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21l DEFINIT10N AND SCALES OF CONCENTRA■ ON

Att ponution mtt be dettned as aw atmosphe五 c condition in lvhich cettain substances aFe
present in sucll conceniadons that they can produce llndesirable effects on man and魅

en■■rohment.These substances indude gases(sulph画 o如des,nitrogen omdes,c〔 rh
lnono対de,hydrocarbons etc.),pε 」おultte matter(smOke,dust,fumes,aerOsols),radiOachive
lnaterials and mary others. ][Ost Of these substantes are naturally present irl the

atmospl■ere in low(backgrOullめ concentrations and aFe uSually conddered tO be hardess.
Tl}e bacぃund COncentrations of various comp∝ ents of dry air near sea level and ileir
estimated residence times are gl■ en in Table 2.1. Thュ s, a particdar substЯnce cAn be

considered an dr pouutant only When its concentl・ ■lon iS rela伍 vely high cOmpared宙th
the backgrollnd、″alue and causes adverse effects.For exanlple,sulphur di磁 de,ifpresent
h the atmosphe∝ in co“entrations 3retter tllan tte bacttound Value of 2 x l針4 ppm

and causes measurttle ettcts on humms,allimals,plal■ ts,or proper場 ぬen Only it is
classied as,na■ r pollutant.

‐ e cOncentration of a poll載 ant inぬ e ttmosp¨re can be expressed in a■■_ber of
ways involving uits of weights Or v01ume per unit weight or volume of ai■ Four
cotenttations sCales arO generally used to desα ibe tlЮ concentrations of either gaseous

or particulate pouutants.

ぬ:L覇鼻鵠蹴s∬

…

、%'deAned as tt r狙
o中e mttSぴ pdutant b

%  
れp

where rzris the mass of the pollutant arrd- mo is the rnass of pure air in a given volume of
air-pollutant mixture. The second concentration scale is the volume concenfuation, yr,
dbfined as the ratio of the volume of pollutant to the volume of air plus volume of pollutant:

yp  
岩

.̈(2.1)

.̈(2.2)
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Table 2.l CompositiOn of ciean,dry atrnospheric aiド

The third

(pp壺1),4/ppЩ :

7no-=/ox106 (̈2.3)

十Single values for concentrallons,Lstead of ranges ofconce・ltrattons,are bq ven to mdicate order

of matttude,not speciic and llniversauy accepted concentrations
**Little is knO■m about the residence tlme

ie糧為種讐 ∬種導鑑rCl)戯辮 肥霧T]驚鰍:λ鳳慧ledas
pp   
υα+υp

T'he concenfration of a pollutant whether it be gaseous or particulate is a.i present
commonly expressed in terms of p,, usually as micrograms of pollutant per cubic metre of
air and pollutant combined, (pglm31. A number of relationships can be developed among
these concentrdtions, but the conversion between yon* and p, in pglm3 for gaseous pollut-
ants is of speciatr interest. Combinirlg E,qs. (2.2), (2.3) and (2.4) we get,

concentration scale is

pp=可
こ「
yppm 10~6

parts per million

..(2.4)

(25)
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Prp(109)″●
′ _

υP (s.sla r lo')t'

″22 _ν ,(109)

υp    24.45

…(26)

.(27)

where P is the total pressure rn bars, i.t o i, tt . molecular weight of the poilutant, ? is the

absolute temperature in K, and 8.312. x tr0-2 is the value of the,universal gas constant
expressed in u:rits of m3-bar/kg mol-K..A.t the standard temperature (25 'C) arrd pressure
(1.0133 bars), Flq. (2.6) reduces to,

Subsdtutil■g Eq(2_7)into Eq.(2.5),we get tl・ e relatton betlveeln p72(μ 3/n■
3)indゞ

ppれ :

pp  ]々
Pyppm(103)

.… (2.8)

The constant in the denonlinator beconles 22.4 atO° C alld l atnl pressLlre.

EXarρ′e

Carbon mono五de(CO)iS present in standard atlnOsphedc ttr at a cOncentradon of 50
ppm.Comptteら,pp and%valuesお r the CO concentra逓on in d℃ atmosphe“

SO′υこion

From ie statement of the yOblem,為 pm=50.Tl.e alr densiけ at Standard condlllon is

i1851響缶13,and Lhe mdec171ar weiよ t2yp is 28.From Eq(2.0,

yp=γ
"m10~6=000005

Froll■ Eq_(28),the mass volumё  cOncentration,%,iS

%訃 =屏

‐                         =57.26(103)μ g/m3=5726(10~6)kg/m3

.鱚
躍 wTtti樹 ち‰ :懺

C』C」就 配 田 団 螂 :

≒

=号

 (続 )

Butぬe teYIn(れ a+74P/υ
`キ %)can be wntten as

ア

Arr‐ IPOソしtioni

_t==1■1liil=tr at the peIIect gas law hOlds fOr pollutants that are usllally fOrnlecl in the

atmosphere, we can express the mass density of the pure componeni pollutant, mo lr.t r, in
units of gglm3 as,
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'rnL + 7TLP

ua + rlp

Taking tlre density of air, p u, as equal ta mo I u o, we get

Q=

ηりP

υp

Sutrstituting the relation p, in the above equation, rve get

=lilに一yα )十
1il・
yp

〃
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Subsfituting
concentration,

'Jl,, = 
--- 

iP-

o"(1-ro)+P,

the values of Fp, p" and y, into the above equation, we get the mass

ゆ=而

=0.000048

2.2 CLASSIF:CAT80N AND PROPttRTIES OF A:R POLLUTANTS

2.2.可  G恩assification

The va五 ety of matter emltted intO the attmospl■ ere by natural and antlropo"mC SOurces
iS,O diVerse that it is dinttcult to dassi4y air p。 1lutal■ts neatl,1lov・ 7evett usually they are

divided i.■ to tv/o categories Of prilntt p01lutants and secondaw pollutan愧 .Tlne primary
ponutttts are those ttat tte emitbed directly 3‐ om the scDurces.■ 般ical pOllutal■ts inauded
under this category are particulate matter such as ash,smOb,dust,fumeS,mist and
spray;horganic gases sui as sulphw dioxidё,hydrOgen sulphide,nitric oxide,ammomia,
cal・b6n lr.onoxide,carboh diは ide,al■ d hJ‐dl・og∞量uo五d6ole丘面c and鑽 Omttic hydrocarbons;
and ra並 oactivc・ compounds.■he secondary pollutarts are those that are fOnned in the
atmosphorc byぬ enlical interacttOns a■ llontt prilFlaり pontta鵬s and nonnal ttmospheric
COn■it,etts.P01lutarts su6h as sulphw t五 はide,量缶ogen戯はide,PAN(p∝。xyacetyl
nitra"),6zone,aldehydes,ketones and va五 ous sulphate and nitrate salts are hclud(対 in
tl■is catepry
Ofthe large nul五ber oFpttmary poll■ lt触愧 emitted inわ J■e atmOsphere,only a few are
present in suttaent conce■ ltrations to be of量nmeぬate concern.These εどe the五寺em剣 or
types一prticulate mattett sulphur oxides,磁 des of nitrOge五,carbon monoxide,and
brdrocttbons.Cal・bon dio対de is generalb not cOnsidered an ttr polltltaltt btlt,becallse of
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cide dusts and certalll imes released frorn dhettucal plants also contailn Organic com―

pounds.町drOCarbons themselves can coalesce mtO aerosol droplets that constitute one
kind of particulate r■ oatteL The lnost hannn■ l cottnponents of incomplete combusuon are
genera■y grouped as partictllate poし cycliC Ottanic lllatter(or PPOM).These mtte五 als tte

derivatives of benz‐α■巧rene,a potent carcinogen.

■ Of tt the differmt types of pattculates irl tte atrnosphere,ie presmce of t■ ・ace

elements such as cadnliurn,lead,lЦttel and mercury may constitute the[Featest heal伍

ha7ard.NIany 6f the tl・ ace lnetals are tは ic and are concentrated in the lClnest ofparticulate

matter in a variety of combined fo■・ms such as o洵des,brdrttdes,sttphttes_and nitrates.
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its in"eased g10bal backgrollnd cOncentra儀 On,its infl■lence oぬ globd dillnatic Patterns is

ofgreat cOncern.Tlle radioactive pollutants are ofspecialised nature and they are beyond

theSttl∬
般 F鼠乳 職

・
獣箕 温 r爵 鮒監 認 :∬壇 fim協 亀 ictt reacttoAs h the

atmosphere.The reaction mecl■ anislns and variOus steps involved in tl■ e prOcess are influ‐

enced by many fadOrs sucl■ 器 ∞ncentrttion Ofreactants,the amollnt ofmoi,ture p“ sol■ b
in the atmosphere,degree ofphotoact市 嵐ion,meteOrOlogical fOrces,and local LOpo「 apl平

2.2.2 pFoperties of′ 1ヽ『 Pollutants

ParttjGttlafe MaF』 b『

In gel■eral the term``particulate"refers to`■ l atmosphettc substarlcesぬat are noし gases.

They can be suspended droplets or solid particles or=nixtures ofthe tM7o.Particulates can

be composed ofinert or extlaela■ ely reactive rmaterials ranging in size倉 om loO μm downto
O.l μm andless.The ine■t llnate五 als do not react readibwith the en、 iきonment ttr dO they
exhibit any IFlorphological changes as a resdt ofcombustion or an57 other process,lvhereas

the reactive mate五 als cOuld be further Oxidised´ or may react chemically With the
en,■ronment. 、
馳 e classiflcation of various particulates lnay be=nade as follows:

Dustllt conta■ ns par饉cles of the size ranging腕 撃 l to 200卜lm.These areわrmed by
natural disinteratitt of roclc誼 ld soil or by the me(■ anical processes of grinditt and

sprttg.They have large Settling velodties and are removed fl‐ om■le air by grav■ty and
other inertial processes.Fin6 duも t partides act as cel■ res of tatalysisおr rnatt of the

chenncal reactions taking place ill the atlnosphere.

助 泳θf lt contaills ine p鋼髄des oftte size ranjng急 )mO.01 to l llnn wlliぬ can be
liquid or solid,al■ d are formed by combusion or otbr chenlicd pЮ cesseS.SmOke may
have different colours depending on the nat■ lre of mate五 al burnt

Fュ璽
“
′These tte solid particles ofthe size ranttng iOm O.l to l μm and tte normally

released from chernical or nletallur」 cal pttCesses.

msι:It is made up Ofliquid droplets 3enerally smaller tllan 10 μm,which areお rmed
by condensation in the atmOsphere or are released from industrid operations.

邸ρま It iS the mα ist in Which the liquid is water anu is su∬ iciendy dense t9 0bSCure

VlS10n.

AerosaF:Und“ this category are included all air‐ borne suspensiOns either solid or
liquid;these are generally smauer ttan l μm.
Particles in the size range l-10 μm have measurable settling velocities but are readily・
Stirred by,ir lnovements,whereas parttcles ofsize O.1‐ l ltrn haVe small settling velocities.

ThOse belowv O.l μnl,a subttlicrOscopic size≦ bund in urban aitt undergO random BrOwnian
motion■estlltiF■ g irOnl c011isions,InOng individtal■ lolecl・ les.Fig1 21l compares the sizos
of atlrospherid particulates tom various sources.Most patticulates in urban air have

sizes in the ran舒 30.1‐ 10 μm.The rlnest Яnd the smallest particles are the ones wl■ich
cause signiflcant damcnge to health.

The chemical cornpOsitiolll ofparticulate pollutantS varies over awide range The actual

compo■ion iS Verymuch dependentuponthe originoftte particultte.ParticleS iOm sOils
and mmerals pnmarily contam c● ciullll,al■minium and siliCOn cOttOunds.Smoke from
combustion ofcoal,oil,wood,and solid waste coIItains lnany orga血 c compouttds=Insecti‐

LECTURER KHALID AHMED SALIH



砕 轟出鐵躙 鯖 L鵬鍬思亀品算撃驚轟:枷ぃ キ■
^va△

 Th=h細 ..+OЯ  O十 ― ^anЪ
△ 摯△  Q∩  .・ △ ら 01Cハ l‐ ハ +^´ ヽ △ _1,.11■ ,^.・I"li"* "i. 

t" sulphur trioxide. In a polluted atmosphere, SO, reacis photochemically or

l'lri[i."ffy with other poliutants cr normal atmospheric constituents to form sulphur
*.":-:;; .',lohr,,.i. acid and salts of sulphuric acid't"'i,}"i*iri6xids (SO3) is generally emitted along with SO, at about 1-5 per cent of the

o^ 
".1-rjcert"ution. SO, rapidly cornbines with moisture in the atmosphere io form sulphuric

1,3 *U.f, has a low dew point. Both SO, and SO, ar'e relatively quickly washed out of the

llin"ofr"." by rain or settle out as aerosols. This is the reason why SO, mass in clean dry

;;;; ;. small compared to annual emissions from anthropogenic sources (Table 2.2).

Table 2.2 Comparison of the amounts of anthropogenic pollutants with the amounts
naturally present in dry, clean air

用化r"θ■OXides

Ofthe S破 Or seven o対des of nitrogen,Only three― nitrOus ottide(N2°)'五t五co対de(NO),

and ntrogen dio対 de(N02卜 are fOェ i・・ed h any appreciable quandties in the atmosphere.
°

鵠 胤 鑑 選 :肥 躍 。講乱 :ξ 鷺 轟

r and tte“お童edわ 案 NQ.
ltoxic gas present in the natural atmosphere

h relatively large concentradOns(0.25 ppm).The mttor source OfN2° in the atmosphere

is the bio10gical acti■7ity ofthe soil and there are no si劉 五cant anthropogenic sources.It

has a low reacti宙けin thelower atmosphere and is generalサ nOt COnsidered an air pollutant

Nitric clnde is a colourless,odourless gas produced largely by fuel cOmbustion lt is

蹴盤1肌:き∴酬席11:器翼鴇lT乳樫撫職iF鰤臨:観臓
concentratlons ofabOut 0112 ppm lt absorbs sunlight and i五 tiates a se五 es ofphotochemical

“actiona Small∞n∝武r五onsぽ N02h凛麒 _椛lぷ縄:Wi諄圏麗l漁is probabサ prOduced by the oxidation ofNO b5

as a pollutant;it is enutted by fuel combustion and nitric acid plants.

Carbο
"Mona沼

“It constitutes the single largest pollutant in the.1lrban atmosphere.CO is cololll・ less,

odol171eSS,and tasteless,and has a bo」 ing pon■t of-192°C.It has a strOng〔遭謁ヒ五ty tov/ards

the hemoglobin ofthe bloodstream a,d is a dangerous asphメ ant The rate ofo対 datiOn of

carbon monOxide to,引10■41はide in the atmOSphere seems to be_vew_slowi m破tures of
CO and O,exposed to sunlight for several years have boen follnd to remain dmost

i ll,|■ liti lヽ
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unchanged.CarbOn IInonoxide is present in small concentrauons(o l ppnl)in the natllr戯

atmosphere and has a residence tilne of about s破 months.The lnain sources of CO in the

urban五r are smoke and exhaust imes ofrnany devlces burning coal,gas or oil.

Hydrocarbο ns

The gaseous and volatile liquid hydrocarbons are of particular interest as alr ponutants

HydroCarbons can be saturated or unsaturated,branched or stl・ alght_chain,or can have a

五ng Stmcture as in the case of aromatics and other cydic compounds.In the satllrated

class,methane is by far the most abundant hydrocarbon constituting about 40 to 80 per

cent Of the total hydrocarbons present in an llrban atmosphere.The unsaturated dass
includes alkenes(oleflns)and acetylenes.Among the alkenes the prominent pollutants are

ethy71ene and propene.The arst member ofthe aromaic class is benzene,but some ofits
substituted derivatives such as toluene and“‐xylene are usually present in larger

concentrationsin the urban atmosphere.Terpenes tte a particular dass ofvolatile hydrocar_

bons emitted largeサ by natural sources.These are cyclic hon‐ aromatic hydrocarbons found

in pine tar and in other wood sources.

The hydrocarbons in air by themselves alone cause no harmful emects.They are Of

concern because the hydrocarbons undergo chelllucal reactions in the presence of sunlight

and nitrogen Ondes fo....ing photochemical o対 dants of which the predollllnant one is

Ozone.Methane has very low photochemical activity as compared to that of other hydrO_

carbons.For this reason,itis the non-lnethane hydrocarbon concentration that is ofinterest

while considettng air pollution.

2.3 EMISSiON SOURCES

The sollrces of air pollutants are nulnerous.They can be grouped according to a vanety of

methods,including type of source,number and spatial dist五 bution of sources and tylpe of

emissiOns3.

2.3.l Classificatlon According to SourceTypes

Source type refers to natural and anthropogenic sources, as well as to additional

subclassifications withiu each group. Natural sources include wind-blown dust, pollen, sea

salt nuclei, volcanic ash and gases, smoke and trace gases from forest fires, and terpenes
from forests. Anthropogenic sources cover a wide spectrum of t1pes. Table 2.3 includes a

list of major anthropogenic air pollution sources, and their characteristic emissions. The

most important of these with regard to quantity are the products of combustion. The

combustion of fossil fuels results in the emission of a variety of pollutants into the

atmosphere of which the major ones are SO2, NO", CO and particulate matter such as fly

ash. Also emitted are small quantities of water vapour and trace metal oxides, e.g. oxides

of mercu4r, lead and cadmium. Incineration of solid combustible wastes and refuse gives

off a wide variety oi pollutants depending upon waste composition and combustion
conditions. These pollutants include aldehydes, benz-cr-pyrene, CO, NQ, SO2, hydrocar'
bons, arnmonia and particulates.

Next to combustion systems, the major sources of air pollutants are chemical and

metallurgical industries. Thus, a major, and often quite concentrated source of sulphur
dioxide is the roasting and subsequent treatment of nonferrous sulphide minerals,
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p血 咆 aЦy lead,zinc,and cOpper Ores.Irl additiOn tO sc12 enuSSiOn,these operatiO.ns usu‐

』しprOduce dust and imes Ofp五 mav l■letal ttides and s3屹 1l quantities cI.trace rlnetals

Tab!e2.3 Classilication Of anthropc19ol‐ iC air po討 utior sol_l「ces

|14″ IPL・ Flty″ a′ f3bム
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In ie case of tton and steel industっ らar poll武iOn ottjnttes fl・om large scde h愛
te■■■perature processing of cod and ilon ore.璽 le rnttor emiSSiOn sources indude Ore
sintermg,coke ovens,、 vaste water quenchil18 of hOt coke and iurnade cttuents Sonlleご

伍e signiAcant el■ lissions are dust,輛les,野dj・OCattons,tars,H2S and S02・ In nOn―metallic

珈暉leral industties l量 e cement,glass,ceramics and reFradottes,the opera逓 ons ofminlng,

crusl■ing,transport and scorage oftlle mat“ als result in the emission oflarge qllanities

of hazardoRIS dl■st.

ne chenmictt process industttes tte tlle source of a Nvide'a五 e,ァ OtC ir―pollutants

enlissions associated M/ith ralv l■ latettal process■ ■3,reaction loroducts and their puFiflcatiol■ .

Solne of tlne pollutants e■■統ed 7i onl LnOrganic che童1■cal industl・ ies are S02 gaS,S03~~

H2S°4コniSt,NH3'N02'野 drOgen fluO五de,HCl gas and I12S・ Synth(liC Orgamic cheコ nical
industries emt a varieけ ぽ野 d70CarbOn compounds and sOl“nts l■e C6H6'C6H5CI13 and
CC14 intO the a缶 mOsphere

Petroleunl reining operaliollts are a maJor source of air pollutio■ ll, emitting such

pOilutatts as歯 des」 smph‐ar and sulphl■ r cotta■ ning vapout‐ sfbm va五〇us stages ofぬ e
reil■ingprocess,paruculates iorn c前ヽ st“多neration and recyClil電,H2S and mercaptans
v″lich are sもほpped金om hghおrダades Of ruel and hydrocarbons量on■ leaks in valves,
pфdines and storage tais.

Pulp and paper induscry is a ll10tO五 ous source(f ma町 羞←pollutants emissions into
ぬc atmosplore Sulrilur bea衛 零 malodourollS gases such as H2S'mdbえ m∝captan,and
meLbi Sulphides are emttted iom b10w tarよ s,ev`porators and rec∝ ett furnacc ln
addition, combustion Of wood,vaste results in large particulate emissions into the
atmosphere_                   、

Food processmg covers aマほde range Fac五宙des hclu“ng dr)ing,preselTation ofお od
ll■atenals and packttg These acu宙 ties produce stldh pollutants as dllsts iom bCnnding,
mining and l■ andling operations,範 d odours associated聯 ith Ыological decay of food ma―

terids.Use of agrlcdtural chemictts ttr量 2prOVerlerlts L crop yield,foiF control of weeds

and insects reslllt in emission of pouutants like五 trates and phosphates,pesiddes,ar―
se」c and lead pa■・ticulates m60 tlle attospllere.

2.3.2 Ctther ttethods of Groupillg Air PonutiOn SouFCeS

Ar polluion sOurces can also be`Fouped accorttg iЮ  n■llnber and spatial distはbudon.
These include sindeくr pOint sources such as steel mils,power plantも ,oil rettne五 es,and
pulp and paper Fnills etc.,multiple or aビ ea sources such as an entせe residentialど ea,Яnd
line sources whcllindude hiょ WayS Ca=r)iFg moving vencles.A∞ ぬ er sowce grouphgis
by the type of emissions with pattic漣 ate and gaseous emissions being the two maior

div■slons.

2.3.3 M輔 oぽ E翻:SSi@ns fFott Global Sources

The esttlnated magritudes ofF■ ttOr air pollutatts emited計 om mttous 3rlobal sowces are

given L Table 2.4 Asseen f■・om tl■ e ttorn ic table ie tot」 』obal elnission of pa■ ticulate
matter is estirlnated to be 2865 milliorl tonnes per ye藁 _Ofぬis total eFrtlSSion Jthe llatl■ Tal
enl■ ssions iom bσ晨lp五Inary and secondaFァ sources account fbr 2096■ lillion tOnnes and

anttropogenic sOl■ rces account ior 269 1ninion tonrles.メ ばnorlg tte primaty sol=rces ofnatu¨
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enlissions,sea spray is the largest single contriblltoち amounting to 908 nlinlon t。 .Dnes

with soil dust making up mos" of -lhe remaining amount.

Table 2.4 Esimated global emissions of mcniOr air po‖ utants(reFs.4,5,6,7,8)

a Most NO, whether from natural or anthropogeoic sor-lrc€s, is oxidised to NO, within a few days;

'rhns, the clislinciion maclo here is somet, hai ar'oitrary'
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勁 e secOnda7 60uヱ℃es oF nattral partic」 aね emissions aie gas phase cllenlお al r甑―

f隠 もま∴ ″ 鑑 醐fu、 み れ 聰 w3枷
漣 terpe“s¨∞饉 t勧 ぬeamud pЮ ―

3 1n cOnむ ast,global particalate emissiOns Of
mtttOpo辞 量 cO菫遇興 け Chemical“ action bet颯 ァeen gaseous pdlata■■ts comeわ cncOund 185
mil■on tonnes per"a■ Tllis is ab01北 19 per centぽ 観■ea燎ollnt of natu.‐ al 10attulatts
produced by tte sarre pЮ cess.The ttrect introd■ lc,on Of(pu・ ima7)paFttctllates in"tlle
amOsphere“ sttti将 急m tte cOttbusion Of iels,cemerlt manuLqt面覇,a3rlcdt17ral
bul・l■ing,and sohttas漱 )disPosa1 0perattons nnlounts to 84 m■ ■on tЮnmes per yea■

Sdphur diO対 de is e■饉tted into the attnospl“ re ettheF ttre,し ly“.g.,・Cr・。1ュ hel CO五bus‐

:轟ぎ輩 才置 灘 灘温 聾 尋 諸 憑 群 盤
5A=∫

:。盤 辮 嶽 翼 覇 鷺島
and sea spctt cttdt about 130 arlillicn tonnes of su助 Jhur per year and the anthrOpoge/nic・
s“rces such as ccal col‐ nlDtlsLion,pe"olcum■ arld smeling operaiOIns release alII addicioFl』
132 1nillion tonnes ofS02 ari■ luaIけ intO Jhe rncl‐ncspheκ .職■e largest sh」e cOnhibution tO
油Ю total antllroroO〔姿niC emiss範,abo載 70p●・ r cct■t,is ttade by coal cOmbェs檄)n.No
m■Or natttral sourcesぽ S02 are kno、強,alttou」 aヽm」l amOunt is probably present in
gases c述tted uttЮ t13h VOICallic acN熱、

3oth natural and anttopO参nic sOWCes conbFibtte to the erl■ ssion of nittogen oddeさ
tO tte attosphere.α obal namral e.nisslons,rnahし dlle tO b2畿 )三al ac●宙けin the Sdl,
are estimaおd to be 455 nlinior範 es Ofl(O per yean Corlbllstton of ooal,0遇 Or natul・al
gasin power plants or機 iiternal combllsicll■ en31ttSis tte mttor sOぱ Ceぽ anttЮpottlaiC
ettlissicln of nttt・ ogen o対de. It is estimated ttat 48 mill10n tOnnes of ttese o五 dbs are
emtted per yctt into the aimosttre Fro理 壼lese activiuest Tb arnottt repotted is btted
on N02 sil■ce nlo磁 ご the NO is o五 diged to N02 Widli.taお w dtts.HoweveL it shodd be
noted that it is NO and not N02 Whitt enttts籠9 attOsp発

“
reよ面 墨a寛1時

The m可∝ SClurces cF caibon mol■ o対

“

irL ttЭ en・7ironment tte incompltte combustion
of carbOn¨ ecus ttЮls,o対dation of meiane and fom』 dchytt deふ、d frorn bilolo3ical
ac饉、■ちら■Ю deCεtt ofc3o“plりllin planお,the atae and tther biolo」 Cal s01lКes in oceans,
andthe phot∝ hemical o対datton ofterpenes tts scenヒは 受℃TaЫe 2.4ぬ e ttatll.‐al solrces
iar eくceed tlЮ anthЮ po〔委nic sOurces in CO erlisslon.Global emisslons iЮ m nntlralso調∝es
arFlount tざ 聾 esti■rlattd 3364五 ll■on tOnnes pα  ttar and drse are appЮ 麗 薫 a缶サ e彗 ュt
i=Юs more tI軍壼l rc130 CO e巌 issions fI・ om all human activi塩 es.About 88 per cent(r dis
競 al comes from attmsphericは idattonご CH4銀dおrmaldeりde and tte remai通喀 from
other sou“es.

The ma∝ sources of貯 轟ocaぬOns ettssions into ic atlmosplnere aお utt natural.
sorces.Swamps,mttshes a.nd other w工 ∝ bOtteS genertte an e,timated 1450 mttlion
ねnnes of lnettane per"ar i載 。色e atmosphe“ .Rants are also natlヌ ral sourceξ ol
atmospk冠ic hy歯ocattons.They eュlut an estimated 170量 滅1lon tonnes oi terpene_type
hydrocarbons into ttc atmospllere.The signittant ant壼 opogenic soぼceS a“ incineratton
operatお ns, evaporatton of solvents in industI・ ial coaing and deaning, and illcomplete
con■b“伍on ofcoal,0通 and wood.The la.‐gest sotlrce of憂 島orne llydroca■・bons,l■ Ov/eve焉 お
the entte c5κle condstttg of prOcessing and using of pettoletu1 0n a wOrld■ vide basis,
the annual anttrop。霧nic hs毯ocarbo■■e=lissions amo■lnt to an es讚mated 88 million
tonnes_
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rmpOra″∝ 0′ Anttrop∞enた So“鰺es

lt is ew■ dent tom Table 2 4,the pollutant ettlission frOm natural sollrces is lnuch greater

thanぬat ttom anthropogenic sources.Fortuntteちらぬe fOrlner are distibuted throuま o就
the、7orld and eventually they reach a sink such as the ocean or the soil Thus,the
atmosphere can deanse itself■i・on■ the pOnutants rven suttcielnt time.On the other hand,

anttpogenic sOttrCeS Of pollllltants are concentrated in speciic locatiOns,such aS urban

areas and reach very higlllevels in tte atmosphere.For example,95t098 per cent ofthc

atmosphe量c ca■・bon mono対de in an urban area comes iom human acti、iies andぬ e
resdthg le“ls of CO are cOmmOnけ 50 to 100 times hi3herぬ an the ttaracterisic global
values of 0 1 to O.5 ppnl.The enlission of these pOllutallts is at such nlass豪 、rates that

they overv/hel血 伍e capacity of the ettironment to cleanse itsell

The e競eFlt Of maゴ s contrlbLltiol■ tO glob‐al pollution is e宙dellt from Table 2 2 117heК  a
compal・ison of the tOtal〔 unount of anthI・Opogenlc generatton of pollutants is made、 、電th
their amounts present in d(ッ L clean ain Tl■ lls,the inttuence of anthropogenic sOurces is

qulte sig面 cant and the air pollutants not onlbr ttretten the healtll and wellも eing Of
popu調onin a particular locttitt but COtlld alsO produce a"erse effe∝ son aが 6bal sc,le.

