains Xe . For slow viscous

flow (Rep < 10) the Leva, et al,141 form becomes:

v} 2 2 .
Ap 2006 .7f As_ . (l-€)
L 8 g D,° € > | (2.73)
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for shape factors ks = 1,00 for smooth spheres, to 1.50 for sharp sands.
We note that the equivalent value for the Hatch equation with the Kozeny-

Carman constant = 5 and (AP/VP)2 = 36/Dp2;

2f = 5 x 36 = 180

which is well within the estimation accuracy of these correlations (for
ksz of order 1), The smoothed data of Leva, et al, (Figure 2.53b) are
equivalent to the usual presentations in chemical engineering texts,
which arise from similar ?tudies and analyses (by Burke-Plummer, for:
example). Note that the ;elocity used in the particle Reynolds' number
is modified by the solids fraction ( 1 - €) in the definition of pore

velocity (Dupuit - Forscheimer assumption) in some correlations.

Effects of particle roughness are seen in the Leva, et al,
data at Reynolds numbers (Rep) greater than about 10, and arise as a
consequence of the actions of surface asperities on the inertial motion
of the fluid near the granule surface. Surface roughness apparentiy

has no effect for Re < 10.

Estimation of pressure drop in fabric filters depends upon
the porosity function (1 '6)2/53, which is generally unknown in an oper-
ating system. The general relations for granmular packings of various
geometries are shown by Leva, et al., vs. the granule/container diameter
ratio. For very small particle sizes (Dp < 30um), surface adhesion
forces dominate gravitational forces and the porosity rises sharply as
shown previously in Figures 2.46 and 2.47, but is not observed in the
data of Leva, et al, for granules greater than 50 um. Porosity func-
tions (1 -¢ )2/53 and (1 -¢ )/e3 are indicated in Table 2.28 with an
approximate range of particle sizes likely to be associated with the

indicated porosity, from the Roller data (Figure 2.46).

Porosity also depends upon compaction forces or vibrational

effects on the packing,and in fabric filters appears to be a function

of the deposition velocity. Aspects of compaction are discussed in
Appendix 2.3, in terms of pressures on beds of particles and from the

data of Leva, et al, on "dumped, pounded" (vibrated) packings.
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TABLE 2.28
POROSITY FUNCTION FOR GRANULAR POROUS MEDIA

Porosity Solids Fractions c2 ? 63 l§£~ l-¢ Probable
! = l-¢ ¢ 3 Particle
¢ size®
. microns
0.90 .10 o.81f 0.73].137{ .o014 1.0
0.85 .15 0.72, 0.62{ .24 | .036 1.5
0.80 0.20 0.645 0.51]0.39( .078 1.5
0.75 0.25 0.56 0.42| 0.60| .15 2.0
0.70 0.30 0.49 | 0.34 1 0.88| .26 2.5-3.0
0.65 0.35 0.42 | 0.28 1.27| .45 3.5
0.60 0.40 0.36 0.22 0.85; .74 5.0
0.55 0.45 0.30] 0.17 2.70] 1.22 8.0
0.50 0.50 0.25]0.12; 4.0 ;2.0 10-12
0.45 0.55 0.20 0.09} 6.0 13.3 20
0.40 0.60 0.16 ] 0.06} 9.4 5.8 25-30
0.35 0.65 0.12{ 0.041 15,1 | 9.8 > 30
0.30 0.70 0.09 0.03‘ 25.9 | 18.1 > 30
0.25 0.75 0.06 { 0,02 48.0 ' 36.0 > 30
;L i

*
Estimated from Figure 2.46.
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2.4.8 Flow and Pressure Drop in Fabric Filters

The quantity of air or process gas, dust concentration, and
the specific flow-resistance properties of the particulate deposit deter-
mine the amount of cloth area required for any desired value of operating
pressure drop. Cloth area is generally selected to provide an operating
pressure drop in the range of 3 to 4 inches of water, but some designs
can operate substantially in excess of 10 inches of water. .Average fil-
tration velocity (total air volume filtered/total cloth area), commonly
called air-to-cloth ratio, is generally in the range of 1 to 15 cfm/ftz,
(i.e., 1 to 15 ft/min). However, values in excess of 50 ft/min can be

achieved at moderate pressure drop with certain cleaning devices.

The resistance of clean fabric prior to filtration of dust
is determined by fabric design and construction, and is reported by fabric
manufacturers as air flow permeability, qual to the air flow through the
fabric in cfm/ft:2 at 0.5 inch water pressure drop (Appendix 2.4). In gen-
eral, gas flow through fabrics is viscous at low velocities and pressure

drop is directly proportional to flow,

bp = KV (2.75a)

where Ap = pressure drop across fabric, inches of water
K
v

resistance of the fabric, inches of water per ft/min

1
filtration velocity, ft/min.

Based on above correlations for Reynolds number vs., discharge
coefficient for square and rectangular openings, this equation assumes

that slow viscous flow obtains (i.e., n = 1). The factor K, is
related to either a discharge coefficient (as defined above) or to a
friction factor (or Kozeny~Carman factor). Kl is a coefficient of resis-

tance to flow and, for the simpler weave fabrics,can be calculated from
fabric parameters as indicated above, (e.g., see Figure 2.,52). 1In
 operating fabric filters, at usual dust loadings, the basic fabric resis-

tance is negligible ( < 10% of the total Ap).

Effects of dust deposition on pressure drop and collection

efficiency have been analyzed for various dilute cases in aerosol
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minutes; and the fluid viscosity, «., in lbm/ft-sec. Williams, et al.,

f’
suggested that the bracketed term, and some of the constants, be lumped

into a specific dust-fabric filter resistance coefficient, Kz, as:

C.V2t
Hp(t) = K (2.80)

S
2 7000

for C, = grains/ft3, V = ft/min, and t = min. The resistance coefficient

then has the dimensions:

K2 = inches of water/(1lb dust/ft2 cloth area)-(ft/min

filtering velocity),

where K2 = the specific dust-fabric filter resistance cbefficient, pre-
sumably calculable by the terms in brackets above. The coefficient,
which can also be derived from observations on an operating fabric filter

will be referred to below as K;,

It may be computed via the nomograph in Figure 2.54 which is equivalent
1

2
tions are required in designing a new fabric filter installation in

the experimentally defermined value.

to Equation 2,80 in relating K, to p(t) or vice versa. Such determina-
order to predict the relationship between operating pressure drop, fil-

tering velocity, time between cleaning cycles and required fabric area.

Values of the theoretical area per unit volume of dust for
particle sizes of interest are shown in columns 1 and 3 of Table 2.23
under the assumption that particles are spherical. Experimental values
of Ap/Vp for Equation 2.80 can be estimated for a specific dust of in-
terest from gas adsorption data obtained with commercially available
equipment (cm2 area/gram) and the true density of the material (grams/
cm3), (see Section 2.4.5, b(1l) (22)). Porosity or void volume in a
particular dust will have a range approximately as indicated in column
5 of Table 2.28. The term (1 - e)/e3 in Equation 2.79 varies from about
0.4 to 48 as shown in column 5. Void volume is proportional to the range
of particle sizes.present in the dust, as indicated previously. It is
also affected by the forces acting on the deposit producing consolidation
as a consequenée of the drag caused by the gas flow through the layer,
Typical experimental values of void volume as a function of particle size

for sized powders are shown in Figure 2.46. They are also readily
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Line A = working line for Ap(t) and Cy;
Line B = working line for Line A and V;
K! = working line for Line B and t.

