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x ~

_ mean geometric diameter, yu

_gas velocity relative to duct, cm/sec, (ft/sec)

;]{gas volumetric flow rate, m3/sec, (ft3/sec) . _ ’

' eLeétrode spacing,™m, (f)

— TN

NOM.ENCLA/'"URE
Jartic]e diameter, 1

1ogaﬁﬁthn of particle diameter, . Inx

-~
Togarithm of the mean geometric diameter, lnig

x /

geometric standard deviation, wu . o ‘ - s
1o§ar1thm of geometric standard deviation, ]ncg

\ ' <
amount of pollutants collected by the(;ontrol .,

device.

amount of qulutants/enter%ng the control devicé

hmodnt of;bollu}ants escaping the control decice

efficiency, dimensionless j(’—ﬁ _ - . i
decontamination factor, dimensionless

pressure drop, cm of water, (inches of water) a3

liquid velocity relative to duct.'ch/sgc, (ft/sec’
X

Tiquid volume flow, m3/sec, (ftzlsec )

voltage required for corona inifiatign, voits ~ “\L
. \ ) .
wire rouphﬁess factor, dimensionless

.
1

\ " . M i ."
radius of corona wire, m, (ft)

|
!
!




partiLle charge, C o . )

saturation particle charge, C

free ion density, ndmber/m3; (numbgr/ff3)
electronic charge, C . o,
. »®

1 Q

micromete%s
| mobility of ion, mZ/V}SQConq. ‘ _ ;:
permittivity of free space, ¢?/3-m)

effective ve]oc1ty'of ion cluster, m/second,
(ft/second) °* . T

particle radius , ‘ ' e

total collecting surface area, m ) (ft )

gas volume flow rate, m /Second, (ft /second)w
part?t]e migration velocity: m/second, (ft/second)
mean free-path of gas molecules, i, (ft)

dust resist1v1ty (n m)

voltage across the dust layer, \ .

current density through the dust Iayer, A/mz, A/ft

dust 1ayer thickness m, (ft)

/ .
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N TCHAPTER

- . INTRODUCTION - . e
) ‘ < 2 .- P “ ’ ] . . .

- e

.
. . B

= .
1.1 THE CASE FOR PARTICULATE CONTROL DEVICES'

LA

e

% d ~ Inﬂustria] p1ants such as fossi1 fuel power generators and raw
% - materia] “processing 1nsta1Vations discharge 1arge volumes of gaseous
%' * emissions into the_ atomsphere These exhaust streams contain in,

13 -

i uspension. a yariety oféparticuiates which are a direct byproduct of °
;M:

£

the prOCess performed in each particular installation. The term .

suspen/ed Barticuiate r simpiy particulate, ‘refers to any matter

dispersed ‘in the air consisting of solid-or liquid partic]es ranging
from less than 1.0 u to more than 100 y [1]. - .

R . . . D
a . N hd N «
-

» ' The uncontrolled dispersion of particulates into the‘énvironment,
w

produces a cumulative cohtamination of bhe atmosphere and thereby affects

. adversely the evolution and quality of life. For examplez it has
' been shown that the health hazard to'people exposed to high levels of.'-

air pollution become significant in heavily-industraljzed areas where

\ \

®

it is estimated that up to 350 kg of pollutants may. be emitted per
. '

'l

Co TN

$ .

capita per year [2,3].

-

- . In order to preserve the quality of the enviroment, a number of

. ‘ . iocal and regional regu]ations have been enacted [4,5] which attempt ‘

-

‘to 1egislate max1mum acceptable poilution/leve1s for each type df

industrial process. These regulations attempt to control the discharge ~ 2




of particu1ate matter directly into the atmosphere hy stipulating the
relative concentration of ‘each element depena?rg on size and chemical ’
composition,- Manufacturing andvservice plants which .do not satisfy
these regulations are obliged to process the exhaust gases,: through
devices which separate/the particu1ates from the non- deleterious /

gaseous discharge.

a ‘ »
Severa1 different types of articulate contraf devices are avai]ab]e
commercia11y to handle the larg range of’ chemicaT elements and particle

size which arise in industry. \n this report the three main types of

air quality control equipment c jr ently in use will be covered These )

are generally classified 1uto f bric f11ters (baghouse systems). wet .

5 ’scrubbers, and e]ectv?static pr cipitators [6] Mechanica1 separatbgs

! ‘ ~  havé also been employed in this ield with Jimited success Clearly,
1ndustpta1 contr01 devices must capab1e of separating solid partic]es

7" of submicron size from large volu es of frequently corrosive gas flows

‘at e]evated temperatures. This f nction must be accomp]ished in an . ' »

-

ef(jcient and reliable manner ove the complete range of operating

_ conditions. The insertion of a coEtro1-dev1ce in the exhaust cycle

represents an additional manufacturing cost and therefore, it is esséntial

.

to perform the removal of particulates from ‘the carrier gases as Cos . ‘. :

efficiently as practical.

The variety and complexity of industrial.processes usually precludes *

——t e,

 J the routine app]ication~of a single particle collection pethod.. Each gas -

! a

1 . [ o
' .o o . i “,
"' ! ’ ! 0 ‘ - ~

b




0 a
Q » : 2 A
i : - 3,- o /
A . . ' \(/
© j t 2 ‘.
\ _ ) .
cleaning proplem needs to be analyzed individually to establish the )

i ‘. . )
\ performance specifications appropriate tp a given. set of operational:

. r .
. requirements. Once this has been' done, it remains to select equipment -
which will achieve the‘baﬁticle:separation function necessary to c6mp1y .
. . A - ' B 4
, _with the enacted regulations at the lowest combination of capital and d[\
operating costs.
. 1.2 GENERAL TYPES OF CONTROL DEVICES // Cd . \&
l : ) A
] < . - i
Particulate emission control devices are essential]y collectors ¢

» - g -

which are broadly classified as Mechanical, Fabric Filters (Baghouses), L

—
' -
'

~\\Et Scrubbers and Electrostatic Precipitators .

Mechanical cof1e¢tors such as Cyclbnes and Baffled chambers are -

"normally used on coarse heavier materiais. They are not very efficient

? v

in the removal of particlés beT5;—~JO ¥ ghbsize and .for this reason

vy - - ctheir ma1n~app11catioﬁ is in conjunction with other more sensitive ‘
control devices. . . ) o . Plia
. J o

Fabr1c fiItration is a reliable and efficient method for removing

* small size part1cu1ate matter from gas exhaust streéms Fabric filters

come in many types such as Fabric baghouses, Fibro%s Beds and Granu1ar
Beds .. These devices function by trapping the particles on "the dirty-gas
side of the fabric while allowing the gas to pass through the 1nter§tiee§_

‘between the woven threads -for.the fabric. S .




- Scrubbers uti]ize a 11quidffusua11y water to remove contam1nants

A
Cw . in either vapor or f1ne pafticulate ﬂ;ate from a gas sEppam. The ! )
main .types are spray, centrifugal, packed bed and-venturi scrubbers '

Thege devices accomp]ish the desired separation=via the entrapment

BT the particles into 1iquid droplets.

3

' : In electrostatic precipitators the entrained particulate matter

| high/ﬁegativé'(or posi%iré),voltag?, precipitating ;héﬁ-On té‘

i grounded‘cgjlecfkng-efectrodes an@ then discharéihg the agglomerated

. ' “particles.into a hopber.‘ Electrostatic preciﬁitagion d;ffers |
fgndamenta]]y'from the other control methods in thét‘thg separation. /
forces are electrical énd are applied d1réét1y to the particles <i

° theﬁselves, rather than indirectly throdgh the gas stream. -

e ¢ - ’

re]ationsh1ps, derived 1n part from the theoretical principles
under]ying the contr01 mechanisms and in part from enipirical data
‘ ’ ~ ' accumulated from tests of pilot and full-scale installations. While

theoretical relationships are useful in providing an insight 1ﬁto

; applications. The wide ‘range of operating conditions, particle

- characteristics and process requirements make it partj¢u1ar1y difficult

i e e e

. to develop control devices on the basis of theoretical models alone.
In practigs the design of such systems is based primarily on

- experimenta} and performgnce data. Usually, the design '

is separated frdm/the gas stream by first charging the particles to~ .

All control devices are designed on the basis of mathematical \ -

<he various processés,they tend to become rather cumbersome in engineering

»
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evaluation procéss'iQpludes_consiq£3§t10n'of the control efficiency, .
_capac¢ty, size, pEeSSur?'drop, power cSnsumption, ut111%y requirements,
' operating reliability and componen life. However from\the view point
n .-, of env1ronmenta1 protection and compliance with the regufﬁtory ’
-:' 'A?
—c1Timitations contﬁ%ﬁ efficiency remajns the most 1mportant perfbrmance
LT 48 .
a . parameter. : N o
’ . ) N C

- * : ,
1.3 LEGISLATIVE AND REGULATORY IMPACT '

.« « The ehvi;onmenta1 side effects of science and technology have
é& increased public awareness_of the ;m }tance of protecting our ecosystem. : )‘F‘
*In this context ind1vidua1‘st§tes and\municipalities have 1mp1emgnted 2
and enforced the laws which have been promulgated to control thé; ‘ -

yermissfblé level of emissions in various industrial processes. "

The 1ntrodugtion of governmental requirements for air pollution .

control has injected a new factor into \the level of particulate ",

control imposed on industry. The required collection efficiency of

»

the control device to meet air pollution equiréments has been increased
t * . .

progressively from ‘the nominally 90 per cent collector for economic

purposes'to a level more than 59 per cent. These standards have evo]vea

) “gradually and are continuously updated to respond to the changing needs

’ j . }U{;Lr society. Pre;entlx, the Emissio; Standards and Engineering
Division of the U.S. Environmenta1 Prptecé%on Agency (EPA) is currently

% studying the effect and control of fine particulate (1ess than 3 dowp.

to 0.01 u) to best determine how to set standards for this size of

o
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L . “particuiate [7]; N\

i - b
. 2 © An up-to-date history of air quality legislation, Federal, State
‘ and Loca] standards, national distributions of air pollutants, air

qua]ity control costs, and a selection of recent publications related

4 S

to air pol]ution may be found in [1,8,9]. For Canada the “Clean Air Act"

{10] . prgvides the basis for the federa] government § air pollution

et aQ

contro] activities

(3

The increasingly,stringent emission regulations, in the past few

nyears, have led to acce]eratfng research programs, and. control -devic8 ,
. 4

7

design improyements,far.superdor to any unit tnat could naye been built -

.10 xgars ago. Efficiencies and avaiﬁabi11t§ records not.considered’

% i possible’a‘few years ago a#e now routinely achiéved. Some of the factorsl
- respon}tﬁ1e for ,the super1or1ty of modern precipitator systems are:

far more sophigill cated mathematical technique& for predicting device

performance, s perior construct1on materials; computerized data banks

‘ of tecnnica1 1nformation based on 50 years or more of experience in ©
bui]dﬁng po]lut1on control dev1ces, and availability of high- qua1ity

auxiliaries such; és flues, dampers and hand]ing systems. .

- :._J,/f’q It should also be pointed out that'thefpotentialfeconomiC'impact -
” ; of the governmental ambient air qud]ity standards for fine particulates
is o€ a great magnitude [11], According to the 1973 costs of air

pollution ‘abatement to U.S. industry in terms\of 197Q dollars were
° about $8.5 billion. The oil industry alone spent $737 million for . \\

"
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quality igprovements that yea%h Estimates indicate that'these costs,

will rise to $20 b11110n for the year 1975- [12], and over the period
of 1973-1977_ the amount of $42 b11110n will need to be expended if the

emission reductions are tO-be achievgd as requ ﬁed under the relevant

regulations [13]. - I, \ S
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CHAPTER 11 -

CHARACTERISTIES-OF _INDUSTRIAL

STACK PARTICULATES.
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=" developed. '

—— perfprmancz é‘nd éfficiency of this ty_fa\é of equipment is determined
y

' b
-8
 CHAPTER.IT -
, —3 S -
- CHARACTERISTICS OF INDUSTRIAL/STﬁK PARTICULATES
. ' . A . . .