2.3。4 Emission Sources ih lndia

Ail・ pollutiOn sources in lndia mり be grotlped il■ to rural allld urban sOurces.The rural
sottrces are those clnitted mahし 金Om burilitt ofbiOfuels and the urban sources o五」nate
primariヶ 倉omぬe use of fossil価 els Tlle bioftlels used in rur』 areas include ttelwood,
dry cattle dung a71d Vegetable v′ astesI Burning of these tlnprocessed iels generate ttr

pollutants slК h as Carbon mOno対de,N【)2'SC12 and ttarocarbons.Wolnen in ttle ho■ lseholds
whO use these luels are exposod to l並 dh conCentrattons of air poll面 ants.The nature of
iese pollutants and thdtt heald■ enbcts are not、vell‐knc"n desptte the long expe量 ence
rural、vOmen have had、、■7ch tttcse fhels Anotl■er reason cotlld be that these enlissions are
localised and have little impact on the enマ Tonment beyond their hmedirate premises.
The co壼bustton offossil ruels and thr produds is responsible ttr a sizable amolmt Of

誠r pollution in ul・ ban areas and coalゃvas the greatest conも Fibutor to air pollutton fbllowed

by fl■el oils and mobile sources.h ad選 伍On to burmtt of fossil iels,mttor industries llke
steel,paper and pulp,te>動iles,cement and fertilisers cOntribute relativeb small but
signif■ cant amounts ofttr pollutancs to tte natお 由 就mosphere.Shce most oftteil.dusttes
arelocatedinmttOrcities,tbsesitticantvadd ttu■ e polltltion blFden Ofぬ e me缶opolitan
areas.

Howevet the air pollution scene in urban a“ as haS Chal℃ ed drasuc」 lyマ近ね the
lilDeralisation pohcies of the government of IIndia, allowing more car ntanufactllrers to

enter the lndian lnarket in 1990s.NoM′ it is nOt factories but mdor vehcles―cars,buses,

trllcks,8‐ wheelers and 2・ vl‐12eelere、一which contribute rtearb7 65‐ 70 per cenら もっthe total air
pollutton b■nrden oftlle ci飩 es.For example,Ballgaloro had l,00,000 vehicles in 1976‐ 77 but

by 1996,this number has increased to nearly 9,00,000■ ℃Lcles wl■ ich released a polution―
load of l145 tonnesだ ay ofCO,町 drocaんOns and NOx.Ofぬ e t9t』 daiし p01lutiOn load,two
and three■vl■eelers conttabuted 57 per cent and Sur lvhcelers conttilttted nearb/30 per

cent.3ut in a Span ofjust tv′o years,(he contribution of 2 and 3-Nvheelers had increased

t6nearし 75 per cent.
Similarし Delhrs vellicular poll■ ltion conhablltes about 70‐ 80 per cent of the overall
pollution load in the city Evenマ高th the implementatlol of cOュ Ёr。1 lneasures ancl consid―
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eing the present trend of erOⅥ th Of Vehicles,it has been es続 mated that the load of alll

maor pollutants in鷲■e ciサ 宙 1lincrease more ian静 7o―fold by tlle end of2005■ om the士
1991 levels(Table 2 5).Pollutanls of concern emilted in substantial qllantity by movlng

vehldes ilclude CO,NO.and HCs,whiぬ conl五btted me=し 94 per cent oflhe btal
lJollution load in 1991,Lis ratio has relllained fhirly unchanged in 2005 v′ l五ch indicates

the contirtued increase in the concentrtton of these pollt■ t鐘ュts.

Table 2.5、 laor annuai po‖ utant enlissions in Delhi(ref 25)

According Lo the plaharashtra Pollution Collcrol Board,the amount of air polll■ tion in

Mumbtt due to auto ettaustin 1999 was 501 tonnes oftl■ e tOta1 818 tonnes per day.The

concentration levels of N02'reSpirable suspended pa■ ictllate matter(RSPNtt Or PN110)

aild CO has etteeded clle ail・ qllaliサ sta通ards prOInttgatecl by the Cel■ tral Pollution

Cbntro1 3oard except in residential areas M/here only SP卜1 levels llad exceeded standards.

Parttculate matter ofless ttan 10 μm l・ asa ngh m。島iとサ rate征ld J“se comprise about
40 per cent Of jhe total suspended particulate=natter(SPhl)

2.48鍾闘AV!0けR AND F層匡③
「
A]R P③ LL∪TANTS

赳 though lax℃ p arr・ Oulats of p。111JLants are dischttged anl■ ualv ilntO tte atmospllere,the

vewぬct iat iett amhett levels have Юmai¨d“ry muぬ the sanle throu8110ut tlle
Mrorld suggests that there are celtain pathマ ァays of exchange ion■ the atmosphere to the

Earth,whЮ reけ the p01lutants are continually removed.Tnese pathways or ie scave襲嬰ng
processes,as ttey are camed,Inav beダ ouped as folloM′ s for bOぬ pariculates and gases:

Pα′ιじεttZαたsf(α)ミヽ t remOval by precipit就 lon.

Gases:

(&) Dry removal hy sedirnentation, impaction and diffirsion.

(o) Wet removal by precipiiation.
(6) Cheinical reacbion in the a,trnosphere to produce aerosols and./or

absorption on aerosols with subsequent removal.
(c) Absorption or reaciion at land and ocean surfaces.

2.4.l WetPi.ecipitation

Wet precipita韻 on has tv′ o disinct lnechanisms ``rainotlt''artd“ washotlt".The first in‐

dudeS vattous processes taking placc inside clouds,whereぬ e contalninants serve as
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・
テ「:Tll:III:|IIIIi‐|11■1lT:聯警口「Ⅲl坤柵判睡
condensatton nuclei on M7hich dfOplets condense.The secottd mecha」 srn reirs tO tte
removalご p011,ι ants below the doud level by■ ■1ling rain.S、t pFecipitttion is one of ile  i
mOst efねct市e sca57enj13 pro9eSSes for both patticulate and gaseous pollutants in a 81obal

sense Tl■e rainO■ll lmedha五sln is pa■・ticularly ettbctiveおr Aitttn pal・ ticles whose size is

less than O.l μm TheSe particles are captured by cloud drOplets by BrO、 vnian di∬hsion,

and the cloud dt・ oplets(噂ゃically・ 30 μnl)in turn gOv′ in size by coalescence ancl precupi―
tate. 、ヽsllout is lnost ottbctive in removlng par饉 cles larger than 2 11m. Its scaveng「 ng
efficiencyら howe、電)is i』 uenced by the rain‐ drop cross‐ sectional area and the intenSiち「Of
ranねll Particles s血 aner than 2 μm are nOt usually c011ected by rain drOps(typicalし 590
11‐
In)becatlse chey are brushed aside by the diver,ng atr ahё ad ofthe drop
The sc額/enjng ofgaseous pollttants by wet precわ れatiOn is more cornplex and is less

wdl unclerstood.Soluble gas mOlecules such as S02 Can mlg‐ ■‐ate to the rain drop by BrOv/1五 an
mo垣on or to■■e stFface ofthe cIOl■ d drOplets b5rぬ 遇口sion dlЮ tto d“ concentmtton radieJ
of the gas across the liqttd―air interface.HO、 veve■ v′et precipitatioll is very eibctive in

removing tlle acld droplets and sulphate parttcles formed atter chelll■ cal reactiolls in the

atl■osphere.                           ´

D場〆peρOSttOn

Ptticultte matter smallerぬ an O.l μm Otten coaが ates throllgh mutual collisions and
Srms latter agttegates wl■ ich are ettcti・7eb remOved by ravitttional settling ttrOw,mian

motion is the malor mechanism of coagulation,although atnl10spheric turbulence is
parttcularly ef■rective for coagulating lar,2r panicles whose Brownian m。 饉On is less
prOnounced.The rate Ofsettling ofぬ e paFtiCles depends on their settting、 まocities according

toぬe Stokes'la、ァ:

cdz , ,(- zc )
ut = *U, (P., - P",l['" drr)

vrhere ui = ierminal setttring vetrocity

do = partieXe djameter

P, and pu = density of particle and air, respectively

P. = viscosity of ai:r

ρ=ar press暉、

C=constant["hen P is ttven in
C=00084(re■ 9)]

FrOm tte above equadon,it is seen伍 就the rtte ofsedimenta饉 On is s●0五gly ilhquenced

b_tl jh→ llarticlo size Particles lar"rthan 10 μ口a havo hth Settling rates and,hencc have
slЮIt residёnce tme in the a樋lospbere.Tlle tenmmal velociけ is dsO relattd to tb par髄 cle's

density but Only by a less sensitive linear dependence Deviations from the StOkes'lavv

occur due to irregular par饉 cle shapes,tllrbulence in tl■ e wake of larOpe parucles, a.ld

at童losphe菫c verical velocities;but it is clear ttat small pa■ icles must a3gregate toお rm
l肛滲r ones if乱げ areヽ to be removed erlciently iom iЮ  atmOsphere
ln addition to sedime■ttation,the rnechanisnls of inertial impaction and difasion als。

contttbute to the relnOval ofparticdate matten III量 lerialimpadゴon,windも orlllё parides

and

(29)

millibars and d, in centimel,ers
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strike an obstacle arld are depOsited;whereas in clinusiOn small particles lloi『 ate to land

and ocett swices.Dry depositicln accom“ for・ abO載 20 per cett oi bl■ e total particultte
reFnOVal iolp tte atmosp13ere.    .

2.4.2 interaction at the ttarthtt Sul・ race

Caseous pollutartts can be transpclrted to the Eartll's sttace by atmosphe面 c turbulence
lvhere ttey lnteract w■ th tte ocean su■ iace,vegetadon ar.d upper layers of tt soil,and

are remOvedけ absbrption∝ chemtalreacaon.Assimilation atぬ ese suttces depends on
lnal■yねctors』Dout whch little is h■ own for ma■■y ponutatts.職omttor pO]lutal■ts,about
wl■ich sKplllle itta韻on is availiЫe,are sulphur diOxide aTld cが bon mo赦 de.
At the ocearl surねce,S02 5rSt diffuses through tho gas phase,crosses the gas‐ 1loluid
量ltelface,and inally dittses into ul■ e bulk ofthe ocean wbre it is absorbed.Vё getadon
and upper lttrs Ofthe sdl also act as sinis lbr S02・ HenCe the lnode oftl・ ans』er in1701ved
iS odSOFpttOni so2 i・ rst ttLses to me∝ ternal surfa9e Of the sohd,petttrates i輔 0ぬ o
pores ofthe solid;and is subseque.■ tly adsOrbed on the pore site.島lesumatёd reiovdご
4x107 tonnes of S02 per y℃ ar has been calёulated for ocean19 βbSOIFptibn10 attd the solid

surfaces accotlnt ttr 5.6x107t。 1=Юs per yearll.The in■ po“ince ofthese dn建 can be seen
when their periOrxl■ ance is compared Mた 伍 the estimated e壼王issiol■ of 14 x 107 tonnes per
year S°2 frOm tte anthropogenic,OurceS・
For carbon moioxide,biolo」 cal aciOn in sOils seems tO be an■ mp前ant sittk;the role
pl叩℃d by soilin the rem∝嵐 ofCO has been imb eSt■ liShedl;.It isぬ e。単,ed tl■¨ ぬe
soil contains certain bacte■ aia which can maFre uSe of CO lr.their netabolism,producing

either CO, or ClIn:

.̈(2.10)

...(2.11)

NitrO.●en面はide ttso seems to be abso/・ bed by the ocean and other slFね ce waters,bllt
the oζ tent of tl■ e cOnt五 buti(1l of tts sink to■ Ю overall removalぽ nitrogen oxides is not

clearly established.

2.4.3 Chenlical Rcactions in the Atrnosphere

、 Ⅳ圧att of the gasёous p01lutants lllndergo chenncal reacttons N171tlnin llne attosphere and
fOrln dther new colnpcDu12ds or aerosols.Thisコ node of removal is 6f great importance for

Stthw diO対 de.A laF"pttt Of S02 inぬ e at nosplle“ is oxittsed to slJlphtlr trioxide

whch qulclψ COlnbines宙 th moisture to form sulphuric acid mist.The ottran reaction is
represented as:

2S02+2H20+C12⇒ 2H2S04 (212)

鰊 TT認輻 Ftt」震路£[雪軍星I留増:朧総∬::蠅蛾:盤Iふ誂||  '奪
Om Sea salt particles),ntet誠 oxittes such as MBO,Fe2° 3'ZnO and M,2°3'°ram駆lonia to

2NaCl+H2S04→ Na2S04+2HCl

CO十〕02~→ C02
CO+3112→ CH4キH20

ヽ

C213a)
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With these reactions, the sulphunc aciil ilroplet is neutralised and the solubility of SO,
in the dropleis is fur'cher increased thereby enhaneing the oxidation process. Both the acid
droplets and ihe sulphate particles are rapidly removed from the atmosphere primarily by
rve b precipitation.

Similarly, a major process of, rernoval of' nitrogon oxides appears to he tlmough tlieir
cor,version to form nitric acid; howeve4 the rneaharrisrn of such a conversion. traas not been
clearly deterrnined. The direct aonversion of NO, to IINO, in the presence of rnoisture
aiopears to tre too slow to account for the observed rate of removal:

MgO ttH2S04⇒ Mgso4+H20

2NH3+亜2S04→ (NH4)2S°4

2N02+亜 2° 専全HN03+HN02

錘ひЮ 2→ HN03+2NO+島 0

3N02+助 0→ 2HN03+NO

SO〕十02→ SOを

SOを +02→ S03+03

S02+93+ん V→ S03+02

02+λV→ 20

S02+O+″ ~>S03+ν

..(213b)

...(2.13c)

...(2.14a)

。..(214b)

1.(214c)

..(216a)

...(216b)

.¨(2.16c)

.̈(2.17a)

.̈(2.17b)

Since the direct corlversi6n ofstthur dioxide to sulphur triO如 Ole and nitrogel■ dioゴde

to nitric acid is slo%o曲 er mecharlisms hⅣ e been postultted,based lnainし OntheoretiCal

COtteCture and to a lesser e斌 ont on expe五 mental obseⅣ ations.Tllese mechanisms ittol■‐e
the oxidatton by rёacuve species such as radicals,atonlic oxyttn,ozone,and hydェ っ部
radic』 s.

The ttst step in tlle oxidation ofS02 iSぬ e photoexcitation Of機 o02 mOleCllle―
its abso■ pion Of solar radiation:

S02+加→SO〕           .̈(2・ 15)

v´here so] represents an excitcd S()2・ n01ecule. These コαolecules in their excited state

read more reatt157 with molecdar OIygen14.Then se“ ral reattons fonow to complete the

o対dation Of S02 tO S03:

A three-trody reaction with atomic oxygen has also been suggested as a possible
rnechan'ism:

Tlle third boあ ら″,iS reqd“d in Order to cary or excess energy of reacttOn.
A proposed rapid meChanism fOr the conversion ofN02 t° rIN03 iS the reaction ofN02

vvith attmspheric OzOne toか、lutTOgen trio対 dα

I"[O, +O, + NO3 +02 ….(2.18)
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The NTO, radical is removed by reaetion w-iih NO, for-rning I'.TrO5, which in the presence
of moisttre-forms rribric acid:

N08+N02~>N205

N205+島〇→ 2互N03

ll■ adと五。11,N03 Can beお興 ёd byお aclion vnth atomic o巧 /gen

N02+O+M→ N03+M

○+02+ゴビ~)03+ν

03+NO―,N02+02

.(220a)

...(220b)

.̈(2.23)

(224)

IThe■
日ヽ 03S° 1°nnedれ thenャvashed out ofthe atl■ ■ospl■ere iln the ibrnl of血 trate salts

by rprecipitation.

FOr Oa=bo■ mon品島,■ts reaction IIlrltll atmOspheric o】り詐n in tte pЮsence of sullliま t
is ttШd tO be ve17 slow and accOurits ior bl■ e remo・7a10f O五け0.l per cent of available CO
for ea(江 hour ofsunltュ■t.Ofmaior i=此∝est as an a缶losphe五c sink for CO is the relaivew
ねst reacLion of CO witt llydrOxyl raとc」s present in ie ttmosphere.

CO+OII" -+ CO- +H' …(221)

The above mechanisln mtt account for the removal of a substantial pbrtion of CO from

the troposphere depending upon the cOncentration ofOH° radlcals.Anotherpossible mecha―

nisn■ is the mlgratiOn Of CO into the stratosphere,where the oxidation to C02 may subse―

quently takё place by the llydroxyl radicals.In fact,all these gaseous pollutants,including
thё lvdrocal・bons,inter― roact by photochel■31cal proceSses in the phenomenon kno、 vn as

the phοιοttemゴcal em幅

2.4.4 photochenlical Sttog

Pbtochemicalsmog was f4-st obsertred in LOs Am8eles,USA in■ le mid‐ 1940's arld since
tllenぬep■.enomenon has been detected in most mttor lnetЮ pohtan citiesぽ the world.

The condittons for the formadon of photochenlical smog are air stagnation,abundant
Sunl妙t,and high concentratlons of hydrocarbOn and nitrogen o五des in the atmosphere.
In ll■dia,Bolubay and Calcutta are ideal candidates folf the formadon of photoぬ emical

smog,buLit χnay be maskecl by smOke and sl■ lphtll・ dioxide
Smog a五 ses Fy・Om photochemical reacttons in the lower atmosphere by tte interaction
ofttarocarbons and nitЮgen c組醗 Кleased by eVnallsts ofauわ mobiles and some sraticll■ alFy

sources This interactton results h a series of complex readtions producing secondary
p。1lutants such as ozone,aldellydes,ketones and peroxyacyl nitrates_The reaction
tnechanisms are complは and tte not f己し 図lderstOod.
A broad olltline of the princゎ al reac饉ons that occw in a photochenlical process atte

illustrated m Fig.2.2.The starthg meclnaゴ sm is the abso■ tion Of uLrtt101et liが lt frOlll■

漁e Sun by N02・ ThiS causes tl■ e nit■・ogen dio壼de to decompose into nttric o対 de and h鋤
reattve atomic oxygen
'              NC12+ん V→ NO+0                 _(2.22)

The atomic oxygen inittates o対dizing processes or quickly combiles vvntl■ molecular

Oxygen tcl form ozone,、 vhich itself is reactive and acts as an o対 dant:
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rig。 2.2 A schel13aic representa■ o■ of the formation of phctOchenllcal s菫 og

In Eq (223)as energy¨ absOy・bing Fnolecule or patticle(1イ )is reqllired tO stabilise C13°
`else it win rapidly decompose Under normal conditiOns,必 e ozoneゎ rmed will be q■ ttiCtty

removed by reaction ・7ith NO to prO宙 de N02 alnd 02 aCCOrdiig tb Eq(224ゝ hoWevet
椰′hen hydrocarbons[覆e present in the atlnOsphere d■ is“necha■iism is partially ehnlinated

as NCl reacts繭 ith clre hydrocaぬ Or.rattctt peroxvaり 1(RcOl)accOrding Eq(228),and as
a result ozone concentration b■ tilds tlp tO dangerous levels

Hydrocarbons, indicated tty syi bcll H《 ち COn21‐ ete ior iee OxJsen released by卜 こ02
decOmposiu6n to ttrm o蜀 ′gen bean4g tee rattcals such as Elne a%]raこ cal

HC+O→ RCO° (aCメ radiCal) (225)

Tns radical takes patt in a series of reactions involving the l鮨rlnation of still mOre
reactiv6 species,、7hiCh in turn react v7託h02,hydrocarbons and nitric o量 de.

RC°
°+02→ RCO[(perOvacメ radiCal)

RCO:+HC⇒ RCHCl(aldさ lッdes),R2CO(ketOnёs)

RCO:+NO→ RCOl+N02

RCO:十 02→ RCOl+03

..(226)

..(227)

.(228)

.._(2.29)

4‐|||`ⅢⅢI■|■■|■■|■ :
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Reactions repFeSented by Eq.(2.27)are te■ tination reactionsわ童重 3 aldehydes a興
`

ketones;hclwevett in Eqs(2.28)and(2.29)tl■ e perOxyac571 rattal reacts witt N()and 02t

produce anoier oxiぬ sed hydrocarbon rattcal(RCO】 )aS Wellas more N02and 03 Fu■ hQ

the acylate radical(RcOぅ )Can ttact Ⅵitt NO to generate even more N02・

BCO| + NO + RCO" -t- IIIO, .̈(2.30

The NO level in the atmosphere eveniually drops off with the aceumulation of IrTO, am
Or: When reaations 'such as these increase the NO, trevel suffrciently, another reactior

beg'ins to cornpete for the peroxyacyl radical.

RCO:す N02⇒ RC03N02(ettS) ...(2.31

The end Products mFe knowvn a peroryacb71 nttrttes or ettS.Numerous PANS could b`

偽□■ed,co“eSpOnding to the d鰤rent possttle R groups.Thee ofbl■ e commcln merrb∝ :

Of PAN family arα

○
|!

HCOO N02: PeゆヴOrl野ln“就e(璽N)

CT~13C00N02: PerOxyacetyl a■ itrtte(Pぶ)

C6115~COON02: P∝ 鮮 ル mZOメ nttate lPBzN)

HC十 03~→ RCOlttRCliO,R2CO

O ttCH3CHO→ CH3C° +°H°

CO+OH° → C02+互
°

H° 十02+M→ H°L+M

T'he ozone f,omred according to Eqs. (2.23) anctr (2.29)'r'ea.ats witlr'clae lhydrocarbons tt
generate morc aldehydes and ketones.

The above equations representin a broad sense the nature ofthe overall photochenlica

reactions leaぬ ng to formation of smog and they are by■ o means the only impOrtan

mechanisms.It has been observed that carbon nlonoxide and sulphur dioxide also play`

signiicant part in the process of iormattOn Of smog by strongly interacting、 /ith ma電

species present in the smog and accelerate the ox■ dation processes For example,carbol

mOno対de dOes this througl■ a series ofreactions whose net e」 ect is to col■vert CO,NO,anく
°2 intO C02 and N02 thuS accelerating the O〉 ζidation of NO First,CO is oxidised to CO.

byぬ eOH° FadiCal(Eq:221)In the smogy atlknOspllere the OH° 1'adical may be prcduce(

whёn aldehydes are attacked by atonuc oxygen.
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勁 eI‐I′ radic』 ∝acts宙th 02t° f°lm the hydroperoxyl radictt Hoう Whぬ iS a prln―
clpd attnt fOr the rapid conversion of NO into N02(re■ 15)

EO】 +No→ OH° 十N02 (235)

The overall reaction is

CCl+C12+NO→ CC12+N02                 ・(2・ 36)

This seqtlence ofreactions prclvides another route for the o五 da勧oll ofl[○ 、vithout the

participa伍on Of 03(Eq.2.24).

Similartt the reac続on ofS02 Wtth tte mO;radical ll■γ be an impOrtant step in tte
興echanisnl of the oxidadon of S02 t° S°

3・

l10i+S02→ OILl° +so3 .(2.37)

In addition,me ttdrocarbon radic』 s may」 Ve O∬ an O》りgen atorl■ to SC12 t° あm S03'
、vhich in turr■ in converted to]肛 2S04 drOp16ts resul述ng in the fbrlllatton of haze.

SttOg ge狗2ν′ο留
『

Theんrmation of photochelnictt sll■ og is aら■lamiC process tthose natttre is illustrtted in
Fig 2 3 1n the morning,碗 e ll10 all■d lydrocal10oT.■ levels increase fol10wed quickb by
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increase ilD N02・ 1ゞ°2 reaCts wv■tll tl■e sunlight leaфng to vanous(ね ain reactiOns and
ultirnately to the production of ozone and other o対 dallts.
Ozone concentraion ljoM″ increases until,sometiltte inぬ e afternoon,it reaches a
mttit3um,and tl■ en decreases radualし N02C° nCenttation dimidshes from its peak as
ozone concentration builds up and is tlstlally loM/by later aternoon.The typical slnog

episode occurs in hot,sunw weatller tlpder lov17 hul‐ mdity con伍饉ons.The charactettsuc
spptol■ s Of the smog are the bro、 7n haze in the atnlosphere,コ educed宙 sibiliちらeye
irdtation,respiratory distress al■ d pl赫.damage
贄e cOntl・d Ofphotochemical smog maD7rettiЮ  a stlbstantlal reduぬoninNQproduced
in uib範 製eas A the same ime ttis necessav to control ie release ofhydЮ carbons irom
numerous mobile and stationary SOurces

2.5巨
『
FttCTS ⑥
「
A:RP◎肛l_UT10N

In tlre pre宙は ss,(逓On礎2e sca″eヱじing llnecl■a」sms f∝ ie maiOr air pottutarts were
exallnined.But otten‐ the pollutants are discharged into the atmosphere in such high
quanttties and concentratiotts as to over● ′helrrl tl■ e natural scavettng ability of the
atmosphere.ハ嶋a result,the concet■t■・aうbns of the pollutants persist at levels which are
mucll hi」ler Lhan tte allo171rttle bacltround levels.Ths is particularly tl・ ue for ul・ban and
other indust五 al reglons whe“ tlyle pollutants adversely affea the healtt of llumans and

animals,and cause platt and mtte五 al damage.Tb』obal erects of dr pollu饉 on on
chmate duё to increased levels of carbon dioxide and particulates,and the rOle of S02 in
prod“ing add rain wereと scussed h Chapt∝ l These problems tte less apparett than
the coコ nrnuコdty―Ⅵise problems but they lnay be cf8reatirnportance in the long run ln this
section tlne main emphasis Mァ ill be on the e■bcts ofthose pollutants M71五 ch cause conllnunity‐

¬nse pI‐oblems and these a『 e presetted、こda pal・tictllar atねntion to sD【 ubiqtlitolls pOllttants,
namebら pcarticulates,sulphur o対 des,carlDo五 monはide,ntrogenはides,1りdrocarbons and
photodhemical eくidants.

