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Air Pollution: Sources
and Effects

2.1 DEFINITION AND SCALES OF CONCENTRATION

Air pollution may be defined as any atmospheric condition in which certain substances are
present in such concentrations that they can produce undesirable effects on man and his
environment. These substances include gases (sulphur oxides, nitrogen oxides, carbon
monoxide, hydrocarbons ele.), particulate matter (smoke, dust, fumes, asrosols), radicactive
materials and many others. Most of these substances are naturally present in the
atmosphere in low (background) concentrations and are usually considered to be harmless.
The background concentrationg of various components of dry air near sea level and their
estimated residence times are given in Table 2.1. Thus, a particular substance can he
considered an air pollutant only when its coneentration is relatively high compared with
the background value and causes adverse effects. For example, sulphur dioxide, if present
in the atmosphere in eancentrations preater than the background value of 2 x 10! ppm
and causes measurable effects on humans, animals, plants, or property, then only it is
classified as an air pollutant.

The concentration of a pollutant in the atmosphere can be expressed in a number of
ways involving units of weights or velume per unit weight or volume of air. Foar
coneentrations scales are generally used to describe the concentrations of either gaseous
or particulate pollutants.

The first is the mass concentration, 0w, defined as the ratio of the mass of pollutant to
the mass of air plus mass of pollutant:

nt
0 £ 2.1

»- m, +m,

where ni, is the mass of the pollutant and m_ is the masa of pure air in a given volume of
gir-pollutant mixture. The second concentration ecale is the volume conceniration, ¥
defined as the ratio of the volume of pollutant to the volume of air plus volume of pollutant:

wel Bl
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The third concentration scale is the volume concentration in parts per million
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Table 21 Composition of clean, dry atmospheric air

3 Clamponeit : Corcentration™ ppm) = Faimlﬁ._ﬁ'rf mﬁfdﬁrf-?g- ;m&;hl'..rfﬁ..lg E
[. it nedn - ; : TH 0% 108 ' : Lﬁ_.huu-mvs ! ; ;-3::_:'__":.
i Caorgen 2w T ¥ ; ,Cﬂnl:_-r:uc-uﬁ 'jf-.'f':;
| ATgoR - : i e T r:nnti:;gups ;
| Carhon dipzide a0, e £ Fa 555Fiﬁ| L §
b e e e 1B L e R Gt i
ke Ei=lhm: A d o ok : ; : } (= ;:l;tﬂ'[:un :-,?-:écu:L-.

Kryglon' e T 4 ConbagE

}Lunuﬂ s 8 L e e E‘uﬂhmzﬂﬂm'

Cartian: fnrokids s il _.:;'-"J-” ! LB geRrs N

Methana. he s natt s Tl T e

Nﬁ-‘rﬁlﬁl.{i{ﬁdﬂl T ]EI o L ; S e

N]i-l'icﬂﬂd.& bl e '.HJ“

Arononin : B 104 :

.Ii_:j"d,mgﬂﬁ,'fll'll!l]'.l][iiflﬂ R b

Suilphur dioxide b 0

Hydivgen ' B s 10 L e

{'il-mllF AR o2 4 U j ' —'ﬂ‘j'.dgl';.fi?

e

*5ingle values for concentrations, instead of ranges of concentrations, are given to indicabe order
of magnifude, not apecific and universally accepted concentrations,

weLittle is Known about the residence time,

Finally, the fourth concentration scale is the mass-volume concentration, p_; defined as
the ratio of the mass of the pollutant to the volume of air and pollutant cum%med

m n
L =E— "
Py v+, B
The concentration of a pollutant whether it be gaseous or particulate 15 atb present
commonly expressed in terms of p_, usually as micrograms of pollutant per cubic metre of
air and pollutant combined, (pg/m?). A number of relationships can be developed among

these concentrations, but the conversion between . - and p, in ng'm? for gaseous pollut-
ants 18 of special interest, Combining Eqs, (2.2], (2.3) and (2.4) we get,