2] GENERAL - g

' . . . o (VR v

It is well recognized that no universal gas-c]eanjng‘method exists N
which will satisfy the full range of industrial reqt;irenent‘s and . .

. W8
conditions. The selection of a particular method depends on many

n

technical and economic factors, among which the physical .and chém'ica]

37

propertles of the part1cu1ate matter are the most fundamentaT “I‘:or

o

example, coarse dust partig]es are easﬂy separated by centri fuga1
collectors, whereas, fine dusts, f‘umes and smokes requwe the use
of f1'ltrat1on, scrubbmg, or e1ectrica1 prec1pitat1on In view of the (

\}ntitude of " processes and eql.uipment that need to be covered, no Yo/

5 :
comprehens”Le guide for the selectwn of contro] devices has been

-

- LT
Gas-cle m‘pg equipment, which represents the bulk of control devices
employed at /present, have been studied by several investigators. The
. . ¢ - ' o

. H
‘, pHmarily by the characteristic properties of the particulates involved

\
_and the ature of the gas flow itself. Thes\;properties Jinclude particle

\
size d1 tribution, partic1e structure; dhnsij.y compos1tion, concentration,

* .

~

_electrjcal conductivity (in electv{nstatm precipitation), and agg]omeration

quah ies. Gas properties, such as temperature, moisture c\ontent, total

A

y

.
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E ' ‘ " gas_flow,  and chemical corrosiveness ;re a further set of parameébrs.
which ﬁu;t be taken into consideration. Flodin [l4]lpas\studied

? " the per%ormancé of gas-cleaning equipment with resbeﬁf to the basic
t particle properties putlined a_bove.t Co\léction efficiency as a '
‘: J . function of partic{e size, shape and density has been reportgd in

}, ' [15]. ‘ - |

A ‘ : )

i ...Data on particle size for some typical industrial dispersoids

~ are given in Tab{e 2.1 . The techniquef employed‘f;uaéfé¥m1nemthemm"

. actual size and the methods developed to characterize the physical

djmensioné of particulates dre discussed in the following section.

.22 PARTICULATE SAMPLING AND.MEASUREMENT TECHNIQUES

\‘f N The detection and monitoring of particulates is a highly

| - of the subject is beyond the scope df this report. - However, since

t a Staék,ghs characteristics {nfluence in a major wéy the design, choice -
v and efficiency of coﬁtrol equipment, a brief summary of sampling and

- “measurement techniques will be given?

N NS '

L‘ : ~ - Stack emissions may be estimated indirectly from what is generally

* known about a source or they may be obtained by dfrect testing of the
L L ‘ ' source. Detailed source, sampling and monitoring, is practical for large

t c ’ individual sources such as’electr%c‘power stations and manufacturing
. - . \

" plants. Standard procedures have been developed for the collection

-

' > . .
and apalysis of various types of industrial
- ,af \ |
| ' ) ‘ " . ' ) . a v
‘ Y

specialized branch of analytical chemistry, and a icomplete description )

iy
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Vs : :
particulates in stack emissions. The fundamental nequirement-of a
particle-sampling system is that ‘it must collect a-representative
- sample, : N )
- , ' ’
" An ana1ysis of stack samples is nerally carried out by cascade. .
‘5 impactors [17]. An impactor-is a mechanical fract10nat1ng device,
which separates particles by size due to the differences in their
aerodynamic ﬁrop%rties.. Satisfactorj size fractionation from‘
approximately 0.5 u upward has been achieved [1]. Ambient air samples
may also be analysed via electrostatic, thermal precipitation, centrifugal,
tape samp]ef .and high. volume sampling methods [18]. The two Tatter
techniques a::z¥1de1y employed, and both use filter-paper co11ectors

through which air is drawn for a predetermined time period.

]

Among the centrifugal methods the Bahco dust classifier [19] has ot

i
|

beeq used extensively. In this instrument dust is fed into an ajr

streﬁm in ‘the annular space between paralle} rotating plates and in -
- each stage the dust is divided into two fractions, one depos1ted on

the periphery of\phe wheel and ehe other carried forward. éy varying :

the air velocity, a ndmber of different fractions can be detected.

“In eddiilpn to the“ﬁéﬁeraf ﬁethods‘mentioned the“increased
diffusivity of ultrafine particles has Beeh eﬁp1oyed te yieldhan
esfimate of particle size. This is accoﬁp1ished by passing the gas sample
at lTow velocities through 1ong narrow channe1s or bundles of cap111ary

ifabes ca11ed a diffusion battery [17]. The sma11er particles will be

e
]

v
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removed first into the walls of the chlnnels by the mechanism of
diffusian, S

\
- ) o

- f

A number of ‘optical techniques have .also been &eveloped. The

- greater resolying power of electron microscopes extends the range -

down- to approximately 0.0§ M. Photometric methods based on
scattering or absorption of light have a lower 1imit of about 0.3 y
for monodisperse or uniform partidle size distributions Optical

methods based on 1ight scattering are used for continuous monitoring.

© of stack gases in many industries Radiation interference (visible,

o "

r
Optical and beta) has been successful in the analysis of particulate

loadings in emission sources where estimates of the particulate
concentration can be made using either transmittance or reflective
measurementsx ‘Both of these measurements are qualitative and.are

used .only for comparative purposes. . ,
L) ¢ I \ o
Particulate and carrier-gas chemical composition exerts an . -

influence on the electrical“proper}iesr toxicity, reactivity, _
wettability ahd most other particle pr perties and thereby, on the.
choice of control and auxiliary handling equipmant. If more specific .
information is required, a number of'cJorimetFTE;3ﬂaTs;ec;r;;;t;;c”-—ﬂ—f‘——_——‘___
techniques are available. A particularly sensitive method is the .
atomic. absorption spectroscopy for the determination of most metals

in the microgram to monogram range. / <

. -

v ———

s
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2.3 PARTICLE SIZE AND.STRUCTURE ' *

Particle shape and surface condition inflience hand1ling character-
N ) . —-\_z“ -
15tics,.chemiga1 reactivity, absorption potential, and flammability 1limits.

A
Particle shapes of dispersoids include a myriad of types from simple

. ,Spheres to ¢complex stars and chaianke\aggregates. F%gs, mists, and
LB

- some smokes are composed of shperica1 1iquid or tarry droptets. Many

A
)

e 0T fly-ash partic]es, ‘produced ins the combust1on of pulverized coal, are'

) -

ho]]ow spheres or cenospheres, $requent1y w1th much sma]]er satellite

heres or

_|particles, attached to their surfaces [18], Dust particles usually

in crushing or grinding Meta11ur§ica1 fumes have a starlike or p1atelike

\ ) are irregular in shape as the result of mu1tib1e fractures which occur -
\

\ . shape, while others are need1e11ke and tend to form agglomerated chains

\ R McCrone has published a photomicr graphic atlas of dust components that

sample [20].

7 & ~
] _\I!!‘ ﬂ? ~ fé£> s
j The concept of particle size is useful in the study and cTassification
of dispersoid‘perticles, and their properties when summed over all thé

particles present in the colleet{on, yield information as to the overall
) ) X

ﬁroperties of~the particle pd%ulation.‘ Particle size may be uniquely

defined only f r the special case of shperical particles for which it is
~ . . & .
completely specified by the particle diameter. For the general case of

nonspherical particles. partitle size may be defined in terme of
equivalent diameters which depend on various geometrica1 or physica] : '
properties. For example, with ;rregu1ar1y shaped dust part1c1e§,~the a
- ‘\ o i N
f ~ >

»

x : »

t + °
L e e -r ., . S RN T -
. Tl ws Tl e e " T W o et v N
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- average dimension along three mutually perpendicular axes, or the

14

diameter of the sphere having the same volumf or-the same surface
area as the irregular particie may_be chosen &s the represéntativé -
dfmenéion. Anofher approach is to use some physical Qroperty such
agxthe settling rate of the particle in a given fluid to derive an
equivalent diameter. A summary ;f some of the more usual methods
fb} defining equivalent diameter of particles along with practical -

méthods for their determination are given in [21].

It is evident that the size of irregularly shaped particles will
\ dépendvon the method used in determining the average nimegﬁion or
eqqi?a]egt diameter. In general; no two methods, will result in the

]

same value. For very‘jrﬁegularly shaped particles these discrepancies

may be'sagnificant\ hence,Lfor p&rtic]e shapes such as plates, rod53 or

. stars, the concept of equivalent diameter is of very-limited usefulness.
| For these cases, the specific surface or settling rate barameter is:

more relevant.

}

Virtually all'dispersoids, whether natural or man ﬁadg; have a
range of sizes and shape§;> Liquid or tarry dispersoids, such as fogs
and tobacco smoke, are %pﬁerical by nature but usually vary in Jiameter
over a wide range. Solid particles are almost invarjably irregular in

" shape. Parﬁ?&]e-siiéf&easqrements gheréfore, must include not only the |

determination of individual partﬂ@?es but also the size distributign.



2.4 PARTICLE-SIZE DISTRIBUTION . b .

Lee and Goransone[ézj have demonstrated that thd particte size

distribution‘mayjbe/apoFoximated by a long-normal function. Their .
, cone}usioﬁ’was based on 150 particulate samples anaiysed using cascade - »

impactors. . The 1og-norma1 density function n(xY and the rJ&u]ting

“cumulative distribution N(x) are illustrated in Figure 2.2 [23]
- Figqre 2.3 depicts the cumulative distrubution function plotted on

log- probability coordinates It will be noted that in this, coordinate
> . system, tho cumulative probability is a 1inear function of particle

v size. For many dispersoids the skewness of-the n(x)- curve may be

]

"
—
3
x

i eiiminatédﬁby considering the logarithm the size parameter x gs u
. This is shown in Figure 2.4, _ _ ) , . .
L . v 5

MOdS' . N(X) 'I .‘0 ° . . .

X
Nx) = (Rl
D

' Y N

Cumulative N(x), %

‘5

L i
T

10

15

20

- 25

in

i

Particle diameter. x

; . Fig. 2.2  Log-normal and cumulative-distribution curves
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Figure 2.3 Cumulative distribution on 1ogzprqbabi1ity coordinates N
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In the log-normal distribution of 'F1gure 2.4, the.curve for n(u)

»

.is a nqrmai probability curve in u, ceﬁter'ed about a mean value @ &,

L4
and having a standard deviation ‘¢

by [21]:

This curve is define mathematically
¥

U’

A ]

/ .
s a . [

° 20“ !

where u s the logarithm of the particle diameter, In. x’

u s the logarithm of the mean geometric diameter,
S x , and ’ | . ~
. g. ~ . .
9, is the logarithm of geometric standard deviatioh )

_ The cumulative size distribution function N(u) "is obtajned by

integrating Equation (2.1) using the transformation &% i s
C o u-b , '
t = o (2.2)
2oy - { .
to obtain ’ . J o T
N C e . .
o -t . '
N(u). = : J et at = erelt) (2.3)
» /'z'i .

-03 X ¢

4 .

The log-normal dist{'ibutioﬂ has, s'everal properties which are

worth noting: . . - ' , :

”

d .
o (u-u :
o mlu)y = ——— exp| - ——;- - . (2.1)
niu o ?u . [ ] ' R

Cg Ve
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=
It is’comp] efzely s'pecifieél by the rameters Yg, the
geometric-mean particle size, arld o¢_, the geometric standard

g
deviation. T C

‘ The geometric standard deviation is 1dent‘1ca1 for all methods

for specifying particle-size distributions, whether by

particle r;umber, surface, -mass|or any other quantity. Plots

v ’ 4 . :
.of8the integral distribution’ function N(x) on log-probability

paper arg parallel lines. 1In view of this, transformations -

among the.various particle-size|parameters and statistical

diameters are great]} facilitated both analytically and

»

graphicaHy..

calculated. For example, ..