2.5。1 闘Llman Health

Adverse effects of air pollution may be divlded into two classeS― acute andをねromc ttcts.
巖 ute eFects manifest thelT.selves immeこ ately■■pon short‐terin expOsure to air pollutants

at hi〔1l conCentra悦 oos,and chronic effects become evident ol■ ly aiter contint10us exposure

to low lo″ elsご air pollu饉on.The clnrolllc efbcts a“ very dittCult tO demOnstrate and are
conseq、lenciatt less ob宙 ous.Thecttre,much ofo■lr ltuov171edge ofthe ettcts ofa静 pollution
on people comes from the stndy of acute aLr pOllttrion episodes.Deaths tom tl■ ese episodes

are measttred by cottranng曇 ■er‐mber of deatlns normany associated witln the area and
pettod in ques績on vπith tlDose that Occl■ r during the episode.Tlle diObrence is reierred tO

as``excess deaths''

In 1980,1通e Meuse 「ヽalley in Bel」um Mras trapped by an inversiorlin whidh pollutants :
accumlllatedおr abclut ive days resulting in the death oF about 60 people.Similar stable
meteorologicd conditions occurred in 1948 in Donora,U.S.A.,whe“ 20 peOple died and
about 6000 of the Town's14,000 pOpulation became ill The 13otottous LondOn episode of‐

1952 took place tunder heavy continuous smog condiions and caused an estimated 4000

excess deaths.The"isode of 1962,alio■lgh shorter m dwation was very mui silrliar tO
that of 1952,bllt the excess deaths were lowen Table 2 6 otldines some of■le lnaiOr air

_    ‐ ■ || |■       ~     'I■ 1■~==i「
「
1 7.=|||● ■■■:■||■ ilFFi「 1■ ¬
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。。互uttonこsasters ttlcst of these vefe asscciated ttvith temperature il■ versiotts las饉 ng for

severalrlays The general and most wide― spread efects●7ere ca■lsed by higil concelt trations

ofslnOltt and S02 and in particular by tte sytterが stiC ac競On ofiュ etwo,where the combined

irごluenceofthetwopoElutantsis2reaterthanthesIIll■ of[Leir illldividual e∬ects源ゃerienced

separately

取贄bie 2.6%1鈍 or air po∫ |しtion disasters(ref 16,17,18)

in tl■is context,並 is interesttng to cot.npare Londcn episodes of1952 and 1962 Cottpared
to those in the 1952 episode,the S02 1eveis in 1962 changed relatively little● ′hile llle

」

||||IⅢII■■■Ⅲ■|||1諄等毒難
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particulate cOncent■・allon decreased by mOre tlnan 50%.The mortality decease was al!
substandal,poss拗サ

‐
ilndiCaし董g eitter a dOmhating rOle ofpa.・ ticlllates or tte avttlab遇

of botter mettcal iciltties in 1962. Tlle syller3ustic darrlage to health M7as paコ 饉cdaF
severe on tl■ ea〔狩d people who had been slf偽 ingきOm pЮ宙clusly emsting carと o―respiratO]
diseases

The air pollution ttsastel・ s of Poza Rica,W:etticO,Seveso,Italy ancl bl■ e wsrst ev(
disaster in Bhopal,Ittdia,are examples of sc called industtrial pollution acddemts Bhopt

pro宙des an o(ample of the農通ltte iln handling a tonc lnateial in large‐ scale chenlic:
prOcessing ancl the conseqtlences that have to be faced by a dlF in a ShOrt tinle.電 ■
disaster strudc BinOpal on D,cember 3,1984 wttn a pesicide ma7111facturlng plant“

leased a potent to対ca鏡,methyl iも。cyanate gas,into tte atmOsphere due to tlne aller
inCLiOntt Falll■ l・e of`vent sc17_lbber'outlё t.About 30 tor.nes of the gas escaped Iンom unde
rOulld StOrage tanks resulthg in tte death of about 2500 people al■ d severe disabiliけ (
an addiuona1 1,00,000 of the ciち′s pOpulation tte cheF causes of deatl■ s and casualtic
were vomiti彎,宙olent couが血■,eye mictions(dlemical conittncti宙 tis),sl■ ffocauon,ca]
diac fail■lre and ptllmonary ttsorders.勁 ef醸l consecluences are not yet knol、rn.

ne 8veatest ittact of att pollutants on httan hea17ch,howvevett resdts to■ l conttr
ued exposure to lo、″concentrations under unexceptiOnal condi輌 ons These are chrOni
ettcts.It is beheved iat tese ettcts occur drougln c∞血 ued irritration by pdlutamt
、vhidl itteract with other environmental or biolo8ical ictors to il■ itiate disease Or irttem

Sify re宙。usb exis韻ng ttseases.]here tte two general apprOaches to stuも 嗜』c the cllrOni
efbas.orle is epidemio10gical and■ le o伍 e■ is to対cO10jcal

Epidemidogicd stuttes tte statisucal surveys on■ le e詭

“

s Ofdr po■utton on htLmal
popl■lations under naturd conditiOnS.Such studies tte exttemeb importanL,but dueも
tl■e multゃliCiサ Ofunlmolvnね硫ors t is not possiЫe to establish a cause― eFed relationshir
Toxicological studies are collducted in the laboratow under co.ltl‐ olled condi饉ons.Thl
erect ofseveral var.ables suぬ as pollutal■ t concelatratton,"OSllre dllradon,temperatwe
humidity etc.can be e,Terimel■ talb studied.E"n thou〔 獅ぬeSe e】 perimental studies cal
clettly demol■sttate a direct cause― ettect rela韻 onsI■ip betM7een certam pollutants an(
SiCkness Or death,theセ relevance to nattlral settil■ g is sometimes questionable

R,spirebげ 厨和oお

Pollutalis mtt ent∝ the body by a number of waFS・ Thes/can cause eye and skin irrita

ion;certain particulates ll■ ay be sM/allowed as a result of internal respirato■ y deanm〔

action or cettain pollutants could even be ingested.But the pttmary mOde of pollutaJ

transIFer■■tto tlle hultnan boけ is ttrOugh the respiratott system.
The ttspirato■ y system is composed p■・imarlし oitW0 1un.cs and the att passages前 hi出
lead to睡■em The a量 'passa"s beJn at tlhe nOse and inottth,and ittude Llne wmdpipc

(tl・dぬea)anditStwobrancheshttasbronchi.The brc171tt di宙 de mto i1/e rnain b■・anぬ es
(伍e lobor bronchi)ald tlnen sibdi宙 de,inalttreaching cl■e te■・minalbronclli(Or res」 ratOw
bronchioles)deep¬ i口lin the lllngs.At thO end Oibronchioles are the coul■ tless ttny air sacs
kno、、m as alveoli.メdveoh are the fttmcuonal tLl■ lts ofthe lumg;it is across theき membranes
伍就 羽 電en“螢ュses from the air to」he pulmonav captta減 es and carbOn面はide磁齢曖ses
in tte opposite direaion.The total surface area of all tlne alveOli withh the langs is about

50 square mettes.                                   ´
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Panttcdate tnatter inhaled may be depostted ilt various re,ons ofぬ e resplratory

systeln dq,endhg On particle size Pttucles abOve 10 11.ltn are almost whol157retained in tte

nose. Those beloM/ 10 μm escape entraplllent ancl generally pass through the upper

respiratOv system.Fine paJicles in the size range 0 5 t0 5 11m are deposited as fa■ ・as
bronchioles,b■ lt fe、 v reach tl■ e〔iveoli.The M″ alls Of tl‐ e lrOnぬi and bronchioles are linecl

、ほth i2e hd← 1量e stmctut‐es cal■ed dlia(肇g.2.の.理■esc are reも pOnsibleわr∝moving
suぬ ine pttides aiong宙伍 the IIlucous by trovingぬ ecll■pto the la甲Ⅸ M71ge ttey may
be elhina■ed by swal10w蛇 .The he』血 .・Isl■ is prima■iし影Om the depositiOnぽ ie paracbs
もmaller than o.5 μn■ in the alvёoli v7here they cause damage to the respiratory organs.

Bronchus Basemeni momllrano

Fig.2.4 LO、ver respiratoν system shOwhg bro血 al lining

PaF驚
=cυ
』aね Matter

The to対ce■bcl of parddes ca■ a be grouped into tl■ ree catego五 es:

(α)れたψ形厖
“
げれar′ pα r′じcた3″jあ

`λ

a cルαrjtt π
`め
αれじsasゲあι″ψjれゎッ′印Cι′

Lecfた ct includes a slo3・ ing of ciliary beat and lnums noM″ in the b■・o臼d逓d tree.
(ら)PαrjピοJas ac′αs cα″たrSゲαおοttaα ′∝じc`pses sレιんαs SOり αれdpЮα

“
ce w厖″gjsι jc

ψ cおi A summary ofson■ e observed relations bet■ 7een parciculates and S02 1CVelS

and the physiological responses is gl■ 7en in Table 2.7.

(c)Pα rιブcZ′ sれ αyわ。 じれまrじ厖sιcaZtt ιο″ECろοcα zι3`οf ttλοjr ρり sブ CαJ οr cr72θれ jεαι
οんαrαcた rじs′じcsI Such particles belong to metals whiぬ are usualし らund in the
atmosphere in trace quantittes btlt nlay constitute a ttFeat health hazard because of

ie possimけ of their concen缶 01ims increasing b%Ю lld norlllal levels(0 01 to 3.0
per cent Of all particulate air pollution).Of all ie ttace metalsお und in the
atmosphere,the One present in largest concentraion is lead.In addibon to lead,

cadmil■m,nickel and mercu巧″represent knowr.and Ⅵndes「ead he21詭 hazttds.
勁 eir s01lrces and the possible eabcts are summa五 sed in Table 2 8.
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Table 2.7 Ok;served reiations berw-een particulates anci SO, le'rels

lθaJ

Le poiscnous ettects of let・ d o71 hurn3nS haVe long been recog■ ised Lcad is a neurotonn
、洒″hose poisoning rest41tS in convulsions, deliriunl, coma, severe and irreversible brain

damage, and death lnhaled lead is far more serious ttan the ingested lead.The ine
ptttides e=理焼edけ alltO菫 6ble tte retained with■■di hn野 霊ュd are ttsorbedけ bOだし
ハヽFitl■ an efttciorlcy ofaoout 40 per cerlt Extensive rl■ easurements ofthe sizё cflead parcicles
in a嗅tomobile exhaust h"′ e show‐7n exケemeb small mean particle siz。 (o.02111n)besides
詭e highvFays calnd lnucb lo`蓼r size(03‐ 2 0 μl■)in bl■ sy u141Da=2 areas,About 80 per cent of

and heaith ettects(ref 19)

Table 2,O llllttor tOXic metals and iheir efFects
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the slndlest particles are deposted h the lungs whereas Onン 20 per cent of the lar"r

pa■ides(05μ■1)are retaned

The bodD7 ma量ltaLs abo■ lt 15-25 1tg oflead per 100 g O∫ whde blood.The boゥ reSponds
to any increase in the load inttt by excreting itin the urine as r,ach as pOssJble alnd tlle

relna■nder is stored primariし h thЭ bOnes At elevated blood lead levels ie producionご

hemoglobin is impaired resu通ng in ottgen starvation and anemia High lead lew℃ ls ila tlЮ

blood lnay also prOduce beha、■oural disorders in children and adults

θaσ/77ル約

Cadコlim is a potential health l■azard due tO its presence in urban atn10sphere and dga―

rates smd【 e.cigarette smoLng∞ nstitutes a rnttor sowce ttr cadmium acculnulatbn in
ie bOもl The natumlcadmium levels h air vary frog1 0 002 μg/m3to muぬ hi3her values
Ofめo武 0.3 Hg/1n3found near 2hc smelters.Cadmium iriibts the performance of certain
enzyunes thereby producing l.yp∝ tension in humans E司 ,opure to ttes Or o五 des of
cadm■uin is known tO cause cardiovasdar diseases.IIIl addition,cadmium can inttЭ ttbre
、通th proper zinc and copper metabollsm in the bOら 4

■b7httle is knotrn about the fate and distribution of cadnliunlilll the en、 ■ronment lt
has a very long biolo8iCal haFli■ and,thereわ re,tends to ttctlrrldate in the human bOd訴

Some of the chronic effects are lddney and liver damaOCe and even death.

Nickeノ

The adverse e∬ ects Of【遠 el are caused mainly due to ttclel carbOnyl which is formed

wllen inelyぬ宙ded nicltel is e量 続ed il■to an atmOsphere cOntaidng carbOn mol■o五de.
Nickd car7oonyl is also fomed i tobacco smoke.Within tt lulllg tte carbol■ yl complex
breaks dc2-and depOsits」hebこ宙ded niclcel,whicll mtt be ttЮ  mttn cause ofca■lcer in
the lun.Cs Nidel carbonyl has beell shown to cause chan3)s h ttte alveoli of the lungs,

restlltmg ⅡL respiratolly dama3e sylliptoms

Mscur/
hlerca.y in the atmosphere is oilly a small part Of the overall mercOw burden of the

en宙ronment.It is present in gaseous form in the atmosphere because Ofits rolatively h許

vapow pressure The gaseous m∝cury is washed iorn the ttr by r」 n;a portion Ofit entcs
the aquatic systems and the rerrtainmbO is bound to the soil over the land.In both cases the

inorbgamc mercttry is generally converted into its lneぬyl∝ dimethyl cOmpollnds by量∝
acion of bacte五 a
The physiological effects of lnercury pOisoning include neur01ogical damage,
こrolnosomal aberrations,and even deaぬ Methメ merctュ7 can penetrate tte membra“ s
separaung the b10odstream irom the brain,causing ittury tO Cerebellum al■d tte cortex.
The enbcts are blurring ofvlsiOn and numbness.Anotrter insidio■ ts e」ect ofmethyhnercury
is ttat i can cross tlle placent』 b鋼五er in pregnant woman High levels of mercuv can
budld lip in the fetus宙 tho■lt the mOther sho、

～
■ng any signs of illness.Thc e■ bds are

congenital birth deおcts or the death ofthc ttus.

Other 7adc Strbsね′7εeS

■ art倉 Om the bur mttor to三 C Substances alrea(ン ■iSC,Ssed thefe are maこ v oier
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substances whose presence in cl■ e ahnospltere dt■e to idl■ strial acti、ittes constitutts a

health llazard T“7o such substances Mrhich lnab7 be classined as occupational pollutants are

be瑠″1liunl and asbestos_

Most beryllium elFliSSions are in thё おrm of metdlic pov7der or beryllitlm o五 de
particulates.ハ∝ute beriliulT・ exposure is a very sedous occupational problerl■ af6ect量℃
也e nlucus me■ olbranes of the eyes alld l■lngs.A ёL∞nic condi髄 oュ Lmow笹 as beOlhosis is
iought b be causedけ beryllね摯 Concettra雌ons as low as O.01 to O.10四 /m3.B∝メliOSiS
is a systemic poiso面 ng which starts Ⅷith progressive sho■・tness ofb“ath,wei3ht loss and
CO疑力,and inally attЭ cts mallly organs hcluttng ttЮ  heart_Ⅵ碗en inhaled as dust,it can

dso cause lu]帽 canCett but ths has not been cOnclusivev proved fぱ hulntts.MaiOr
sourCesぽ be“プhum emissibns inLo the ab■ osphere are ceramic indtlstrtt processhg platts
which convel・t ie ore into beryllium po珈 dett rockd motor testね cilittes,coal combustion,

aln.d nuclear poマ ver indllstry

`7鼈bestos"is an industialt… おr a number」 hydrated silicates which separate into
sttong nexible ibres upon crushing and processi聖3.The lnOst abundant type of asbestos
is価oM/n as c頌、olite,which is the main flbre tlsed in asbestos toζ tilёs.I血alttion of
asbestos dust or flbres can cause a disabling ltFng disease hown as asbestosis.The disease

is characterised by shortness of breatt and Ple■lral calcittcation.AsbestoS has alsO been

ilr■plicated in lung canceF The ibres line tt membranes of me lungs and abdomen alld

tllis can lead to ttnesothelioma,an incurable and fhttt cancen lt has been observed that the

iequenげ of cancer is oiよ tumes h』ler amOng asbestos worlcers whO smoke comptted to
伍就 amtt noismoL電 WorlKers.A_sbestos il■ d“ amosphe“ cOlnes tom maw uses of
attestos produ∝s whiぬ inclu“ ins面ating materials,asbestos cement and bra巌 )lillittls.

Gattουs Fり′′υ診絆揚

The effects Ofgaseous ponutatts on the respiratow system depend on御 ■e concentration,
period of exposllre,and the solubiliち孔Highb sOluble gases such as s口 ph1lrぬ oxide are
滅)sorbed in the upper part of the resplratol)・syS"m wh∝ea,relati、 ely insoluble gases
like CO,3τ02 and OZone penetFate deep al■ d reach the alveoll of the l■ rngs.Som9 ofぬe
adverse efLcts ofthese pollutants include pttlnOnav edema,emplnysema,and prevention

OfOv´n transお r to blood.

`け

SttpゎlJr Dたχたメθ

There is considerable e宙 dence that S02 agraVates edst流 grespiratory diseases in htlntans

and cont重butes tO their development.Even healthy individuals experience brondh)‐
constricion wllen exposed for aお w minutes to levels of l.6 ppm.This condition is
accompal■ ied by sha1low broatting and an increased respir洸ow rate.硼■e actte imtant
ettcts Of the gas are con■ necl to」 he t pper respkratory tract M′bre nαore than 95 per cent

oflmhaled S02 iS abSorbed.The chrollic e■bcts resdting from extended expOsure t0 10w

concentrations illclude incidence ofreも piratory infec続 on in children Table 2.9 sunlnla■■ses

the effects of S02 at Various conce13trations.

The prilnary ttreat of S02 t° urban at]nospheres lnay arise not fI・ om S02 itSelf but

fI・om the changes it undergoes in tb atmosphere,such as the iormatiOn of H2S° 4 and
stl■phate aerosols.The stllphate particles car.be camed deep itto the lttEs,causing even

l換ore severe healtt problems.S02 Can also be absorbed on sinall particulates such as the
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saiis of iron, manganese and vanadium present in the aimosphere and thus ent^-r the
21veo1i. There, irr the presence of moist air, SO, is oxidised to HrSOu arld the particulates
act as catalysts in ethancing the oxidation process^

Table 2.9 EIects or sulp惰 ur diodde on hurnans(ref 8)

`り

Caめο拘ん′οηoxfde

carbon monoxide,v71ten inhaled,passes thrOlllgh the lungs and difftlses directly intO t■ .e

blood st“ am lvhere t combivles with tlne red blood pl弊 11∝lt ctted bemoglめm fOllning
cal・boxブ■emOglobin,COHb.The attnity of carbon mono対 de for l■emK1310bin is 210 times

Feater than lhat ofOγ ttn and as a resultぬe amottatofhemodobin aveilableお r carrying
OVttn fOr bod5rtissue is considerabン ヱ℃dLICed The body tissues aFe thus depnved Oftheir

07gen sllppb anol death cOuld result by asphyxiation(lack of oⅨygen).In addition,the
presence of COm)in the blood ret=ds tlle ttssoci五 on of remai通電 怪 yhaemoJobh,SO
」he tissues are』 ュrther deprived Of oxygeni

Table 2.10 sulnmarlseζ  the e■bcts of variOus concentradonsぽ COttb in dle blood
These are ie expected signs and symptomsご expostte to carbon mono対de m healt野
indi・7iduals and tllose suffering irorrt heart disease

ThcA eqdhbril■ llll level of COHb lntt be estimated for concettrttions of CO bo10w 100

ppm in the inhaled air by using the approxllnate eq■ lation21:

%COHb in blood=0.16(ppm.CO)+0.5           .¨ (2.38)
Tl10 eqllilib五 um levels tte not established mstattaneollsサ and it requires at least 8

1u・s.before the=鱈 ximum level ofCCITIb in tlle b10od is attained.The til■ e span can decrease

considerabし 碗 th inCrease iFl pttsical atti宙 撃
Carbon lnOno五do levols.■ l cities are usually bot、 veen 10 to 40 ppr.llon an annua1 8-lΨ
average basis and occasional short term concentrations lnay exceed 100 ppm These levels

can easily lead to COIIID concentraion in bloool of appro対 mately 2 to 8 per cent Table 2.11

lists tttpiCal cOncentrations lm vanous urban areas.A concentration ofupto 500 ppm ln the

aiL M″hen inhaled for l hr produces no obsewable symptoms but a silnilar exposure to 1000
ppln can be dingezrOus ConceFltratlons of4000 ppm and above=e ital,usualし with墨 1
hn lncreased COtt in the blood lepriVes Ovgen suppし to VariOus、■tal organs,especlally
the brain.TTnis leads to irnpairment of mental perfOrma■ lce,visual acuity and other

functiOns
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7able 2,lo Healh e■ eds d CO卜ib b!ood leveis(Ю f 20)

Table 2.1l Carbon io/eis in urban areas

鴨 ぬronic eifettsご caJ・oon mono対de tte not負町 建 olVn b洸 ぬけ may induce heど t

and respiratory disorders.The long tern■ studies are complicated by tl■ e presence of otter

pollutants such as N02 in the atlnOsphere.ヽ 芍Lile CO itself has not beenお und to be

carcinogenic, tllere is cOncern that itコ αay increase ihe car出 Ogenic effects of otller air

polll■tants by inhibiting the■ nucocniaty clearance lnechanism in the lungs.

`c'つ

Xides。√Alは Ógθ4

口℃ mttOr O対 des ofitrogen whch憂お硫 human healtt are血t五co董■)(NO)and nitrogell
ぬ出 de(N02)・ NO is nOt an irritant and tt cot■ centratlons th洸 occur in the atlnosphereit

does not shovv any adN7erSC healtln ettbcts.HovreveT,■s main toxic potential results frolr

its oxidation tO]ヽ 02・

NC12 is relat市 eb inS01uble an4 upon ilDl・ alム饉on can rea仏 ぬe mOistwe―■lled alveo五 〇f

the lungs.鴨 ere t is converted t9 nltrOus and n■ t五c acids whiぬ 鑽e hiまし ir五tating and

cause dama"to the lじ ng ttssttsi■ong terttl exoosure b)co■ceitrations of the order Of

`■

‐
||・  ■ .:||.1  1■ 1 1■

 i
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l ppm COdd lead to symptoms resembling emplvsetta andも iottemical alterttiOns in

b100d.Other observed e∬ ects on humans are givel■ in Tablo 2 12 1n addition tcl the direct

e∬etts melltbllled tl■ erein,N02 in COmbina饉on with lydrocal・bons acts as the i壼 tiator of

photoChemical smog leading tO the production of secOndav pollutants lil■ e tlle ttdants.

Tllese o対dants are the ones that cause inost darrage tO hun■ an health.

6け ′うd“οθθめOrs aησ Pわοわεわerr′ca′ Oxidanお

At ie concettraclons usually found in wbal■ at ube lッ壷。cattons cause nc adverse
ettects on htlman health.ぶniphatic lvdrocarbons prodtlce undesirable e∬ ects only at

concentr前lons 102 t。 103種 n■eS hiが2er ttlan ttOse usualけ もund in tl■e atmosphere No
dbas have been Obselvedお r ievels below 500 pplalル orl■atic lydrocarbons are more
reactive thal■ ahphauc Ones and cause irntaion ofthe rr.ucous ttmbranes
The mttor omdant prodl■ ced in pllotodhemical sn■ og is ozone Cottary to ti■ e popular

bellel ozone appears to have nO effect on the eyes at usual urban concentrathns.The

respiratory system,hOwvevett may respond to very loM/concolltrations There is a dettnite

increase in ain″ ay resistance ill some people exposed to concentratiOns as lo、 v as 0 1 ppnl.

Many oth)r磁 dants produced in phttod“ mici smog,pal慣cularし量■9 perttacy‐ l nitl・ ates,
catlse ex irF■ tations.Oxidatts such as perO】りaCetyl量静ate and pemxybenzo,ln■ rate
iコdtate the nose and throat,and cause chest constriction.The one witt the loM″ est threshold

is perOttenzyl nitrate,ha、 ■ng a value of0 005 ppm.ror ive― ]ninute exposure Table 2.13
stLmmarisesぬee“ects Of ozone and tot』  photochetllcal o如 dants on humans

Table 2.13 EfbctS on health of ozone and total pr10tOchernical ox:danis(ref 23)

詭 ble 2.12 Effects of aimosphe颯 c N02(ref 22)

■■■■■■■■||

:j[=・  ■ |= .■
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2.5.2 Air Pollution Effects On vegetation

The mOstObviOus damatt causedbyairpollutants tO vegeta嘔 on Occursin the leafstmc饉 .

The surface Ofa leafis covered by a wa,げ la柳3r lmO、7n as tte οιιιjιο ln between the wa9
layeris ie epi“ rmis,a single layer Ofcensゎ rlniIIg the sutthce shn of the leaf(Fig.25)
Itも cheffincuOns are the procection ofthe inner tissues iOm■

e〉∝essive moisttFre loss and
the ad童五ssi9五 〇f carbOn diO対 de and Oxygen tO ttese internal tissues

C“ il●

UP,er epidermis

SponEy
ntesophyli

L.ovver epic{ermis

C導 2.5 CrOss sechOn of a cOmmon leご

The leaf sutthce is penetrated by a large numlDer ofope-3s called the stOmata.Eaぬ

StO車la is protected by a p由 Of guard cells,Which cOntrol the Openuttg and closing of dle

]鵬『』讐1:蠍]lyttξギふ麒∬ミk,鰍群彙盤認∫]%織mi朧濫
wvith regard tO air pollutiOn are the stOmata th■・Ougll、 vhich gases ditthse tO tlne surface of
the cells within tte lё a■

The damage caused lDy air poll武 ants is of several tpes like necOsis,硼 o東)sis and
epinasty The dead areas on a le〆 structllre are referred tO as necttЭ sis.Ch10rosis is l■ e
loss Or reductiOn ofchlorOpl■yll and leads to tl■e yel10¬セ■g oftl■ e lea■ Epinasけ is a dOヽ Vnwaぽd
cLrvatuJ・e oftlle leafdue tO tter rate OfgrOnh On the upper syface,and tlle drOpping
ofleaves is called αろscJss′οれ.FeM″ plant Species are spared damage on exposure to one or
more of the p量 ncipal aila pollutants.In general,tlle pollutantS enter tte inner tissues
ch・o襲鑑l Lite Stolnata,"1lere Ll■ey desェも、 伍 e ch10Юpl輯 al■d ttSrtllDt p1lotOsンIぬesis.The
a4VerSe ttbcts range ttorn reductiOn in gЮ vAh ratt tO deatln of the」ant.
Tl■e ettbct Of particdates on vegetatiOn is nOt、 vell kn`Э、vn,HOweveL some specinc
dusts have been obsewedto cause dalllage.Cement dttt deposited on leaves,On cOmbinattOn

宙m mist or ltht rain,お r7ns incrustations.PlugJng of Sねmata may occur9 Юsl■ting in
plant damage.ρ helnicals such as arsenic and■ quo五des when depostted Onぬ e leaves can
｀
  poison animals.Tl■ e enЪ cts of spec述c Pollutants On vegetation are sunllnarised in Table
2.14.

ヽ

1
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Table 2.1 4 Efects of specifit air pOl!llialis cn v● Ootailる o

2.5.3 Ettects ofFヽ i『 PQ!!に !tion on MateF甘 ats

The damage caused by atmOspheric polluta=ts to lnaterials is a v′ en‐kュ。、ァ節phenob〕●40n
Particulates such as soOt,dust and funュ es soil Pairted surJhces,labttcs attd bulldings,at.d

because oftheir abrasive naturo,patticulates can cause dal■ age to eス:,osed Sり riFaces、/hen
they are driven by・ 1/ind at l量 gh velccities IPhrOugn tteir o■ ■ oorrOSive,■ es8 0r in the
presence of S02 and mOisture,they can accelerate the cclfrosio■ of steel,coPpett Zinc and
other metals。                         ・
Tユ
・e mOSt nOto● ous pollutatt respo■・sibleあr netallic corrosicll is sごIPhuI・ ■iOゴde.II

haS been reported that cOrrosion of llard metals such as steel bejns at an■ ■.‐ l inean
COttCentrations of O_02 ppm (52卜 tB′m3)′並lcve15 of 0 09-l ppm,S02 attecし s fabrics,leathe3,
and Paint S02 is readily absorbed by leather and causes its disintegration Farer is alSo

discoloureti by S02 and becor_Des b五 ttle and ttattle Stilp:biric acia lttist in t■te at■losPhere
causes deterioraticn of strllctrピ al materials such as■ ■a,Fble inで1 littlestcne Wiattt riFiCJe3S
maible,culptires anol buildittgs have suttered damage in the last 80 years as a rc‐ slit of

increased SOa COFrtent in the at童 10sphere.

OzonO is a ven/reac嘔ve substance Ⅳ霊Lch of 5,e degradatton of lnateials, sL・ Ch aS
fab五cs and rubber.黒ow attributed to``weatlle五ngl is caused primariサ 乙y｀ 6zone.ozo■ le
causes the craclこ ing of syntlletic rubbers at atmospheAc le,els of 0 01 L0 0 02 ppttc(20-40

μgたn3).It also attacks ibric ibres and the aJvers,ettbcts ircrease in the ordet:ibres
made of cotton,aCetate,nylon and polyester The l五 ding of fbヱ eヽs and the cracl・・●

=01

t

`′
|■  ■
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mbber are attl・ ibuted to ozone'so対 dising abiliち「 Ni缶ogen o,ζ ides,altllo■lgh less pほ壷彗
publicised than ozone,are knoM″ n to cause fading in acetate,cotton and rayon ttbres at
levels of O.6-2 ppm over 2‐3 month period.It has been observed」 hat pa.ticulate n■tra議
attack and damage■ l■ckel…brass al10ys in the presence of moistl■ re.

2.5.4 Damage to Health,Vegetcntion anol.Materials in india

In lndia no systehatic or statistical data are available on the health status ofthe people

はpOsed tO air pollution.Fttst耽 饉 e data base is exほ ёmely poor.Accorttng to one estimate,

as many as 60 milliol■ people are a∬ ected in one way cr the other by」 r pouution24.
Epidenliolo」 cal data shollld be collected at the regional and national levels on the emects

Ofair pollutants on hunlan health Tl■ ё nature ofdamage caused to tropical and st■ btropical

vegetauons by ttr pollution is allnost unkno、 vn.Repotts of S02 damage to plants lile
banana,grapes, papaya, coconut etc, are scattered, and mo systemaattc assessment is

available. IVIost oF the infOrmatiOn available in ttterature is applicable to countries of

moderaね cliinate in Europe and Nortl■ Antcica,and L is ofveり 1■de use fOr as,essing tl■ e
damage to tropical broad… lea、led plants.

The inforIIlation on mate五 als damage due to ar pollutton is very scmり IIOWevet u踵
information on corros市 e effects of acid precゎitatiOn on fnetals is a′ a■able for a■ w cities.