2

Example #1. Find K; from observed values ofA p(t), C{, V, and t
(a) Line a between the value forA p(5) and C; determines a point on Line A.
(b) This potﬁt on Line A and the value of V éeteminel a cotnt on Line B.
(¢) This point on Line B and the value for t determines Kj.

Example #2. Determine/Ap(t) from values of Kj, Cy, V and t..
(a) The values for K} and t determine & point on Line B,

(b) This point on Line B and the value for V detesmine a point on Line A.
(¢) 7This point on Lina A and the value of Cy detexrmineAp(t).

Pigure 2.54, Nomograph for Ki end Ap ()
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obtainable experimentally from the weight of a known dust volume, in

conjunction with a particie gsize analysis.

The relationship between void volume (e ) and particle size
shown in Figure'2.46 can be approximated by a single point (P) in Figure
2.55. For example, spherical dusts with an average size of 10 microns
typically deposit with a void volume of 0.5 (line a). This approximation,
together with Table 2.23 for the dust area per unit volume, enables the

bracketed expression for K, in Equation 2,80 to be evaluated from par-

2
ticle size alone. This is demonstrated by line (a) where K2 is esti-
mated to be 10 inches of water per 1b/ft2-FPM. If on the other hand

the dust is not spherical or is not typically consolidated, then point

(P) does not apply, and K, is estimated from particle size and a more

appropriate value of voidzvolume. For example, line (b) in Figure 2.55
for non-typical dust gives a value of K2 of 1. As noted in the Figure,
the values of K2 thus obtained should be scaled upward or downward,
depending on fluid viscosity and particle specific gravity,

The depth of the dust layer removed is an important charac-
teristic of the deposit structure and can be used to calculate forces
in the cake during shaking or other methods of cleaning. ILayer depth
may be computed simply by Equation 2.76 from deposit weight, particle
density, and deposit porosity. This has been done in Table 2.29 for a
variety of filtration conditions and particle sizes. The data indicates
that depth ranges from a few microns (7) to a few millimeters (6) for
usual dust concentrations (1-30 gr./ft3), particle sizes (1-30Jum) and
operating times (1-~100 min.). ¥For a typical pressure drop incfement of
the order of two inches of water; the depth of the dust layer ranges

from 100 to 2000 microns for operating velocities of 1-10 fpm. In

2
particle size in the cited examples, 4 to 57 inches of water per

1b/ft2-fpm.

accordance with the earlier assumptioms, K! is seen to vary only with

2.4,9 Analysis of the Specific Dust-Fabric Filter Resistance
Coefficient (Kz)

The value of the specific dust-fabric filter resistance coe-

fficient has been defined above by the Williams, Hatch, and GreenbUrg147,
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Particle Size

Dp 1
(#)
Porosity
3 €
" E\#/t12-FPM -3
(0004
3_ ﬂq
100+
(a)
TS ﬁ \?p
-6
30+
0.4 (b) -7
100+
' Ls8\
3001
. -9
. 2
ku A
N s d (1-¢) [_1 1
Based on K, pp (-\-)-1;-) 3 (5.2)(3600) (Eqn. 2.798)
where
k=5 )
U =1.8x10 " d sec/cm
pg== 1 gm/cm
(Ap/\)p = 6/Dp

Many spherical dusts are deposited with porosities such that the
lines connecting size and porosity happen to pass through point
(P). For such dusts, point (P) enables an estimation of specific
resistance or of porosity, based on particle size alone.

Example (a)

Example (b) A particle size of 10y and a porosity of 0.8 would indicate a
specific resistance of 1 in. HZO/(#’ft2 ~FPM), using the above

constants.

Figure 2.55, Specific Resistance Determined by Particle Size and
Deposit Porosity.

2-163



TABLE 2.29Y
CALCULATED VALUES OF THE SPECIFIC DUST-FABRIC FILTER RESISTANCE
COEFFICIENT, K,’, THE DEPTH OF DEPOSIT, AND RESULTING PRESSURE DROP

] S . . s
P.S. ¢ O‘p 3 (‘1 3 v t U Z.L_.z —_L.———- Kz 2 oL
D wm/em gr/ft”  ft/min  min  1bs/ft gn/em” i | em g in/#ft=FPM "p(
in.
I ym 0.9 1 1 1 10° 1ax10™® 7 x 107 7 x 107% 7 58 .008
1 1 1 o' 14x10"*  70x107°  70x1074 70 58 08
1 1 1 102 140x107* 700x1077 700x107% 700 58 .82
1 1 2 10° 2.8x107*  14x1077  14x107% 14 58 .033
1 1 2 10! 28x107*  140x107  140x107* 140 58 .33
2 - -5 -4
1 1 2 10° 280x107%. 1400x10”> 1400x10 1400 58 3.3
1 1 3 10° 4.2x107%  21x107°  21x107% 21 58 073
1 13 10" 4.2x10™ 210x107° 210x107% 210 58 .73
2 -4 -5 -
1 1 3 10° 420x10°% 2100x107° 2100x10 2100 58 7.3
1 1 10 10°  1ax10™® 70x107° 70x107% 70 58 .82
1 1 10 10" 140x107% 700x10°%  700x107% 700 58 8.2
2 -4 -5, -4
i 1 10 10% 1500x10™% 7000x10™> 400010 7000 58 8.2
1 0.9 1 1 3 o' a2x107* 210x1077 210x107% 210 57 0.7
1 3 3 10 126x107* 630x107°  630x107° 630 57 2,19
1 10 3 10! 420x107% 2100x107° 2100x10'“ 2100 57 7.3
1 30 3 10" 1260x107* 6300x107° 6300x10™% 6300 57 2.19
1 0.9 1 1 3 1ol a2x107% 2;0x107° 210x107% 210 57 0.73
3 1 3 10! s2x10™® 210x107°  70x107% 70 57 0.24
10 1 3 10! sax107¢ 2:.0x10'5 21x107* 21 57 0.073
1 0.9 1 10 3 10! 420x107% 2100x107° 2100x10™% 2100 57 7.3
3 0.7 1 10 3 10! 420x107 2100x10™° 700x107* 700 41 5.1
10 0.5 1 10 3 108 420x107% 2100x10™° 420x107% 420 16.8 2.1
30 0.4 1 10 3 1ol 420x107% 2100x107  350x107* 350 " 0.56

0

5

Assumptions: Kozeany constant k (lnkSZ)
-4
Alr viscosity = 2.2 x 107" dyne sec/cm2 (200°F)
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Equation 2,79, Other calculated values of KZ are shown in Figure 2,56,
as a function of particle size, and parametric in porosity (€).

" Calculdted values of Kz for particle sizes of interest in
fabric filtration which include the approximate variation of € with
particle size below 30/Mm, are given in Table 2.29. These values may
be compared directly to the original data of Williams, Hatch and Green-
burg presented in Table 2,3 . The deviation of Ké (megsured) from the
calculated value reflects the difficulty of measuring or establishing
the effective particie size (distribuﬁion), shape, specific surface,
and porosity and the appropriate fabric parameters in an operating
fabric filter-dustfdepoéit. Although these pafameters are measﬁrablé

quantities, they are not often reported in the literature.