X =, mean diameter = ig eld) 1o,

Xy = median diameter = X

XP.=

-

bta*
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‘d) - The geometric-mean diameter, x and the geometric

%

““\N/ (2.7)

(2.8)

\'d

>
[}

50% value of x
; \
- . 84.1% value of x
3 g 50% value of x B

-

2.5 COLLECTIQN EFFICIENCES

the fundamenta]' . *\

v

Particle size is normally used to ijllustra
re19t1on between particle character1sfqz; and the gag -cleaning
method to be utilized. ,/F1y ash fpom pulverized coa4 with a typical °.
particle size of 50% less than 10 u, may be cleaned inefficiently
with small diameter mu1ticyt1ones and, at tigh effictency‘with
electrical precipitators, or with a combination cohsisting af a
cyclone and b?ecipitator cleaner, Bag filters or scrubbers could also
-be used as- far ‘as particle size in concerned, if ather factors do not

militate against these methods.

[

The, co]lection éff1ciency‘of a control device is a me?sure of its
effectiveness in remov:ng the particulates from a gas stream The

- overa]] efficiency, whieh is usually stated in per cent ts defﬁned 1p [24]

O
]
&)
©

n(%)" =—L—/—° x 100 = £ x 100 (2.9)
P/ . . - . Y .

©-
-
©
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Where,

;(\ -
P 1is the amount of po futants‘entering the control device,

P \',
. Eo is the amount of pollutants esééping the control device, . , L.
also denoted as the penetration, Jgd e ‘
. ‘ N . .
Pc is the amount of pollutants collected by the control device, -

7 N .

-
L 4
f

(2.10)

2 N -

'Eduation (2.10) shows that for an f1q1ency of 99.999% the J;Ebntaminat-'
<~ L A

jon factor DF is 10°. The logarithm *to the base 10 of the .

: decongamination ‘factor is the decontamiﬁation-index [25]. In this example
the index .is 5. lAs indicated. earlier the efficiency of collection is
affected by the size of the,ﬁarticles. This aspect of particulate . 1 ‘ :
cont;o1‘1ntroduce§ the céncept of fractional efficiency, 1.e., the

effi¢iency oveg a;given particle-size range w%th which the particies

within that range are gollected. For particles at a single diameter' X,

the efficiency of the conﬁ?o]'deviéé is defined as: IR

3

P(x) - P(x)= P (x) TN
n(x) = ‘P ’ 2 = £ 1 .o (2
. ) Pp(x)™ - Polx), ) :




-
A
&

¥ .

4 , ' .

%/ . . o ' ) . " ) . v »

X . . - 21 - . R

E where. Pg(x), ,Po(x) and Pc(x) are the“amounts of the pollutant,
§ T : o N ’
Lot _ at the diameter x, ertered, passed through, and collected,

§ - . ~ .

?,espe_ctfvé] y by the cé:)ntrol qeyife. Efficiency may also be expressed

o

» v - y \ L .
in terms of particle mzss (volume diameter), surface area (surface area
* ! v ’ ’ : » : : Q
Co . '
) ; diameter) and finally the total number of particles treated. The
* ’:'. \ . - . ' ) ) hd
X expressions appropriate to each mg’thod may be found in [21].
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- CHAPTER II1

FABRIC FILTRATION
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CHAPTER 111 o .

~ ' FABRIC F;LTRATION :

3.1 OPERATING PRINCIPLES - )

One of the oldest and most reliable mechanisms for the removal "of
dry solid particulate matter from a gas stream, is fabric filtration. .
., Fabric filtérs operate by trapping the dust on the upstream side of ;
the filter whi]e-al]ohing the gas to pass thfough the in®®rstices
between the woveﬁ threads of the fabric. wh%le these interstices may
be as large as J00 p . in ; typical commercial bag filter, such a -
collector mayAtrap dust particles as small as 0.5y [26]. The capability
of the fabric filter to collect fine dust particles, is the direct
~result of the built up of a porous layer of dust on tﬁ? dirty-gas side
of the cloth. Thg‘accumq1ated fi]tér cake‘1ayer, blocks\the.Iarge )’

interstices, thereby resulting in much smaller passage openings.

The formation of the filter cake%gayer is controlled by several
factors, the most dominant being: agg]omerétion of upstream ?ine
particles, impaction of larger pgrticle;'op the fiber, d}ffusion of
submicron particles ingo thé fiber, éIEctrostattc attraction and

repulsion, thermal effécts, coarce sieving by the cloth and finally,

fine sieving by the filter cake layer itself [27]. The particle
» »

layer that accumulates on the fabric surface, makes it difficult to

predict the fiiter)pnessure loss and resulting collection efficiency.
[

. . . . . , -
o ' , -
: .
- ,
o -, . .
P \
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The performance of the bag f11ter‘has not been)successfu11y analyzed
theoretica]ly, pr1mar11y because of the compI{cations introduced by
the f11ter1ng acfjon of the dust layer. ,It'i standard practice to
allow fabric filters to operate until such time as a prescribed
‘reduction in the gas velocity and a concomitanF increase 1n the ’

pressure drop occur. At this point, the fi1ter is cleaned by a dust--

dislodging operation and figtration is restored.
. X - -

- Fabric filters are'usua11y made in the form of tubular Eags, and -

the structure in which the bags hang is known as a bdaghouse. On
large units the tubu1ar bags may be.as much as 1 ft in diameter and
up to 60 ft in length [28]. 'Baghouses are manufactured to handle

airflows rangifig form below one hundred CFM for small manually cleaned

’\co11ectors, to several million CFM for large automatically cleaned

f nits [6]. The baghouse coristruction has found a wide range of

{

applications in many industries, including mining,~fqod processing,

grain elevators, soap detergents, plastics, carbon black, element

, A , . )
manufacture, electric arc furnaces, and nonferrous metal smglting-

processes [29]‘. : -

A major advantage of the fabric filter is its high efficiency at
. »
a variety of gas stream velocities extending to practical]y zero gas

e

flow. The disadvantages 1nc1ude large size, relatively high pressure

loss, high maintenance due to the cost of bag replacement and

"operational limitations to free stream temperatures‘beloW'the mixture

" . , - -

"

. ’./‘\"
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dew point. In the presence of ambient moisture, bag filters become

-

clogged ‘and plug~up very rapidly. Further, care must be exgrcised fo

assure that the fabric is not exposed to temperatures above those

that cah be safely tolerated by the materials employed. .
s . . . -

\ vt

-

3.2 EQUIPMENT CONFIGURATION AND PERFORMANCE CHARACTERISTICS

]

ﬁaghouse§ are characterized by their filtering me&ia, the

location of the fan with respect to the filter, the metngds used to

clean the bags as well as the frequency of bag cleaning. Fabric
'filters are made from'a variety of materials such as cotton, wool, 1 -
Dynel, Dac}on, Nylon, Orlon, Nomex, Polypropylene, Teflon, and
Fiberglas. Natural f1bers_(co£ton or wool) are typically used for 1
_temperatures below 200°F . Artificial fibers have extended the
applicatiqn of bag filters to temp;ratures in the 300° to 400%F
range. Baghouses equipped Qithrlubricated fiberglass can hénﬁ]e
_corrosive acidic, and alkaline gases up! to - 600°F ‘[30] . A summary‘;
. of typical fiber materials and their cﬁaracferistic propertiﬁ? is

!
“included in’ Appendix I.

Depending on the location of the fan in the gas stream, baghouses

are categorized as open or preséure type and agéclosed or .suction type.
. In pressure-type baghpuses, the fan is 10c§ted on the dirty gas side,
and the baghouse can be operated with hotter inlet temperatures -
| because of the cogling effect provided by the mnbiént air. Préssure-

o
type baghouses are generally less expensive since the housing must only

L

e

”b ~
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* constructed and reinforced than the pressure baghouses. Since the

-25-
) . 3
withstand the differential pressure across the baghouse. Maintenance
is also reduced since the compartments are accessible and-leaking )
bags cah be observed while the compartment is in serv1ce The main

dfsadvantage of the pressure type baghouse is that the fan is exposed

- to the dirty gases which cause high abrasion and wear rates.

! In suction type baghouses, the fan is located after the

“filtering comparﬂn%n}. In this arrangement, the baghouse is subjected
to relative high negative pfessures and therefore must be more heavily
exhaust gases from each compartment are combined in the outlet
manifold éo the fan, the location of compartments with leaking bags
is difficult to determine and this increases the cést of/maintenané&.

The main advantage of the suction baghéuse is that the fan handling

“the process stream is located on the clean gas side. This reduces

wear and abrasion on the fan and permits the use of more efficient
fans. Closed suction baghouses are generally used on wet gases (dew

pointg up to 185°F) and in applications involving abrasive dusts

| [31]. . S

The methods used to clean the bégscare genérai1y referred to as:

shaker.txpe, reverse air, and 6ulse jet [32].' The shaker type method

of cleaning consists of hanging the bags on an oscillating framework///// ,

driven by a. .motor with a timer. The baghouse is separated intd/
/

several compartments so that at periodic in;grvals, the gas flow to

a compartment is interrupted and the motors'ESﬁnected to the

\
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comparfment are activated.. The shaker t}be mechanfsmé/produée a
violent &ction on the bags and, 1in éenerai, 1eqdé§p more wear on the
bags than other types of cleaning mechanisms. For this reason,
sg:ker type cléaqing is ui:? in conjunction with heavier and more

durable fabric mater1a1§.

. The reverse air Tethod of cleaning the bags in accomplished by
passiﬁg air, countercurrent to:;he direction of the §a§ flow in normal
filtration, when the compartment is isolated for cleaning._ The
reverse air is supplied by a separate fan or in some cases, the
pressure differential accross the bags can be used to collapse the

bags without the aid of a fan. This type of é1ean1ng is used with

fragile bags (such as fiberglass) or 1ightweight bags and<¢sua11y

results in longer 1ife for the bag material. . Finally bag cieaning
by pulse 3et is accomplished via the use of compressed air jets
located at the top of the 'bags. P;riod1c§1ly,;a blast of compressed
air is-introduced causing fhe b%g to expjnd rapidly and thereby
dislodging the particulate. In some éases, this method of cleaning
does not require the isolation of the bags to pe cleaned from the
fi]téring process so that the extra compartments required for

c1e7A1ng with the shaker and reverse air type baghouses are not-.