Due tO bi3h COncentration of indust五 al discharges and salilliけ and httmmttdity in the a止ら
corros■on rates in 1/1111nbai are“ported to be S to 6 imes tter thm thOSe in other
similar cOastal areas of the cou文JbQら

2.6A]R POl_LUT10Nし QWS AttD S私国DARDS

Theコnain obiectiVe Of enacting aw pollu髄 On lav7 is to contl・ol polluttant sOurces so that
ambient pollutant concentrations are reduced to levels considered saお . The oldest
antipollution law in lndia is the“ Smoke Nttsance A∝ "enacted as earb aS 1920 by儘
then Bombtt Goverttnent.The act was orijnally applicable to Bombay cit)ら but was later

にtended to colrer the entire state.lt laid dOwm rttes and Юg曖1洸ions ccIIcern■nbc the dze

and hei〔コlt Of Cl■ilnneys and boilers in texttle nlills,besides listing lneasures to be ettcted

for treabme競 ご smolre Simlal・ ltt aお w oier stattsii the country came up with tl■eir ovan

snxie nu■ sance acts.Furthett alnlost all clle states have a cla■lse on nuisance control in

tlneill municipal corpora髄 on acts.HoM/evett these acts have either looplrloles or they are

o■ltdattd in contⅨ t J the deve10pmentぽ l■ulnerous歯吟2mcal,metal起暮 cal and po、 ver
plallts.Hence,血e∝ed for strict momto五 電 Of乏度 pollttal■ cs and 76heir Control thro峨
detailett rO謬■lations is velッ essential.The Cerltl・al Air(lPrevention allld ContrOl ofPollution)

Act,1981 is a signiEcant development in this direction.

The act prov■des an integrated approach to tackling of prolplems related tO pollution.

It elllpOwers ttle Central Board for Prevcnion and Contr01 0fWhter Pollutton,cOnstitubel

undeF the Ⅵbttr(Prevetttion and COnt7o1 0f Pollu伍 on)ノ鵠元,1974,to cで rdse tlle powers
and perfOrn■ th functions of the Central Board ttr the Prevelttioll and Control of Air

Ponuuon also.The mtt nctions OF Centrd Board incl■ lde tlle f0110wing:

(α)油宙se tte gOvernmett of lndia on matters conceming tte prevettion,cOntl・ ol or
abatement of air pollution. : .

: (b)Codrdinate the agi宙ies ofthe State BOards and prov■ de technical assisね nce and

`
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CHAPTER

EIGHT
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_

C、
METEOROLOGY AND NATURAL
PURIFICATION PROCESSES

llution problems arise lrom the confluence of atmospheric contaminants,
meteorologicai conditions, and, at tiines, certain topographical conditions-

e air pollution episodes mentioned in the previous chapter all involved meteoro-

gical conditions that restricted dispersion of contaminants, causing them to
ulate at harmful levels.

Because of the close relationship that exists between air pollution and certain
ospheric conditions, it is necessary for the environmental engineer to have a

rough understanding of meteorology. Even the most cursory exploration of
conciitions rvhich prevail in the greater Los Angeles basin, in the metropoiitan
Ver are2,in Athcns,orin any smog― troublcd city、 vill givc a fair undcrstanding

the cause-effect relationship between meteorological and topographical con-

ditions and air pollution. Thai relationship will be explored in depth here, rvith
iat emphasis being given io the effect of meteorological elemenis on the dis-

ion of pollutants in the atmosphere and, conversely, to the influence of atmos-

lheric contaminants on meteorological conditions.

Elemental Properties of the Atmosphere

The preceding chapter discussed the composition and structure of the earth's

atmosphere. The source of all meteorological phenomena is a basic, but variable'
ordering of the elemental properties of that atmosphere - heat, pressure, n'ind,

and moisture. All weather, including pressure systems, wind speed and direction.
humidity, temperature, and precipitation, ultimately resuits from variable rela-

nc I19,

(i9 j

o.r. ..c. l.

rs h r:g:::
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t P;:::::-:

Jl. \\ as:.-

tionships of.heat, pressure, wind, and moisture.
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The interaction oi these four elemente may be observed on several Cifierent ler.r.
or scales. These scales of motion are rqlated to mass movemenrs oi air wh,ch n.,,,1
be gldbal continental, regional, or local in ic6fle. iAccording to their C"q;":;:l' iange of inftuencq ihe scales of moiion may be designatea as .o.ros.oii ,,'..,','-
scale. or microscale. 18-301

484 AIR

8-l SCALES OF MOT10N

Macroscale

Atmospheric motion on the macroscale involves the planetary patterns of .ir.ulu.
tion, the grand sweep of air currents over hemispheres. These phenomena occu.
on scales of thousands of kilometers and are exemplified by the semipermanenr
high- and 1ow-pressure areas over oceans and continents.

The sun's rays heat the earth near the equator to a greater extent than at ti.t.
poles. If the rotation of the eartll were discounted, the heated air at the equaror
wouid rise, and cool air from the poles would move in to take its place. This
would set up two theoretical cells, involving only longitudinal motion [8-lg]. as

shown in Fig. 8-1.

Figure 8-l Haliey's suggestion for general global circulation. ( From Linslcl, f8- l3l.\
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Hcwever, the west-ro-east rotation of the earth must be taken into accouni,
it has a crofound cFeci on air curlcnts,delccting thc、vinds to thc fight ir

rOrtheFn hemis,卜 ere and to thc lcrt in thc s。 ■lhcrn hemisphcrc Thc ctcct

rhe ea.rih's rotaiiorr. or rvin.l veloqiiy aad ciirectio;'r is caiied ihe Coriolis force,
rhis iorce has major sigiriicai:ce ir ihe ibrmatiol of weather- [B-7]
Thus, air firovemeni on the giobai sca,1e is not sir:iply in longiiudinal direc-

ior the dual e fl'ect ol heat diflerential between poies and eeuator and of the
oi ihe eanh along its axis esiablishes a more compiicated pattern of air
tion Asindicatcd in Fig 8-2,thc geicral global circulation pattcrn(macrO―

) is ccmposed oi three celis oi air move.ienr in each hernisphere. [8-18] It is
er !his dual influence of thermal convection and the Corolis lorce thar high- and

w-pressure areas, coid or warm lror,ts, hurricanes, and wiater storms are lormed.
One oi the primary elements infiuencing air mass movenlent on this scaie is the
ibution ol land and water masses over ihe surface of the eaith. The greai
bctv/ccn conductivc capacitics of land and occan masscs accounts for

deveiopmeni of many of oui r.veather systems. Ovei ianC masses, atmospheric
peraiu.e rises rapidly in the p:esence oi solar iadiation (oay), ther drops with

@ Subirc;i::1
jet siream

@ Polar jet strean

Clrcu

ra occur
rmanent

in at the
equator

Lce. This
8-181, as

'Awesterlies+
Horse latitudes

\..\
.-Y Westerlies \--__ g,

Figure 3-2 Schematic represenialion ofgenera! circulation. (,Fron Lins!e". l3-lE).t

*

Jet stream
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equal rapidity in
the atmosphere.
slowly, since heat
absorbed by land

M esoscale

Secondary, or-mesoscale, birculation patterns develop over regional geosranr,^
units. primarily because of rhe influen'ce ol regional or local t"p"e*itrri'illll
phenomeira occur on scales of hundreds of kilometers. Ai. *ou"meni on ,ii
scale is affected by the configuration of the earth's surface-the location of *",,.'
tain ranges, of oceanic bodies, of forestation, and of urban a"r.lop."nt. iJa
or sea breezes. mountain or valley rvinds, migrarofy high- ,nO lorr-p..,-rr.".
fronts, and urban heat islands are typical of the peculiarly local phenomen..,
observable on this scale. [8-30]

M icroscale

Microscale phenomena occur over areas of less than 10 k and can be exempliflerj
by the meandering and dispersion of smoke plumes from industrial siacks. phen-

omena on this scale occur within the frictign laysr, ,6. layer of atmosphere at
ground level where effects ol frictional stress and thermal changes can cause
winds to deviate markedly from a standard pattern. The frictional stress encoun-
tered as air moves over and around irregular physical surfaces such as buildings.
trees, bushes, or rocks causes mechanical turbulence which influences the pattern
of air movement. Radiant heat from siretches of urban asphalt anri concrete.
desert sands, or other such surfaces causes thermal turbulence that also influences
air movement patterns. [8- 1 3]

. Macroscale circulation patterns have little oirect influence on air qua)ity
in most cases. Noted exceptions are Los An-qeles, California, and Santiago.
Chili, two cities whose air quality is directly affected by the presence ol high-
pressure cells related to circulation patterns of macroscale.

It is the movement of air on mesoscale and microscale levels that is of vital
concern to those charged with the control ofair pollution. A study ofair movement
patterns over relatively small geographic regicns can help determine how weli
pollutants will be dispersed into the upper atmosphere in those regions.

8‐2 HEAT

Heat is the critical atmospheric variable, the major catalyst of climatic condiiio..rs.
The heat energy in the atmosphere comes lrom the sun as short-wave raciiaLio:
(about 0.5 pm), mostly in the form of visible light. The earth emits much lon-qe:'

waves (average ol l0 pm) than it receives, mostly in the form of nonvisible hei'..

radiation.

its absence (night), since landmasses cuickly r:eradiate 
1

Conversely, air temperature over water rises and f"ftj,"
;il'iJ,::::';::.'''; H:l; :f ::T,':s'i 

o d eeP e r h, ;';:'TX
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c ofthe solar rays never rcach thc carth at all bit arこ re■ ectε d° back tO

by individual palticles in the air and by clouds. Solar rays may also be re-

Ibac(to -space by the ground itself, vrith surface characteristics being a major

in the rale of reflection. For examplg desert sands, snow, anci ice have a

rate of reflection, while fores'ts and cultivated fields have a low rate.

iome of the sun's rays are scattered by intervening air molecules. It is this
ing of rays of different wave lengths that gives a clear sky its deep blue color-
lng｀ mOre晟 en“ asthittRInぎ al・t'C10HZOn,and iヽ ■ ヽ phenom―
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iome ol the sun's rays are absorbed by ozone, water vapor, carbon dioxide,
and ciouds of the lower atmosphere, but the earth's surface is the prime ab-

r important ways in which heat transfer occurs in the troposphere are through

of solar energy. Thus the troposphere is heated primarily from the ground,
m the sun. [8-29]

ric Heating

"greenl.iouse effect ", the condensation-evapioration cycle, conduction, and
vection.

effect As noted earlier, solar energy (light radiation) absorbed by the

is converted to heat energy and emitted into space as long-wave (heat)

tion. Although water vapor and carbon dioxide are transparent to short-wave
iation, they are nearly opaque to long-wave radiation. Thus, much ol the

's reradiation is retained, raising the temperature of the atmosphere. This
omenon is known as lhe greenhouse efect, taking its name from the principle

greenhouse construction, where glass operates tn a fashion similar to carbon
xide and water vapor, allowing solar rays tb pass unhindered into the green-

se, but blocking reverse radiation. [8-29]

ensation cycle Evaporation ol water requires expenditure of
gy, and the needed energy is absorbed from the atmosphere and stored in

ter vapor. Upon condensation, this heat energy is released. Because evaporation
takes place on or near the earth's surface, while condensation normally
in the upper regions of the troposphere, the evaporation-condensation
tends to move heat lrom lower regions to higher regions.

On the macroscalc,latent hcat is transDOrted frOm latitudc bclts、 'herc there

l heat

[8-2]

is substantial precipitation. Beiow about 22" latitude, water vapor and latent
are carried equatorward, while at higher latitudes they are carried poleward.

Conduction Transler of heat from earth to atmosphere is also accomplished
through the process of co.nduction, heat transfer by direct physical contact of air
anci earih. As parcels of air move downward, they come into contact r.vith the
warmer ground and take heat irom the earth into the atmosphere.
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Convection Conaection, a process initiaied by the rising of_warm air and the sinkino
oi cold air, is a major force in transferring heat from earrh to ,roporpt .... e.l"'l
be seen in Fig. 8-2, convection is a primary facror in movement of ui. *.r.., o*n
the macroscale.

Temperature Measurement i

Maximum, minimum, and average temperatures are geherally recorded at weather
stations, and normal daily temperatures for a specific region can be calculated
by averaging daily temperatures over a 10-,20-, or 30-yr period. A temperature
designation of particular interest to the environmental engineer is the degnee-dar,
ofan area, since this figure is a measure ofhearing and fuel requirements and henc.
of air pollution potential from the burning of fossil fuels. The heating-degree-dav
of a region is calculated by subtracting the average daiiy temperatures fo. ayear
from a preselected "comfortabie" temperature usually 18"C. The numbei oi
degrees by which the average daily temperature falls belorv this standard tempera-
ture yields the heating-degree-days for that region. [8-2]

Lapse Rates

In the troposphere, the temperature of the ambient air usually decreases with an
increase in altitude. This rate of temperature change is called the lapse rate. This
rate can be determined for a particular place at a particular time by sending up a
balloon equipped with a thermometer. The balloon moyes through the air, not
with it, and the temperature gradient of ambient air, which the rising balloon
measures, is called lhe ambient lapse rate, the enoironmental lapse rate, ot the
preuailing lapse rate. l8-2)

A specific parcel of air whose temperature is greater than that of the ambient
air tends to rise until it reaches a level at which its own temperature and density
equal that ofthe atmosphere that surrounds it. Thus, a parcel of artificialiy heated
air (e.g., stack gas or automobile exhaust) rises, expands, becomes lighter, and
cools. The rate at which the temperature decreases as the parcel gains altitude (the
lapse rate) may be considerably different lrom the ambient lapse rate of the air
through which the parcel moves. Thus, it is necessary to distinguish between the
temperature decrease associated with the ambient lapse rate and the internal
temperature decrease r,vhich occurs rvithin a rising parcel of air or other gas.

The lapse rate for the rising parcel of air may be determined theoreticaiiy.x
For calculation purposes, the cooling process.,vithin a rising parcel of air is assrrmed
tobe adiabatic (i.e., occurring without the addition or loss of heat). Under adiabatic
conditions, a rising parcel of air behaves like a rising ballooii, lvith the air in that
distinct parcel expanding as it encounters air of lesser density untii its owa density

* See Petterssen 18-271,p.106, for a discussioo ofthe adiabatic lapse rate.
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equal ro rhat of.ihe almosphere ryhich surrounds-'1t:aThls ca to

r w-:;t :-io heat e..:cha.lge betrreel the rising carcel and the'

E;ipa;rsioi-r oiai: agaiirst ils surrounciings, like ail o;her uork, r'eq,rire. e:e:g1.

long as the ilsing parcel is very ciose ro the earth's surface, ii mal receire some

it energy froil the earth. As sooc as it rises"t'eyomd that exer:)' source. it must

oa its o$'n store of heat ior energy. An internal cycie is thus estabiished;
peralure r,vithin the air parcel decreases as heat energy is expended. [B-2]

this process involves no transfer of heat from the risin-e parcel to the aimos-
rvhich surrounds it, it is called adiabatic caoling.

Uiilizing two basic concepts of physics, the ideal-gas law and the law of con-

vation of energy, it is possible to establish a mathematical ratio expressing

temperaiure change against altitude gain under adiabatic conditions. [8-27] This

rate ofdecrease is termed lhe adiabatic lapse rdte. Dry arr, expanding adiabaticaliy.

coois at 9-8'C per kilometer, the dry adrabatic lapse rate. [8-32] In lvet, as in dry

adiabatic Drocess, a saturared palcel oi air rises and cools adiabaticaliy, but a

second iactor afrects its temperaiure. Latent heat is reieased as water vapor con-

denses within the saturated parcel of ristng air. Temperature changes of ihe parcei

aie rher <iue to libera"tion of iatent heat a.s vre1l as to expansion of the air. Wei
adiabaiic iapse rate (6"C7km) is ihus less than dry acliabatic lapse raie. [8-27]
Since a rising parcel of effiuent gases woulC seldom be completely saturated or
completely dry, the adiabatic lapse rate generaliy ialis somewhere betrveen these

two extremes.

stability

Ambicnt and adiabatic lapsc ratcs arc a mcasurc of atmosphcric stability Since

thc stability of thc air rclccts thc susccptibility of rising air parcels to vcrtical

motion,consideration of atmospheric stablity or instability is csscntial in cstab―

lishing thc dispcrsion ratc of pollutants

The atmospherc is said to bct`れ s`α b′
`as long as a rising parccl of air rcmains

warmer(or deSCending parcei rcmains coolcr)than thc surrounding air,sincc

such a parccl、 vill continue to accclcratc in thc direction ofthc displacement

Convcrscly,、 vhcn a rising parccl of air arrivcs at an aititudc in a coldcr ard

denscr statc than thc surrounding air, thc rcsultant do、 vnν√ard buoyancy「 o rce

pushcs thc displaccd parccl of air carth、vard and a、 vay frorll thc dircction of dis―

placcment Under such conditions,thc atmosphcrc is said to bc s`α b′′[82]
st`bility is a function of vcrtical distributior. Of atmosDhcric tcmpcraturc

al.d plotting thc anlbicnt lapse rate against the adiabatic lapsc ratc can gi、 c2■

indication ofthC stability ofthc at lnosphcrc Thougo dry,mOiSt,or,「 et adiabatic

lapse ratcs may bc uscd in such a collnparison, tllc dry adiabatic lapsc ratc

(98° l_‐ょ雫)iS uSCd in Fig 8-3 as thc mcasurc against which sevcral possibic amblcnt
lapsc ratcs are llottCd Thus,in Fig 8-3,thc boundary linc bctwcen stabilit)ard

instability is thc dry adiabatic iapse ratc

ハヽ√hcn the aribient lapsc ratc cKCcedS thc adiabatic la,se ratc, tilc arnbicnt

iapsc ratc is said to be sιιParαご
jαわt7`it‐,and thc at腱 ospherc is highly unstablc Vヽici
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Figure 8-3 Relationship ofthe ambient lapse rates to the dry adiabatic rate.

the two lapse rates are exactly equal, ihe atmosphere is said to be neutral. When
the ambient lapse rate is less than the dry adiabatic lapse rate, the ambient lapse

rate is termed subadiabatic and the atmosphere is stable. If air temperature is

constant throughout a layer of atmosphere, the ambient iapse rate is zeio, the
atmospheric layer is described as isothermal, and the atmosphere is stable. [8-2]

When temperature of the ambient air increases, rather than decreases, with
altitude, the lapse rate is negative, or inverted, from the normai state. Negative
lapse rate occurs under conditions commonly referred to as an inuersion, a stale
in which warmer air blankets colder air. Thermal or terr-rperature inversions rep-

resent a high degree of atmospheric stability. [8-2]
There are two types of inversions. The first is a radiation inuersion, a phenom-

enon arising from the unequal cooling rates of the earth and the air above the

earth. This type of inversion may extend a few hundred meters into the lriction
layer and is characteristically a nocturnal phenomenon that breaks up easily

with the rays of the morning sun. A radiation inversion prompts the formaiion
of fog and simultaneously traps gases. and particulates, creating a concentration
of pollutants.

The second type ofinversion is the subsidence inuersion thatis usually associated

with a high-pressure system. Such an inversion is caused by the characieristic
sinking motion of air in a high-pressure cell. Air circulating around a stationary
high descends slorvly. As the air descends, it is compressed and heated, lorraing e

blanket of warm air over the cooler air below and thus creating an inversion ihar
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rs further vertical movemeni of air. This type of inversioii may extend

h the friction layer to heights of over 1500 m.

PRESSURE

ition io heat, pressure is an important variable in meteorological phenomena.

r.lse air has weight, the whole atmosphere presses down upon the eartli beneath

Thi, p."raraa is commonly measured with a mercury barometer, an instrument

rich measures the weight, over a unit area, of a column of air extending to the

ol the atmosphere. On the average, the atmosphere at latitude 45'and at a

sratlFr9o-f 0'C (32'F) is equivalent to a column of mercury 760 mm (29.9 in)

and ihis, by international agreement, is called one stantlard atmosphere, or
y one bar. Meteorologists usually express pressure in millibars, and one

atmosphere is 1103 millibars. [8-29]
On lveather maps such as the one shown in Fig 8-4 pressure distribution
ughout the atmosphere is represented by isobars, lines connecting points of

ual atmospheric pressure. These lines deiineate high- and low-pressure cells

influence the development of major weaiher systems.

Figure 8{ Sea-level isobars over the
(From Battan 18-21.)

Longitude

Urited States and observed wind velocities at selcted stations.
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Pressure. Systems

Pressure paiterns over the.earih a.re in conslani flux as air pressure rises in so_-
regions anci falis in others. Thi location of continents, the differences i. ,*"o'.ll
roughness and radiation, rvind energy, and globa1 circulation patterns uif .o*il"l
to .Iorce development of high- and .iow-piessure systems or cells. The .lr.uturin"
or movement of-these high- and 1ow-pressure systems is responsible io, man,
weather changes. [8-3 6]

High-pressure systems High-pressuie systems are related to clear skies, lighr
winds, and atmospheric stability. In a typical high-pressure system in the northirn
hemisphere, the vertical motion of air is downward and the horizontal motion is
clockwise. High-pressure systems reflect the relative uniformity of air masses.

Under such stable conditions, temperature and humidity vary little over great

areas, and any weather change is grad ual. Under these stable conditions, d ispersion

is restricted and pollutants are likely to buitd to undesirable levels.

Low-pressure system In a typical lolv-pressure system in the northern hemisphere,

horizontal air movement is counterclockwise and vertical movement is upward.
Low-pressure systems are usually associated rvith cloudy skies, gusty winds.
atmospheric instability, and the formation of fronts. Under such unstable con-

ditions, <iispersion of pollutants is likely, and air pollution problems are mini-
mal. [8-36]

Fronts

Frequently two masses oIair develop sharp boundarieswith respect io temperature.

When air masses having different properties come together, they do not mix readily.

Warmer, less dense air tends to override the colder, denser air. The slopin-e,

wedge-shaped zones of transition betlveen two air masses of different densiiy are

called fronts. A front, either cold or warm, typically moves around its host low-
pressure cell in a counterclocklvise direction.

Warm fronts Warm fronts occur when warm air advances while coid air retreats.

The warm air, being lighter, rises over the cold air, and a wide band olprecipitation
results. The precipitation is heavy at the beginnirrg of the lift, but &creases as the

warm air progresses. [8- l6]

Cold fronts When cold air advances on a cell of lvatmer air, the resulting wez.thei

system is called a coid front. Here the co1d, denser air pushes under the r.varm

air in its path. Typically, cold fronts are.associated with brief, but intense, siorms
lollowed by clearing, cooling, and a drop in humidity. [8-29]

When ihe transition zone between warm and cold air dobs not move one 1ve]-

or the other, that zone is called a stationary front. l8-2)
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is simply air in motion. On the macroscale, the movement originates in
distributioa of atmospheiic temperature and pressure over the earth's

and is significantly infiuenced by the'earth's rotation. The directibn of
d flow is characteristically from high pressure to lo!v, bul rhe Coriolis force

to deflect air currents out oi these expected pattetns.

On the mesoscale and microscale, topographical features critically influence
■ow Surfacc variations have an obviouS ettect On the velocity and direction

ir movement. Monsoons, sea and land breezes, mountain-valiey winds, coastal

windward precipitation systems, urban heat islands-a11 are ready examples

the influence of regional and locai topography on atmospheric conditions.
lVind channeling in river valleys is a phenomenon affecting many large urban
五s Updraft or up-lnountain breezes, which predon■ inatc during wall■ ler

ions of the day, and noctumal dorvndrait are rveather phenomena pecutar to
untain valleys.
The variance ofthe conductive capacity ofland and water accounts for another

oltopography on wind <iirection. Because land warms and cools more rapidly
neighboring bodies of water, the characteristic coastal winds fall into a

ern of daytime sea breezes and evening land breezes.

In the friction layer at the earth's surface, lvinds are often gusty and changeable,
y due to locally generated mechanical or thermal turbulence. [8-15] Once

of the impediments of the friction layer, velocity of air movement generally

creases, and winds aloft usually blow more steadily and more parallel to the

bars rhan do those in lower regions. An empirical formula relating r'','ind speed

height in the friction layer, that zone of air beneath 700 to 1000 m (2,0CO to
3000お et),iS
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where u : wind speed at height z, m,rs

uo : wind speed at anemometer level zo, m/s
ft : coemcient, approximately j

Wind speed is usually measured by an anemometer, an instrument typically
consisting of three or four hemispherical- cups arranged around a veriical axis.

The faster the rate of rotation for the cups, the higher the speed of the rvind. A
three-cup anemometer and a wind vane for observation of rvind ditrection are

shorvn in Fig. 8-5.
When data for rvind speed and direction are placed on a wind rose, they yield

a graphic picture ofthe direction, irequency, and velocity oithe winds in a particu-
lar location. For example, the wiad rose shown in Fig. 8-6 indicates that the great-
est percentage of rvinds in that inonth were from the southlvest and that speeds of
up to 8 m/s were recorded for winds from that direction. Relatively infrequent
easterly winds were occasionaily as high as 8 nt/s. [8-38]
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Figure 8-5 Wind measurement instruments : (a) rhree-cup anemometer and wind vane; (6) close-ur-. ..
three-cup anemometer.
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to- condensation to precipitation is a constantiy repeating cycle in
viior,i:,eri, as discussed ic Chap 2. lv{o;srare is irs: iransie:iei. iion: ine

in sol・ le fornl of precipitation― rain,hail,snow,or sle磁    ,

"賦赫 …
m― L―警γ

l■:庸聡就 覆Is Thc cycle completcs itsclf as the condcnscd vapo

Topography plays ar imporiant rcle in moisri-ire distributior:. Moultains
f to foice- rtie iise ol moisrure-lader air,,iesujting ir heavier piei;;i;raifn on
*'indrvaro side oi a range.

RELATIVE HUⅣ IIDITY

amounr cf rvater vapor present in ihe atr:rcspheie is measured in terms ol h,:-
ity Thc higher thc tcmperaturc ofthc air,thc morc v′ atcr vaDor it can hold

ir becomes saturated. At ground level, a tearperatule increase oi i1.i'C
do ubles the moisrure capacity of the armcsphere. Saturated air ar 16"C rhus

tains approximately twice as much rvatei vapor as saturaied air at 5"C.
Relative humidity is measured by an instrument ca]led a psychrometer. The

-bulb thermometer of a psychrometer indicates the temDerature of the air,
the rvet-bulb thermometer measures the amount of cooling that occurs as

moisture or-t the bulb evaporates. lvith the difference in the two ieadings (cal1ed

wet-bllb depression) and the dry-bulb tenpeiature, oae can cbtain reiaiive
idiiy readings from psychrometric tables. [8-2]

Influence of Meteorological Phenomena on Air Quality

The rrreteorological phenomena rvhich have been briefly discussed to this point
a critical influence on air quality. As noted earlier, ulder ailverse aimo-

spheric conditions, the presence of air contaminants gives rise to problems oi air

● |

: t t_J

7  8  9 10

poliuricn. Understanding the relationship letrveen atmospheric condiiions and
air poliution problems can enable the eqvironmerral engineer tc minimize the

adverse efr'ecis of the relationship.
As a river or siream is able to absorb a specific contaminant loao uith:,ui

undesirable results, so the atmosphere carr assimilate a certain amouni ol air
colraminarion rvithout il1 effects. Dilulion ol air contaminai:ts in the atmosphe:e
is an irnportant process in preventing undesirabie leve1s oi pcliu,"arls rn tL-'
ambient air. Almospharic dispersion of air contaminants is the resut cf vei.iiiia:ion,
atmcspheric turbulence, and molecular diffusion. Holer sr, gaseous ar'd Eanic-r-
late air contamilants are primarily dispersed into the arabient arl rhiough r.-,'ind

aclion arid armcsph=ric iurb';ience, much ol il on the nicrcs;ale i:vel.

; ciose-up of . .
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E-7 LAPSE RATES ;\ND DISPERSION

t,1 cor,r-: ring :,te . i:.'ie:l ,lisi :a:e ,o ,l.a ,a,ubrr,c iz.ps: :ialr. rr mc. ,-
Dossible to predici wliat rviii happen to gases emirled lrom a siac<. 6 tie [..it,,-'
;ng e:iamples, lhe dry adiabarrc lapse rare is-used, bui p;ediciior, oiplurr. p",,*r",
is more lixeiy to be accurare ii the rnoisrur6 contdnr of the srack Sas is take,, ,", 1

account when ambient alci adiabatic lapse rates are compared.
When the ambieni lapse rate is superadiabatic (greater than rhe irdiac:;,, 

.

the turbulence of the air iiseli causes the armosphere ro serve ur un .ff..tir. ,..'
hrcie of dispersion. As indicated irr Fig. 8-7c, the resultant piurne is desisna;o,,-.
"locpingl- phime. In this highly unstable atmosphere. the stream 

"i161,,;;poiiuiaqtS';ndergoes rapid mixing. anci any wind iauses large 
"aai* uri.i.i 

"...1carry the entire plume down to the ground, causing high concenirarions close io
ihe stack beiore dispersio;r is coinolete . i8-257 In areas r.vhere colditiols mal<t
iooping piumes likely, higher siacks may be needeci to preveflt piernaiure coni:ci
with the giound.