In an attempt to assess the state of engineering technology
available to the designer of fabric filtration devices, a large amount
of published and unpublished data was retrieved, as tabulated in Appen-

dix 2.5. This has been analyzed for K,' in the following pages as a

2
function of:

10 1)
}*7 .3 i
x wided > 4 i
f [o1] = ==
§ B WA Tr
L !
3 [o]e ] :@hs& %%é
é o ’." g . 3 AV
LERLINER
’.fb' :"4% *
('Y J
o ,| DAL A
i 0 00 00 1000

Porticle diometer, microns
7777777 Approximate range of dato for various dusts.
&, Witlioms, Hatch and Greenburg

gﬁgg Minus 200-mesh coal dust, Mumford, Morkson
aond Rovese

m Ceflulose ocetate dust (flocculoted)
o——=0 Pipe-iine dust, Capwell

&t 2inC gr¢ ruaster fings

——x Tai: cuct

Figure 2.56. Resistance factors for dust layers. Theoretical curves given
are based on a shape factor of 0.5 and a true particle specific

gravity of 2.0. (From Perry,et al., Ref. 97).
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TABLE 2.30

%
FILTER RESISTANCE COEFFICIENTS K,/ FOR CERTAIN INDUSTRIAL DUSTSa
(Industrial Clotﬁ-type Air Filters)

PARTICLE SIZE
MATERIAL Coarse Medium Fine
<20 Mesh <140 Mesh <375 Mesh
(~80qpm) (~10Q”m) (~44}*m) <90 m <45um <20um <um

Granite 1.58 2.20 - - - 19.8 -

Foundry 0.62 1.58 3.78 - - - -
Gypsum - - ~ 6.30 - - 18.9 -
Feldspar - - 6.30 - - 27.3 -
Stone 0.96 - - 6.30 - - -
Lamp Black - - - - - - 47.2
Zinc Oxide - - - - - - 15.7b
Wood - - - 6.30 - - -
Resin (cold) - 0.62 - - - 25,2 -
Oats 1.58 - - 9.60 11.80 - -
Corp. 0.62 - 1.58 3.78 8.80 - -

aInches, water gage, per'@ound dust per square foot cloth)per foog/minute
filtering velocity.

’Flocculated material not dispersed, size actually larger.

“Theoretical size of silica; no correction made for materials having other
values of pp.

7"From Williams, et al., Ref. 147.
particle size
particle type
filtering velocity
fabric surface effects
clean fabric permeability
other parameters, (e.g., compression effects,

cleaning method, electrical phenomena)
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2.4.9.1 Data for K, - Approximately 600 reference sources

2
dealing with fabric filtration were retrieved and reviewed for suffi-
]

2.
selected for further analysis. A total of 31 sources had sufficient

cient data to compute K About 10 percent of these articles were

information to enable computation of Ké for a variety of applications,

dusts, fabrics, etc. These data are summarized in Appendix 2,

In addition to data computed from literature reported values,
a questionnaire-interview survey was conducted (1969) among users of

40 operating fabric filters across a broad range of industrial applica-

tions for some 31 applications, Ké values completed from the data furnished

are provided in Table 2.31.

2.4.9.2 Effect of Particle Size - Data presented in these

two Tables has been plotted against reported or estimated particle size
as shown in Figure 2.57. Although methods of particle size determina-
tion were not investigated during the present study, they would appear

to have a strong bearing on the relationship of Ké to deposit properties.
It must be emphasized that the data reported were obtained in many dif-
ferent configurations, extending from "“square-foot'" bench scale labora-
tory experiments (e.g., Williams, Hatch, and Greenberg data (Ref. 147)
c.f. Table 2,30) through single bag tests, (e.g., Durham data, Ref. 149,
and including multi-compartmented fabric filcters operating in actual field
situations. There are a multitude of factors operating among these data

that have not been adequately quantified.

The data for Ké Vs Dp shown in Figure 2.57 indicate wide
spread. The data also tend to confirm the finding of Williams, et al.,
(as indicated in Figure 2.56), regarding a bend in the curve in the
vicinity of 20 to 30 ym. This finding is consistent with the increase
in bulk density for ;articles below this size (Figures 2.46 and 2.47).
Data of Williams, et al., are regraphed as enveloped curves in Figure
2.58 (from Figure 2.56) to establish the regression line form. NAPCA-
GCA Fabric Filter System Study data (from Table 2.31) are shown as indi-

vidual data points. It is evident from both figures that estimation of

particle size alone is inadequate to provide sufficient information for
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TABLE 2.31

SPECIFIC DUST-F.ZRIC-FILTER RESISTANCE COEFFICIENTS FOR OPERATING

COLLECTORS SURVEYED IN FABRIC FILTER SYSTEM STIIDY (1969)

Dust

Filtering Operating Particle Fabric
Loading Velocity Drag * Size** Charac-
Dust Operation gr/cu.ft. fpm In HZO/me K; Lm teristics Cleaning Tgmp.
Residual Material, Method F
{ Maxi?um Remarks
Carbon  Oil-furnace 14 1.6 4.4 5.0 56 <1 Glass, Sili- Reverse %25
black cone Flow
Carbon Oil-furnace 26 1.1 4.0 6.2 38 <1 Glass, - Rev. flow 375
black . & sh..
R 7
Fe203 Elec. furnace (1.5) 3.3 1.4 1.6 (3) <1 Dacr.-Orl., Sh. & rev. 215
2.2¢tw., flow
12.5 oz.
Fe,0, Elec. furnace 1.5 3.0 - -  (10) <1 orlon, - Shake 330
Fe,0, Elec. furnace 0.8 3.0 1.0 2.6 45 <1  Orlon, - Shake 110
Fe,0, Elec. furnace 0.3 1.4 4.9 715 <1  Dacron, - Rev. flow 225
Zn0 Brass smelter 8.1 0.6 0.9 5.4 40 <1 Glass, - Sh.& rev. 600
flow
Zn0, Blast furnace 1.2 1.2 7.2 7.3 18.5 <1 Glass, tw., Shake 375
PbCE ‘ 9 oz.
Fly Ash OQil-fired fce. 0.0l 6 1.0 1.1 127 <1 Glass, 10 oz. Rev. flow, 260
collapse
PbO Smelter 2.3 1.0 2 3 57 0.5-10 Dacronﬁ 10 oz. Sh.& rev. 275
flow
Fe,0, Cupola (< 1) 12.5 - 0.7 (10) 0.5-50 Nomex, - Pulse jet 240
Fe203 Cupola 0.7 2.1 2.9 4.3 121 0.5-50 Glass, - Shake .50
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{ { ! [ { { [ i |
TABLE 2,31 (continued)
Dust Filtering Operating Particle  Fabric
Loading Velocity Drag - Size** Charac-
Dust Operation  gr/cu.ft. fpm In H, /fpm K, AT teristics, Cleaning Temp
Resiﬁgal Material, Method F
i f1mum Remarks
Fly Ash Mun. incin. 0.3 2.5 1.3 1.7 180 3 Glass, plain Collapse %80
Fly Ash Mun. incin. 0.5 4.5 0.9 1.1 50 (10) Glass, - Pulsed rev. %25
flow
PVA Matl. handl- 0.05 10.4 0.1 (0.1+) 25 3 Wool, felt Pulsed rev. 70
ing flow
LN
CaSO4 Dryer «( ) 7.5 «C )y ) 0.4 5 Dacron, felt Pulse jet 220
Cement Bagging (10) 2.5 (4) (6) (350) 10 Cotton Rev. flow ‘70
Cement Kiln 0.5 1.5 2.0 3.3 12 15 Glass, tw., Collapse 525
9 oz.
Lime Kiln 7.5 2.3 (2) (2+) 8.8 10 Glass, 14 oz. Rev. flow 500
& for.
pulse
Fe203, Elec.furnace 0.5 1.9 2,8 3.1 66 10 Glass, - Collapse 195
Zn0
Gypsum Trim saw 0.7 3.4 «C )y () 9.2 > 10 Cotton, tw. Shake 140
wallbd
Flour Milling 14 8.6 0.2 0.6 (4.3) 1-30 Wool, felt Rev. jet 110
Resin, Matl. Handl. 2.9 2.7 (1) (1+) (8) 1-100 Cotton,flannel Shake 70
fiber .
Cement Milling 5 1.8 1.0 1.6 70 20 Cotton, 172z. Shake 325
Dolomite Kiln 7 3. 5.0 670 40 Dacron, - Collapse 150
Cement Clinker 4 2.5 1.8 I 50 Glass,3xl tw., C»ollapse 578
cooler