: )
needed. In addition, the pulse jet baghouses can sustain higher

- fifter%ﬁb velocities through the filter medium (higher air-to-cfoth

»
ratios) and ébnsequently the overall size of the baghouse is reduced.
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Baghouses are also éharaéterized as to the type of serQice and
frequency of bag cleaning and are generally referred to as either
. 1nté?ﬁittent or continuous duty. Intermittent baghouses are cleaned
fter filtering is completed, usually at tﬁe end of each day, and
. érate at law dust 1padings. Cont{nuous baghouses operate indefinetely

and c1ean1ng of a portion of the filter occurs -at periodic iptervals

while the process gases are being filtered by the remaining filter’

‘ . 3}
area. -

/

In all baghouses, it is necessary to have some type of pressure-

"sealing discharge devipe, becauseé the interior of the collector is CT
under a pressure different from atmospheric. Discharge devices may be
- manual or automatic. The simplest type of manual discharge device is*

the slide gate valve, held-in place by a frane and sealed with

shut down, and the plate is pgl}ed out of the frame to discharge\the

/

- collected material. The simplest form.of automatic, continuous-

|

3

—

;

| . .

l gaskets. When the hopper needs to be emptied, the collector must be
z

t

{

|

discharge device' is the &oubie-tipping valve, available in'gravity- .
operated and motorized v3551ons as shown 1r|€gggre 3.1 . Rotary
airlocks or star valves are thg'most commonly used discharge devices
on medium and large-size collectors. The generalT design is that ﬁf

; . a paddle wheel which>is shaft-mounted and driven by a gedr-reduced -

‘motor as depicted in Figure 3.2 .
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T!:Xpressufe Toss across the filtration un}t is a function of
many variables, such as mechanical Hesid; of the baghouse, cloth
.resistance, filter cake resiStance, .cleaning technique and efficiency,
ff;;Efiﬁg ve1oc1ty,,dqst concentration, temperature, and relative
humidity. At present, there are no re1iab]€>methods for comphting"
the exact pressure drqp through a collector [33]. The "superfiéiai
facé.ve1ocity" of the gas passing through a cloth filter which 1s
equal to the actual volumetric flow in CFM divided by the net cfoth area

2

in ft Laffecps the pressure drép and bag life. This ratio is

referred t§ as the air-to-cloth ratjo and is the basis for sizing N
and costing baghouses. ~ High air-to-cloth ratios.will reduce the
-size of the baghouse and the overall costs. The air-to-cloth ratio
also determines the type'd? cleaning mechaﬁism to be used in'a given
baghouse. .Shaker type and reverse air cleaning shown in Figu}e 3.3

can be used.-with airfto-glqth ratios of“up to 4, while pulse jet

cleaning can be utilized with air-to-chth ratios of up to 15 in some

cases. Typical air-to-cloth ratios for\the most common.dusts, afid - p

the three cleaning mechanisms are_tabu1ated in Appendix II . The

type of mat;rial se1ec§ed as thevcleaning fabric will also diétate

the range of air-to-cloth ratios to‘bg used in a pg;;;;;;;;\ﬁbplicatﬁon.
/For example,-polyester fabrics are normally used with ratios-of up tol
6,-wh11é fi?erg1ass is usually limited‘to 3 [34]. These limiting

ratios ‘are the normal "rule of thumb", and can be exceeded in some

cases with 1ight dust 19adings;;

4
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CHAPTER IV

WET SCRUBBING
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‘ CHAPTER IV o
. . . /
! ’ ¥ _ WET SCRUBBING. « -
4 o - VoL
. ll .
_4.1 OPERATING PRINCIPLES | .
Wet co]iectors use water sprays to coi]e t and remove particuiate
atter. .The .principal mechanisms invo]ved in et sc ubbing are inertial
- \
impaction, interception and Brownian'diffusion. The effect of
temperature and externai forces (gravitatiohal|and electrostatic) are
not considered important [35]. Collection is also affected by the
particle wetting characteristics, condehsatioﬁ f moisture, and drop
evaporation. Condensation of vaporization can Affect’particie size
) -,and can force particies toward or away from the ?rop surface Qpcause i
— N

of vapor fiow [36] ) c \ B
: . l ' .
r ¢ . ' , \ -
Scpubbers used in air pollution control age available in a wide
Y 2 ©

range of types and sizes and they are«g%neraliy cl ssified as-low or
high energy scruébers Low energy scrubbers of 1 ﬁk 6 inches of water
. of pressure drop, include simple spray towers ,. packed towers, and

3

impingement plate towers shown in Figure 4.1 . watjr requirements
-may .run 3 to 6 gal/1000 ft~ of gas and collection

fficiencies can

>The low-energy scrubber has found frequent app]icat

exceed 90 to 95% when the particles are above 5-10 jf in diameter [37].
on in incinerators,

fertilizer manufacturing lime kilns “and iron foun ries The high

energy scrubber, op’Venturi shown in Figure 4.2, im arts high velocity .

to the gas stream by means df a converging diverging duct

SER 1S ¥ AT
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sectfon; and contacts the stream with injected water: The high
velocities provide increased cof?ection efficiency, up to 99.5%,
but the pressure drop may range from 10 to 60 inches of water.
This requires turbocompressor-type fans with high power input. The
oVenturi scrubber-is often used in conjunction with steel furnaqes,

pulp mills and foundry -cupolas[387.

3

_ “'Tbere are a number of\appiications where uenturihscrubbers are
‘the only technicaiiy feasible solution to an air pollution problem.
If submicron particulate matter is sticky, flammable, or highly
cbrrosive, electrostatic precipitators and fabric filters cannot be

used and venturi Zcrubbers become the only alternative. Venturi

scrubbers are ultrahigh- efficiency collectors, which can simultaneously

!
remove gaseous and particulate matter from a gas stream.

Stainless steel, ceramic 1ined carbon steel or high nickel

alioysa}e the construction mater1a1 fbr scrubber equipment [39]. 1In

many control problems where the air stream and its gaseous contaminants

_are highly corrosive‘ and/or the scrubbing sdqution is corrosive,
scrubbe comoonents must be fabricated from corrosion'resistant .
materiais. In recent years there has -been an increased acceptance
of fiber—reinforced plastics. Combination of po]yester or epoxy'
thermosetting resins and glass fiber reinforcements that produce a

. finished 1aminate with excellent:corrosion resistance and a high

Nkv/ strength-to-weighg ratio - [40] have been used extensively in this‘.

~
3



field.

Some disadvantages of the 'wet scrubber include the disposal of

the collected wet sludge, the, high energy costs, the high material
cost related’ to services where there is chemical corrosion the
" potential problem of pl gged n z:les, unavailability of scrubbing

liquid of Sufficient clarity, and the treatment of corrosive scrubbing

- Tiquids. "A further disadvantage of the wet Scrubber is the very -~

visible white plum which is'an inherent characteristic o% all

wet-scrubber stacks, discharging to atmosphere without downstream gas -
. ;

conditioning. g

&

4.2 PERFORMANCE CHARACTERISTICS OF VENTURI SCRUBBERS

- Venturi scrubbers ‘are distinguished from other net'scrubbers by
two physical features. First, and most important is a gas-liquid
. contacting throat with\a constant cross-sectional area over a finite
_length.. In general the'longer the throat the higher the collection
efficiency at a‘given pressure drop, provided the throat.(is not so
.Tong that frictional losses become significant. For a cyl;ndrical
throat, a 3:1 ratio of throat length to 'diameter is the Linimum

‘ required to achieve optimum use of fan horsepower [41]. The second \
\

feature is the energy recovery section (expander) @t the throat -

' scrubbing liquid drops.




‘ Venturi'scrubbers are used in aﬁplicatibns where preésﬁre drops

. . - .
-~ of between 10 and 100 1nches of water are necessary. ‘Below 10 1nches

of water. low-energy 1mpaction scrubbers are preferred because the

ve1ogit1es are so low that turbulent losses are not encountered and

. -
the expander section is unnecessary. Pressure drop for gas flow

through venturi scrubbers is caused by friction with stationary

.

. surfaces and by the acceleration of 1iqu1d. If the 1iquid is

o - i

oo introduced at a velocity UL in the direction of gas flow and finally .

attains the gas velocity U, the pressure drop is given by [42]
- G 1 ) "

. tP= 1.0 x1073 (Ug - U ) (QL/QG) ' (8.1)

H v
‘where 4P s pressure drop (cm of waté’r),*’UG is the gas velocity »

- relative to duct (cm/sec), U, is the liquid velocity , relative to

L
duct (cm/sec), AQL is the gas volumetric flow rate (m3/sec), and

Y

N QG is 1iquid volume flow (mslsec).

Venturi scrubbers operate at throat velocities varying between.
about 150 and 500 fps, and at 1iqu1d to-gas ratios varying between

3 and 20 gallons per thousand cubic feet scrubbed, with 7 to

10 gal/Macf being the most common range for efficient operation t43]‘
°i ' . For a given particle size, higher removal efficiency requires
greater pressure drop or greater energy 1nput.to4fhe scrubber.

Figure 4.3 shows typical cellection efficiency curves at five

L]

B - :

g 2 byt T -
T T T TR
vt WYacd »




bd1fferént pressure drops, in a well-designed venturi scrubber.
' - : /
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Figure 4.3
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ELECTROS_TATIC PRECIPITATION
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. LS CHAPTER V

. , ELECTROSfATIC PRECIPITATION

, 5.1 FUNDAMENTALS T | | .
Electrostatic ﬁi"ecilpﬁtators are pﬁrticu]ate extraction de'vicésl
which utilize electrostatic Aforces‘to separate.the polluting '
pa‘r'ti'cles from the process gas 'streani. The principles of electro-
. static at"action and repu1sioﬁ were known as early as 609 BC. The
- . first ana'l'ytical investigation i.nto the nature of this phenomen‘on was ~
/‘jconducted by Coulomb.in the later part of the 18th centuary and this _
has formed the ba§1§ of current el 9ctr‘osi:at1c precipitator theory.
_ Practical applications of this technique did not materialize until
the development of high voltage power equipment in the early part of

the twentieth ce{tury. ) -

I3

/\ ‘ At present, e]ectr:ostatic precipitators account for the 1arg"est
. . gas volume cleaned and mass of particles collected. Their popularity is
attributed to the extreme versatility of the equipment which a,js capable of
delivering virtually complete collection of 1ar%qbas well as minute
- solid or liquid particles. Further, electrostatic precipitat‘ors can
Pe operated at high temperatures and pressures, require little pbw_er
and introduce relatively sma]}_’/pressure drop. Such precip‘itators.
have been emplo}ed ina gréaf; yariety of gas-cleaning problems with

i

collection efficiencies as high as 99.9 per cent, capacities, of up

. p—ra i e 3 SRR AT 5 o
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to 4,000,000 cfm, and at gas temperatures over 1,000°F [45]. It
should be noted, that in 1970, there were over 5,000 installations
in the United States cleaning 700 mil]i?n CFM of exhaust gases
originating at thermal power stat{pnsy'inciherators, and industry.

This represents aninvestment in clean air of over $1 billion [46].

However, the electrostatic preclgjtator has somqfierious
drawbacks. There are qertain dusts which can be collected by a

precipitator only with great difficulty and it cannot handle gaseous

pollutants. In fact, its use with particulafes may require that certain
\ . - N

gaseoys po11utant§ be pregent in ofder to achieve good collection _
efficiency: For instance, a power 5lant precipitator will not / .
satisfactorily collect fiy ash from low-temperature flue gases unless

a certain amount of sulfur trioxide is present. This difficulty can be
overcome by operating the prec1p!tator ;n flue gases at elevated

temperatures.

5.2 QOPERATING PRINCIPLES

Basically, the electrostatic precipitation process can be

separated into the following stages: a) A method of\providing an

‘e1ectr1cal charge on particles, b) a means of establiéhing an

5\

electric field, which must be expé;ﬁenced by the particles to remove them

from the gas stream to a collecting electrode, and c) a mechanism

for removing the particle layers from the electrode su;faces for

_discharge to an outside receptacle. In practice the electrostatic

——

.

4
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precipitator is commonly found in one of two basic forms. , In its

simﬁ]est configuration, the preciﬂ.tatof comprises a grounded

cylinder, designated as the collecting or passivé electrode and
concentric with it, a‘hfgh-potential wire called the corona

discharge or active electrode. This arrangement is depicted in '

N

Figure 5.1. The alternative»&é&ign, shown in Figure 5.2 consists of - "
é;o grounded parallel plates [the collecting electrbdgs) tpgether e .

with an array of parallel disﬁharge wires precisely aligned in a plane ~“, 1 {
midway between the plates. The discharge electrodes are maintained

usually at a negative voltage of 40,000 V or higgér»[47]. The resufgingf

magnitude of the collecting e?ectric field is between 4 and 5 kV/cm,

and the electric force acting op a charged 1 u particle, s about

3,000 times that of gravity [48]. ] ) -

Once a sufficient difference of potential is developed between the
discharge and collecting electrodes, a corona discharge is created about \
the active wire polé, ' The corona serves as a coﬁious source of

unipolar ions of the same polarity as that of the discharge'ele&frode.