When rhe ambieni lapse rare is equal to or very near rhe dry ariiabatic laps:
raie. the plume issuing fron a singie chimney or smokestack tends io rise direiil.
inio the aimosphere untii ir reaches air of de;:sity simiiar ro that of rha piume itseii.
This type ernission, caiied a netLtral plume, is seen in Fig. 8-7b. [8-11]

Holvever, this neutrai plume tends to "cone" (see Fig. 8-7c) when vrind velocri.,
is greater than 20 mi/h l8-9] and when cioud cover blocks solar radiation bi'cla,
arid terrestrial radiation by rrighr.

\Yhen the ambient iapse rare is subadiabatic (1ess than the dry adiabatic].
the rtmosphere is,slightl_v siable. Under such copditions, there is limited veiticai
mixing, and rhe piobability of air poliution problems in the area is increaseij.
The typical plume in sucli a situation is said to be "ccning," since it assumes a

conelike shape about lhe plume line. as shorvn in Fig. 8-7c. \Yhile the dispersioir
lale is fasier for a looping p1ume. the disiance at which a coning piume first
reaches the ground is greater. [8-26]

When the lapse rate is negative. as in the presence of an inversion, the disper-
sion oistack gas is rninimai. because oflack oirurbulence. In the exiremeiy stable
air, a plume spreads horizontally. \,vith littie verrical mixing, and is said to be
"lanning" (Fig. 8-7d), and in.flat country such a plume may be visible for miles
downwind oi its source. [8-9] in areas rvhere radiation inversions are cornmon.
consiruction oI stacks high enough to allorv for discharge of emissicns above iire
inversior, layer is reco:lmended. This solution is not practical for subsidence
inversicns, since the)'usuaill extei:d io much greater heights.

Extenuating circumsiances can oiten alleviate or aggravaie the polluiioir
possioiiities accorrparyilg regative laDSe rate conditicns. Foi instance, rvhen the

lapse rate is superaliabatic above ihe eorission source and inversion condtions
exist belcw the scurce, ihe plume is said to be "loftir,g." As shorvn in Fig.3-7r,
a lcfting plume has mirimal Corvnrvard mixing, anci rhe pollutants are disperseri
clownwili \.iiihout an,v significant giouedJevel colcentrations. As loag as staci.

heighr remains above the inveisiol, loftilg will continue. bur icfting is iisuail.v.r
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t-7 Effect of lapse rale on plume behavior

.t

(a) looping, (6) neutral, (c) coning, (d) fanoing,
lofting, (f) fumigating, and (gr) trappine.

transitional situation. If the inversion grows past the stack height, lofting will
to fanning. [8-26]

When an inversion layer occurs a short distance above the plume source and
superadiabatic conditions prevail below the stack, the plume is said to be " fumi-
gating " (Fig. 8-!r). Fumigating often begins when a fanning plume breaks up
into a looping plume. as when morning sun breaks up a radiation inversion and

セ )
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8-8 PRESSURE SYSTEMS AND DISPERS10N

:選烈 ξ∫誕潔 場ξ胤 :∬
ri::』

工 ぜ 撻 鍵 l∫I簡 s:緊TR覇 :1:nょ常 :
/ヽhen such a systcm becornes stagnant over an arca for several days,air cOnta三

_

inants can build up to causc air pollutiOn problems

Convcrsety,lo、v―prcssurc systems arc associatcd、 vith unstablc atmOsphcric

conditions and commonly bring 、vinds and raini cOntarr.inani buildup is lcss
iikely to occur in low― prcssurc cells[8-6]HoweVer,connicting innucnccs arc

operant when a warm frOnt dominatcs a low― prcssure ccll lnitially,a warm front

、vill rcducc air― contaminant conccntrations,prilnarily through the stor■ l activitv

alongitslcading edgc Asthe warin iontlcVe10ps,howcvcr,morc stablc cOnditiOns

、vill result,with an aCcorrlpanying increase in air pollution potential

8-9 \YINDS AND DISPERSION

Winci is one of rhe most irnportant vehrcles rn the distributiorl, transpoir. and ciis-
persion oi air coniaiiiinaais. As meieorologisrs i-cake use of a *'ind rose to graphi-
caliy poitray wind speed and direction, so environmental eagineers have devised
a pollution rose for plottir,g the data necessary to determine the source direction
of specific air contaminants. [8-38]

The velocity of the rl'ind determines rhe travel time of a particulate to a recepior .

and also the dispersion rate oi air contaminanrs. Assuming a lvind speed of 1 m/s
ani a source emitting 5 g of air cortaminants per second, it can be derermine,i
that contaminant concenrration in this plurre is 5 g/m3. if the rvind velocitl
increases to 5 m/s, then the contarnilant colcentration from the same sou.rce is

reduced to a single gram per cubic meter. Concentration of air con{aminanis in a

plume is inversely proporiionai io wind velocity.
Frequanrly, toocgraphic conditions vril1 have a proiound efi'ecr on tvinds and

thus on air qualiiv. This is seerr in the wind channeiing efl'eci oi a valley. Heie.
because of a particuiar geographic siruciure, air movement is piedomllairtly
up 0r down the valley. and dispersion of ar.rbient ccntaminants outside the valleJ
may be lii:iited.
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The difrering conductive capaciiy of landmass and water mass gives rise to
alternating flow of sea breezes and land breezes,.a patlern which can:contribute

2ir poliution problems. The.L.os Angeles area frequenily experiences this pattern

air movemeni, which carries the contaminants toward the oc6an in'the eveningl

rly to-return the polluteci air to the urban basin when rhe direction of the wind

,fts bact toward land with the morning sun.

10 \IOISTURE AND DISPERSION

oisture conlent and form in the atmosphere can have a profoued effect upon the

qualir]'of a region. The presence and amount olwater vapor in the atmosphere
'ects the amount of solar radiation received and reflected by earth. Water vapor
/es to scatter or absorb radiation energy, and hence humidity has a major
uence on air quality.
Precipitation serves as a cleansing ageni for the atmosphere, removing par-

ticulares arid solubie gaSes in a process called washout.Though the beneficiai effects

ol lvashour are obvious, there are also some detrimental eft'ects. When rainfall
removes sulfur dioxide (SOr) from the air,. it may reaet with the water to form
H,SO. (sulfurous acid) or HrSOo (sulfuric acid). The resultant "acid rain"
iacreases the rate of corrosion where air contaminants are present. [8-17] In

'addition. the unnaturally lorv pH of such rains may change the pH ol rivers and
strearns anci thus infuence the species of algae and other plant life which predom-
inate in those bodies ol water. [8-37]

8-TI MODELING

A knowledge of meteorological phenomena and an undeistanding ofthe variable

factors that build weather systems can be used a.s a basis for forecasling air pollu-
tion potential and for devising air-pollution prevention and abatement programs.
With information from an emission inventory and with atmospheric dispersion
rates, it is possible to estimate air contaminant lev.els with some degree of reliability.

Maximum Mixing Depth (MMD)

Operations likely to produce significant amounts of air pollution shouid be limited
to those areas in which atmospheric dispersion processes are most favorable, A
determination of the maximum mixing depth of an ambient environment could
help establish lvhether an area is a proper site for contaminani-causing human
activities.

Maximum mixing depth (MMD) can be estimated by plotting maximum
surface temperature and drawing a line parallel to the dry adiabatic lapse rate

from the point of maximum surface temperature to the point ai which the line

ffi -J
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コ
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Figure 8-8 Maximum mixing depth, (From Ledbetter l8-l5)-)

intersects tl-re ambient Iapse rate lor early moming. [8-i5] In the instance plotred
in Fig.8-8,the MMD for the area was about 600 m.

Dispersion Models

Several empirical dispersion models have been developed. These models, or equa-
tions, are mathematical descriptions ofthe meteorological transport and dispersion
olair contaminants in an area [8-5], and permit estimates of contaminant concen-
trations, either in the plume from an elevated or ground-level source. Among
the most useful formula are those developed by Sutton, Bosanquet and Pearson,
and Pasquill and Gifford. Most of the equations in use today are based on rhe
follorving general equation ivhich was suggested by Pasquill and modified by
Gifford. [8-3, 8-4, 8-11, 8-]3, and 8-251

Equation (8-2) relates dispersion in the x (downwind) direction as a function
of variables in all directions of a three-dimensional space. Ii assumes that the
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ume has a Gaussian concentration distribution in both the z (vertical) and y
rizontal) directioris,as shown in Fig. 8-9. [8-34]
The concentration (C) of a gas or aerosol ( < 20,a) calcuiated at ground level

a distance downwind (.r) is given by

tNIEl■OROLOCY ANO NATURAt PURIFICATION PROCESSES 501

χ

は ,― y,a

は ,0,0)

(χ ,一ッ,0)

e 8-9 Coordinate syslem showing Caussian distribution in the horizontal and yertical. (From

Cx,y   
πι
`σ`σ
ノ

exp[―
:

(8-3)

f, : pollutant concentration, g/m3

Q : pollutant emission rate, g/s

n : pi,3.141"59

u - mean wind speed, m/s
or: standard deviation of horizontal plume conc€ntration, evaluated

in terms of downwind distance x, m, (as shorvn in Fig. 8-i0)
o" : standard deviation of vertical plume concentration evaluated in terms

of downwind distance x, m, (as shown in Fig. 8-1 1)

exp : base ofnatural logs,.2.71828183
I{ : effective stack height, m
x : downwind distance along plume mean centerline from point source, m
y : crosswind distance from the centerline ofthe plume, m
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Figure E-10 Lateral difi-usion cc.eficieri a.- r s. downward distance from source. (Frozn Dauis 18 il 1

This equation may be simplif,ec ii concentrations along only the plume cenierline

aie needed. In this case, I = 0, ard the equatiol is as foliows:

C.゛ =π

“σ=σv eXp[:経 )2]
(84)

The equation may be iurthei simplifiei if the effective srack height is ze:o, such as

in a siiuation of grounci-1er el burnrn-e.

Cχ
,。
= (8-5)
π′σ
ッ
σz

Values for σンand σf are not oniy a fulnction of downwind distan_‐ cs but are als,

a Function of atmosPheric stability Valucs of σンand σz for variols distanccs dC■
■‐

wirld(χ),with Various stability categorics,arc indicated in Figs 8-10a■ d Sll

Gencralized categorics are includcd in Table 8-1[8-34]
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8-11

Surface
wind speed,

m/s

Day

lncoming solar .adiation

Strong Moderate Slight Mostly overcast Nlostly clear

Ａ．ＢＢ
Ｂ．Ｃ∽
Ｄ

Ｂ
一

Ａ

Ａ

Ｂ

Ｃ

Ｃ

＜
　
　
　
　
　
　
　
　
＞

Ｅ

Ｄ

Ｄ

Ｄ

Ｂ

Ｃ

Ｃ

Ｄ

Ｄ

Ｆ

Ｅ

Ｄ

Ｄ

A.-Extremely unstable
B - Moderately urstabie
C -S1ightly unstable

D一 Neutral
E一Slま ily S●ble
F一Modcrately sable

(8-4)
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The maximum ground..level concentration occurs where
provided ozfoy are constant with downwind distance x. 18-22)

σ2ミ 07o7“
,

Example 8-l Deiermining maximum ground-level conceorration A porver piaal h,,.-
5.45 tonnes ofcoal per hour and discharges the combustion products rt rouet, r .,.jll'
ihat has an effective height of75 m. The coal has a sulflur content of +.2 p.r..nr,.na]il
wind velocity at the top ofthe stack is 6.0 m/s. The atmospheric condirion, ur. *od.rr,.i,
to slightly stable, Determine the maximum groundJevel concentration of SO. anA rir.
dislance from the stack at which the m'axihum occirs.

SOLUTiON

1- Determine the emission rate 0 lor SOz .

5.45. x 103 kglh x 0.042 : 229 kg Slh

S +'b, :59,

the molecular mass of both S and O, is 32, they combine on a one-to-one mass basis.

229 kg S+229 kg 02=458 kg S02ハ

ct=458 kg S02/h X 3600s X型号:}E= 127〔ノs
Determine locatiOn ofrnaximum concentration

For the givcn atmosphcric conditions, thc stability class will be either B Or c

(SCe Tablc 8‐ 1)To bC COnscrvative,choosc C For class C,the σz/σッratio is a cOnstant

lor distanccs up to l km from thcま ack Thereforc,

σ_=0707〃 =0707× 75=53m

From Fig 8-11,σ
=rcachcs a valuc Of 53 m at a distance Of about 850■

l froEl illc stack

with class C atmosphere Thus,

x max=850m

Determlnc Conccntratlon at x max

From Fig 8-10,σッ=88 m atχ =850m

C maX 
π× 6了理再

「

雨

=531x10~4g/m3

="1嶋

恐l器1熱場翻糧11駆‖aⅢ∫TTttt盤几lTO讐 :燻瀾臓糧
ccntcrlinc ofthc plume and at a crOss、 vind distance of 0 4 km on cithcr side ofthe∝ nter‐

linc
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σ2= 170m

σッ=280m
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r><6x170x ００
０
つ
ι

=128× 104 ym3

=128 μg7m3

The concentration 0 4 km away frOm ccnterline is:

%¨〒轟 CXpl
127

π × 6 x 170 ×

: 4.49 x 10- 5 g/m3

: +4.9 t-Lgln3

Design

eteorological data are necessary for the eft'ective design of a stack. All factors
ust be rveighed, iacluding the fact that emissions from a tall stack designed to

contaminants into the upper atmosphere and away from the immediate
may result in fallout or washout far downwind. [8-23] Dispersion equations

such as those in the foregoing section may be helpful. However, formulas alone are
t enough, since many local varrables must be considered if optimum stack design

is to be achieved.
Location of nearby buildings may cause mechanical turbulence、 vhich may

bring a plume to ground level,especially when the stack is do、 ′nwilld ofthe build―

ing and wind speeds arc high.To avoid this problem,stacks should usually be

desitted 2 to 2:dmes the hdght or nearby structures Shce dお petton formdas
commonly uscd are For nat, level terrain, irrcgular tcrrain must be takcn into

consideration、 vhen disperslon models arc being adapted for use in speciflc cascs.

Heat islands and mechanical turbulencc in metropolitan arcas must also be

considercd [8‐ 9]

All ofthc above considerations conccrn single stacks designed「 or continuous

cmissions Vヽhen multiple stacks are prercrred,still other factors must be taken

一　
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r:ric e,cc,:;1. 18-32]. Dif,ereri criteria. utay De useo,:oo. :fr :es-s.-l ol s ._:t: i,- .

irte;roeo_ ior snoii-teim. Hg"r"r, for e.,,p1csions, cr for l:lsrai'.i-r.ru, -:."..'
iucie.: il- j;on producl>. tr-9. 8-l I]

trVhea lhe air coataminaais are e;:ritteti irom a stack. rhe1, rise ablre r j-,. .,,
belole leveling out. l-he efective stack height ,{ is not or,lt tt,..p.t",..t ,ru,i
heighr ft 5-: i inclucss :ne p,un:e rise iAh). [8-21]

ii-h+Ah t 
{t-6,

See Fig. 8-il. S?ack heighrs used in caiculairo;rs such.as rhcse ior Erampl: l_;
must be the effective stack height, and there are numerous equations for the calcu-
laiion oi plume height Al. Holland's equaiion [8-22], ofren useri for this o:-

●・・

terminarion. is given belorv.
‐   ■||や  ―  ‐ ‐・・ ‐

Lh =?,d 1,., * (rur, r., ., Afd)l ;i -r/L \ t,/)
rvhere tr,t : rise of plume above the stack, m

r" : stack gas velociiy, m,rs

d : inside stack diameter, rn
r, : uind speeci. m s

p : atmospheric pressure, millibars
AI : stack gas temperature minus air teniperature, K

T, : stack gas remperature. K

ヽ

Figure 8-12E∬ cc面 vc stact height(Frο
“
S″ :`み [∂ 32])

″ =た +△ た
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Example &3: Calculating effective stack height Determine the effecrive he&ht of a stack
given the following data.
(a) Physical stack is 20:l m tall with 1.07 m inside diameter. I
(b) Wind velocity is 3.56 m/s.
(c) Ai. temperature is 13"C.
(d) Barometric pressure is 1000 millibars.
(e) Stack gas velocity is 9.14 m/s.
(l) Stack gas temperature is 149'C.

SoLUTToN

l. Convert temperatures to K.

T": 273 + 13 : 286

'f,:273+149:422

2. Calculate 47.

LT: 422 _ 286 : 136 K

3. Calculate AH using Eq. (8-7).

△力=写
[15+(268×

=Ψ [6+い締3
=66m

Calculatc efFectivc hcight

■

■
―
―
―
ヨ

ヽ

１

‐

′

／

蝸
一電
′

ヽ

０

‐３６

一
４２２

1∞Ox 「

―

―

―

コ

ヽ

、

‐

′

ノ

x 107

″ =力 十△み=203+66=2096m

ects of Air Pollution on Meteorological Conditions

e interrelatedness ol atmospheric conCitions and air quality should be evident
m the foregoing discussion of the effecls that meteorological conditions can

have upon the dispersion, concentration, or removai of atmospheric pollutants.

Ｉ
Ｌ

are suitable for neutral conditions. For unstable

of0 8to 09be decreased
i[8-2コ
presCnt another cquation br plume risc
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AF POllution Contr③l Methods
and Equiprnent

5.l CONTROL METHODS

The most effective means of deaiing with the problem of air pollution is to prevent the
formation of the pollutants or minimize their emission at the source itself. In the case of
industrial pollutants, this can often be achieved by investigating various approaches at an
early stage of process design and development, and selecting those methods which do not
contr:ibute to air pollution or have the minimum air pollution potential. These are known
as source correction methods. Application ofthese methods to existing plants is diffrcult,
but still some of these correction methods could be appiied without severely upsetting the
economy of the operation. Control of the pollutant at the source can be accomplished in
several ways through raw material changes, operational changes, modification or
replacement of process equipment, and by more effective operation of existing equipment.

When source correction methods can not achieve the desired goai ofair pollution control,
use is mdde of effluent gas cleaning techniques. These involve many of the chemical
engineering unit operations and at present form the main part of pollution control
technology.

5.2 SOURCE CORRECTION METHODS

5.2.1 Raw Material Changes

If a particular raw material is responsible for causing air poilution, use of a purer gtade
'of raw material is often benefrcial and may reduce the formation of undesirable impuri-
ties and byproducts or may even eliminate the troublesome eIfluent. A typical example of
this approach is the use of low-sulphur fuel in place of high-sulphur ones. Burning of
natural gas produces less pollution than that of coal, but a major drawback of such low-
sulphur fuels is their limited availability for wholesale use.

Fuel desulphurization is an attractive alternative, but removal of sulphur from fuels
such as coal poses formidable technical problems. The most promising way of using coal in
combustion processes with minirrrum air'poiiui;ion a1 J€?rs to be through coal gasification
because sulphur and some other unwanted material.s can be removed from the ga"- 'nuch
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r.Dore readiし than fl・ Om solid coal Coal gasiicatlon can be canied out in two possible

steps:         r

l Ctas can be produced by destFuCtiVe distillatioll of coal 
′rhe greater part of the

volatlle matter is d五ven ofrand coke is let as a by―product

2 Gasiflcation of the coke residues of the carbonisation process can be done M′ ith

就mm,CO″ 0″江ち∝a tttwe」t管驚:北胤翼轟鷺灘盤霞陸and undecomposed steam_Hydrogen l
case ofttdЮ gasiflcation llnethane is prodtlced;however,high pressures are req― ed
to obtain considerableェelds

ln all tl■ese processes,the sulpl■ uris recovered by passmg the gases through an absorbing

medim SuⅣ eys of some industrial desulphu五 zation processes are」Ven by Straussl.
Ore handling operations usually result in the emlssion oflarge quantities of dust il■ tO

the atmOsphere ln steel■ rldust苺、replacement of ra、ァore、、nth pelleted sintered ore has

yadually reduced dust enlissions and also helped to reduce the blast farnace“ slips''

5.2.2 Process Changes

Process changes invol、■ng new or modlied techiques otter important、 vavs of lo、ve五ng
atmosphe五c pOllutant ell■ lsSiOnS. Radlcal changes in chemical and petroleum reining
hdustries have resulted h nurunuzll■ g of the release of matenals to the atlnosphere.The

volat■le substances are recovered by condensatior.and the non― condensable gases are

recyded fOr additional reactions Hyむ ogen sulphide,、′hich、「as Once nared in reine五 es,

is no、v recycled anci used Ln Claus process to recover elemental sulphu■

Rotav Llns are a lnttor source Of dust F_Yleraton in cement plants.Some de[Fee Of

dust control may be acheved in the kiln opel.ation by attusung operating conこ tiOns
~~Rё
ductiOn ofthe gas velocities、マ■thin the kiln,modiicati)n ofthe rate and location cfお ed

introduction and eIYlploン ment ofa dense curtain oflight― weight chain at the discharge end

of tl■e kiln can lead to dust control

Smelting and paperindust五 es are noto五ous for elnittingh山 0可 ect10nable sulphll■ous
pate五 als nese e.Ilissions are being curtttled by maOr procesS changes such as LrdrO‐
metallur」cal Separations of ores and use of nO s」phides in paper m』 dng.

In the steel industry, a radicallv different process has been proposed to lower sulphurous
emissions during combustion. In this process, the sulphur bearing fuei, Iimestone and air
are injected into a molten iron bath. The combustibles in the fuei are partialiy oxidised to
carbon monoxide within the molten iron bath; the gaseous CO comes off at t[e top of the
molten iron and is burnt efficiently in a conventional manner. The sulphur is retained in
the iron bath and forms a slag with the limestone, which is removed.

Other examples involving process changes inciude: (1) reduction of the formation of

nitric oxides in combustion chambers by low excess air combustion in two stages, flue gas

recirculation and water injection, (2) washing the coal before pulveri zaLion to reduce the

fly ash emissions, and (3) substitution of bauxite flux for fluorine containing fluorspar in

the open hearth method.

5.2.3 Equipment Modification or Replacement

Air pollutant emissions can be minimized by suitable moditication or replacement of process
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equipment. For exa:nple, the unburnt carbon monoride ancl hydrocarbons in the cylinciers
of aa automobile engine, lr.hich are otherwise emitted into +"he atmosphere through ihe iail
iip., .un be b'.tnt Ly h;Ecting air into the hot erhaust manifold of the eng;ne. Similar
results can be obtained by suitable modifrcations in the carbr.r"ation and igni,,,ln sysi,ems.

In petroieum refineries, hydrocarbon vapours are released into the atmosphere from
storage tanks due to temperature changes, direct evaporation, and dispiacement during
filling. These losses cai,L be minimized by designing the tanks with floating roof covers or
by pressurising the tanks.

Replacement of the open hearth furnace by oxygen furnace in steel ;rr4rs1.y and
development of an al.ternative power source fbr automobiles in place of the internal com-
bustion engine are aciditional exarnples of equipment alteration.

In addition to the above mentioned source correction methods, air pollutant emissions
from industrial operations can be reduced by proper equipment maintenance, housekeeping
and cleanliness in the facilitie: and premises. Often changes in the design oflocal exhaust
hood and proper installation can minimize the emission of pollutants to the atmosphere.
Chemical process plants often have excessive leakage around ducts, piping, valves and
pumps. Many such Ieaks can be prevented. by checking the seals and gaskets routinely.
Floors, decks, storage bins and silos, loading areas, and material transfer conveyors must
be kep'.: clean to reduce dust pollution.

5.3 CLEANING OF GASEOUS EFFLUENTS

The technology for the removai of gaseous pollutant emissions after their formation has
probably received the maximum attention. The cleaning techniques are applied to those
cases where emissions of pollutants can not be prevented and pollution control equipment
is necessary to remove them from the main gas stream. Norrnally, it is more economical to
install the control equipment at the source where the pollutants are present in the smallest
possible volume in relatively high concentrations rather than at some point away from the
source where the pollutants are diluted by other process gases or air. The size of the
equipment is directly related to the volume being treated, and equipment costs can be
drastically reduced by decreasing the exhaust volume. At the same time, the equipment is
more efficient for the ha-fidling of higher concentrations of pollutants. Gas cleaning
techniques used alone, or in conjulction with source correction methods form the basis of
present-day air resource management concepts. The methods are often integrated into
chemical processes, which eliminate pollutant discharges and conserve materials in the
same unit operation. ,

Emission control equipment maybe classif,ed into two general tylpes: particulate control
t1pe, and gases and odours control type. For gaseous pollutants, essentially two alternative
classes or methods are available. The first class comprises the lvet absorption and dry
adsorption methods, and the second class includes methods depending on the chemical
alteration ofthe pollutant, usually through combustion or cataly,tic incineration. The basic
mechanism in all these is the diffusion of the particular gas either to the surface of an
absorbing liquid or adsorbing solid or catalyst, or to the reaction zone ofa chemical reaction.
On the other hand, the removal of particles relies only partly on their diffusion from the
gas stream to a. collecting surface or space, and other mechanisms which take special
advantage of the nature and properties :f particulate matter plav a more important role.
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5.4 PARTICULATE EMISSION CONTROL

Particulate matter emitted in gaseous streams consists of discrete and minute suspended
particles. Particle sizes range generally frorn 100 pm down to 0.1 pm and even less. The
choice of collection devices depends upon a number of factors: the physical and chemical
characteristics of particulates, the particulate size and concentration in the gas, volume
of particulates to be handled, and the temperature and humidity of gaseous medium. In
particular, factors like toxicity and inflammability must be taken into consideration when
evaluating operating efficiency.

5.4.1 Gollection Efficiency
The operating or- collection efficiency measures the system performance. In existing sys-
tems, it represents the actual performance. The most common way of expiessing the
efEciency is in terms of the weight of the material caught in or retained by the collector
compared to the total amount enterhg the collector. This is known as the gravimetric
efficiency and is usually expressed as a percentage.

Ir=100x Weight of material collected
Total amor:nt entering collector (̈51)

t
i

,f-
10

Particle diameter (U..)

Fig. 5.1 Fr.acl,ional efficiency curve

In particulate collection systgms, the efiiciency of collection varies with particle size.
This variation of efficiency is o{ten expressed in the form of fractional elficiency. It is the
efficiency with which particles of a specified size-range are collected under specific conditions
of gas flow rate, temperature, and particle composition. From a knowledge of the particle
size distribution, a fractional efEciency curve can be constructed by considering the efficiency
in a series of narrow ranges of the particle size spectrum. A typical fractional efficiency
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cufl'e is shown in Fig. 5.1. From this information, the effrciency in each size range can be

computed b1' the equation"-

q,=ryr100
tn;

where fiit = amount in range "i " entering the collector.
The overall efficiency 17 can then be calculated over n number of size fractions as:

n

- Z*'q'
. nr =d* per cent,,M

where M = total amount entering the collector.

ExamPle 1

The following table shows the size distribution of a dust sample and the fraction effi-
ciency of removal in a gas cleaning equipment. Calculate the overall collector efficiency.

Solution

Using Eq. (5.3),,we can calculate the overall collection e{ficiency 1. as

L*''' n

n, =4;- = Ir,n,tvt i=1

where ro, is the weight fraction in each size range.

.¨(52)

(̈53)
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n*= tr,r, = (0.02x1)+(0.02x 7)+(0.04x16)
j-1

+(0.07 x 44)+ (0.1 x 67) + (0.08 x 81)

+ (0.07 x 88) + (0.1 x e2) + (0.15 x eB)

+ (0.2 x 95) + (0.1 x e8) + (0.05 x 100)

\r =80'17Vo

5.4.2 Particulate Control Equipment

The basic mechanisms of removing particulate matter from gas streams may be classifred
as: (1) gravitational settling, (2) centrifugal impaction, (3) inertial impaction, (4) direct
interception, (5) diffirsion, and (6) eleetrostatic precipitation.

Equipment presently available, which make use of one or more of the above mecha-
nisms, fall into the following five broad categories: (1) gravitational settling chambers, (2)

cyclone separators, (3) fabric fiIters, (4) electrostatic precipitators, and (5) wet collectors
(scrubbers).