54x56
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TABLE 2,31 (continued)

Dust Filtering Operating Particle Fabric
Loading Velocity Drag )% Size ** Charac-
Dust Operation gr/cu.ft. fpm In H,O/fpm K2 am teristics Cleaning Tgmp
Resiéual Material, Method F
Maximum
1 Remarks
Kish HM pour 0.4 2.5 2.4 4.2 230 80 Dacroﬁ,sili- Shake 200
cone, monofil
!l
Hypo- Matl. Handl. 2.3 ) 3.3 0.8 1.0 15 (50) Dynel, - Shake 70
chlorite
‘Alum. Natl. Handl. >10° 1.0 0.8 1.1 0.2 100  Dacron,feit, Pulse jet 70
hydrate 18 oz.
Sinter Sinter disch. 1.9 2.3 1.5 2.9 12.5 (100) Glass, - Collapse 287
dust crusher s
Sand, Casting 6.7 5.0 0.8 1.6 3 <200 Cotton, - Rev. jet 70
iron clng
scale
*

K; = 7000 é@/LVzt, inches of water per pound of dust per square foot of fabric, per foot per minute
filtering velocity.

r

*k

Particle size as stated by user or estimated from process characteristics.

: The terms in parenthesis
are estimated values,
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an unambiguous estimate of Ké. Bulk density data on the specific dusts

tested would be expected to improve the correlation. Bulk density from

Tables 2.19, 2.20 and 2.21 was used to estimate void volume, and K2 was

computed from Figure 2.55b. The actual bulk density that exists in the

dust-fabric deposit would be expected to improve the correlation even
more, but will be affected by fabric fiber population (Figure 2.55).

These data are not available, but may be measurable under appropriate

experimental conditions. Typical K2 values are given in Ref, 135.

For a first approximation of Ké from Figure 2,57,

_ 1000
b 2 (2.81)
P

]
K

with Dp in microns, for 30u1n<IDp<11000 m,

2.4.9.3 Effect of Particle Shape - Particle shape

effects are expected to modify'K2 directly in the shape factor.

The data appearing in Figure 2,57 have been classified according to

particle materials in the following broad categories which relate to

their packing morphology characteristics:

(o}

Crushed Materials (Figure 2.59) - Clinker, kiln, cement
milling, lime, stone crushing, rock drilling, finishing,
sand, casting cleaning. These materials are relatively
hard with single individual large irregular grain shapes.

Fumes (Figure 2.60) - Metallurgical and other fine metal
vapor condensation fumes, and other floccs. These
materials are relatively fine aggregates, of sub-micron
particles, presumably collapsible under pressure, with
low initial bulk density, € > 0.9 probably.

Fly Ash (Figure 2.61) - Pulverized coal fly ash, labora-
tory redispersion and resuspension of Cottrell precipi-
tated fly ash, freshly formed fly ash, and fly ash plus
limestone additive for SO3 control. Fly ash particles
tend to be silicate cenospheres and iron oxide spheres,
of sizes predominantly above 1 micron. Cement, lime,
and dolomite values from Figure 2.32 have been replotted
with fly ash data.

Irregular Particles (Figure 2,62) - Sinter dust, ground
mica platelets, mixed fibrous material, corn oats, flour,
wood dust, kish, paint, aluminum flake.
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o Miscellaneous Soft, or Collapsable Materials (Figure 2.63) -

Talc, Zn0, carbon black, CaSO4;, aluminum, amorphous
silica fume. ‘ '

Inspection of Figures 2.59 through 2.63 indicates that correlations
between K! and D_with respect to gross particle morphology are still
fairly scattered. Based on the slope of a line of -2 through most of
the data in each of the Figures 2.59 through 2.63 (at D_ = 10 um), we
conclude that variations due to particle type on K! can'be approxi-
mated in the following fashion: 2

Type of Granule K <; Relative Factor in K!
- st b ~xch ——rehRE .3._”__2_.“,. Y=t

Total Correlation li.e., K, =10 /Dp

Crushed 10

Fumes 0.05

Ash 4

Irregular 3

Soft, or collapsable 0.2

These correlating factors are applied to the straight line shown in
Figure 2.57, to reflect the different locations of the (-2 slope)curves

shown. None account for effects of € on K2 at Dp <30 um,

2.4.9.4 Effect of Filtering Velocity. - The velocity of depo-

sition (or filtering velocity) is hypothesized to have some effect on
KZ’ due to the kinetic energy a particle imparts to the cake structure
upon landing and also, as a consequence of the greater pressure forces
set up in the cake at higher velocity. Both tend to produce compaction

of the layer and hence, a lower value of porosity.

Effects of V on K2 are shown in Figure 2.64 in the form of the

relative increase in K2 (KZ)Z/(KZ)I, as a function of the relative in-
crease in V, (V2/V1). It is evident from most of these data that in-
creases of velocity by factors of 2 or 3 tend to produce similar increases

in KZ' Unfortunately, data are not sufficiently well-behaved to enable

the extraction of a single functional relationship. (Pressure effects on

cake porosity are expected to be of the forme:p =5 e-kip, P = pressure,

ki = a constant, c.f. Appendix 2,3). Fabric substrate compressibility
and particle cake compressibility are both anticipated to be parameters
in a relationship between K2 and V. Né data were located on porosity of
filter dust cakes as a function of V or p. Observations by Borgwardt,

et al., of NAPCA127 indicate in some studies that K, ~ Vl's. These
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findings, however, are not supported by other data shown in Figure 2.64

where the exponents appear. to be nearer one for all other data.

Effects of filtering velocity on the dust resistance coeffi-
cient are illustrated in Figures 2.65 and 2.66 for three woven fiber-
glass fabrics of indicated design and properties, from Spaite and Walsh
data82. Averaged values of K2 computed here from Figure 2.65 (at 400
grains/ftz) are as follows:

V, fpm (K,)1(inches water/pounds of dust per ft2 of fabric)=
zft per min. filtering velocity)

v2/vi Koyl )y

3.5 1 1
8.8 2 2.5
19.3 3 5.5

These three values are shown by asterisks in Figure 2.64. Similar com-
putations of K2 and velocity ratios for data shown in Figure 2.66 (K2
7000/dust permeability) are indicated by the dashed lines in Figure
2.64. While there does seem to be a non-linear dependence of K2 onV
from these data, these relationships are not monotonic at higher V. As
an approximate estimating figure for the effect of V on K2 we suggest:
K, ~ /¥y (2.81a)
(for V usually about 3 ft/min.) which implies K!\'VI, until further data

become available.