Thelions, in migrating across the interelectrode space under the action
of‘the impressed electric field, attach themselves to the particulates
moving with the gas through the system. The resulting charged
particles ar® attracted to the cd]lecting surface and hengg are

gxtracted from the gas stream. / “
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Figure 5.2  Schematic of parallel-plate precipitator
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Solid particles build up a layer on the collecting surface. To

assure continued efficient operation, the accumulated deposit is

[y

' d1§1odged periodically by rappT™g or flashing and allowed to fall

~into a hopper for subsequent removal. Liquid particigs (droplets)

§

do not require external intervention since they tend to form a film

~

in the collecting surface, which subsequently drips off under ’ 4

gravity inte a co?lecting sump. Various modifications of the basic

© !
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precipitator designs aye poésib'le. ' For example, the two st\aﬁe model .
employed chiefly in “Lstic and commercial a'hj purification
app]icat‘ions,ﬂin conjur(ction witil ahj conditioning systems,\cklivvid‘es '
the partille-charging and'precipitating functions 1fto two adjaéen't. '
segments. However single-stage models represent by far the major'ity/

of industrial app11cat1"o‘ns installed to decontaminate"’ekiaust gas
- - - i

streams.

¢

*The details of the coriona discharge, electric field, and

associated doﬁection efficiencies '\rfil"l be described in greater detail

in the following sections. ‘ : M

5:3° CORONA DISCHARGE AND PARTICLE CHARGING

) 5.3.1 Generation of the Corona

" The generation of the corona is a phenomenon which occurs when

electrical current flows in a gas. Although electrical precipitation ‘
o /

. * « is physically possible using other means such as radio-éctivity [49], and
. ' ultra-violet radiation of X-rays to produce charged particles, no
other method has proved technically-feasible or &onomically

competitive with the corona.

-

J .+ Peek [50] and Loeb [51], have demonstrated that if the

potential difference between two electrodes is rais'ed sufficiently,

thigis near the more sharply curved electrode breaks down at a voltage

less *than the_s;‘:ark-breakdown value for the gap length in question.




|

This/iﬁébﬁbiete breakdown4§s cal]éd corona and app;ars in the air as
a highly active region of glow, which takes on a variety of shapes
extending into the gas a short d?gtance beyond the discharge electrode
surface. The initiation of the corona discharge requires the availab-
1lity of frée e]eq&rons in thé gas in the region of the intense
electric field surﬁounding the discharge electrode. Since the supply
'of these é]ectrons dépends on the random action of ionizing sources

such as natural radiocactivity and cosmic rays, the corona discharge

is intermittentrgt voltageé'very near the corona threshold,

¥

In thé case of a negative discharge wire, free electrons in the

'ghgfield zone near the wire are accelerated to high velocities and

|

v}

rbital e c?rons to be released. These released electrons are also

atcele ted/%nd continue the ionjzation, giving rise to the cumulative
> pr
thi

termed an electrqn avalanche. The posit{ve fons formed in
process, argl accelerated toward the wire. By bombarding the
negative wire and giving up relatively h1gh~leve1s of energy in th?
process, the positive jons: cause the injection from the wire surface

" of secondary electrons which help to maintain the discharge.

a

v

Electrons are” attracted toward the anode and as they move into

the weaker electric field away from the wire, they tend to form .

negative ifons by:attachment to the neutra]‘oxyggn molecules. These

™~

»

- t

N

These electrons, upon impact with gas molecules cause - °

fons' form a dénse unipolar cloud occupying most of the interelectrode
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. “space and constitute the only currént in the entire space outside the. .

‘-region of corona glow. The effect of this space—éharge is to retard

. \\the further emission of negative charge froﬁpthe,corona and in so

" doing, 1imit the ionizing field near the wire and stabilize the

discharge. When the corbna.starting voltage is reached,.the current

increases slowly at first and then more rapid]y with 1ncreasing

vo]tage Further 1ncreaseai’}%he voltage causes-complete breakdown

" of the dielectric gas. This cgnd1t1on is referred to as sparkover

, and: the voltaga at which. it occurs as the sparkxbneakdown value. As
sparkover is aproached re1ative19 small 1ncremenfs of voltage give

sizable increases in current [527. This behavior is 111u§tratéd in 7

Figure 5.3. ' . ” ' '

In\mosﬁ industrial applications, negative corona is used because

it yields a higher current’than the positive corona at the same

voltage. In.addition the sparkover voltage, which sets the upper

limit to the operating potential of the precipitator is usually greatér

for a riegative corona [53]. The only éxbgpt1o;'to the use -of negative
corona occurs in domestic a1r1$)eanfng application, since negative corona

‘often produces physioTégica]]y'objectionable ozone in greater quantitiies

2

[54]. , ’ o S
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5.3.2 Cunrent‘Vo]taﬁé‘Chargctéristic§
. ¢ .

) o

The Currgnt-voltage:characteristics for the Eordna_are

1
o .

functions of manyégariables the moSt important of which are gas

ES

'cqmp§sit1oﬁ, temperatufe and preésure, electrode geometry, the Lt

thickness and properties of the collected dust layer, and lastly ." ’

.
s
° : . * B
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the concentration and partﬁc]é'sife of the suspended dust. For

maximum precibitation, the optimum curFent-VOltagé relatifonship must-
cfeate condit!ons whicﬁ tend to minimize the current and power
r;quire& to begin the corona- ionization proces; and maximize th; | ,
average‘vqltage gradient across the discharge and*collection

eTectrodes while 1im1tiﬁg The amount of sparkover to an acceptable

raten 4

" ‘The simplest precipitator geometry for purpé s.of analyiis is
the concentric wiye-cylindEr cppfiguration. Very approximate calculat-
1on§ aiso are possible for symmetric parallel plate or duct electrode
systems. Experimental measurements of corona Eur ent-voltage relations.
for concentric cylinder and parallel eleétrodes, ere made by Cooperman

[5s, 56]. Cohp7risons of experimental results ki h ava1lable analytical

. .

predictions are.shown in Figure 5.4.

P +

v

The corona current for 2 given precipitator and)gas is determined

v

almest -entirely by the electric field near the active wire electrode,
. N .

In the wiré-cyldnder electrode configuration, the electric field at =~

. , . ‘ .
any point for the condition of no current flow is)given by [57].

)

E(r)w:‘ y ' n Y
“ .r 1n (b/a) )

Where E(r) s thenelectr1c<?7é1d at rpdius r, [Yolts/meter,

[

)y 1is sthe poténtial, Volts

3
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r ™Ms the radius, meters,’ -
a is the radius of corona wire, meters, and
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Increasing the wire-cylinder potentia]. ‘the field near the. wire ¢

1ncreases until a corona is initiated. be\F [50] has developed

the fo]lowing empirica1 relationship for corona initiation in air

-4

VC =~3x 10 amd (1+ 0.3/d73) 1n (b/a

3 -

where VC is the voltage required for corona initiation, Volts,

-~
-
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W .
m. is, the wire roughness factor, dimensionless,
b 1is the electrode spacing, meters, - S
a 1is the radius of coeoea wire, meters, and -
d ﬁ}s the relative air density, defined as (%9- J(%a

“@

whepe To s 298°¢ and Po "ds 1.0 atm.

As shown by Eq. (5.2)° the smaller the discharge-wire diameter
the lower the voltage r%quiree to initiate corona. When the voltage
is increased beyon the value required for the corona initiation,

there is a corresponding increase in current. ( ‘

£

5.3.3 Particle Charging . :
: -

\ ‘ When gases in erporating suspended particulate mater are passed
through an e]ectrostetic precipitator, the'great bulk of the partjc}es
acquiee an electric chgrge of the same polarity as that of the
discharge eﬁectrodes Two distinct‘particle charging ﬁechanisms are

' genera11y considered to be active in e}ectrostatic precipitation. The
most dominant charging mechanism is bombardment of the particles by
1ons moving under, the influence of the applied electric field A
secondary charging process occurs as a result of the attachment of \
ionic charges to the particles via fon diffus1on The latter depends
on the thermal energy of the 1ons and not on the e1ectric f1e1d In
pract1ce the f1e1d-charging process predominates for particies larger

than about. 0.5 u diameter, whereas, the diffusion process_is most
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effective for particles smaller than about 0.2 u. Both are equally

applicable to particles in the intermediate size range between about’

0.2y and 0.5 ' [58]. The majority of industrial dusts contain
particies in the range where both diffusion and field charging are

. [
significant. This 15 especially true of high efficiency precipitators

N where the smallest particles must be collected.

Among severa¢%§¥1g5t1gators Liu and Yeh [59] give a method of
calculating the magnitude of the charge due to both diffusion and
field charging and the result of their épproximation is given by:

33‘ -Le—“ﬂL (- -t Loeg +§;3‘" | (5:3)
where .q s the particle charge, (c), '
‘ 9 is the saturation particle charge, (c),
- No is the free fon density,.(number/ms).
| e f{s the electronic ch?rge, (c)
. p is the mobility ;? ion,'(mZ/v-second),
| E is the permitt’vity of free space, (CZ/J-m),

C 1is the effective velocity of 1on cluster, (m/second),

a is the particle radius. :; ‘h'
The first term in Eq. (5.3) gives the effect‘of field chargiﬁg and the
second term is a correction factor which approximates the additional

‘ charg§ imparted by the diffusion‘process. The ca]qu]ations.agree

v '\(:\

N .
i °
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reasonably well with experimental data obtained by Hewitt [60].
, Figure 5.5 shows a compaéison of particle charge as a function of
the ion density-time product computed by Liu and Yeh and the

~_. experimental 'data obtained by Hewitt.
v { -

' Liv ond Yeh approximation

/ xpprimenial dota, Hewitt
Field charging theary
e

Charge,, elementary units

M data—for 0.4 y radius particle at Eo = 900

V/em and 1 atm pressure [59].
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/ 3.4 PARTICLE COLLECTIbN AND EFFi%IENCY , '

Particle collection in an electrostatic precipitator is

accamplisheh when chaﬁged particles in, suspension move close enough

to the surface of the collecting electrode to be trapped by the

electric field. Particle trajectories afe‘detesylped by theycombihed

effects of gas flow and the induced electric field. The electric wind '
ects of the corona are superimposed. Under turbulent flow cond{tions, N

collection. efficiency is an exponential function of the collecting area,

gas vo)ume,'e1ectrica1 charge, electric field, and gas viscocity.

Deutsch [61] derived an analytical efficiency relationship under the
A assumptions that the partfcle concentration is uniform through the

cross section, then the particles aqs fully charged\>ﬁmed1até1y on

. \
entering the precipitator, and that there is no loss or\re-entrainment

of the collected particles. The résulting equation {s: \\\\
; :

¥

. ’Dg
— n o= l-exp [-(A/V)w]d .

where A is the total collecting surface area, (mz),

)
V. 1s the gas volume flow rate,_(m3/sec), and

w is the particle migration velosity, (m/sec).
' Thé\part1c1e velocity can be calculated from the’f011owing‘ -
oo equation [48]: ‘ I ~ ‘ ’

A BE AR . G % JAMITLENG, L8O AT —
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. qE ) : : .
- - B wm = o (] + a ) %) ’ ~ (5'5)
. 6réa - '

. MR
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_ " where q 1is the particle charge, (C),

m
o

is the precipitating electric field, (%),
6 . is the gas viscocity, ( Kg/m, second),

is the mean free-path of the gas molecules, (m),

R R R T T
{
P

"a {s the particle radius, (m),
e ) | J
- a fis a dimensionless parameter, about 0.86 for

4atmospherf3“a1r.‘

. Equation (5.5), is Qa]id for sphericai.particles of rad11\between
0.05u and- 30 u in air. The mean free-path of gas molecules,
A, for air at a bressure of 1 atm,'has_typical values of 0.069 u
" at 70°F, o0.106 at 300°F, and 0.128 at 600°F. The mean .
free-path varies inversely with the gas pressure, so that at one-half

normal pressure, the values ofﬂ A would be doubled.