The gravitational settling chambers and cyclone separators will not generally achieve
high efficiencies for removing small-size particles. For most practical applications, only
fabric filters, electrostatic precipitators and high energy scrubbers are capable of meeting
the rigorous air pollution control regulations.

5.4.3 Gravitational Settling Chambers

Gravitational settling chambers are generally used to remove large, abrasive partieles
(usually >50 pm) from gas streams. They offer low pressure drop and require simple
maintenance, but their effieiencies are quite low for particles smaller than 50 pm. Since
most of the troublesome particles have much smaller sizes than 50 pm, these devices are
flormally used as precleaners prior to passing the gas stream tlrough high efficiency
collection devices. The simplest form of horizontal type settling chamber is shown in
Fig. 5.2.

Chamber

Ｄｕｓｔ

ｏｐｐｅｒｈ

Fig. 5.2 Horizontal flow settling charnber

¬

,
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In the settling chamber the gas stream,vrith its entrained paFtiCles,is al10wed tO f10w

at a lo、・、・elocitil a110憫 ng stticient timeおrt卜 e pa■iCles tO settle down A mOle elaborate
settling chamber is the IIOwarrt tipe wllose sil■ plined(liaratn iS sholill in Fiピ  53 11:I.
insetting several traジs,the collectiOn enEciency Of the de宙 ce is improved since tlle gas

■o,「 Velocitv in the chamber remains substantially the salne and yet each palticle has a

nluCh ShOlter distance to fall beforё reaching thё bOttom Of the passage bet、veen trays

一
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ａ

ｔ̈ｉ
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Gas inlet
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Chamber width=w
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ｒ
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l. Fig. 5.3 Howard settling chamber

Design Concepts
i'For a settling chamber having dimensions z x w x H, and z number of trays including the
', bottom surface, the hydraulic diameter for flow passage between the trays is given by

Dみ =
2W」
1う
″十Δ″

.̈(5,4)

and the Reynolds nulnbeち

ル =1坐L

.                           μg

Where υ,the velocity inside the chambet is 3iven by

υ = Q
721VJ

where o=v01umet五 c nOw rate of the gas stream

Subsituting fOr υ and Dみ ht¨ Eq(55),we b・et

Rο =れ
μg(1う″+△」f)

The spacing between the tl・ars,コ鴫 iS jven by

NI =H
n

provided there is no dust layer initially present on the tray surface. Substituting for AII
in Eq. (5.6) we have

:。 (5.5)

.¨(5.6)
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゛     Rο =
20ρ g

,rtr(nW + ll)
If a layer of dust 11, is initially present, then

nn =4-no
n

With this modifrcation,

Rο =
η pg

$u(nW +H -nHa) . .(58)

For laminar flow conditions (Re < 2300) within the trays, particles of size d, of a
particular material will settle a distance y with a terminal velocity u, in time i. During
this time the particles are transported a distance ,L with the velocity of the gas stream.
Equating these two, we have:

v=L
ut u

the value ofy can be found flom a knowledge of the particle settling velocity.

(̈5.9)

If the particles are uniformly distributed over the incoming stream, the efficiency of
collection n=ylNI or

When y≧ 四鷺 all
chamben

η=揚 L型器
particles of that size(or larger)Mttn be conected in the

CDTtt fOr・をPく 1

.¨(510)

settling

thё particle宙 th the welght minus the buoyancy of the pa五 cle:

'                F=CD(1ご
:)(:pgυ子

)=1:ag(pp―
ρg)g

ranFlgiVZe電:t ity°
f the particle,pg=densitb7 0f gaS,andグρ=pa」はcle diameten Rear―

″

The terminal settling velocity of the particles is found by equating the drag force on

.̈(5.11)

..(512)

where C, is the drag coefficient which is related to the particle Reynolds number,

Reo = doPeut lye. The general drag coeffrcient curve for spherical particles may be rep-

resented by three relationships. In the Stokes' law region,

4gap(pp― ρg)

...(5.13)

ヽ )
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nWLg(p, - pr')

thc turbulent reJOn(『。ル>1000),the drag cOefflcient cD beCOmes almost cOnstant

a vaiue of 0'45'

Co = A.45 for ,te, > 1000 …(514)

ween this region and the Stokes'law region of laminar flow around the particle,
i the transition region. Several empirical equations have been suggested for this
lttch as that gi■7en by Sclliner and Natun価 2:

(515)

rbstituting Eq. (5.13) into Eq. (5.12), we can calculate the terminal settling velocity
: Stokes' region.

υ

`=

gal(ρ
,一 ρg)

18 μg
¨(516)

the transition region, where Cois a function of Re., Eq. (5.12) is difficult to solve
; by a trial-and-error method. This problem has been overcome by rearranging
.12) as

%Rοる=
4gd:(pp― pξ )pg _(517)

3μ[

Ыues ofら &子 ,ら and R%are aVailable in the aaれ じ。αz Eぼποο″j昭助れあοοた3
which υι can be calculated
or particulates most often encountered in air pollution control, Stokes'law is a

e approximation for calculating the settling velocity. Table 5.1 shows typical
of terminal settling velocity calculated using Stokes' law, together with actual

values, Ilom which it is apparent that Stokes'law is accurate for particles
than 100 pm. The minimum particle size that can be removed with -100% effi-

can be found from the equation,

ら,plln= …彎10

These equations should be used only as guides to the collection efficiency of the settling
as several factors cause deviations. These include hindered settling at high particle

ntrations, non-uniform gas velocity over the settling height and width, particle re-
ent, and turbulence. As a general rule, chamber velocities below 3 m/s are
for avclidhg ie―entraimёnt of most mat“ alS.

:'' Although the efticiency relationship is based on laminar flow conditions within the
lunit, it is practically impossible to achieve laminar conditions without a very large particle
size or an inordinately large number of trays combined with an awkward shape of the
chamber. Hence, the flow irr the settling chamber will probably be turbulent rather than

%=者に+Q蒟 &l判

laminar.

一こ
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154 En,riranmeniat Pollution Controt, Engi ee.ing ' ,

Thble 5.1 Seitiing velcciiies of spherical particles in air [particle density: 1000 kg/m3
tempei'aiur€: 20 'C, pressui'e:760 mm l-ig]

Turbulent Flow

This model is often referre<i to as the well-mixed settling model. Here we assume that the
gas flow is totally mixed in the y-dilection and not in the :r-direction (Fig. 5.4). We con-
sider a section between the trays with thickness ds and cross section A. The mass balance
for the particles may be written as:

1聾鮮聴構議|=1盤鮮揮悦|+1警驀諸が]=血9

訓
―
―
―
―
）

一
‐

一
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sAu = (c + dE) Au + cu,Wdx

t here c = fiass concentration of the particles, and A = WAH

Rear"ranging Eq. (5.20) and integrating,

"i't=-*"J*
cin 0

1r, 
cout 

- -u ,WL
ci. Au

4 = 1- co"t

cin

0r

The efliciencY

～
   (520)

(̈5.21)

。̈(5.22)

Substi-tuting Eq. (5.21) into Eq. (5.22), we get in terms of volumetric flow, 8,

….(523)

Noting that the term in the biackets is the negative of the efficiency term for the
laminar flow (Eq. 5.10), we can write Eq. (5.23) as:

ηぬ島 =1-exp(―■lanlh鉦 ) ...(524)

bample 2
A multi-tray settling chamber having 8 trays, including the bottom surface, handles
6 m3/s of air at 20'C. The trays are spaced 0.25 m apart and the chamber is to be 1 m wide
ancl 4 m long. What is the minimum particle size of density 2000 fu/m3 that can be
collecte$ with 1007o efiiciency? What will be the efficiency of the settling chamber if 50
pm particles are to be temoved? Laminar flow condition within thd chamber and presence
6f no dust initially on trays may be assumed.

Solution

Flom Eq. 5.18 '

ら,mln=

p E at 20'C = 1.81 x 10-5 kglm-s and p, = 2000 kg/m3. Since p, >> pg , pE may be ne-

glected in the above equation. Substituting for z = 8, W= 1m, L = 4m,g = 9.81 m/s2 and
Q = 6 m3/s, we have

■=1-eXpl―
等 ]

グρ,mln=1面
吉:i:雷liI;

，

‐
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ExampleS

In the above example, is the laminar flow assumption justified? If not, what is the collec.
tion effrciency for 56 and 50 pm particles?

Solution

The Reynolds number may be calculated as,

Rο =
η pg

vr(nW +H)

ら,血n=56μm

ηф =(tilI)2

=(50/t56)2=80%

ne killematic vlscOsity of air at 20° C,is 151 x 10~5m2/s and″ =2m

Re=1ち
1× lo-5(8× 1+2)=79,47♀151)く 10~° (8× 1

We see that the nOw is turbulent and the laminar■ ow assumption in example 2 was
not justi€ed, Hence, using Eq. (5.23) we get

n = r-"to[- nwLu'\,___\. a )

■■=56=1~eXp(-8×
l× 4× 0.188

=1-0.37=0.63 or 63%

ηあ=50=1~e嘉
(-8×

1× 4× 0.15)        :

=1-0.45=0.55 or 55%
The teminal settling ve10city υ′was calcdated using the simplintd relaiOn for par‐

ticles settling in air at 20'C;

where d, is in metres.

υ′=30,000pフィ:

υ′(56μa)=0・188m/s and

」

υ′●Oμ→=0.15m/sI
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cyclone Separators

鰐犠T轟宙翼∫乳:懇『鮮盤:1』器TTふ認醸
ittrlit∫
翼ょ:∫乳

ing gas stream is much gleater than gravity; therefore, cyclones are effective in the
of much smaller particles than gravitational settling chambers, and require much

space to handle the same gas volumes.
There is a variety of cyclone designs, differing in the manner in which the rotating

is imparted to the gas stream. The simple reverse-flow type depicted in Fig. 5.5
of a vertical cylinrler having a conical bottom and is fitted with a tangential inlet

near the top, and an outlet at the bottom of the cone for discharging separated
es. The gas outlet pipe is extended into the cylinder to prevent short-circuiting of

from inlet to outlet.
In operation, the particle-laden gas upon entering the cyclone cylinder receives a rotating
ion. The vortex so forrned deveiops a centrifugai force, which acts to throw the particles

towards the wall. The gas spirals downward to the bottom of the cone, and at the
the gas flow reverses to form an. inner vortex which leaves through the outlet pipe.

a cyclone, the inertial separating force is the radial component of the simple centrifugal
and is a function of the tangential velocity. The centrifugal force can be expressed by

fl. where

鳥 =量
r

.̈(5.25)

Outer vortex

fnner vortex

Dust outlet

Fig. 5.5 Reverse-flow cyclone separator

一

5.44
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Where 7れ =maSs ofthe parucle,υ。=tangential velocity of the pal・ ticle(and gas)at radius
r and″ =radius of rdじi饉On.
The n■agnitude of the centrilugal force is frequently descttbed in tettms Of the number

of times this force exceeds the force 6f a ga宙与 The septtatio■ factor S is jven by

S=重
y

The separation factor varies ftom 5 in large, low velocity units to 2500 in small, high
pressure units. Obviously, the higher the separation factor, the better is th6 performance
of the cyclone.

In a cyclone, the gas, in addition to moving in a circular path, also moves radially
inwards beiween the inlet on the peripher.i/ and the exit on :he axis. Since the tangential
velocities of the particle and the gas are the same, the relative velocity between the gas
and particle is simply equal to the radial velocity of the gas. This results in a drag force
on the particle towards the centre, and the equilibrium radius of rotation of the particle
can be obtained by balancing the radial drag force and the centrifugal force:

l―

r‐― ― ― ―
」

Depth = W

nじ 5.6 Pttde血
…
in a ctlrved duct of菫 Jb昭ゴar crclss― section:turbulent iclw

′

跡μ∴Ⅲ:41Pttg浮    憲"つ
慇 :鎮 ∬ 詣 ″Tttd%=radid V†

曲 」 ぬ e Fstt m伍
…
缶 鑢 ging h

υr=

α:(pp一 ρg)υ:
.̈(5.28)

18μg   r

The tangential velocity of the particle has been found experimentally to be inversely
proportional to the radius of rotation according to equation,

。̈(5.26)

― ― )Q
flow
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ls
uura =Constant=ct

auu_j

rvhere r?, the exponent, is dimensionless. To evaluate the constant cx,, we can write the
golumetric florv rate through a curved duct of rectangula.r cross-section as (Fig. 8.6):

セ

Q=W∫ υOご″

■

where 14/ = height (depth) of the entrance section of the duct, and r, and r, ar-e inner ancl
outer radius of the curved duct, respectively. substituting Eq. 5.80 in eq. s.er and inte-
grating:

(529)

(530)

.̈(5.31)

1-72 ..(5.32)

Therefore,

α =
。(5.33)

●0=
:..(5.34)

Now・ subsututing Eq (5.34)in Eq (528),we have υr,the radial velocity of the gas at

υ″ =
.̈(5.35)

′

L8ytrW2

Collection Efficiency
Due to turbulence, we can assume that the particles are uniformly distributed over the
cross-section at any given angle 0. Consider the effect of the laminar sublayer next to the
olter edge of the duct (cyclone) where all particles which enter it are captured. If r, d0 is
the distance required for capture, then the fractional decrease of particles over the-angle
d0 can be obtained by writing a mass balance for an element of flow.

cQ = (: + dc)Q + cu,.,Wrrd| ...(5.g6)

The second term on the right side of the equation (8.86) is the rate at which the
particles are captured within the element.
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Equaiion (5.36) can be rearranged as

・・      ―
÷〒
υr21争ろα0

Integrating the Eq. (5.37) and noting that at 0 = 0, c = c0 (total particle concentration).
we have

" I w I
"o 

= u*PL-'" 
At'ul

The efficiency at any angle, 0 = 0r, is then
「
―
―
―
―
コ

０
め
Ｗ
一Ｑ
ウ
υ一

ｒ
ｌ
ｌ
ｌ
ｌ
Ｌ
「
ｅ
一
一■
〓
Ｃ
一
『
一
１
〓η (5.38)

.¨ (5.39)

Now from Eq(5.34)

W   (1-れ )

Q ~υ02r'(「〕
~2-ri~2)

Substituting Eq. (5.39) in Eq. (5.38), we have

●

¨(5.40)

U-
In Eq. (5.40), '" is the ratio of the radial velociiy to the tangential velocity of the

uo,

particle at r = rz. From equations (5.34) and (5.35), we get

η=1-eXpl―
指 織 |

υ r2 =  (pF― pg)ィ:(1-れ)Q

υ02   181tgWr,+1(r;~2-ri~池
)

Substituting Eq.(5.41)into Eq.(5.40)and rearran」 ng:

(pp―
pg)diC(1-― れ)201

nprwr|"(r]-" -rl-")'

For a reverse flow cyclone. Straussso recommends a value ofz = 0.5
Substitution of z = 0.5 in Eq. (5.42) leads to:

η=1二 expl-7百百τl;i,11:iff:i‖万:竃]|

ぬ

ｅＦ

Ъ

　

Ｐ

Ａて
醍

|                                                                                                             _____
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01_2僣t .̈(544)

= effective numbgr of turns a gas makes in traversing the cyclone (usually 6).
from Eq. (5.43) that as the diameter ofl the particle incr.eases ol as the cross,

of the inlet decreases, the efficiency increases but with a higher pressure

satisfactory expression for cyclone performance is still the empirical one.
:lated collection effrciency in terms of the cut size clo", which is the size of
that are collected、 v■th 50% efHciency. Particles ill,:ilttc塩

::』 キ」:L:ciency≦Feater than 50%v′ hile tlle smallё r partic

size is given by

dPc=
(̈545)

inlet width,υ′=gas inlet velocity.

ing the ratio of the actual particle size(ご )to the cut size(ィ
ρ。),a generalised

llection efficiency may be obtained Such a curve is given in Fig_57
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fig. 5.7 Lapple's cor:relation for cyclone efficiency

5.8 shows a typicai cyclone with all the necessary dimensions and gives values of
;ive dimensions for conventional and high-efficiency designs. Representative overall

ncies are presented for conventional as well as for high efficiency type cyclones in
5.2.
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Nomenclature
D cyclone dial^alsr

entrance height

sntrance width

exit length

exit diameter

cylinder height

overall height

dust exit diameter

Dust Out

conventiOnal(ref・ 6)

10
05
025
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025

High efficiency(rダ・71
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Fig.5.8 Generalised cyclone deslgn(o■ 角罫rat10ns
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Table 5.2 Efficiencies oi cyclones
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aCCOrding tO the follo、
層ng equation,

ダ
=Ψ

α=W=多 ,and 01=12π ,

(546)

凸事町曇 冨聯員事臨器 認鳳鍵躙 i動歯“
ffi .;*;::"Hil*H:*:ff -,:Yi,?ll.xr:i"l,if 

J;l'l'ji;ffi ";r,ff 
*redrop'

S CauSe not only re=ё
,tra■
melt but alSO ettceSS市 e preSSure‐ drop・

pes

Many tlpes of commercial cyclones have been developed and information on their per-

formance for specifrc applications is generally available. In straight through flow cyclone,

the inner vortex of the air leaves at the bottom (rather than reversing direction), with
initial centrifugal motion being imparted by vanes at the top. The chief advantages ofthis
unit are low pressure drop and high voiumetric flow rates. In the impeller collector, gases

enter normal to an impeller and are swept out by the impeller around its circumference
whle the particles are thrown into an annular slot around the periphery of the device.

The main advantage of this unit is its compactness; its principal drawback is a ten-
dency toward plugging from solid buildup in the unit.

Both these devices are used frequently as pre-cleaners to remove fly ash and large
particles. For high efficiency at reasonable capacity, a battery of smaller cyclones operat-
ing in parallel is used in preference to a large unit. These multicellular units usually
require less space.

Example 4

A conventional cyclone with a diameter of 1.0 m handles 3.0 m3/s of standard air carr5,ing
particles with a density of 2000 kg /m3. Using \ = 6, determine the collection efficiency as
a function of particle diameter using Eq. (5.43) and the empirical correlation of Lapple.

Solution

For coriventional cyclone, Eq. (5.43) becomes after substituting,

r2=
Ｄ

一４
〓
Ｄ

一４
一
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一２
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sinceら>>pg,pg Can be n9glected
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ゲpp F 2000 kg/m3,D=lm,

Q=30屁 3た ,μg=181× 10 5kg/m― S

Subsituing Of these vdues and silnpliflcation leads tO:

rl=1-9季p(-16213× 1010α:)

From Fig 5 8,ろ =01251n,and α=05m

The gas iすt vel°Ci=均 =■ =①→。2o=24m/s
For the cut sizeら c,Eq(5.45)Jves

安=|  →7四 __
The empirical eFlciency is then obtained from Fig 5.7 and the values Obtained by

tl■ese t、vO methods are p10tted for various particle sizes in Fig. 5.9
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Fig.5.9 Ettdency cul■ 7e for enalplo 4

5.4.5 Filters

FiltratiOn is the 01dest and generally One of tl■e most versatile and erldellt methOds fol
removing particulate inatter from industrial gases. Filters can be classified as either a

l-rg. b./

Eo「 (543)
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日ter Or a Fabric ilter,depending on thё 、vay in v′ 1五ch the flbres are held in place

1雅堂fl踏:盤謄fttWttf維鳴ど輩]L器lT選,硫1:緊鼻::呈嚇
layer of fabric (bag fiiters) usualiy rnade from natural, synthetic, metal or glass

Fabric fiIters are the most commonly used particle cotrlectors in industry where as

fiIters frnd wide use in air-conditioning and other applications where the iust
is relatively small.

戸′rers

the dust-laden gas passes through the filter in which the particulates are
on to the fibres by the mechanisms of inertial impaction, direct interception and

These three mechanisms are iliustrated in Fig. 5.10.

(a)lner宙 alilrpaclon

Particle path

Fig. 6,10 Particle capture mechanisms

lnertial lmpaction
Inertial impaction occurs when the particle with high inertia follows a fluid streamline,
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but as it approaches the frbre its trajectory departs from the fluid streamline around the
fibre. The departure of the particle from the streamli-ne may be suflicient to allow the
particle to deposit on the curved surface. Fig. 5.10 (o) shov;s that the particles approach-
ing a frbre within a distance of yo from the piane of symmetry collide with the frbre. The
ratio 2yo /d, is called t}:,e collision factor Q":

φ:=争 ¨(547)

.̈(5.49)

席温緯1場燎麓¶脂絆h:鳳モ[糊冨懺l盤露勝:認irtil為[
ibre due to inertial forces,■

,ψαct'iS the product of t and t:

ηhpact=Ocφα …(548)

Theoretical investigations based on potential flow theory and experimental results
reveal that the collection efficiency Tlr-,o"t is a function of the factor y and the Reynolds
number .Rer, based on the fibre diameter:

Ii-p..t = / (V, Rel )

where y is Stokes or inertial impaction parameter defired by

C(p″ ―pg)イυ
 p0

Ψ =
18μgⅢ

。(5.50)

In Eq. (5.50) d, is the particle diameter. uro is the approach velocity of the particle, d,

is the diameter of the fibre, p, is the gas viscosity and C is the Cunningham correction
factor. The Cunningham correction factor is included in the above equation to take into
account any molecular slip for very small particles. The magnitude of C, as given by
Daviese, is

。̈(5.51)

in which i, is the mean free path of the gas molecules. For standard air, 7, = 0.066 pm.

C=1+分
 (1・

257■ O.4ο
~° 55`P/λ

)

The ReynOlds nllmber Rttin Eq。 (5.49)is given by:

R9=字     '(5'' pg

where u, = free stream velocity of the gas.
In Eq. (5.50), the particle approach velocity is generally assumed to be equal to

free stream gas velocity.
Extensive measurements of collection efficiencies haVe shown that the particle

黒れ魔
Ctte盤
灘鶴ギTょ富翼1謄轟鮮凛i席宙lttt潔晟i壼:舞i」

medium should be composed of smallest possible fibres consistent with the allo
pressure.
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Vfhen モ尋「
く04, the col10ction efflciency due to inertial in■ paction is gュven by Hinds31:

….(5.53)

乞段,ifllit静認l肌
1嘲諸:嘗11∬ま

11電
歯ぶ鷺111露篤翼冒:

; which accounts for alteration of the flow field as air flows around fibres in close
to one another.

ηlmpact=[(29.6-2麟
=62)(グ

P/aFア
~275(α

P/α′ア
お

]蒜

K“ =ff―
::-li― :lごf

ηinter=(1+11)二二囲

..(5.54)

lnterception
particle collection mechanism of interception, the particles have less inertia and
follow the streamlines around the obstmction. The particles clear the obstacle but

outer peripheries come in contact with the fibre. Ttrus, if particle's centre is travel-
bn a streamline、 vLich is c10ser than the radius of the particle(ィ

ρ
/2),the particle、

～
■11

the fibre and vrill be intercepted (FiS. 5.10b).
collection efficiency by interception of a cylindrical target may be calculated by

expression if potential flow is assumed:

(̈5.55)

For a viscous flow situation, Straussl0 recommends Eq. (5.56)

Iirrt". =
2.002-lnRθ′

The combined mechanisms of impaction and interception usually
99.9Vo of the collection of the particles larger than 1 pm.

mechanism is important for particles that are in the submicron range - particu-
for the particles in the range of (0.001-0.05 Um). These particles usually do not follow

: gas streamlines surrounding the fibre because the individual motion of the particles
be affected by their collisions with gas molecules. This zigzag random Brownian motion

the particles to impinge and adhere to the surface of the frbre (Fig. 5.10c).
The cOllectiOn ettdency by dirusion(η D)can be obtained iom the expression glven by

rto =0.775(corfuer lz)o'a eea'6 ...(5'57)
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whete Cor= drag coeffrcient of the fibre and Pe = Peclet number, defrned by Eq. (5.58)

Pe= Rer Sc= %p′■
μg=二

μ′  pg,  ,

In Eq. (5.58). Sc is the Schmidt number anci D is particle diffusivity given by:

..(5.59)

where k = Boltzmann constant (= 1.38 x 70-23 JIK) and ?= absolute temperature.
=‐

In practice the coilection mechanisms of impaction, interception and diffusion are not
independent and, hence, aII three mechanisms rnust be combined for calculating the fibre
effrciency. A reasonable est:mate for the combined efficiency of collection qris

η′ =1-(1-η lmpact)(1~η mter)(1-η′) 。̈(5.60)

In addition to the above mentioned three collection mechanisms, electrostatic fbrces
between particles and fibres increase the collection efficiency. The generation of, electro-
static charges in frlter fabrics may be due to friction between gas and fabrics as well as

that between particles and fabric at high gas velocities (1.5 to 2.0 nrls). The increase in
collection e{Iiciency on account of electrostatic forces becomes greater with increase in the
strength of the electric charge.

Overall Collection Efficiency ot a Packed Filter
Consider a packed fllter with dimensions of Wby flin the plane normal to the gas-flow
direction and length -Lin the gas-flow direction as shown in Fig. 5.11. The approach velocity
of the gas is vo and its Velocity inside the frlter'is v- where v- ) vo. The packing density

W=width

LCL

―

L一

Fig.5.1l Flow through a packed fllter

_(5.58)

D= KTC
3np rdo

~  

‐
ち
 ¬

"口

●ロロ■■口■■■■

“

自■日白饉目自■□■日由■ロロヨロ■■■li■■■口名
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Or ibre solids fractiOn/}is related tO the porOsity (c)of the fllter as:

'｀       1-今 =C=孝

where .41 is the cross-sectional area for gas moving inside the filter and Ao iA, is the face area
Of the ilten

The vdOclty of the gas(P∞ )inside the ttLer is given by:

叱が雨=寺
where Q = volumetric flow rate of the gas.

Writing a mass balance for the particles in the elemental volume as shown in Fig.
5.11, we have:

cu-A' = (c + dc)u*A' + u-d1LprlyAydx ...(5.68)

In Eq. (5.63), Zris the total length ofthe fibre per urrit volume of fiIter. Ttris is related
to the fibre solids h'action $) as:-

L′ =議 ff .(5.64)

_(561)

(5.62)

The last term in Eq. (5.63) gives the rate at which particles are removed from the gas
stream in the section of thickness dr. Simpffing Eq. (5.63) and noting

A/     1

7~l ff
we have

upon integration
F“L●

c, I t(r" \l-L =exol -n" ' | 't lLlco 'L , rd1\t_f1) )
The overall collection .9fficiency of the filter is:

n = 1- cr 
= r-"*[-r. a ( Jarlco l_ ' Mr \1-lr / l

where 1, is the i ndividual fibre efficiency as given by Eq. (5.60).

Example 5

..(565)

A racbd flter httdling l.o m3/s of stattdard air is packed with■breS of sizё ■0011mニ
こalllleteri puptladen air passes■■ugh:the mter宙伍 a velocity Of l=5m/s and the

」互__η′要:戸 (I`,戸 )dL ′
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\lroven fabrics have a definite long range repeating pattern and have considerable porosity
in the direction ofgas flow. Jhese open spaces must be bridged by impaction and intercep-
tion to forrn a tme filtei:ing surface. Felted clcth consists of random}5, oriented fibres,
compressed irrto a mat and needied to some loosely woven backing material to improve
mechanical strength. Each one of the randomly oriented fibres acts as a target for impac-
tion and interception. This type of fiIter usually requires substantially lesser cloth area for
a g),ren.load:ng than a woven type fabric fiiter. Felted filters are more expensiVe than the
woven tJ,?e filters and they can not be used in high humifity service, especially if the
palticles are hygr:oscopic because of the high tendency for clogging.

The choice of fabric fibre is based primarily on operating temperature and the coro-
siveness or abrasiveness of the particles. Some properties of common fibres are shown in
fable 5.3. Cotton is the least expensive frbre, and is preferably used in low temperature
dust collection service where no special problems are anticipated. Silicon coated glass
fibre cloth is commonly employed ir high-temperature applications. The glass fibres must
be lubricated to prevent abrasion. All fibres may be applied to the manufacture of woven
and felt type fabrics.

Fabric Filter Systems

Fabric frlter systems typicaliy consist ofa tubular bag or an envelope, suspended or mounted
in such a manner that the collected particles fall into a hopper when dislodged from the
fabric. The structure in which the bags hang is known as a baghouse. Generally, particle-
laden gas enters the bag at the bottom and passes through the fabric while the particles
are deposited on the inside of the bag. Fig. 5.12 shows a typical baghouse design in which
the cleaning is accomplished by shaking at frxed intervals of time.

------) ciean gas

Shaker mechanism

Filter bags

Dusty gas in
--------->

Larger particle
separation by

centrifugal aclion

Iv
Dust outlei

Fig. 5.12 Tlpicai baghouse

Large baghouses are constructed with several compartments, so that one compart-
ment may be isolated for cleaning as needed while the other compartments are operating.

|
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The bags should be arranged in each compartment in such a manner that the avaiiable
space is utilised effeciiveiy and proper access to each bag is provided for its replacement.