2.4.9.5 Fabric Surface Effects. - Fabric effects on K2 are

readily apparent in experimental studies, but are not easily quantified

at present (e.g., see data of Durham, Table 2.38, item 3). Characteristic

effects of fabric nature are indicated approximately in Figures 2.67 and
2.68. For initial deposition of dusts on clean fabrics Daviesl67, in
discussing Figure 2.68, says '"Fibrous dust filters operating by sieve
action are rarely used, since thin, sieve-like materials rapidly become
clogged and the filtration and air resistance characteristics are those

of the cake of solid that is built up, rather than those of the clean

2-180

———

-



Ref. No. 82

Misc. data

5.——
m; ;\
- [\
® !
= /N
3 4 £\
z A
d / \
« / \
x / \

\\ VReL { AE ratio, rel)

Figure 2.64, Effect of Filtering Velocity on Resistance Coefficient (K

2-181

2 )



Construction Details of Test

Fabrics (also

see Figure 2.26),

FILTER PRESSURE DIFFERENTIAL (N.H,0)

Filter Fabric Fiberglam Dacron
No. 1 No. 2 No. 8 A B
Alr Permeabili efm/(t? at 34" He0) 18.84 11.67 7.86 28.06 14.62
Weight (o-/yd"‘ (etm/ K Ha 8.41 8.67 9.06 8.51 6.08
Yarn Count 55 x 5O 55 x 54 85 x 58 82 x 62 82x 176
Pllament Diameter (in.) 0.00025 ~ 3/"" 0.00118 ~28 um
Filaments Per Strand 408 50
Strands Per Yarn
Twists Per Inch 3.8 3.8
wve 8/1 Crowfoot 8/1 Twill
silicone silicone
- L s 14 Y 12 Y Y
22} o
10} e
'or WET GROUND MICA TEST OUST 1
18k -—=e=w FIOERGLASS N3 _

——— FIBERGLASS N (

Figure 2.65.

Dust load,gr/ft2

Effect of fiberglass construction on filter pressure
(From Spaite and Walsh, Ref. 82).
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F?gure 2.66. Effect of nominal velocity on dust permeability for
Fiberglass fabrics, (From Spaite and Walsh, Ref. 82)
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material. Qloth, with a nap raised on the side facing the flow is
better, because some dust particles are entangled before reaching the
finer pores of the base, and the life of the filter is consequently
extended., Better still are homogeneous fibrous pads of felt-like con-
sistency, as they can be made effective against fine ﬁarticles, which
deposit in.depth; even though the pores are much greéter in size than

the particles."”

The phenomenological description of the formation of particle
deposits on fibers and granules leading to a more or less continuous
cake in fabric filtration is apparently not yet quantitative. Indications
are however that the interyarn spaces, interfiber spaces, and fabric sur-

face characteristics will all affect the formation and nature of the cake.
Although we use the word cake, and the concept of a more or less con-

tinuous cake in analyses for Kz,calculations presented above indicate
such a cake is probably less than about 1 mm thick for usual inlet dust
concentrations ( <10gr/ft3) and filtering velocities ( <10 fpm). In
continuous on-line cleaned collectors, the cake formed between hydro-
dynamic cleahing actions ( <1 min) is probably less than 0,1 mm (IOO/Fm
thick).

Provision of a deep fibrous mat provides larger storage area
for dust, more fibrils for formation of a more open, less dense cake,
lower pressure drop per unit of dust deposit, and initially intrinsically
higher collection efficiency. This approach to aerosol filtration has

been termed defense in depth.

Tightly woven yarn fabrics provide less interstitial dust
storage capacity in the inter-yarn spaces. The deposit presumably forms
nearer the surface with somewhat higher pressure drop per unit of dust
deposited. (Flat sieve-like géometries presumably result in highest
pressure drop if pores are effectively plugged by depositing particles).

Monofilament weaves, twisted continuous monofilament yarns
(glass and man-made polymer fibers) with few projecting interyarn fibrils
should result in lower dust storage capacity, somewhat higher pressure
drop per unit of dust deposit, and reduced efficiency at start of filtra-

tion, during formation of a dust collecting deposit, but should be rela-
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tively cleanable by vibration or.shaking. Typical staple yarns with
projecting fibrils in the interyarn spaces provide good initial effi-
ciency, intermediate pressure drop, and intermediate cleaning ease.

Felts and napped staple yarn fabrics present a large amount of indivi-
dual fiber for filtration., Therefore, they should provide good dust
retention and storage capability, but may require more cleaning to re-
move deposit. Felts can only be used for industrial applications in
conjunction with jet and pulsed air cleaning techniques. Felts are not
sufficiently strong to be shaken nor can they be effectively cleaned by
thi? method. Use of. jet or pulse air cleaning techniques (repetition

rate <1 min, on-liné) requires felt for maintenance of high cleahing
efficiency. Woven fabrics are seldom employed in jet or pulse-cleaned
devices because of the dust bleed problem. Use of reverse-jet cleaning

on woven fabric will periodically ( ~once per minute) disturb dust bridges
in the interyarn spaces, causing dust penetration to the clean side of

the media. This can lead to abrasion and wear of the reverse jet cleaning
ring (blow-tube), cleaning ring carriage drive (gears, sprockets, bearings,
etc.,) and probably excessive wear of the fabric exterior. Separation of
the ring from the bag surface to avoid interface wear problems will re-
duce the effectiveness of the jet cleaning action, and raise costs of
power per unit of dust removed (or per unit of air treated by the filter).
These general observations are illustrated schematically in Figure 2.69,
with the probable implications (hypotheses) of fabric structure and mor-
phology on performance as indicateﬂ. Effects of finishes on filaments,
strands and yarns on dust holding or cake release characteristics are at
present unknown, except qualitatively. Probably to a first approxima-
tion, finishes have no effect on cake build-up properties, but may have
an important effect on residual dust deposit retained within interyarn
and interfiber spaces, which in turn modifies cake build-up from the
substrate. Finishes are occasionally applied to retain material and
prevent seeping. Finishes glso are employed to improve deposit release

during cleaning.

Technically, a plain weave wire screen should be a poor filter,

since dust passes easily through the openings upon start of filtrationm.
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Probablce effects on performance

Particle layers primarily particle
to fiber, gradually bridging to
form more or less continuous
homogeneous deposit or cake,

dust holding capacity inter-
mediate to high,

Intermediate K,, intermediate
to lower pressure drop per
unit of dust deposited.

Efficiency fair to good after
cleaning, less easily opened

substrate.

Intermediate filtering velocity

Relatively easily cleaned by shaking,

but with some adhesive dusts may
Napped Fabric (Surface blind or require gentle reverse
filaments) ' flow of air, cannot be cleaned
effectively by collapse,

Interyarn and inter-
fiber spaces have

many projecting fibrils. Interstitial dust deposit easily

retained.
Interfiber spaces

determined by yarn,

strands as above but

probably less important

on effects as nap pro-

vides first order

influence on perform-

ance.

Intermediate in con-
struction and morphology

between woven staple
and felted fabrics.

Figure 2.69(c)
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However, dust deposits accumulating on grid wires should build up to some
more-or-less critical size. After resuspension as relatively large
chunks, they can be more easily collected by secondary and tertiary
(e.g., inertial device followed by fabric) treatments. Limited work on
filtering performance of screens as model filters has been conducted by

Ga11i1y172, Mercer173, Marshall174 and Cornso.