~ Equation (5.4), commonly referred to as. the Deut;Lh equation,
is widely used in precipitator design and analysis. A number of
regear;hers, however, have indicated thgt]the Deutsch equation -
~cannot a\wa;s be used directly to explain precipitayor'eff1c1ency.
Pennéy [62] states that\the Deutsch equation is baséd on assumptions
which probably never occur with industrial dusts and therefore, design
. work must be based upon test rgsults; Selzer and Watsoﬁ [63]  give

: N
_, ‘ the follawing empirical efficiency equation, derived from data on

\ ' -

\ .




37 precipitators installed to eliminate ash from power plants utilizing

coal.

n = l-exp [-155.71 x (fzv)]'4 X (P/‘I,)'6 X (S/H)]

L —

where. is the collecting plate area, (mz),
is the gas colume flow rate, (m /sec).
is the sulfur-to-ash ratio, by weight, of*the coal
combusted, and

P s the power input to the discharge electrodes, (W).

5.5 REMOVAL OF COLLECTED PARTICLES

4

Removal of the accumulated deposits of particles‘frmn the
collection electrodes is an essential feature of efficient electrostatic
precipitation. Particles cin be removed from the callection electrode
by draining in th; case of Tiquid ﬁerosol,;by flushing the plates with
a liquid, or by periodically rapping or vibfating the platag in the
case of solid particles. Thg majority of precipitators 1ﬁ use are of

~the dky type and dust is removed by fapping [st: Rapping 1s necessary
not only to remove ;he collected material from.the precipitator but

- also to maintain optimum electrical conditions 1n the precipigation

‘ zones. - A rapping system must be h1gh1y re]iab]e adjustable in

intensity and frequency, and capable of maintaining unifbrm conditions

!
over long periods of time. Another requirement for successfu1 rapping

t

is that it accomplish r“E§;1 of the dust without excessive reentrainment

'
(




This may be achieved by (a) 6d§ust1ng the rapping intensity to °

prevent powdering or excessive breaking up of the dust layer, (b)

%; adjusting the rapping frequency to'give optimuh dust layer th{ckness

?% for the most effeefive removal, (c) maintaindng proper eirflow and _
;Li BEffling,_and (d) rapping only a smal] portion of the precipitator at fj!k
%;; - » a time. ‘Sproull [64] reports that optimum rapping conditions occur
i%é—ﬂm’»-—f~»~—4f~theﬂdust~4ayer—si1de34vertfcaiiy*down*theéo1iéttion plate a

% . distance of perhaps several feet following each rap. Under these
14

.conditions, the,dust would proceed down the collection plate in

~ discrete steps until it finally falls into the hopper.

3

Substantial differences exist between U.S. and European rapp1ng‘
o methods and apphoaches [58]. Most European designs are riechanical

rappers consisting of hammers mounted on a rotating shaft in such a

collecting plates, as depicted in F1gure 5.6. Rapping intensity is

governed by the weight of the hammers and 1ength of the hammer mounting

arm and cannot be adjusted during operation. .-The frequency of rapping
- can be changed, by altering the speed of the rotating shafts. The
U.S. designs utilize either pneumaticaIly or electromagnetically
¥

operated rappers of the ﬁmpact or vibration type. Both. the 1ntensigy

' and frequency are easily adjusted through electrical contro] systems.

*

AT S R B o

way that the hammers drop by gravity and strike anvils attached to the




o

* Figure 5.6 Mechanical-type rapper [58].
/ )

. 5.6" PARTICLE RESISTIVITY , .
. —~ o o
The resistivity of the particulate to be collected is extremely

fmportant since it directly affec%s the basic bperation of the

precibitator. The configuration of the precipitator is such that the .

corona cq{gent froﬁ the‘discharge electrades must pass thggugh cé]]ecte&‘if

aust layers on the plates to reach grounded platé surfaces. If the S
electricellresistivity of the dust is high, the current flow can result

. in large voltage drops across the dust layer in accordance with Ohm's

law. When resistivity exceeds about 1010 ohm-cm 1t becomes very

[

L

™
difficult to qc?jeve reasonable efficiencies w1th.pr:;1p1tators of
. . . T .

/
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X - ‘
conventional dgsigﬁp[ssl. Special types of precipitators must then
-

be used, or measures must be taken to reduce resistivity.
‘ -

T The e]ectricazike§ist1v1ty of the dusts encountered in industrial
gas cleaning applications differs widely.” Some materfals, such as | 4~
carbon biack, have very low resistivity, so that on contact with a -

\ grounded metal surface, the particles lose their charge and are éasin N

reentrained into the gas streém. At ;he opposite extremE. dusts of
insulating materials, such as alumina, can-have a sufficiently high
resistivity that the ch&rge Teaks off very slowly.- In suth'cases,
the electrical force -holding the dust to the collection plate can be
very high and the vo]tage drqp across the dust layet can cause

breakdown of the interstitial gases within the dust layer.

>

White [66], Bickelphaupt [67] and McLean [68] have studied the
mechanism of current conduction in_a dust layer. Two conduction |
‘ mechanisms are possible in 1ndust(1a1 dusts, depending upon their
chemical compositi&h, the ambient flue gas temperéiure, and the water
vapor or other substances p‘!sent\in the flue gas. At elevated
temﬁenatﬁres (above*600°F),'conduct10n takgﬁ p1gcelpr1mar1]y through
the interior of the particles, usually referred to as volume condéct1on.
: " and the Eesist1v1ty is usually below the cr1t1é;1 ca]ue as shown jn
Figure 5.7.. . o
Fa
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Figure-5.7 Fly ash/resistivjty at high temperature [66].

\ "
/At lower temperatures (be'lbw 300%F) because of the increased absor;‘)ti'o‘q
r 0 - of moristure e\and chemical films which occur at these tempgratulres,
conduction a]png the surf;ce of the dust particles becomes the’
predominant mechanism. In the r:egion‘of 300°F to 600°F volume and .

- surface conduction are-significant. The effect of moisture on

'x;,.{i%.;%?yn:}?-?% resistivity of typical fly ash at 300°F is shown Figure 5.8. ‘ \
g a0 AR : .
TR N SR -

vl ‘ The electrical resistivity of the.dust can be dltered by a change

in the operating temberature or by the addition of other conditioning

agents. Conditioning by steam injection, water sprays, or wetting the

W
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especiaily where the natura] moisture content of the gases is low

[69]‘ Chemical égents, such as 50 NH., and NaCl “have found

3’ .
considerable use as conditioning agents_but have definite 1imitations

due to cost and app]ication factors_g70]. By far the most wideiy

used conditioning agent i; 803 (or‘H2504). . This has been used in

_gmeiteris for a ]qng‘)time [71], and more }‘ecentiy in coal-fired power

plants to’ ¢ondition fiy ash from low su]fur ¢oals. In most cases_ the

injection of 15 to 20 ppm of SO

LR Y] Al

by a factor of 100, with corresponding improvements in precipitator )

electrical operation and coilection efficiency [72]. -Figure'S 9 “shows
the great effectiveness of H?_SO4 vapor in conditioning fiy ash in a

ﬁ

1aboratory test. The positive effect of NH3 to 1mprove the collection

efficiency oﬁffiy ash precipitators has also been confirmed (73], N
1013 . - o 4
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. -Quantitaiive determination of particle resis,tivi:) usually
: o
T , requires a special’high-voltagefconductivit_y cell. Several 'types of .

«~ - cells-have been dg\}eioped, but all are based on the .concept of .

.. . measuring the leakage current through a apartiéﬂ layer to which a ~
- '«high‘voltage field is 'spplied Figure 5.10 shows a high-vpitagel , -
o resistivity cell of the parallel-disk type recommended as a

standard by the American Society of Mechanical Engineers (ASME) [74]
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Figufe 5.10 Bulk electrical resistivity apparatus [74]. o \

."h'he épparatus' consistswf a shallow c:p which [cbntains the dust,’

disk and annular guard ring which rest on the dust samples, and a a .
constant load on the measuring disk The ash cup is supported by

'ceramic 1nsu1ators and is connected to the negative tenninal of a I ‘
high \!oltage oc ppwer supply. The annular guard ring is grounded \
and t'lge center dislg is gr‘o't;nded th?ough a curreriit'meter. ‘ The positive

)
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terminal of the power supply is connected to ground,.and the entire

— test essembly is housed in a chamber suitable for temperature and

R R

humidity contrel. To measure resist1v1t¥, the dust specimen 1is

o

placed 1n the sample cup and screened to give the proper thickness.
A | The temperature and hum1d1ty {n- the chamber are brought to the desired

conditions and the upper electrode assembly lowered to rest on-the dust

surface. ‘ .

N Voltage is then applled to the electrodes and gradually 1ncreased

while the current and voltage are recorded up to the point of °~ q.

~

electrical breakdown.of the dust layer. The resistance of the dust

layer fis calculated as the ratio of voltage to current just prior to

breakdown. Resistivity can be‘computed as [75]* ‘ ] S

Rg.—v-—y ' ce, L (5.7)
b} ' ‘ ' /

~ .where R 1is that dust resistivity, {2.m),

V 1is the Qoltage across'the dust layer,*(V),

J is the currEnt density through -the dust layer, (A/m )

-4

and ‘% is the dust layef thickness,:gm). : o .

-~ i . i N < )
. Different techniques in use for measuring dust resistivity with the
- : v ! 1]
associated apparatus' are given by White'[75].

-
[




5.7 GAS FLOW

The influence of tne gas flow on over aTl-prec1p1pator'perférmance
is equivalent to that of the corona and the electrnstatié'forces acting

. on-the particles. ﬁ1s;yrbed'f1ow in the form of excessive turbulence, _
jets or pu1sa}10ns, not'only causes‘reentrginment or blow-off of
particles aTreedy captured jrom both electrodes and hoppers, ‘buthts,(

‘ requnsible for poor collection downgrading precfpitator collection iﬂﬁ.
eff1c1ency. Other effects of poor gas flow are fallout or buildup of :
dust around turning vanesr elbows, and distribution p[etes. These)
conditions further alter the»gas.flewn?attern, causing even‘]ess

" uniformity. S ¢ \ .

:In zones of low gas ve]ocdt} dust accumulates on the cdﬁéna
wires and buil ups'Qf one or‘two inches #n d:Emeter may.occur [57]
These bui]dbps tend to suppress the coronaiemission resu]ting in excessive
sparking in some regions of/the precipitator | Onnthe other hand when .
gas velocity exceeds the cnit1calgve}ue,for the blow-off of collected

- particle$ severe reentrainment geeurs. fhe reentraimment lnsses due™ -

to the wid;\range of problems encountered in the field cannot in
general, bs calculated from theory. but must be determined emp1r1cale S

5 v

-
from measurements and observations. ’
L] Ce,

o
t i

4

T, .