Hoppers are pltrvided for dust collection and the dust is removed usually by rotary or
screw vafves.

Table 5.3 Properties of some fibre materials (ref . 12\

The method of cieaning fabric filters varies according to manufacturer and type of
fllter. The cleaning may be accomplished by shaking the bags or by increasing the air
pressure on the bag in a manner that causes the bag to collapse or otherwise deform
suffrciently to dislodge the accumulated dust. Cleaning generally takes less than one minute
with the bulk of the dust being removed in a few seconds. Agood cleaning schedule ensures
longer bag lit'e and efEcient fiItration.

The following advantages make fabric filters the best choice in many cases: (i) very
high efficiencies, (ii) retention of finest particles, (iii) collection of particulates in cIry

form, and (iv) relatively low pressure drop. The main disadvantages are: (i) their large
size, (ii) high construction costs, and (iii) their application only to procesd temperatures
generally below 285"C.

5.4.6 Electrostatic Precipitators

The electrostatic precipitator is one of the most widely used devices for controlling
particulate emissions at industrial installations ranging from power plants, cem.ent and
paper mills to oil refineries. In most cases, the particulates to be collected are by-products
of combustion. In others, they are dust fibres or other smaIl particles such as acid mists
from process industries.

Electrostatic precipitation is a physical process by which particles suspended in gas
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siream are chalged elect-rrcali1' and, under ihe influence of the electncai field, separated
fron:'uhe gas str'-ian1. A t-'.nicai u.-ire and pipe precipitator js illusi,rated in Fig. 5.13.

Tha precipitatron s5'sten corLsisls oii a posi-rively charged (g:uunded) collecting sur"f,,.ce

and a high-voitage disciiarge eie:irode ..ire susirendeci ilom ar. insulE:'.-,i: at tl.: top a,.r1

leld in position b5. a rveight at the bottom. At a very high DC voltage, of ihe order of 50 kV,

a corona discharge occurs close to the negative electrode, setting up an electric freld between
the emitter and the grounded sur{ace. The particle-laden gas enters near the bottom and
flows uplvard. The gas close to the negative electrode is, thus, ionised upon passing through
the corona. As the negative ions and electrons migrate t,rrvards the grounded surface, they
in turn charge the passing particles. The electrostaiic field then draws the particles to the
collector surface where they are deposited.

Periodically, the collected particles must be removed I?om the collecting surface. This
is done by rapping or yibrating the collector to dislodge the pqrticles. The dislodgecl
particles drop below the electrical treatr.nent zone and are collected for uitimate.disposa.l.
Usually, a large number of these collectors are placed in parallel in a single housing
forming a multiple cylindrical unit. Although the multiple unit is not as widely used as
the parallel-plate precipitator described in the next paragraph, it finds frequent use irr
collecting liquid particles.

Precipitatoi celi

Discharge
eiectrode (-)

Dust on precipitaior
wa‖ Power suppiy

Fig, 5.13 Schematic diagram of a wire and pipe precipitator

For industrial applications, vertical plates exposed to horizontal gas flow are normally
used. In this type of collector, the gas flows between two vertica-l parallel plates between
which are suspended a number of vertical wires heltl in place by weights attached at the
bottom. These wires forrn the discharge electrode, while the vertical plates form the
collection electrode. Fig. 5.14 shows the schematic diagram of a tylpical parallel-plate
arrangement.
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stream are charged electrically and,under the influonce of the electrical fleld,separated

■.Oni the gas streart A tipiccll、 Fire and pipe precipitator is illustrated in Fig 5 13

The precipitation system consists o'a positively charged(,lounded)collecting sur・
‐
・ce

and a high―voltage discharge electrode i=ire suspended rroll.all insulattr at tit tOp a=ニ

held in position by a weight atthe bottom At a vely hi2曲 DC voltage,ofthe order Of50 kv

a cOrona discharge occurs close to the negatlve electrode,settlng up an elect五c fleld between

the enlitter and the ErOunded sulface The partide― laden gas enters near the bottolll and

■owS up、7ard The gas close to the negative electrode is,thus,ionised upon passing throuJl

the COrona As the negative ions and electrons lni〔 Fate t`)、′ards the[『 ounded surface,they

in turn charge the passing particles The electrostatic ield then draws the particles to the

c011ector surface v′ herё thёy are deposited

Pettodicaltt the C011ected palticlcs must be removed fl‐ om the collecting surface This

is done by rapping or vibrating the cOllector to dislodgO th9 partiCles The dislodged
particles drop below the elect五 cal treatment zOne and are collected for ultilnate disposal

Usually a large number of these collectors are placed in parallel in a sin31e housing

forming a multiple cvlindrical ul■ lt Altho■lgh the multiple unit is not as wideし uSed as

the parallel― plate precipitator described in the l■ ext pararaph,it flnds fl・eq■lent use in

c01lecung liquid palticles

Precipitaloi celi

Discharge
eiectrode (― )

聰
ｅ
Ю
調

Ｈ

Dust on precipitaior
wa‖ Power supply

Fig, 5.13 Schematic tliagram of a wire and pipe precipitator

For industrial applications, vertical plates exposed to horizontal gas flow are normally
used. In this type of collectoq the gas flows between two vertica-l parallel plates between
which are suspended a number of vertical wires heltl in place by weights attached at the
bottom. These wires forrn the discharge electrode, while the vertical plates form the
collection electrode. Fis. 5.14 shows the schematic diagram of a tylpical parallel-plate
arrangement.
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ろ =9PEc .̈(5.66)

Gas exil

,/

Collectir,g
electrode

Gas inlet

Fig. 5.14 Schematic diagram of a parallel-plate precipitator

Collection Efficiency

The collection effrciency of an electrostatic precipitator as a function of gas flow rate and
precipitator size is given by the Deutsch equation (Eq. 5.76) which is applicable to both
cylindrical and parallel plate type precipitators. Consider a precipitator of an arbitrary
geometry with a cross section A and length Z, as shown in Fig. 5.15. It is assumed that the
particle distribution over the cross-sectional area is constant.

A particle that has entered the precipitator and received an electric charge moves
along a trajectory towards the collection electrode as shown in Fig. 5.15. This trdjectory
can be resolved into the axial z-component with a velocity uo", ar,d. a y-component with a

fuelocity uo-. Ttle particle velocity ur" is equal to the gps velbcity u in the axial direction.

|~~~~~~~L

Particle trajectory

Fig. 5.15 Collection efficiency derivation

When the charged particle possessing a charge e, is in a region where an electric freld
strength of E" is present, a force F", will act on the'particle.

一

:
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Or.

The migration of particles towards the collector is resisted by a drag force and the net
force on the particle is zero when it moves with a constant drift velocity, ur-.

..(5.67)

_(568)

where C = Cunningham correction factor as gven in Eq. (5.51). For small particles, the
Stokes law is applicable. Hence

(̈5.69)

鳥
`=J跡“

9P」Ec=CD子
学

θ _ 24μg‐        υD~pgapυ
pれ               ,

subsututing for CD lnto Eq.(568)and sol宙 ng forち
“
,We flnd

υp屁

  器
。̈(5,70)

The collection effrciency is evaluated by writing a mass balance across the differential
element dz (Fig.5.15). For steady operation with no net accumulation of particles in the
gas space, we get

Qc = Q(c + dr) + cu o*P dz

where P - perimeter of the geometry, 6 = particle concentration, mass per unit volume of
gas stream, and Q = the volumetric flow rate of the gas.

Simpli$ing Eq. (5.71), we get

O

Inte'grating Eq. (5.72)over the length L for concentration fl・ om cO to%,we get

(̈571)

.。 (5.72)

.̈(5.73)
′

(̈5.74)

升=eXP(-lL毛∫翌2)
The collection efficiency q is defined as

n=1-9a-
Cg

Substitution of Eq. (5.73) into Eq. (5.74) gives:

- ( u "^PL\n=t--exn[-r, -) ..rr.rr>

Noting that the product Pl is equal to the collector surface area Ac, we may write Eq.
(5.75) as

醗    υPれP像
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The nligration of particles tOM′ ards the cOnector is resisted by a drag fOrce and the net

forCe On the patticle is z」 O when it moves宙 th a constant drift ve10cit%″ .

ろ =み昭

9P几 =CD■■直

0■

.̈(5.67)

¨(569)

.¨ (5.72)

.(5.73)

|

.̈(5.74)

.̈(5_68)

where C = Cunningham correction factor as given in Eq. (5.51). For small particles, the
Stokes law is applicable. Hence

c _ 24μど `   ′D~pgらυpれ        :
Substltuting fOr cD into Eq.(5.68)and sol宙 ng fOrち

屁,We ind

υ
ρれ

  器
(5.70)

The collection effrciency is evaluated by writing a mass balance across the differential
element dz (Fig. 5.15). For steady operation with no net accumulation of particles in the
gas space, we get

Qc -Q(c+dr)+cuo*Pdz ..。 (5.71)

where P - perimeter of the geometry, c - particle concentration, mass per unit volurne of
gas stream, and Q = the volumetric flow rate of the gas.

SimPlif ing Eq. (5.71), we get

醗

=_P“
Rシ

C        O

Intttraung Eq.(5.72)over the length L fOr concentradon fl・ om cO to%,We get

望L=eη

(_塾琵fl)

The collection efficiency q is defrned as

\=!-cL
Cg

Substitution of Eq. (5.73) into Eq. (5.74) gives:

- ( u "^PL\I=r-exp[---) ..6.75)

Noting that the product Ptr is equal to the collector surface area A", we rnay write Eq.
(5.75) as
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η=1-exp(-lL毛チ生生) 。(576

This is the well known equation for the collection effrciency of a precipitator obtainec
by Deutsch and it can be used for both tubular and plate type precipitators. Equatior
(5.76) nay aiso be written in the following form:

η=1-exp(―
午 午 )      .

v/here υ=gas velocity;y=volulne of the precipitato■

For a cylindrical type collect ", + =7f, *n".u D" = diameter of the collector, and for

a parallel-plate type collector + = 3, t being the distance between the two parallel plates.

The particle migration velocity is probably the most important parameter in Eq. (5.76),

As seen from Eq. (5.70), it is a function of a large number of operational quantities such

as the electric field strength (E.), particle size (d,), gas viscosity (p.) anil the particle
charge (gr) which is a fi.rnction oi the dielectric and resistivity properties of lhe particle.
Substituting Eq. (5.70t into Eq. (5.76), we find

η=1-eXp(―
:;i:;::告

)
…(578)

Tlpical values of the migration velocity encountered in practice for use in Eq. (5.76)

are given in Table 5.4.

Example 6

An electrostatic precipitator for use with standard air containing dust particles of 1.0 pm

fiameter is in the form of a cylinder 0.3 m diameter and 2.0 m long. The volumetric flow
rate of air is 0.075 m3/s. If the electric field strength is 1,00,000 V/m and if the particle
chaige is 0.3 x 10-15 coulomb, compute the collection efficiency.

Solution ,

The particle migration velocity is calculated from Eq. (5.70)

υp屁

  維

Substituting the viscosity for standard air, the above equation can be written as:

υpれ =57,6 9pEcC,

(̈5.77:

L

The Cunningham correction factor C is evaluated from Eq. (5.51)
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C=1+号
 (1・

257+0_4ο
~0551/λ

)

For
values,

standard air, i, =
the value of C =

0 066 μm and the particle
l.168 TherefOre,

5766(03× 10~15)105(1168)

η=1-Ъxp(―望
子る
1・
)

= 1.0 [rr,. Substituting theseSlZeイ
ρ

υ
p′η = =0.202■ブs

←Ю×10荀 )

Table 5.4 Effective migration velocities (ref. 13)

●

Fiom Eq(576)

A" =nD"L = n(0.3)(2.0) = 1.88 m2 and Q = 0.075rrafs

Substituting for { anil Q, we find

/ (0.202)1188) )I-l-exPl -', ",' I=0.9937' l. (0.075) )

Example 7

A plate-type electrostatic precipitator for use in a cement plant for removing dust particles
consists of 10 equal channels. The spacing between the plates is 0.15 m, and the plates are
2 m high and 2 m long. The unit handles 10,000 m3/hr of gas. What is the efficiency of
collection? What should be the length of the plates for achieving 997o collection efflciency
if other condition are the same?
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From Eq 5,76

η=1-eXp(―どLモチ生・)
A" -- 2(2x2) = I m2 , u p* = 0.10 from Table 5'4, and

A = (10,000)/(10)(3600)= 0.278 m3/s per channel.

f (0.10)(8))
rherefore. n=t-exn[-1;ff 

)=e4.4Eo

A" lV = 2/S. The spacing between the plates, S, is equal to 0.15 m.

Ac/y=島 =13331n~1

The velocity of the gas in each channel,

, =9=:*=0.e27 mtsA (0.15)(2)

From Eq. (5.77), for I = 0.99,

!*(4'\, =n.uU IY J

4.6(0.927\
z = d,(o.u = 3'2 m

Therefore,

A unique feature of electrostatic precipitators is that the separating force is applied
directly to the particles without the necessity of accelerating the gas as is done for aII other
particulate collection devices. This unique feature leads to an extremely low pressure lcesparticulate collection devices. This unique feature leads to an extremely low pressure lcts
for the collection of fine particles compared with that in any other type of collector. 

]

The most economica-l design and operation of dry electrostatic precipitators is obtained 
I

when the resistivity of particles falls within certain desired limits. Ifthe lesistivity is low, 
I

particles give up their charge too easily and become re-entrained in the gases flowing past 
I

the collecting electrode. On the other hand, high-resistivity particles can not lose their I
charge upon reaching the collector electrode because ofthe low conductivity of the material I
deposited earlier. As a result, the effective freld strength is reduced and the efficiency falls, I

Particle resistivity can be controlled in many cases !y selecting the proper operating I
tempeiature or by injecting water to reduce the resistivity. Such irrigated precipitaiors 

I
are used for the collection of fumes from electric arc furnaces. I

Tab1e 5.5 summarizes the advantages and disadvantages ofthe electrostatic precipitatol I
as a particulate control device. These devices are often used in series with cyclones; the I- coarse particles are frrst removed in cyclones before the gas enters the precipitator. I

I

I

)
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Table 5 3 Advantages and disadvantagcs of electrostatc prec:pitator
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5,4,7 Wet Scrubbers

In Chapter 2, it was pointed out that wet precipitation is the principal mechanism by
which atmospheric particles are removed by nature. This idea has been exploited by industry
to develop a variety of liquid scrubbing equipment. Wet collectors have a number of
advantages over dry collectors, such as simultaneous rernoval of particles and gaseous
pollutants but suffer ftom the problems of corrosion and liquid waste disposal. These are
summarised in Table 5.6.

The basic function of wet scrubbers is to provide contact between the scrubbing liquid,
usually water, arrd the particulate to be collected. This Lontact can be achieved in a variety
of rvays as the particles are confronted with so-calied impaction targets - which can be
wetted surfaces or individual droplets. Strether the particles encounter wetted surfaces as
in packed scrubbers or individual droplets as in spray scrubbers, the basic collection mecha-
nisms are the same as in filters: inertial impaction, interception and diffusion, which were
discussed in an earlier section. Generally, impaction and interception are the predominant
mechanisms for particles of diameter above 0.3 pm, and for particles of diameter below 0.3
pm, diffusion begins to prevail. In addition, diffusiophoretic deposition and electrostatic
precipitation also effect particle collection.

Diffusiophoretic deposition can be significant when mass transfer within the scrub-
ber, caused by condensation of water vapour from the gas onto a cold liquid surface,
exerts a for'ce upon the particles and causes them to get deposited on the surface. The
electrostatic charge produced on dropiets during atomization is too small to hdve any
inJluence on particle collection except when a charge is deliberately induced on the drop-
Ietsla. In addition, agglomeration, another phenomenon that occurs in all particle coliec-
tors, also enhances particie removal.

There are many scrubber designs presently available where the contact between the
scrubbiag liquid and the particles is achieved in a variety of ways. The major tylres are:
(i) spray towers, (ii) centrifugal scrubbers, (iii) packed beds and plate columns, and
(iv) venturi scrubbers.

Each type of design has a certain range of applicability. Thos, low-energy scrubbers
such as spray towers are most often used to handle particles largely about 5-10 pm in
diameter, while the high-energy uaits such as the venturi scrubbers are very effective with
fine particles (smaller than 3 irm).
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Table 5.5 Advantages and disadvantages of electrostatic precipiiator
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ti.4.7 Wet Scrubbers

In Chapter 2, it was pointed out that wet precipitation is the principal mechanism by
which atmospheric particles are removeri by nature. This idea has been exploited by industry
to develop a variety of liquid scrubbing equipment. Wet collectors have a nurnber of
advantages over dry collectors, such as simultaneous rernoval of particles and gaseous
pollutants but suffer from the problems of corrosion and liquid lvaste disposal. These are
summarised in Table 5.6.

The basic function of wet scrubbers is to provide contact bet'i,veen the scrubbing liquid,
usually water, and the particuiate to be collected. This iontact can be achieved in a variety
of rvays as the particles are confronted with so-ca1led impaction targets - which can be
wetted surfaces or individual droplets. Shether the particles encounter wetted surfaces as
in packed scrubbers or individual droplets as in spray scrubbers, the basic collection mecha-
nisms are the same as in filters: inertial impaction, interception and diIlu sion, which were
discussed in an earlier section. Generally, impaction and interception are the predominant
mechanisms for particles of diameter above 0.3 pm, and for particles of diameter below 0.3
pm, diffusion begins to prevail. In addition, diffusiophoretic deposition and electrostatic
precipitation also effect particle collection.

Diffusiophoretic deposition can be significant when mass transfer within the scrub-
ber, caused by condensation of water vapour from the gas onto a cold liquid surface,
exerts a for'ce upon the particles and causes them to get deposited on the surface. The
electrostatic charge produced on dropiets during atomization is too small to hdve any
inlluence on particle collection except when a charge is deliberately induced on the drop-
Ietsla. In addition, agglomeration, another phenomenon that occurs in ail particle coiiec-
tors, also enhances particle removal.

There are many scrubber designs presently available where the contact between the
scrubbing liquid and the particles is achieved in a variety of ways. The major i;1res are:
(i) spray towers, (ii) centrifugal scrubbers, (iii) packed beds and plate columns. and
(iv) venturi scrubbers.

Each type of design has a certain range of applicability. Th-r-rs, low-energy scrubtrers
such as spray towers are most often used to handle particles largely about 5-10 ptm in
diameter, while the high-energy uaits such as the venturi scrubbers are very effective with
frne particles (smaller than 3 irm).
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Table 5.6 Advaniages and disadvantages ofぃ ′et collecto陰

Spray Towers

The simplest type of wet scrubber is a spray tower into which water is introduced by
means of spray nozzles (Fig. 5.16). The polluted gas flows upward and the particle co1lec-
tion results because of inertial impaction and interception on i,he droptets. The ma-ximum
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Dirty gas in ------|'

<*- Mist euminator
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i
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Slurry out

Fig. 5.16 Spray tower
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Centrifugal Scrubbers

The collectior effrtlency for particles smaller than those recovered in spray towers can be
increased through the use of centrifugai scrui:bers. The simplest type of centrifugrl scruh
ber can be constructed by inserting banks of nozzies inside a conventional dry cyclone.
The spray acts on the particles in the outer vortex, and the droplets loaded with particles
are throgrn outward against the wet irner waII ofthe cyclone. In the absence of spray, the
effrciency will be the Eame as that for a dry collector.

Another version of a centrifugal scrubber, shown in Fig. 5.18, has the polluted gas

introduced tangentially into the lower portion :f the vertical cylinder. Water drops are
injected into the flow stream from sprays directed outward from a central manifold.
These droplets are caught in the spinning gas stream and are thrown upward towards
the wall by centrifugal force. During their motion, the droplets collide with the particles
and capture them. The scrubbing liquid along with the particles flows down the wall to
the bottom of the scrubber. The cleaned gas exits through a demister and is processed for
the removal of any entrained water droplets.

Clean gas

t

P0liuted oas -----)

Fig. 5.18 Centrifugal scrubber, tangential entry

The particle cut diameter (d,") for centrifugal spray scrubbers is between 2 and 3 pm.

Commercial scrubbers have op6rating efficiencies of 97 per cent or better for particles
larger than 1 trrm. The centrifugal acceleration involved may range from 25 to 3009. In a

centrifugal field of 100 g, for example, the most effective droplet size is 100 pm (ref. 16).

Smaller droplets can be entrained in the gas stream whereas the bigger droplets are
found to have smaller inertial irnpaction parameters.

Packed Beds and Plate Columns

Packed beds and plate colurlns. rvell knos-n to chemical engineers as absorbers or

↓
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↑
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facfiouatus, c". also be us€d to srrub particulate matter from polluted 3ases.' In a typical
cmtercrrrent-flow packetrscnibber @ig. 5.19) the pol}rted gas sbre rn moves upward
gltral comes m contact with the scrubbing liquid stream which is moving downward over the

Packing i1 a film' 
ciean gas

Liquid ----+

Gas inlet 

-_+

ｍ

い

」
ａ

ｒｅ

+
Spent Iiquor

Fig. 5.19 Packed beC tower

The packing provides a target, which allows the gas stream to take a curved path
through the pore spaces while the particles carried by the gas stream are captured by
ineriial impaction. Because ofthe good mass transfer characteristics ofthe packing, effrcient
coilection offine particles by diffrrsion is also possible. The scrubber can be packed with a
variety of materials such as Raschig rirrgs, saddles, coke or broken stone. Smaller packing
increases the efficiency of collection but its shape does not appear to affect the collection
effrciency.

Packed towers can be chosen for scrubbing particles that are soluble in the scrubbing
liquid;otherwise, the packings will encounter plugging problems. The plugging problems
can be reduced by employing sprays to wash the packing or by using Iow density spheres,
agitated by the gas flow. More reca.ntly, a moist chemical foam packJrrg has been employed;=-:
which drains slowly from the scrubber with captured particles and is replaced with fresh
material.

In the impingement baIIle plate scrubber, the gas stream is passed through a fldoderl,
perforated plate for scrubbing (FiS. 5.20). The impingement baffles are situated directly
above each perforation on to which the gas jet is impinged. The particles are collected by
inertial impaction. Particle collection may be aided by atomization of liquid flowing past
the perforations in the plate.

In impingement tyae scrubbers the supei"ficial gas velocities are 5 times the velocities
generally used for mass transfer operations such as distillation. the main disadvantage
of impingement plate systems is their tendency towards scaling, resulting in plugging ci'
the perforations.

Venturi Scrubbers .

Ventr:ri scnrbbers offer high perfonnance collection of fine particles, usually smaller than
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2 to 3 pm in diameter. They are particularly suitiLble -,-ihen the paiticulate rnatier is sticir-,.,
flamrnable or high1flcorrosi.,,e. The high performance of the venturi scrubbers is achievej
by accelerating the gas strearn io very hjgh velocities, ofthe order of60-120 rnls. ?he higL1.
speed action atomizes the feed liqui,l, generaliy introCuced in a uniform fashion across the
throat through several lou'-pressure spray nozzles directed radiaily inlvard as shovrn in
Fig 5 2l 

crean gas out

t

*- Liqijio in

Pe j'fcialeC Lriiite

Gas in --3'

―
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暉Ｓ

一　
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Fig. 5.20 Impingement bafle-plate scnrhber
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Fig. 5.21 Venturi scrubber followed to
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Slurry out

cyclone separator

The droplets accelerate in the throat section and due to the velocif difference between
the particles and the droplets the particles are impacted against the slow-moving droplets. .

This acceleration of the droplets is not likely-to be completed at the end of the throat, so

一彎
」
↑

‥

Cycione
separator
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ihai particle collection cEotinues to some extent into the diverging section of the venturi.
The gas-liquid roixture is then directed to a separation device such as a cyclone separator
where the droplets carry.ing the particulate mattei: are separatecl from the gas stream.

The mechanisms affecting the coilection of particulates in the venturi scrubber are
inertial impaction, diffusion, electrostatic-phenomenon, and condensation and agglom-
eration. Although condensation plays a part in the effectiveness cf the scrubber by heip-
ing the particles to agglomerate, the predominant mechanism is inertial impaction.
Johnstone et a1.17 cottelated the collection effrciency of the venturi s;r-ubber with the
impaction parameter (y) as:

ηsc=le理 (=κL√ ) ¨(5_81)

where Kis an empiricai factor determined by throat geometry and other parameters. The
value of K may be of the order of 0.1 to 0.2. The inerbial impaction parameter can be
evaluated from Eq. (5.50) by replacing dr, the frbre diameter with the droplet diameter do
and ur{1, the particle velocity with the r'elative velocity of gas to iiquid, u,.

The diameter of the droplet obtained from gas atomisation in the venturi throat can
be evaluated from the following equation:

do = 16,400 I u, + 7.45 L15 ¨(582)

where do is in pm, Z is the liquid flow rate (gaV1000 ft3 of gas), and u. is the relative
velocity of gas to liquid at venturi throat in fVsec.

Example I
A venturi scrubber is to be used to collect particulate matter from an industrial operation.
The liquid flow rate through the scrubber is 10 gpm per 1000 lt3 per min. of the gas and
the relative velocity of the gas to liquid is 300 itlsec. The gas is air at standard tempera-
ture of 298 K and pressure of 1 atm carrying particles of density 1000 kglm3. Determine
the efficiency of the scrubber as a frrnction of particle diameter.