The same general statements should be true for relatively
large granular filters ( 1000 um) in service on fine particles. Dust
bridges will be formed only with difficulty, except at grain-grain con-
tact areas, and dust deposits are detached as large aggregates more
easily collected by a secondary stage.81 Granular filtration devices
have been reviewed by AV00175. Other studies of aerosol filtration per-

formance of granular beds are summarized in Table 2.32,

Effects of fabric character on K2 are illustrated in Figure

2.70 for the data previously presented. In summary, estimated numerical

values for K, appear as follows:

2
Fabric Surface Effect Relative K2 Values (KFSl
Smooth, unnapped 1
Napped | 1/2
Felted 1/4

Fuchs (Ref. 93, p. 231) summarized similar findings as follows:

"Filters in which the specific surface area of the fibres is
high have a low value of (K;). Fabrics with a nap, for
example, have (K,) smaller than similar ones without a nap.
Using the same aerosol, a glass fabric had (K;) 10 times,
and an Orlon"fabric with a small nap 4 times, larger than a
similar fabric with a large nap. It is possible for (K,) to
vary a thousandfold in different fabrics and for various
aerosols." s

The implication that the specific surface area of available
fibers in the fabric should enter the coefficient K2 is apparent from
Fuchs' comments and from the arguments presented in Figure 2.69. It is
evident that surface area characterization of available filtration fibers

in fabrics requiresconsideration in interpretation of K2 values.
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TABLE 2.32
SUMMARY OF STUDIES ON GRANULAR BEDS USED FOR AEROSOL FILTRATION

Author Ref. Date Granules
Katz & (k) 1947 Charcoal —
Macrae
Egleson (%) 1954 Coke
D.M. Anderson 53 1958 Sheet,

plastic

) spheres
Thomas & 113 1956
Yoder (1)
Thomas & 114 1956
Yoder (2)
Yoder & 115 1958 Sand
Empson
Strauss & 116 1960 Crushed
Thring refractory
Cheever, (%) 1966 Sand
et al.
AVCO 175 1969 Review
Ducon Co. (Hkedk ) 1969
Squires APCA 1970 Sand
& Graff paper
Schoenburg (175) 1969 Review
Taub ( 81) 1970 Research on

filter with
granular beds

%

G.C. Egleson, H.P. Simons, L.J. Kane, and A.E. Sands, The Moving-bed Coke
Filter, U.S. Dept. of Interior, Bur. of Mines. Rpt. of Investigations 5033,
1954, )

Fok
C.L. Cheever, C.R. McFee, J. Sedlet, and T.L. Duffy, ZPPR Roof Sand Filtra-
tion of Uranium, Plutonium, and Uranine Aerosols, Proc. 9th AEC Air Cleaning

Conf., Boston, Mass. (13-16 Sept. 1966).
dekdk

S. Katz and D. Macrae, J. Phys. Coll. Chem. 52, 695 (1948).

A.M. Squires and R.A. Graff, City College, N.Y., Panel Bed Filters for
Simultaneous Removal of Fly Ash and Sulphur Dioxide: III. Reaction of Sulphur
Dioxide with Half-Calcined Dolomite, presented at the 63rd Annual APCA
Meeting, St. Louis, No. (June 14-18, 1970)

etk
Chem. and Eng. News, 57 (15 December 1969).
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2.4.9.6 Clean Air-Flow Permeability. - The air flow permea-

bility of new clean unused fabric furnished by the manufacturer (as
cfm/ft2 at 1/2 inch of water pressure drop) was examined as a variable

in KZ’ Data relating Kz during filtration and the original clean cloth
permeability are shown in Figure 2.71. Although the data are not as con-
sistent as desired, an approximate relationship for estimating indicates

that K, changes by a factor of 2 for a 50 cfm/ft2 change in clean per-

2
meability;
Initial Clean Cloth Permeability K
. 2 - v — —perm-
(cfm/ft @ % inch water>
10 1.3
20 1.2
30 1.1
40 1.0
50 0.9
60 0.8
70 0.7
80 0 L] 6
90 0.5
2.4.9.7 Other Effects., - Other possible physical factors that
affect K, include typical pressure differentials (&p) encountered in a

2
compartmented filter and the associated compression and decreased
porosity, e. Effects of cleaning modify porosity, residual deposit,
deposit length, and permeability, and electrostatic charge effectsl76, as

indicated in Figure 2.72.

Summarizing the above effects, K2 can be predicted approxi-

mately as follows:

Kzszz
Ksh Material Eﬁh
Crushed 10
Fumes 0.05
Ash 4
Irregular ' 3
Collapsible 0.2
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Comparison of efficiencies obtained by giving o filter fabric positive and negative charges

A=NO CHARGE
60 B=POSITIVE CHARGE A .
' C= NEGATIVE CHARGE

50

40

30

20

o]

PRESSURE DIFFERENCE INCHES OF WATER

WEIGHT OF DUST (oz. per square foot)

Figure 2.72. Effect of Fabric Charge on Bressure Drop.

R, & (V/n or vt

Kpg ' Fabric Eg§
Smooth 1
Napped 1/2
Felts 1/4

errm Permeability EBEEE
10 1.3
20 1.2 (2.81b)
30 | 1.1
40 1.0
50 0.9
60 0.8
70 0.7
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80 0.6
90 0.5

, . -2 :
from which (Kz) predicted = 1000 DP (l(sh . Kv . KFS . errm)' For

example, for fly ash of 20 um particle size at a filtering velocity of

445 cfm/ftz, on a napped fabric of new permeability 30:

1000 4.5
= ] 1 =
(Kz) predicted ?5672 b4 . ( 3 ) . % . L1 8.2 inches water
per (pound per square foot) (ft/min). (The value of K2 calculated from

the Williams, et al., relationship at‘ﬁ% = 2 is K, = 4, Figure 2.55b).

Values of (KZ) predicted were plotted against K2 observed for
all the field data in Table 2.39, as shown in Figure 2.73. With some
reestimation of particle diameters in certain isolated instances, 80
percent of the data lie within a band bounded by a factor of 5. The
estimation of friction factor for a packed bed (Figure 2,53, Leva
et 31.141) can only be obtained to within a factor of about 2. Since
diameters in these present data are estimates (or for unknown analyses),
the spread is not surprising. The data indicates that more detailed
information is required on both particle-bed variables and fabric

variables.

For comparison with the foregoing multi-factor prediction

method, K2 values were also predicted by the Williams, et al. relation-

ship (Figure 2.55b) and also plotted against the observed field data -

obtained K, values. The correlation, however, was poorer than that shown in

2
Figure 2.73. Still another attempt at prediction might include a func-

tion of dust deposit porosity as one factor in the multi-factor method.

The multi-factor prediction method for (KZ) was further tested
by using all NAPCA data for fly ash (or fly ash plus granular additive)
as shown in Figure 2.74. Much of the data lie within a 5x band width

i

as found above, but no clear trend is evident. Since NAPCA data were
obtained by the same group using similar experimental methods for the

most part, the lack of improvement in agreement between predicted and

observed apparently reflects the limitations of the approximation scheme.