- For‘optimum precibﬁtator performance,. uni form gas -flow with

velocities of 5 to ft/second must be maifitained [48]: The Industrial *

o

o |

Gas C]eaning In;Fft te has recommefded that gas f1ow be SUch that 85%

)
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3

3

of the local velocities be within £ 25% of the mean flow velocity

P

and ‘thot oo single reading vary more than . + 40% from the average
[76]. ©

Techniques available for controlling and correcting gas flow
v \ .
patterns include mainly the use of guide vanes ‘fﬁ:hange flow direction,
flue transitions to couple flues of different sizes and shapes, and

e

various types of diffusion screens and associated devices to reduce

turbulence. N N

¢

Gas flow in precipitators is extremely critical 1n\the' region near
the hoppers.ds Dust rapped from the plates and falling into the hoppers .
creates a suspension of ‘du's,t particles which \Jopld/be carried out of,_ R
the precipitator if high véiocity gas flow were permited in the
v‘i\cinity o/the hoppers. To prevent or minim1ze .gas ﬂow through the
hoppers yertical transvérse baffle p1ates are provided as- shown in

F19/ 51 WL

W e T
Duof to space limitations, the asymmetric and irregular shaped flues,
mai;hemdtica] and fluid dynamic design methods aré difficult to implement.
Deasign. of precipitators should include gas flow model studies in

cr1t1ca1 cases. Experience shows that scale model 'Téboratory studies

are a very reHable and represent a practica] approach to precipitator !

ga,s flow systems. C'|0se cdrxe]ation between model study results and

Voo
field gas ﬂow{performange has been demonstrated by Burton and Smith [77].
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“CHAPTER VI

CONCLUSION

’/

— tr

]

6.1 SELECTION EVALUATION AND APPLICATION,OF CONTROL DEVICES

i -

The growing dema*d for energy c;)upled with a dwilndHng supplﬁy of
relatively clean burning fossil fuels, has led an increased ‘utﬂiz-h
atfon of lowgrade energy ggnerating resources. In order to r;iaintain
'an acceptable environment, this trend must be offset b 'the deve'lopmgnt\
of practical large scale air pollution c.ontroT equiw&.’ Particu]ates‘
in the range of 0.1 to 1 u . represent the most cr1t1c_a1 environmen-

| - tal hazard.< This particular size has been found to be the most

K - into the bodf and thereby seriously affecting the operation of the

respiratory system [3]. The submicrometer particles are also the

most difficult to remove from a gas stream.

At present, the electrostatic precipitator along 'with the fiber

filter and the wet scrubber are the mechanisms most frequgntly'dsed

[
-

‘1n -pollution control probl ems. The se]gction of a control sysutem is
dictated prfmarily-by tr?e typ;z of process emissfon and the qua'lfty of
fhe emission needed to meet control objectives. Therefore, careful
_ characterization of coﬁtam'lnants in an effluent strea‘m and establish-
mgbt of releya'nt spec"ificatmns for the requiregl removal efficiency, g

o must precede the gelecﬂon of‘equi pment. Minimum removal eff_icj‘enciés
: [ T 14 -

\

?

~
T L T i
R T

;:h‘aéx'ﬁv ey *

o
E e

K

4 effective vehicle for the introduction of objectionable ‘substanses \ .

. 3
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of one or more cqmponents are normally stipu]ated by applicable
Tocal, provincfa] or nationa] regu1ations

<.,

‘

For any pollution problem, there wi]l generaily be more than one
control solution. Venturi scrubbers are particularly wseful in those
applications where sticky or combustible particulate matter is present

or where corrosive gas streams are encountered. Because they operate

.at much higher velocities than baghouses ot eleétrostatic

. precipitators (150 to 500 feet per second versus 5 to 15 feet per

second), ventur1 scrubbers are physically smaller and can be economica-
1y manufactured by utilizing metal alloys or reinforced p1ast1cs
whic? offer good resistan;e to corrosive gas(stfeams. Particu1ate matter

is qollected in a noncombustible liquid (usually water) and all

.surfaces are wetted, thus preventing buildup of solids or any explosion

hazard. Performance of venturi scrubbers and baghouses is 1ndependen@

of paréic]e‘yesistivity, and hence they can often be used in applications

where electrostat1c hrecipitators cannot. However-scrubbers are

irelatively 1neff1c1ent in view of the high energy input needed.

\
;w The fabric filter,. espec1a11y the high energy fabr1c filter

,»(e g., pulse jet) Qi#i} inherentty. good removal efficiencies on fine

particles. ‘However 1ts‘app11cation is 11m1ted by the chemical-and

"physical nature of the particles. Further the equipment canpot

)

remove gaseous pollutants:

v

. T
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: Eﬂactrost&tlc pr:ecipitators have been used extensivel); for

-many years to reduce'industriallparticulate em‘lss;ions. These funits

handle very large gas volumes; with low pressure drops. 'Pr:ecipitators_
, \are by far the largest single type of particuiate rethoval device in
terms of dollar volume because their primary application is in the
upility 1n;1ustrx\for stack,g\as removal of fly ash, Some-of the
advantages of electrostatic ‘prec1p1tators in comparison with other
control"devices are: The system is dry, so corr;osion or scalling is
not 5sua11y a problem, the pressure drop through f:he precipiiator,
fs Tow and the p&wer requirement 15'1ow, and the equipment is relatively
compact and maintenance and downtime are relatively Tow. .Some of the

~ -

disadvantages are: Performance depends on the. chemical composition
of the coal being burned, notably its sulfur content. Gas flow ' L
uniformity and reentraimment of particulates require attention to

— L)

.in;ure high co'Hectiorbef%iciency. Capital equipment costs are

relatively high.

. .- Because of the extremely diverse range of applic':ations and
- ‘ operating conditions it is difficult to derive a relative cost
R effectiveness stangard for all control devices. In addition,
installation constraintsinfluence both capjta'l and operating costs,
.~ Comparative cost'data for typical installations at different collection
’%,’ efficiencies are shown ;n "ﬁgure; 6:1%’;2\0. McKenna, J. Mycock: and -
W. Lipscomb [78] derived uniform economic comparisons between

r . P
different particulate control techniques for a coal fired industrial

b
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G boiler. Tﬁeir'results are summarized in Figure(s_s.z, 6.3 and 6.4

S,

S T oo Fr &
BRI Sarh e < ties

o

%which show cabita] . opera‘t"ing and annuamed costs for electrostatic

' .
precipitation, wet scrubbing and fabric filtration at different

* efficiency levels. Although ~gen‘era1'lzat1,ons of the cost of fine
particulate removal ére inherently dangerous, it does appear, 1
however, that only Ifabr'lc 'fﬂters and electrostatic precipitators
are suitable to accomplish the particulate removal. Venturi \
‘ 4
scrubbing, because -of the high energy required, does not compete - vf_‘
B economically. . . - -
) ) _
. : © % 300 ,
‘ /} SR " /
{ - .
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Figure 6.2 Installed cost comparisons at varying o
-~ ]/ | . efficiencies. ‘
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X | 6.2 FUTURE TREND OF CONTROL DEVICES ;

b . c ) &> C e
ﬁf LT " Several new devfces, which are claimed to be effective 1n the"

i

control of;fine particula}es hawe been reported in the f?terature

(79, éu] ,-The most hnportant"is the wet electrostatic precipitator ;,/I _

[s11], which is already in 11m1ted production, while other dev1ces are.

“in the ear1y stages of deve1opment The wet electrostatic precipitator

utilizes a continuous flow of fine1y divideddliquid drop1ets, which |

become electrically charged and are attracted to the-collecting plates
o

Prec1p1tated'water droplets create an/;¥?g;y distributed water film

which covers the entire collector surface. Sol4id particuIates are

w

4arged and simultaneously attracted to the col]eettng surfaces and
are captured by a qontinuously downward moving film of’ water -The fn

~water.f1]unon each of the collecting plates and discharge electrodes

L4
A

S " flow by gravity 1nto"a‘s1urry through\?or convenient dis sal. The'/

wet electrostat{c precipitator overcomes many of the 1im tations of
» -

the high energw/scrubber dry e]ectrostatic precipitator, and the

o |

L. . fabric filter, land its use can be generalized to applicatiog§ where,

particles to‘be removed are solid and condensable, matter in the o

. . . N ' Y T
suﬁzmic?bn range, and where gaseou¥pollutants a]so must\be removed,
" The wet e]ectrostatic power consumption, thterms of equivalent ¢ !
t ¢ .

-~ pressure drop, in- approxidﬁﬁi]b the same as - for a fabric filter This -

is normally in the range of 4 to 6 inches of water well above the

AT pressure drop of 0.5 inches of water forjsgg dry e1ectrostat17/ R
o preeipitator. T _ - ‘1%‘ S
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Demand fo coal as a power generation source wi11 determine - s

the. future growth o_ electrostatic precipitators. Such growth would o
include not only new power plants but retrbfit.units fbr otder p]antsx ,'“

that must meet' envirgnmental regulations. In additio? 1ncreased use :
-~ AN

of‘low sulfur coals will-require.]arger and a more expensive\type d?
devices. . Otheg-markets cquld include application to coal sonversion
.systems to remove\part}culates.-'ln the industrial market, precipitators o~
are being'applied Qn a wet basts to obtain results given by wet
scrubbers [81]. Fabric‘filters will cont;nue to eipand in" the process - ~_
Nindustry as material recovery becomes more important and also as

“poliution standards are more rigidly enforced. The fact that submicron

removal generally is not possible and that a water pollution problem

-

exists 11mits the growth opportunities for wet scrubbers in -

s T

particulate ré%eva] Wet scrubbers are the primary piece of equipment .

-, for sulfur Qxide abatement, and this'applicationfh111 account for the

4

e . ~ .
bulk of growth in the future. . )
. <

Studies show that despite the existence and development of a
», '

. ¢ S
number of control devices he choice of basic\processes for the

effgctive remova] of ?ine partﬂé1es from gases is essent1a11y 11m1ted
\\\1x(‘fabric filters, scrubbers and electrostatic prec1p1tators The
' big maJarity of contr01 devices 1nsta11ed/1n the Iast few years, and

that~w111 be 1nsta11éd in the next 10 years is one of these three
_ types [6]. . . ‘ | ' ( ,
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¢ L3 M"., A ) f N " . . .
‘ ANALYSIS OF AVAILABLE FABRICS [82].
‘o o _ (
‘ .\ , . . ! -

Acrxhc - A man-made fiber compdsed of 1ong-chain po'l ymers of at
1east 85 percent acylonitrile.

s, | Specific gravity:’ 1.12'to 1.18 .
Tensile stfength: 40,000 ‘psi . o o

‘., ~ -
N o
s Y <

. ‘JResista’nc‘e to © i , _
e Tempefature': 275%F maximum for ,prolonged' use; burns readily

S 'Acids: . very good '
XM kal.pss poor
Oxidizing agents: fair . /

»

2 Organi ¢ solvents: gxceﬂ ent

\ . Abrasion: good, but less than po1yesters, poTamides and

; po1 ypropylene
_ Agir:g: excellent’
Trade names: Orlon (Du Pont); Acrilan (Chemstranq‘L Creslan
. (Amerfcan Cyanamid); Zefran (Dow Chemical); Cry'lor (Rhodiaceta), .
. ‘ Dralong T (Farbenfabr/ken Bayér A, G.) S
'".S:omnents Conmon applications 1nc1ud‘e filtration of fer'rous and
nonferrous metals, carbon b'lack, cement Hme fertﬂizers,

_food products, sand, and. coal.




Cotton - A natura}/yeggféb1e‘f1bér. -
’\
Resistance to: <

Temperature: 225°F max{mum .for prolonged use = °,

Acids: poor (mineral ac&ds); good (orgapic acids)

\ ¢

Alkalies: good ' - , ),

>~

Oxidizing agents: ‘fafir
L

Y

) '%} Organic solvents: excellent:

Abrasion: fair

o Aging: poor in comparison with syn%hetics
Comments: Cotton's ready avai]abi]i;y and low cost have made it

‘most pobu]ar for. simple, “low-temperature applications.