Solutiqn
The droplet diameter fi'om gas atomisation (drt is obtained from Eq. t5.82).

d.r=EN9 11.451,ts
ur t

y,here.L = 10 gpn:r/1,000 ft3 per min, and u. = 300 fl;/sec = 91.5 m/s.
Substituting the values, we get

d^ = 
16'+00*r.4b(10)15 

=100um =100x10-6 m" 300

The inertial impaction parameter ry is given by the equatioa,

cp,df;u,
v= 18t*d,

where c = 1+ zli.zsz *0.+e-o55dpl7'")dr,

|||

l

ヽ

1
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λ=0 066 11m br standard air at 298 K and l atm

pr=1000 kg/・ 13, and μg=18× 10~5 kg/m― S,

Substituting,we get

Ψ =
Cに000)イ (915) =2824Cイ

rs(r.s * ro ')(roo"ro 
u)

The collection efficiency qsc of the scrubber can be obtained from Eq. (5.81):

η“=l eXp←
乙√

)

Assuming K = 0.2, we get

rt," = 1- exp(-02(io)Jt)

=1-exp(-2v'824Cal)

= I exp(-s.eoilcao)

The values of r1"" calculated from the above equation for various particle sizes are
tabulated below:

The results are piotted in Fig. 5.22.
The pressure drop through the venturi scrubber can be predicted on the basis of the

equation suggested by Calvertl8

...(5.83)nP =SxlO so?L

where Ap is the pressure drop in inches of water. For the problem of example 8, the
pressure drop, AP, becomes equal to 45'H2O.Fig.5.22 shows typical collection efficiency
curves at two other pressure drops for particulate matter having a specific gravity of 1.0
in a well-designed scrubberle. As is shown in Fig. 5.22, for particles of a particuiar size
higher efficiencies require greater pressure drop and consequently greater power

L
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Fig. 5.22 Venturi scrubber efliciency curves
rmption. Similarly, for smaller particles, the same effir 
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drop or cr."rt"; il;; .'orir,,'ptiorr. crency requires a higher pres-

Pertormanee and Efficiency Correlation
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t lt is a cOncept used to d?P,pe thUpOw:「
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1イ

:        ら二4昴I+P.f          6̈8o
These tellrns may be dete..1lined iOm Eqs(585-87)        _

そ =002724 4   kⅥЪ/1o00m3   (̈585)

- These terms may be determined ftom Eqs. (5.g5_g7)

Pc =0.02724 aPe kwh/1000 m3 ...(5.8s)
where AP, = gas pressure loss in cm HrO. ,

P = 0.02815 
^p,(Qll

- L *'l.4",] kwh/looo mr ...(5.86)

where AP; = pressure drop for liquid input in atm; gz = liquid rate in litre/min; andQ6 = gas rate in m3/min.

p^,=16.6r['!r] ..-,' ' - "'"'[@" ) ou^h ooo m3 ...(5.87)

where trV" = net mechanical power input in kW 
i

i

I

_l
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The collecion
transir units,Al,

In Table 5.7, cr, the coeffrcient of P,
the exponent B is dimensionless. Since

in Eq. (5.90), has units of hpl(1000 ft3/minfP ar
the contacting power P, is given in the units t

・
一
一
■

deined as

Ⅳ

`= (̈588)

\=1_92 = 1-e-N,
c7

rvhere c., = inlet particle concentration and c, = outiei particie concentration.
The number of transfer units was plotted against iotal power consumption (Pr) for t

series of scrubl:ers and particuiates when the follovriag expression was obtained:

鶏 =岬 (̈590

where cr and B are empirical constants that depend on the particulate size anr
characteristics, and are little affected by the scrubber size or geometry, or the manner o
applyrng the contacting porver. Some representaiive values of o and B are given in TabL
5.7.
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Table 5.7 Scrubber eff iciency parameters (ref. 2'1)
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k、■ 1′looo m3,it has tO IP COnverted into u五 ts of hP/(1000■ 3/min)when using in Eq

(590)along with α and β
(Notel 1 0 kヽVυ1000 m3=2 278 hp/1000■ 3/min)

5.5 SELECT:ON OF A PARTiCULATE COLLECTOR

The selection of a suitable control device for a specific application requires consideraiion
of particle size, its concentration, desired efficiensy of collection, costs, space available,
and maintenance factors. Fig. 5.23 gives the effrciencies of various gas cleaning der,-ices for
three broail particulate size categories: coarse, fine aod superfine dusts22. This can be used
conveniently for a preliminary selection of devices. For example, for 99Vo removal of frne
dust (50% < 25 pm), prelirninary selection of an irrigated target type scrubber, an
electrostatic precipitator', and an irrigated electrostatic precipitator may be made. Aiter
the preliminary selection, a comparative cost analysis must be conducted inciuding the
operatilg and the maintenance costs. Afber a general selection of equipment is made to
meet specific emission limitations, the exact costs are determined, and the actual operating
efficiency and pressure drop are obtained on the installed system.
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lnertial collector

lvledium efflciency cyclone
Low resistance cellular cyclones

High efficiency cyclone

lmpingement scrubber

Self-induced spray scrubber

Void spray tower

Fluidized bed scrubber

lrrigated target scrubber (Peabody type)

Electrostalic precipitator

lrrigated electrostatic precipitator

Flooded-disc scrutber (low energy)

Flooded-disc scrubber (medium energy)

Venturi scrubber (medium energy)

High-efficiency electrostatic precipitator

Venturi scrubber (high energy)

Shaker-type fabric filter

Beverse-jet fabric filter
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Efficiency of various tlpes of gas cleaning deyices (ref. 22, copynghl (c) 1974 by Litton Edu-
cational Publications Inc., copy'ight (c) 1979 renewed by Van Nostrand Reinhold, al1 rights
reserved, reproduced with perrnission)

1 1 1 1  1            . ‐ |   |    ‐ i l

|",‐f,IFIグ|●。■f「Jミ91111‐ "lf甲 |

ttt- Ccarse dust

/ICr

“

ヽ

/

|

|

|

|

|

|

|

A B C D E F G H l J K L「 .4 N O P Q R

LECTURER KHALID AHMED SALIH - TIKRIT UNIVERSITY



一一一一．・一一一一一̈
一
・一・・・・一一一一・

一―

・
一
・・・・一・
・
一一
一・一．・一．，
一・一・・
一「

・一・
・・・
・・一．一．一・一・
・
・
・
一一一一一
一
一一一
一一

一
・一・一
・一
一

・
一一

千,9‐  Frl■,■夕■1■′Ⅲlた′:1■ t/・
‐●|`'l Eng′ ,997‐17,

It is il■ lportant that the inter‐ related process and el]vironnlental factors nlust be、 veighed

carelully beforeね ■ing the inal decision O■ en the collcction equip.‐ ent eventually selected

represents tho most dosirabie conlprcrnise Fiternatively,t、vo cOllectors rllay be combined

to achieve the desired results T_ble 5 8 provides i sulT_・ ■・ary ofsorne successflll applicatiOns

of particulate cOntrol devices iil vario■ ls industries

5.6 CONT穐◎L OF OAS匡 ◎∪疹匡闇:SS10NS

As notet‐l earlie■ there are essentially t、「o classes of techniclues by、 vhich gaseous pollut

ants may be removed ttom an efiuent streal■l:(1)sorption Of pollutant,for example
throu31・ absorption in a liquid or adsorption on a solid surface,and(2)chel・ ■ical alteratiOr

of the polllltant,ustlally througll combustioli or catalDtic treatl.tent

S.5愕  AbsoFption by Liquias

Absorption is one ofthe most il・ equently used techniq■ es for controlling the concentration〔

of gaseous polllltants befbre thcy are discharged into the atmosphere

lt involves the transttr ofthe pollutant iom the gas phase to the liquid phase acros(

the interface in respo■ se to a concentration[Fadient,、 vith the concentration decreasing ir

the direction of n■ ass transfer

Tabie 5,8 Use of particulate collectore ln lndustry

Atwo-resistance theory, initially suggested by Whitman23, is often ,-iseri to explain this
process. According to the theory, bhe interface offers rro resistance to mass transfer, anc
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the ,nass transfer rate bgtrveen the two phases is controlled by 'uhe rates of diffusion
through the phases on each side oithe inierface. The transfer of componentA irom the gas
phase to the liquid phase is iliustrated in Fig. 5.24, with a concentiation gradient in ihe
gas phase from the bulk gas concentration of cornponent A, pto,to the interfacial
concentration, pA,, and a concentration gradient in the liquid phase from, c, at the inter-
face to the buik liquid concentration, c-. The bulk concentrations po, and c- are not
equilibrium values; because if they were, diffusion of component A will not take place. If
no resistance to mass transfer exists at the interface, p o, and, co, are equilibrium concen-
trations; these are the values which would be obtained if the two phases had been in
contact for an infinite period of time. pa; and co, are directly related through the equilib-
rium data.

-- "-+ Directicn ai mass transfer
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Fig, 5,24 Conientrarion prdfiles

For dilute solutions the equilibrium reiation between po and co can be
terms of Henry's law:

Dislance (zi

Pe=Hce

expressed in

...(5.91)

where 11 is the Henry's constant, which depends on the definition of concentration units.
For example, if the Henqy's law is expressed in terms of the mole liaction units, Eq. (5.91)
becomes

ρム
_II′χム ...{5.e2)

where ro is the mole fraction of component A il the liquid. Table 5.9 shows values of
Henry's constant for several gases in water. Smailer values ofIl' represent higher solubilities
ofthe gas. That is, for a given partial pressure ofthe gas, a higher liquid concentration will
be reached at equilibrium.

　́
‘
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The efectiveness of an absorption process fЭr air pollution control rnostly depends on the

selection of a suitable scrubbillg lllnediunl Some of the properties of solvents,、 vhich are

irttortant in industlial aprLca[lons,are the fD1lov、 ■ng:hi』 gゝaS SOllュbiliかr and higl selectl、itv

bet,Feen soluto species, lo、 , vapour pressure, non― corrosiveness, easy regelitr二 tioI、 and
recov erェ iow costs,low宙 scositv at absorption te.2■perature,nontoxicitヌ noniammabiliけ
and chemical stabiliち l

ln addition,the chosen scrclbbing mediun■ should not cause vrater pollution or waste

disposal problems Table 5 10 summarises the more comnlonly used ζolvents in inclustry
for the removal of va五ous gaseous pollutants

Table 5 1 0 Suitable solvents br various gaseous pollutants

rable 5.9 Values o子 Henryも constant(イ )fOr Seirera1 9ases in water(ref 3)
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GaS abS°
rption is comr.lonlyあ nducted in eqτ五pment which are designed to pro宙 de intimate

c`ntaCt between tlle two phases The contact between gas and liq滅 d can be accomplished

lttlT評鳳 指理 1典 El北lll∬111°墨:」槻 ∬認 T札駆 ::濯:::ilin
:I  Pscたια

`ο

ωers are very ettcient absorption de、 ■ces invol、■ng a continuous contact of
,6xo phases. These use a variety of packing materials ranging From speciaiiv designed

ceramic packing to crushed rock. The liquid is disiributed over the packing, v',l-''ich provides

1盤器懲li麟:TIl野細求∫11[1『ξ:織誌盤彗ぶ糧I槻:糧
sas florving upward and the liquid flowing downvzard. The use of packed tol*ers is iimited
1為 clean gases,as att precipitate or slurw will cause plug饉 可 Of pachng
ll  Tn ≠″7■′Or n7″チρ FnI′ ,ρ rc qttρ n、ス月qO ranl,rt hot、 v。。n tho lirt]liA ЯnA crЯqIn tray or plate totuers, stepwise contact between the liquid and gas occui's. Liquid
‐ultrOduced at the tOp cascades frolTl one stage to ancther and eventually is、 vithdrawn

from the bottom of the torn er. The gas flows in a counter:curreni direction to the droppi;rg
Lq1id. At each tray gas passes through small hoies driiled in the tray or under slotted caps

immersed in the iiquid, forming bubbles. Absorptioa ta-kes place duririg the bubbie forma-
aL ^ t1^---re ,don and their ascent through the liquicl. In the sp; cy totuers, the flow an-angements are

ty

,d
normaliy countercurreni and cross-flow. The liquid is introduced by spray nozzles or other
atomising devices which form. droplets. These dropleis provide the mass iransfer surface.

|1驚ll::∬ :fil:llllibrabS°
rption ofhi」 lly S01uble gases間■d solid particles when these

|I In υοれ
'′

″j sc′膨ιιθrS the gas and liquid■ ovz in the same direction The absorbing
‐1:^、 _:■  1_ :^`´ ^良 、.^^Л  ^` `■ ^ ■■_^^+ ^r+● ^ _.^、 ■、、、.: __^ ■■^ ●:_^^、 .‐ :^ヽ  ヽ^r+ヽ ^ 1{^、 .:A l_liquicl is introduced at the throat of the ventriri and ihe dispersion of the liquid is

accomplished by the h,igh velocity gas stream. The resulting lai:ge interfacial a:'ea makes
lthe vellturi scrubber an extremeV eff・ Cient absorber However,the ener[v required for

achieving high efficiencies is considerable.
In air pollution control, the most popular means of gas cleaning is the packed tower;

horvever, tray columns, spray and venturi scrubber are used in nearly 107a of the cases.

Absorption is treated extensively in most chemical engineeri:rg texts (ref. 24-27), to wbich
reference can be made for deiailed information regarding the equipment design and
eonstruction. Here tl.te discussicn will be limited to the basic concepts related to the design
of packed columns.

Basic Design Considerations

ider a steady-state operation involving a countercurrent absorber as shown in
聴 525

A solute materjal balance gives,

Gryr+Lrx2=G2yr+Lg, (593)

where G = total molal flow rate ofthe gas phase per cross-sectional area of tower, I = total
nolal flo.,v rate of the liquid phase per cross-sectional area of tower, .1 = mole fraction of
solute in the gas phase and r = mole fraction of solute in the liquid phase.

Since G and L vary aiong the height of the tower, it is much simpler to express material

ty

equations in terms of soiute-free concentration units. The material balance then
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- 

ici-" (L',i' "
In the above equation G' atd L' are the average values for the entire tower which in

this ca,se are 1.254 and 1.007 kg/m2 -s, respectiveiy. From Table 5.11, for 1in. Rachig rings,
d = A.557, F = 0.32 and y = 0.51. These daia are used with some reservation since G
exceecis the limit shown in the tab1e. The Schmidt number Scr = 6.795,

比
顆

面 =∽∞m

Similarly, I7r, is given by

銑=080器5騰路『)∞
2面

Jfz=0232m

″ι―。
(話 )η
V町

where, from Table 5.12, 0 = 0.00235, and 1 = 0.22- T]lIe Schmidt number Sc, = 462.
Substituting these values, we get

Employing, Eq. (5.116), we can get the height of the overall transfer unit (.I/oo ). The
slope (m) of the equilibrium line can be evaluated to be equal to 0.78. The average values
of G and L are 0.0103 and 0.0134 kg moles/sec, respectively. Substituting, these values in
Eq. (5.116), we get

, Hoc =0.503+078[HiH)*r'

or I/oc = 0.503 + 0.139 = 0.642 m

The height ofthe packing, t

Z = 3.58(o.6a2) = 2.3 m

The total height of the tower should be somewhat greater than this value to allow for
the distribution space at the top and at the bottom.

5.6.2 Adsorption by Solids
An alternative to absorption by liquids is the adsorption of pollutants on solids. Adsorption
is a surface phenomenon by which gas or liquid molecules are captured by and adhere to
the surface ofa solid adsorbent. The attractive forces holtling the molecules at the surface
may be either physical (physical adsorption) or chemical (chemisorption) in nature. In
physical adsorption, the gaseous material condenses upon the surface of the solid,
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accompanied by an ev01ution of heat The adsorbed material can be relnOved or clesOrb

by reducing the pressure or by increasing the temperature Thus,the prccess is reversibl

Chennisol rJt・Of which is the result of a cllenncal interacion between the solid and t
adsorbed material,is usualし irreversible、 mth the heat of adsorpt■ onさ,ing much h曇
tl■an that for pttsical adsOrptlon.The molecules are held to the solid slllね ce by chemi(

bonds and tlle o五 glnal mate五al undergoes a chemical change Chemisorpt10n is ofpartlcul

importance in catalysis but is not a prilnary mechaコism in alr pollution cOntrol rnethOて

AdsorptiOn techmques are wideし tsed in the ield OfOd01lr cOntrol for remo宙 ng sIIIlそ
quantities of pollutants present in a lttge volume of ain Adsorption techliques are al

used for cOllecting valuable organic substances that cannot be picked up by scrubbL
methods.The rate ofadsotttion ofa Fubstance depends on the concentratlon ofthe rnate」

around the adsOrbent,the surface area ofthe adsorbent,the pore volume Ofthe adsorbel

and some ouher properties such as temperature,molecular pOlarity and the chemical natu

of the adsOrbent surface Several solids possess adsotttlve abiliけ 、ゃ■th extremeし lari
speciflc surね ce areas Some ofthe adsorbents conllnonly used in air pol■ uion cont■ol a

acuvated carbOn,activated alullnina,sihca gel and molecular sieves Typical data for ads(

bent materials and their llξ ёs are」Ven in Table 5.14
AdsorpiOn of a gas on a solid occurS in Several stages The flrst stage is the diff■ lsi(

of the pollutant from tl■ e btllk gas phase tO the external surface of the sohd,and ths

silnilar tO the dlffusiOn Of the gas to the gas― liqu■ d interface in absorption The sec01
stage is the di]hsiOn ofthe gas molecules mtO the pores of the solid,and the third stal

is the actual adsorption on the active sttes in the pores The third stage is relatively fa

compared to the irst twO stages,and it is these earlier states that dete面 ne the rate
adsorpuon lt is usually nOt possible to deternline、 /hich ofthe flrst t、vo stages controls tl

adsorption rate ln sOme cases they are of equal si`晏 nicance For that reason,adsorbe
are most often designed using em●五cal methOds based on scale‐up from pilot scale dat

Table 5.14 Properties of adsorbents and their uses
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Removal of pollutants by adsorption may be carried out in a batchvrise or continuous

nanner of operation. A typricai fixed bed operating on a batch cycle is shown in Fig. 5.30.

fhe polh:ted gas stream enters ihe bed at the top, travels downward through the bed and
leaves at rhe botton.

When the gas frrst enters the solid bed, the liont portion ofthe bed adsorbs the pollutant

織Ⅷ ]翼∬盤跳鍔 lξ概lξ轟 出肌y趣嘗概朧ぶle

Fig. 5.30 Fired bed adsorber

After a period of time, the layers of the solid at the entrance become saturated with the
adsorbed gas and the zone of active adsorption moves deeper into the bed. Finally, when
the front of the active zone reaches the bottom ofthe bed, the bed starts becoming inactive
and the pollutant level in the exit gas stream starts to rise and continues to rise until it
approaches the influent concentration. The curve of pollutant concentration as a function
oftime thus has an S-shaped appearance arrd is commonly called the break-through curve.
Fig. 5.31 shows a typical break-through curve. The time at which the break-through curve
first begins to rise appreciably is called the break-through point, anal the time at which
the outlet eftluent concentration essentially reaches that of the inlet pollutant concentra-
tion is called the exhaustion point.

ge

Of

he

‐“”̈
一♯̈
崚̈
一̈ぃド　”ン

ち

‐ｍＴ

Fig. 5.31 $pical adsorption break-through curve
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The adsorber is normally regenerated when the break-tiuough point is reached.
generation means removing the pollutant from the adsorbent thereby renewing it
further use. For tffe singie-bed adsorber, as sho,,nrn in Fig. 5.30, the regenera.l,ion is accom-
plished by sirpping the gas si:eam and ihen i.rlcwilg steam o: rn ineri gas to r , .:,: thr.. --.i&
the adsorbent bed. Regeneraiion is often facilitated by using parallei beds, on: of whieh
removes pollutant while the other is being regenerated.

Adsorption Process Design

Adsorption processes are most easil5, designed through the use of break-through curves
obtained in pilot-pL:nt studies. When break-through occurs, the adsorbent in the adsorption
zone is practically spent. A major part of the break-through curve analysis is concerned
with the determination of the fractional ability of the adsorbent in the adsorption zone and
the depth of the adsorption zone.

The mass velocity of the solvent gas stream is G^kg/thr) (m2). The initiai concentration
ofthe pollutant (solute) in the inlet gas is Yo kg. solutelkg. solvent gas and the concentration
at the break-through point is Yr. The adsorbent has essentially exhausted at some arbitrarily
chosen value Y, close to Yo. The adsorption zone Zoin the hed, of constant depth is that
part ofthe bed in which the concentration is in the process ofbeing changed from YrtoYr.
If ,r is the adsorption zone formation time and Z is t}re height of the adsorbent bed,

聰
ｈ

ZA=Z審

where l, = time to exhaustion, Jr = time to break-through point.
The difference tE - tB g)ves the time required for the adsorption zone to move its

depth down the adsorbent bed after the zone has been established.
The amount of solute S, removed from the gas in the adsorption zone from trto tris

given by the shaded area in Fig. 5.31 times G-. Ttris is given by

...(5.

If, however, all adsorbent in the zone were saturated with solute, it would con'
Yo G*(tE - fr) kg solute/m2 of bed cross-section. Therefore, the fractional ability of`OVれ ル`E~し B′ nる 。υ■uLO■■■ vl vCuし■υoo― oしい■υ■■ ■■■●■,■t

adSOrbent in the adsorption zone still to adsorb solute is,

tB

Jlvo-v1a,
:.ls

Yo(t, -te)

1-21)J(」ケ≡与「) :̈(5.

..。 (5.

.(5.

′=

＆ｙ一』
ち
ｒ
ｌ
Ｊ
ち

れ
Ｇ〓Ｓ

′=1

Or

yOGπ
(ι力 ιB)

ιF=(1-F)OE― ιB)and

■
＝

，

■

…(5121)
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1:1e6 Eq. i5.132)

The dep1.lr of adsorption, ZA=@.314)P.0i4) = 6.13 r1i

The height of the bed, Z = | m.
Degree of bed saturation at break-through point,

η=三二11テ
`⊇

∠L== 1.0 - (1- 0.556)0.13

‐ ∝=影=畿 =Om4 m

=0_942

=942%

At breよ―thro撃ま pointぬ e amount of adsol‐ bate

=η ZρらX7=(0942)(1.0)(440)(0042)=174 kg/m2crOSS― sectlon

The p01lutant enters、vlth the ttr at a rate Of

(100)(0024)=24kノ (h・)(m2)
The time required to reach the break_thOugll point,

堪=17424=7 25 hr

Gombustion

industrial processes proCuce gas streams that have no recovery value, so absorption
: adsorption methods may not be economically feasible. Ifthe rvaste gas contains sufficient

rnaterlal then incineration may be the simplest route to air poliution control.
mbustion applications include the destruction of odours, toxic substances, and reactive

the prevention of explosion hazards, and the reduction of pollutants in the
forms. The products of combustion of organic materiais are norrnally odourless,

, and harmless giving offcarbon dioxide and water vapour- However, high molecu-
weight hydrocarbons could cause smoke problems. Similarly, certain inorganic materials

cGmbustion give oxidation products iike sulphur dioxide and oxides of nitrogen, and
rem.ain a pollution problem unless they are easily separated from the gas stream.

When a..pollutanl is to be destroyed. the combustion musl be complete; otherwise,
termediate products of combustion wiII form which may be more noxious than the original
taminant. For complete combustion, the oxygen must come into intimate contact ;with
combustible materiai th-rough adequate turbulence at sufficiently high temperature
have a sufficiently long residence time. In fact, time, temperature, and turbulence
so predorninant role in combustion reactions that they are o{ten called the "three T's"

combustion.
The normal ranges are: temperature: 37 5-825 "C, residence time; 0.2-0.5 sec and gas
velocity:45-75nゾsec

There are three methods of combustion in common use today: direct combustion (or
flaring), thermal incineration (also called after-burning or flame combustion), and catall,tic
oxidation. Highly cornbustible streams with high heating values can be eliminated by
direct flaring. However, flaring is not a satisfactory solution when the gas streams contain

10
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excessive arnountsexcessive arnounts of inorganic pollutants Iike sulphur, chlorine and fluorine. In suc
cases the gas streams are pretreated before flaring. Often unsaturated hydrocarbtins suc
as olefins and aromatics wii,h tlreir lovr hydogen-to-carbon ratios produce smoke unless th
desigrr is such that it allows them to burn smokelessly. one such ctesign incorporate
steam injection through jets surrounfing the flare tip (Fig. 5.35). The stearn jets indur
turbulence in the periphery of the flame and add heat to the combustion process. l
addition, this sets up a water gas reaction giving carbon monoxide and hydrogen whie
helps to generate smokeless flame. The steam requiremerrts vary ftom 0.05 to 0.8 k
lteam /kg gas, depending on the oiefinic and aromatic content of the gas stream. A pilr
flame is also provided to re-ign-ite the gas stream if flameout occurs.

Concentric stearn
header

晦 5.35 Ste,m ttectiOn ttp6■ are

Preheating ofthegas strё Яm is oLDn reqlllrё d ifthe Combustible gases are aluted
inert gases to ensure that the minimum fume energ'y concentration is not reached. This
done by using a ring burner in addition to the pilot flame burners. Thermal inr
is perhaps the mosti efficient as well as the most flexible technique fof destroying
diluted gas streams. In the thermal incinerator (Fig. 5.36) the waste gas is preheated
over an auxiliary fuel-fired burner and passed into a combustion chamber wh
temperature Of 500 t0 800,C is maintaШ led The gaS Stl・eam is kept at this ele
tentperatw9 1ollg enbugh(o.8 to O.7 seC residence ihe)to a119w cOmplete oxidatiOn
gas stream is introduced in such a geometry and at a velocity that promote turbulence
thoroirgh mixing with the burning fluel. Thermal incinerators require little
l prOplrly,ngineeたo.The m萄∝Operating cost,is h the form of‐ md requ■rёd to
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Heat Recovery

the regenerative heat recovery arrangement, a heat exchanger is usually placed irr the
stream following the oxifiser where the hot exhaust gases are used to heat the
air stream containing the pollutant. The preheated air stream then enters the

where the pollutant is destroyed. I'he products of combustion then pass through
heat exchanger and are fischarged into the atmosphere. A schematic ofthe regenerative

recovery arrangement for the oxidiser is shown in Fig. 5.37.

Fig, 5.37 Regenerative arangement for an oxidiser

The effectiveness of the heat exchanger is given as:

t二
綺

arOI,d the he■ exchangeち we have

'      九●2~λl)=(九 +4)03~ん 4)

.̈(5135)
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Where, h, arrd h, are the specific enthalpies of the polluted air stream entering and
leaving the heat exchanger respectively, and hu is the specific enthalpy of the process gas
stream leaving the oxidiser and entering the heat exchanger. Now, writing a heat balance
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whereれα=m ass■ Ow rate oF polluted ttr stl・ earr,2g=mass iow rate Ofthe iel and λ′
=specincil::『

&::;i:riil[lj:sgaS leavlng the heat exdhangen

ん4=λ 8~れ
Q+ヵ ′

(λ 2「 ん1)

The aむ_ftlelratiO                fl=考

S¨壺tutinbc Eq.(5.138)ir■ to Eq(5.137),gives

/224L3高ι切

ll辮糧蹴』蹴射鶏:搬姿1割ltte葛警

(̈5137)

(5.138)

(̈5.139)

(5140)

ALJ
where -'R is the heat of combustion of the fuei used, per unit mass. Table s.15 ristst7l,e

heat of combustion values for several common
substituting into Eq" (5.185) gives

fuels. Solving Eq. 15.140r for /2, and

λ8~ん 1

(5141)fOr the ai■負el rauO,生 ,we have

(514

Solving Eq.

■
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SubStituting Eq(5142)into Eq(5139)and noting that力

2_λブここ(λ3-アιl),vFe get

λ4='み 3~ C●3 λl)

(5142)

…(5143)

.0)|

'Ihhle S"'15 i-ieats of cornilustion of scrne comrncn f Lieis

The enthalpy,altles for air as a fllnctiOn of temperature are shOv″
nin Fig 5 38

Exa′鶴ル心 1嗜

瘍鞭網莉理鸞
|:1 思l:if::よ ]騒1:∫][:1:計]I:ξII[F:l]:」IIgthe。対disell
(c)The temperature of the e足 laust gas lea、■ng the heat exchanger
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Fig.5.38 Att speclflc enthalpy υs ttterature

Solution
(a) From Eq. (5.135), the specific enthalpy, Dr, of the gas leaving the oxidiser is given

れ3=ク1+Ψ

λl=25 kJ/kg

λ2三 5701■.J/kg and ε・ 0.6
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From Fig. 5.38 we have

substituting the above values:

/13=25+(570-25)=933 k島 4kg

From FiJ 5 38,the temperature亀 =880°C

●)等 e all・―id ra伍o会 can be calculated ising Eq 6 1o

串
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Table 5.15, for propane

-LIrR -46,850 k4kg
mg

46350
=1276

(e33-25)(1-0.6)
mass flow rate of propane entering the oxidiser is given by

〓

Ａ

一Ｆ

喝 F台 =洗 =Q"斜 US

lil:::ξiliチ「11営 ::ま:.譜
aust gas leavlng the heat exchanger can be obtained

ん4=ん 3~満

       (λ

2~λ l)

an =933----!q- ;70-2b)- 
10 + 0.0784 '

= 933 - 540 = 393 krykc
Fic. 5.38, T4=390°C

liii:ii:lilllよ
∫leI:leffec伍 ve pollution control are the precious metals, prima五 けand paua“um or面[■i∬侃 :き鳥蔦範[詰証 I再蔦孫品菖ξ磁

:lPSiblesurfaceaeaお r cOntad宙 th the gas.Thec就 」 が is COated onto sttable

炒 晩Ⅲd卵聴 1葺語 [Ю
dごt」温 Jこ懇 :温sL醐誼 轟稿 ヽ

ical catalメ iC COmbustion u」tis shown in Fig 5 39 1t

1類郡 嘔蕊 忌億
麟 T樹 襦 t∬討ぼ胤麟 Ili葛 群
preheat section,iF necessaη l

;:l::l:rt section, o,rty tt 
" 

gas stream is heated to the temperature required .r,o
L car'alytic combustion. 'ihe preheated gas is then passed through the catalyst bed

‐ユ1,識S St麗轟IIIti`ま∬ζl慰島X磁
・漢薦ギ∬品導孔輩[襲繹 群
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where the conlbustion occurs lb lllaintain the catalyst in an

COnalDlete cOrnblistio〕 n, abol■七 1% eKcess oxygen is Tequired

Catalysi b゛
`

active state and io acheve

Pollutani Ea$

Biowe. -

Fi3 5.39 Catalメ ic cOmbus■ on u五 t

Table "5.'i6 lniet iernperatures ior caiaiyst combusticn (ref . 29)

iioi clean oas

L/み
`

Reprinted with permission of Pergmon Press PLC, Copyr.ight 1966.
* Temperatures > 649 "C required to oxiilise carbon.

,'+ Reduction reaction, a1l others are oxidation reactions.
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■■■|‐■‐ ■■■‐ ‐ 1■■1■||■The cata15tic cOmbustiOp_techniリ

ュe is recO■ llnended fЭ r gases that are力ec Ofparticulatemnatter and certainlyき ee Of lnetallic substances which cOuld poi00n the cataサ
st Thecatalvsl;Ъρtt iq rl。っぃハ凩 ^^_:^■ =^^1,_ /    `  ,          _

‐―――マ‐ ・…̀・。==もυ‐ユtt PU■●U ll し1■e cata場′飩 lhecatalyst bed is cleanOd PeriOdiCally(quarterly or a■
:■ually)by scrutbing witll Mrater Or

SOmetilnes with acid and by heatitt tO hi』
l temperatures
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