Further discussion of K2 and the effect of fabric, geometry,

and collector design factors is contained in Chapters 4 and 6.
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2-5 SYSTEM PRESSURE AND FLOW

Sections 2,4.7 to 2,4.9 describe the relation between filtration
velocity and pressure drop across the cloth. By bringing in other parts
of the fabric filter system, ducting, fan, etc. the relationship between
fan pressure and total flow can be estimated, This will be seen to depend
on factors such as the length/diameter ratio of the bag, the location of
the gas inlet to the baghouse, reverse cleaning air, etc. For a first
approximation, however, the pressure drop at the fan can be estimated at
about twice the pressure drop across the cloth. The total flow will be the
product of the amount of cloth being used, which will usually change from
time to time in a mhlti-compartmented fabric filter using automatic sequen-
tial compartment cleaning, and the average filtration velcoity. Velocity
will also change with time and be different at different parts of the
baghouse, so that average velocity may differ considerably from measured

velocity at any specific location in the filter.

2.5.1 Flow in a Single Bag

After entering the bag or tube, the flow continually decreases
as part of it filters through the cloth; or, if the dust is collected
on the outside of the tube, the flow continually increases inside the tube.
The same principle applies to frame~type filter elements unless they are
Vee shaped. 1In cases of horizontal flow through the baghouse this change
in velocity probably doesn't make much difference. 1In cases of downward
flow where the dirty gases move slower and slower as the bottom of the
tube approaches, more large particies will tend to fall into the hopper
without touching the cloth. Furthermore, if the downward flow continues
during the cleaning cycle it may hasten the fall of collected dust into
the hopper. 1In cases of upward flow, all dust particles carried into
the filtering tube reach the cloth, the largest ones collecting
near the bottom of the tube, whereas ohly the émallest ones reach the

top where the upward velocity approaches zero.
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The expected consequence of this elutriation would be a higher
filtration resistance near the top of the fabric collector so that the
filtration velocity would drop off even more sharply in the upper region.
In fact, however, the flow is usually fairly turbulent in the entrance
region and more cleaning energy is imparted to the top of the bag. This
can result in over~permeability of the top cloth and under~permeability
of the bottom. As a result of both efforts, the middle of the bag should
probably collect the heaviest loadings as confirmed by NAPCA in about’

1960 during some tests. These show differences of a factor of three in
cloth loading along the bag. One concludes that since the behavior

of dust on the cloth is not generally predictable the longitudinal flow

in the bag 1s not completely predictable either. The velocity Ve of

flow entering a tube is 4L/D x V or entering an evelope, 2L/W x V where

L is distance from inlet to dead end, D is diameter, and W is entrance slot
width. Since V is usually 1 to 10 FPM, the entrance velocity ranges

from 100 to 1000 FPM. Table 2.33 lists the particle sizes that can be
supported by velocities of this order. To a first approximation, all
larger particles stay below the bag entrance and all smaller ones rise

to a point of smaller velocity. Table 2.34 and Figure 2.75 indicate typical
transport velocities required to support and convey common industrial dusts.
Since all are )1000 fpm, much dust of larger sizes will be deposited in the
hopper of an operating fabric filter.

There is a small, often negligible pressure loss associated
with velocities o0f~100 fpm as the, flow first suddenly enters the bag and
then moves along the bag. The entrance loss is on the order of ﬂfVe
or typically 0.01 inch of water. Fluid density,/% , 1s the sum of gas
and particle cloud densities, but except for concentrations above about
50 gr/ft3 (typical of pneumatic conveying) the latter is negligible since
normal gas densities.are on the order of 500 gr/ft?. In the case of

filtering outside the bag the head loss is even smaller.

Flow moving through a straight porous duct undergoes a pressure

change due to friction (viscous drag at the walls of the duct), gravity,
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9.01
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0.1
0.2
0.5
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Table 2,33,

.0007
.00018
.00037
.00074
.0018
.0037
.0074
.018
.037

.000033 .

Spherical Particle Sizes Transported by Indicated

Upward Air Velocities (Terminal Settling Velocities)

b

2

-

(UNUE O
.00026
.0007
.0014
.0028
.007
.014
.028
.07
.14

(cm/sec)
Particle or Aggregate Diameter, Dp gum)
Lo 20 50 100 200

N LS LA 0/ i \

) - 000 .026 .15 .60 2.1
.016 .07 0.4 1.0 5.5
032 .14 0.8 3.0 11
.064 .28 1.6 5.9 19
.16 0.7 3.9 14 42
.32 1,2 7.6 25 70
.64 2.5 14 45 114
1.5 6.4 35 97 223
3.1 12.5 60 166 352

5

A0
.001
.004
.008
.016
.04
.08
.16
0.4
0.8

DU G U P S

23
39
65
121
195
310
575
890

“The density of a dust particle can be substantially lower (€0.1) than
the true density of the material from which it is made, as a consequence

of air inclusions in aggregates - see Tables 2.3 and 2.4, for typical
particle densities, Tables 2.19, 2.20 and 2.21 for typical dust bulk

densities, and Figures 2.46 and 2.47 for the variation in bulkiness

with particle size.

Figure 2.75. Conveying Velocities (from Fan Engineering,
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Table 2. 34(a). Conveying Velocities for Table 2.34(b). Velocities for Low P;essure

_ Dust Collecting* Pneumatic Conveying -
Material A% EAOC..} - ‘MP M_: . : Vaterial Valac? ‘:'v. Toom.
_— s A0 ‘ From To
Wouid Hour — sander Gust 2000 | Wood flour .. o 4000 & 6000
Sawdust, light, dry 3006 i Sawdust .. .. v e =000 . 6000
Sawdust, heavy, wet or green . . 3060 060 ' Hog waste .. .. . . . 4500 6500
Shavings, light, dry o 2060 3000 i Pulpchips.... . ... . . . 4300 7000
Shavings, heavy, wet or green . , ~ 3006 . 4000 i Tanbark, dry . .. . . R 7000
Wood biocks, edgings, heavy, wet or g'reen 3{;00 4§00 { Tanbark, leached, damp ... .. .... . 5500 7500
Hog wasie S S . 3300 . 4500 ' Cork. ground . .. ... ... ... ... 3500 5300
Grinding dust . . 3000 4000 : Metal turnings . . ... ..., 5000 TG00
Foundry dast, tumbhng barrex, ‘shake-out . . 8500 - 4500 ' Cetton CL00h 8000
sardblastdust .. . ... . L. 3§00 - 4000 © Woo!l o o, b4560 - 8000
Duadag lint, dry ... e 2560 . 3000 - :. Jui _ P
Buffng iint, sticky .. .. .. ... . 3000 - 4000 PoJute e e . 4300 6000
Mieta: turnings ... ... ... 4000 5000 . Hemp ... .. ... . ... oo 4800 ¢ 6600
Lead dust ........ . _ L 4000 ° 5000 Rags .. ... . .. .. | 4500 | 6300
Cotton .. ...... o 2500 3000 Cottonseed . ... .. ... ... .. | 4000 | 6000
Coiion ling, ﬁyings o _ © 1500 - 2000 Flour . .. .. . . e o1 3500 6000
Wool . . - ) : 3000 - 4040 Qats .. . . = . L - . 4500 ; 6000
cate lint, fiy mga . T 2800 3000 Barley . . . . . . o © 5000 . 6H00
JoTe picker stock, shredded bagging 3009 3300 Corn . . . , ... 3000 1 TO00
v.h.--\. Gust shaker waste .. .. . 3100 3490 Wheat .. . . . o .. 15000 7000
Jute bhutts (conve\rlng) _ T ;‘;§0() 4530 Rye . R R R . 2 . 5000 { 7000
\’EM.,.‘; ...... .f‘)OO B 30\30 } Coﬁ-ee beans, stoned o ' o g 3000 : 2500
(GrownG xced 1/;-m bcreen (conveymg) 7509 ! 5600 - il Coffee beans, unstoned o _ 3500 ¢ 1000
e, Ludt . . . I 200G 3000 . ! Sugar i 5000 i 6000
e LELNS 2067 3390 S o ‘ s Y :
v SRRES Coogls et i Salt .. ... 5300 . 7500
SRRV ;U("; FUvy it Coal, powdered . . . .. 4500 © 60Ny
xs i 255U T .