<

-giégg - A fu;ion 6f silica sands, limestone, soda a§£; an{'borax.
. Specific gravity: variable ’ ‘
Resistance to: ‘ | ‘

’ Temperature: 500°F maximﬁm'for prolonged use (600°F surge);

-~ caﬁ§§%ere&4uncombustib1e . t
Acia§: éxceflent .

Alkaliés: poor

; [

o oxidizi g aéents:\ excellent

Organic solvents: excellent

Abrasion: poor -
. . N >
Aging: excellent e s 9
4
<o s N [ 4 D’
. ¢ ! i N AN .



- 1\
¢/ - - ‘
Trade ﬁqmes: Famco Fiber (Famco); Fiverglas ‘{Owens-Corning);
Fiber Glass (Johns-Manvilie)

Comments: Because of the poor abrasion resistance\of;g1dss, it is
rarely, if ever, used in pulse-jet:or reverse-jet

collectoys. -

L4

Nomex (Polyamide)- [15] - A man-made fiber consisting of argmatic

polyamide linked structures. o ‘
) N s

Specific gravity: 1.38‘ . LA .
Resistance to: . o "J‘ -
\‘ Teqperature: 4§0°F maximum for prolonged use ..
\*1c1d§: very gybd‘ , . ,
Alkalies: véry good *- 3
Oxidizing aqehts: poor - N

o~ -
Organﬁg solvents: excellent -
: i

v Abrasion: excellent
. 8
Aging:  excellent

) Trade names: Nomex (Du Pont) . .
Comments: Nomex is the standard material for dlmost all high-

temperature applications.

Nylon (polyamide) - A man-made fiber. compbsed of recurring. amide
e -groups as an integral part of the polymer chain. '

Specifié gravity: 1.14 ' | voon

\
- - Resistance to: .— —



Temperature: 250°F  maximum for.proloﬁged us

<
Acids: poor
' N

Iy

A;k§11e;} good .
Oiiéizing agendsy 'good, expect for high concentrat1§ns ‘
bréanié solvents: good, expect for seme phenolic compounds
Abrasion: efze11en§ ’ . X ,
Aging: excellent .
.yTrade naTes: Nylon 6 (Ai]ﬁgd Cpemicals, Enka, and %1festone);

. Nylon 6.6 (Du Pont, Celanese, an \Chemstrand)
Comments: Ny1onpis the most abrasioﬁ-ré§1stant synthetic fiber.
, Polyester - A man-made fihﬁr cgmpoéed of at least 85 percenf ester
of dihgdric alcohol and terephthalic acid.

Specific gravity: 1.35 to 1.38
Tensile strength: 80,000 psi

Resistance to: . z/r
mTemperature:-’275°F makimum for prolonged use-

Acids: good, except to anitric, sulfuric, and carbolic acids

.

Alkalies: good at moderate concentrations o T

" Oxidzing agents:f Qbod 3

Organic solvents: excellent
Abrasion: exce]]ents\second‘oﬁly to ‘nylon
Aging: excellent '

i)




* Trade names: Dacron (Du Pont)- Vycron 2.5 (Beaunit Ffbers);

-Enka Polyester (American Enka Corporation); Eortrel

\

LN (Ce1anese), Kodel (Eastman) ' B

Comments: . The good overall qualities and relative low cost of o ' _‘~%~Z

©

this fabric make it the standard for filter media for

many collector manufacturers.

A 1 -

Polypropy] ene (olefin) - A man-made fiber in which the fiber- fbrming TN

substance is-a 1ong-cha1ned polymer composed of at 1east 85 percent
ethylene, propy1ene or other olefin units

Specific gravity: 0.90 to 0.9 . ' * .

. Tensile strength: 110,000 psi
. )

Resistance to: . . ‘ .

‘Temperature: 180°F maximum for\Pro1onged‘use |

Acids: excellent o
Alkalies: good S R .
Oxidizing agents&\ good

Organic solvents: . good, except for ketone, esters aromati

and aliphatic hydre/;rbons
Abrasion: excellent

Aging: excellent

.~ Trade names: Herculon (Herculues Powder); Amerfil (American Thermo-

plastic); D L P (Dawbarn); Tuff]i%e-P-(Industria]




-

- \ .. o T
‘ . //
o "
§

-

1

or filtration.

., Teflon (f]uarocarbon) - A man-made fiber broduced from

-

. Comments: ‘Po]yp[bpylene is the most inexpensive synthetic fabric.

/the homopo] ymer -

-~ ‘

*

polytetrafluoroethylene. Monofilament yarn is m$de\from the copolymer

Resistance to:

tetrafluoroethylene and hexaf1uoropropy1ene./ ‘/) .

Temperature: 450°F maximum for prolonged use

Acids: .e;cellent .
'4A1ka11hs: excellent
Oxidizing agents: excellent
Organic solvents: excellent
Abrasion: pbdr |

*

. Aging: excellent

. g \

Trade names: Tgflon (Du Pont)',"_

Y

Wool . A natural animal fibei.

Resistance to: r .

Temperature: 200°F maximum for pno]dnged use’ .,

Acids: fair t
A1k311e§: poor
Oxidizing agents:' poor
Organic solvents: fair

Abrasion: good

\

’V?

X

<
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5 Aging: Weakens w}th ‘age; sqscepjcib:le to microorganisms

~ +  Fabric costs vary between manufactur“ersﬁ.,\but the following
table reflects the averaye cost re1atié}vship among the various '

Y

. fabrics [16]. . - . , :

. o - :
oo T _ . o . v
” . ,
P Material _ Relative cost
. 'Poﬂpr:opyl’en'e "~ -1.0 d Lo
. < - L » . . . '
' R K ) Polyamides -1.5 to 2.5 Y .

1.5 to 2,5

B Acr;'liés i
.. ’ ' Polyesters ,) 2.07to0 3.0
: _ Cotton 2.5 to 3.5 i o

Wool, . 2.5 to 3.5. -

- - . - w , -
s _— Glass - > 2.5 to 3.5 . ’*A
) *  Nomex- . 3.0to 5.0 _ . ]
»——‘J* o T - . » . > ':
°. Teflon 20.0 to 25.0 .
l‘ “ ) ‘ - ': N "
’, » )
’ s o . '
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\ ¢ )
’ e , .
. - ! \ .. e v -
o 3
/)
& * L4 | r ' '
"/
. "
’. Y . « . . .
[ - N
] i , . )
”
. &’. g .n kS -
- . ‘ - i ~ .
\ _ .
o t . v’
- "" v
"o ® .‘ £



- - . .
. . i
A - ‘e . . . . ’ N
hd ’ : -t - - . N A
- / , p . , < .
. .
/ - N ~ , ) . .
S . N .- . ¥ -
. - . ¥ -
. L " - .
B N P | ® . . H
. % _ B cell —
- - . e - . )
) . . P |
- . . . . . _ . 2 - :
- . i
- o . . B
2z . .
' i . . 3 ! . - . ,
B N : . ° \ . .
N - - B
. R = . S -
; : - ’ ‘- .
P - . . s ‘
g - - . f . .
- . . 1 . ~ .
. . - N -

- - - - . 1 02‘\ T~ T C4
a . . , R . i . . i .. U, B,
\' , : . - ;/ . -
. > o
. K )
M * ‘o . N ¢
N . a .
. by
—
. ) Y .
" > N -
. - . m R .
- L . N
. . Q. - N
. . I-\l!l\tlJ/ a.. . » s
- - DR T N
. - o - . o )
. v . .
. - . » . . -
2w o ¢ .‘ - : p “
) - - . ’ M u . . ’
: . ~ B : Y 4 . .
* 1 , 1
a0 .
° . R - . ) .
- . I . oot — .:I
< o _ : Coe
L] N A »' \
. . . v
\
A : rl\ - . o T
. . , . . . B
™ A% . 3 :
o e | N
. . . N B L
. - \\ ..‘.. L K] -




\‘ LY ,_‘ o " o
- N o7 - o -
; " J )
d. & Vo S
]
s [ .t \ v .
3 \ \ . \ . - - 9( - ,. ’
| - . ) .
. 5 \\ _ .. , f
L - - APPENDIX II . ‘
' \Q . N
J- - -
) * ' BAGHOUSE TYPICAL~AIR-TO-CLOTH RATIOS [83]. .
& o R .
’ \'
E - S < Usual air-cloth ratio.(cfm/ftz)
‘ T : l Shaker - Pulse- /Reverse-air
\ Dust ‘collector | Jet " collapse
N ~ [ ° .
v Alumina i . 2.5-3,0 . 810 L -
v Asbestos ' 3.0.3.5 1012 1 o°
. Bauxite - 2532 830 ., ~=-
Carbon black  ~ 1.5-2.0 516 = 1.1-1.5
Coal = © . .5-3.0 8-10 -
. Coca, chocolate 2.873.2 %/ﬁ 12:15 ' -
= °* Clay L 2.5-3.2 T9.10 . 1.5-2.0
% Cement o 2.0-3.0 8-10 . -1.2-1.5°7
' Cosmetice . ‘ 1.5-2.0 T 10-12 . ' -
Enamel frit . 2.5-3.0 . 9-10 ~ 1.5-2.0 .
< , t
Feeds, grain s 3.5-5.0 14-15 .-
* 4 5 e
Feldspar : 2.2-2.8 -~ 9-10 -
Fertilizer . 3.0-3.5 8-9 ' 1.8-2.0
Flour . : -/ 3.0-3.5 -~ 12415 . -
Gradyite . 2,025 5-6 " 1.5-2.0
| « Gypsum| - ) "2.0-2.5 10-.2 . 1.8-2.0
2 Iron ore 3.0-3.5 11-12 ol
- Sk : s \ J
N ’ . _ 5 |}
: L

'?\/

ET Yy & T4



-

Usual air-clot ratio (éﬂn/ft?')/'

Shaker Pu1§‘e- ‘ Reygrse-air

Dust ~ Collector Jet collapse

«¢« Iron oxide 2.5-3.0 - 7-8 1.5-2.0
Iron sulfate 2’.0-l2.5 " 6-8 ; 1.5-2.0

- Lead oxide 2.0-2.5 6-8 1.5-1.8
Leather dust 3:5-4.0 - 12-15 / -
Lime 2.5.3.0 - TS PR
Limestane 2.7-3.3 8-10 -
Mica 2.7-3.3 9-11 1.8-2.0
Paint pigments 2.5-3.0 Z-§ 2tb-2.2
Paper 2.5-4.0 10-12 -
Plastics 2.5-3.0 7.9 - -

. Quartz 2.é-3_.2 9-11 Yoa
Rock dust - 3,0-3.5 ‘910 ; -
sand - " 2.5-3.0 10-12 . -
Sawdust (wood) $3.544.0 12-15 - -
Silica . 2.3-2.8 7-9 1.2-1.5
Slate : 3.5-4.0 12-14 -

Soap, detergents 2.0-2.5 ° 5-6 1.2-1.5
spices . 2.7-3.3 10-12 -

' Starch 3.0-3.5 8-9 -
"Sugar © 2.0-2:5 '7-10 -
Tale . .10-12 -,

2.5-3.0

NP m o Al RIS P AT
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‘ -
: . — ).

. . _aBsual air-cloth ratfo (cfm/ft ))
s Shaker Pulse- revérse-air
Dust Collector jet n cb11§Psg

'?jizfc,f Tabacco . 3.5-4,0- 13-15 -
©* Zinc oxid® - 2.0-2.5 5-6

oo

1.5-1.8°"
N .

——‘

Note: Vaiues/fabu]aﬁéd are based on 1ight to moderate loadings of
' A

granular dust having particle size and shape characteristics typic&I'

of tﬁ% specific material. Ratiés will normally be less when dust

'1oad1ng is very héiky, temperature is e}evatéd, or” particle. size is

“smaller than commonly encountered.
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