e ag powder 290G 239 ! A§hes, clinkers, ground _ . 8000 ¢ R300
e e OOl e DOWGES dUSU Lo 2556 Lime 5000 . TONQ
Lo Gust and surfacer cnips S 3000 4000 . Cement, Portland . 6000 900

T 1 Sand S L\OUO_LWUOU
From Alden, Ref, 178.
I { { { [ { { { { { { { i { | {
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and change of velocity, Comparing points 1 and 2 along the tube,

2 2
P+ LVL +F. = Py + V) + Ppeal (2.82)

where Fr is the frictional drag, AL is the difference in height beween

the points, and /Lf? is the aerosol density being lifted through this |
height. 1In the gravity term, normal dust loadings are insignificgnt but
500° filtration can ﬁdd 0.5 inches of water at tﬂe top of a 40 foot bag
just from the added gas buoyancy. (Buoyancy doesn't contribute to pressure
drop across the cloth, just across the baghouse). The friction term is
probably negligible, since even a nonporous bag having an L/D ratio of

40 and carrying gas at 300 FPM would only have a .05 inch pressure drop
from end to end.* Furthermore, the process of filtering continually
reduces the boundary layer thickness (and related drag loss). The
velocity-squared terms in Equation (2.82) are normally negligible. Thus
an analysis of all terms in Equation (2.82) shows that there is usually
not much pressure difference between the ends of a vertical or horizontal
filtering tube, and likewise for a frame filter. Abrasion and turbulence

associated with high entrance velocities are discussed in Chapter 8.

2.5.2 Flow in a Single Compartment

Air velocity within a hopper or other expanded inlet plenum
decreases since the product of average velocity and cross-sectional area
of a duct remains constant. As the vertical component of velocity decreases,
all particles settle faster, in accordance with Table 2.41, so that in a
very spacious hopper considerable material may never reach the cloth.
Turbulence, however, which is present with or without baffles, retards this

settling and may even re-aerosolizg some of the dust from the bottom of

"

*
In a non-porous pipe,l\1>= f(bffp)(VZ/Zg), where f is the pipe friction
factor, a function of Re pipe and wall roughness, typically 0.05 + a
factor of 2. (Hunsacker and Rightmire, p. 126).
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the hopper. (Air in-leakage through hopper seams, valves, etc., also

will resuspend part of the dust and increase the dust load to the fabric).

Most particles caught in the accelerating flows rushing into the filter

chamber cease to settle appreciably and eventually they reach the filter

cloth.

Some baghouse inlets direct the flow tangentially around
the inside of the hopper either to reduce the loading to the cloth
or to protect the cloth from very large particles. The particles in
a rotary flow are thrust radially outward with an acceleration‘equal to
V2/R where R is the radius of curvature. Since acceleration is of the
same order as gravity, Table 2.41 gives very rough estimates of the
velocity of outward travel of the particles. Whether they move outward
quickly enough to reach the vicinity of the wall where they can quietly
settle depends on their size, on velocity, on the inlet configuration,

and the degree of turbulence.

If clean air were blown into a compartment where alil filter
elements had uniform permeability, the flow would probably be essentially
uniformly distributed among the elements. TIn actual practice, however,

perfect distribution is probably rare, due to some elements receiving

fine particles than others, variability in cleaning intensity, and differences;

in local operating temperatures, etc. The resulting mal-distribution of

flow which is generally hard to analyze can lead to variable bag life.

In small hoppers or, inlet plenums, the flow may bend abruptly
as it enters the filter entrance so that the centrlfugal effect described

above may reduce the concentration of large particles reaching the cloth.

Flow enters the filtering portion of the compartment at fairly
high velocity and, except in tapering filter elements, slows down as it
approaches the dead end. On the clean side of the cloth, however, the
reverse happens; the flow accumulates and accelerates toward the compart-

ment exit. As it does so,small pressure changes take place similar to

wFrom Alden, Ref. 178.
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those described in 2.5.1.

Flow suddenly entering a large chamber from a small one, such
as from an inlet duct to the hopper, undergoes pressure increasé s the
Yelocity slows down. The increase is given by (p, - P;) = V4 :% 1":%_ .
For example, with an area ratio of 1/5 and an inlet velocity of 3000 FPM, -
the pressure increase would approximate 0.2 inches of water. If the
entrance were very gradual the pressure increase would be larger and given
by (%)f%vi 1-A§/A§ ; ‘In the example, the increase would be 0.6 inches;
thus the sudden expansion causes a flow-to-heat energy "loss'" equivalent

to 0.4 inches of pressure.

2.5.3 System Flow

The baghouse, usually consisting of a group of compartments,
has an overall drag or resistance to air flow that depends on that
of each compartment. Each compartment with its lead-in ducting has its
own flow resistance which, as discussed above, depends on where it is
in the cleaning filtering cycle)among other things. 8ince the compartments
are arranged in parallel, the resistances combine as in conventional

electrical circuitry:

1 =?l , 1=1,2, ....n (2.83)
Re TRy

wiere Rt is the overall baghouse resistance for n compartments. The resis-
tance of any one compartment plus lead-in ducting is to a first approximation
the ratio of the flow through the compartment to the pressure across it.
The pressure across the compartment is approximately the same for all

compartments. Thus equation (2.83) could be written:

-g = L ZQi L 1=1,2, ....n (2.84)
5B, Ao,

-l

i
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where Qt is the total flow through the baghouse and[Spt is the
pressure across it. The pressure across the primary fan is greater
than the pressure across the baghouse because of friction in the
ducting which can be several inches of water for high duct velocities

or large L/D duct ratios. The pressure across the fan is the sum

ApF =Ap, +Apt (2.85)

where F, D, and t refer to fan, duct, and baghouse respectively.

The pressure across the fan, however, is uniquely related to
the flow through the fan by the fan manufacturer's operating curves. The
fan curve is different for each fan type, see Figure 2.76. A curve for a
centrifugal blower is given in Figure 276(b). Although one has the option
of operating a fan on a variable speed basis, a constant operating

speed is the more usual practice.

The dotted line in Figure 2.76b represents the relationship
between baghouse flow and baghouse-plus-ducting pressure drop determined
as above. This curve depicts a transient condition since the drag of .
individual compartments is continually changing (although at a slow rate
in some systems). The slope of the curve represents 1/R for the baghouse-
duct combination. In order for &p to be given by both the fan curve
and equation (2.85), that is, for both curves in Figure 2.76(b) to apply
simultaneously, Q and &p must be at the intersection of the curves.

In other words the flow thréugh the entire baghouse syséem is determined

by the baghouse~-ducting flow resistance and by the fan curve.
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(a) Typical fan performance
curves

Figure 2.76.
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(b) Gas flow-pressure system
curves for the usual fabric
filter system.