My

Pp = Yo 1078 . A2.5)
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Assuming that the perfect gas law holds for pellutants that are usually formed in the
atmosphere, we can express the mass density of the pure component pollutant, m, ,":.-P, in
units of uyg'm?® as,

my Pﬂ?h(mﬂ]
v, {aﬂmﬂuﬂﬁ‘

A2.0)

where P iz the total pressure in bars, J"Efp ia the molecular weight of the pollutant, T iz the

absolute temperature in K, and 8.314 x 107 is the value of the universal gas constant
expressed in units of m*-barkg mol-K. At the standard temperature (25 °C) and pressure
{1.0133 bars), Eq. (2.6) reduces to,

m, 1, (10°)
¥ 24.45
Substituting Eq. (2.7) inie Eq. (2.5), we get the Telation between P, (pgm®) and .

a
oo 10°)

ol 2.T)

SRR it e = L2.8)
P =" d s
The constant in the denominator becoines 22.4 at 0 °C and 1 atm pressure.

Example
Carbon monoxide (CO) is present in standard atmospheric air at a concentration of 50
ppm. Compute ¥or Py and @, values for the CO concentration in the atmosphere,

Solution
From the statement of the problem, y = 50. The air density at standard condition is
1,185 kg/m?, and the molecular weight J‘I}P is 28. From Eq. (2.3),
Yp = Y 107% =0.00005
From Eq, (2.8), the mass velume concentration, Py in

My (10°)  28(50)10°
P2 =" 2445 T 2445

= 57.26(10° )ug/m” = 57.26(10°% | kg/m"

The mags concentration, . can be caleulated as follows:
Dividing Eq. {2.1) by {2.2), we have

w, =m"[ VU, ]

Yo Uy | My tm,

But the term (m, + i, fo_+ r:PJ can be written as
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Taking the densily of air, p_, 88 equal to m_ /o_, we got

)
Up
(i =

¥
Pﬂ[l_fnjl'*_P'J"#
Uf.l

m
Substituiing the relation p, =[—PJ}',, in the shove equation, we gat

Up

Pp
g = - :
Pa {1_}IP}+pF

Substituting the values of P P, and ¥ into the above equation, we get the mass
concentration,

B 67.26(10°°)
© 1185(1—0.00005)+57 26(107)

= 0.000048

2.2 CLASSIFICATION AND PROPERTIES OF AIR POLLUTANTS

2,21 Classiication

The variety of matter emitted into the atmosphere by natural and anthropoganic sources
is so diverse that it is difficult to classify air pollutants neatly. However, usually they are
divided into two categories of primary pollutants and secondary pollutanis. The primary
pollotants are those that are emitied divectly from the sources. Typical pollutants included
under this category are particulate matter such as ash, smoke, dust, fumes, mist and
spray; inorganic gases such as sulphur diowide, hydrogen sulphide, nitric oxide, smmonia,
carbon monexide, carbon dioxide, and hydrogen flucride: olefinie and aromatic hydrocarbons:
and radwactive compounds. The secondary pollutants are thoese that ave formed in the

atmosphera by chamical interactions among primary poilutanis and normal atmospheric

constituents. Pollutawnts such as sulphur trioxide, nitrogen dioxide, PAN (peroxvaceiyl
nitrate), ozone, aldehydes, ketones and various sulphate and nitrate salts are included in
this category.

(i the large number of primary pollutants emitted into the atmopsphere, only 2 fow are
present in sufficient concentrations to be of immediate concern. These are the five major
types—particulate matter, sulphur oxides, oxides of nitrogen, carbon monoxide, and
hydrocarbons. Carbon dioxide is generally not considered an air pollutant but, becanss of

-
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cide dusi:.'a ﬂnd certain fumes released from E:haimnal pl:E.I:ILH a]a-::r contain grganic com-
pounds, Hydrocarbons themsslves can coalesce into seroscl droplets that constitute one
kind of particulate matter. The most hermiful components of incomplete combustion are
generally grouped as particulate polyeyelic organic matter (or PPOM). These materials are
derivatives of benz-g-pyreng, a poient carcinogen.

Of all the different types of particulales in the atmosphere, the presence of trace
elements such ag cadminm, lead, nickel and mereury may constitute the greatest health
hazard. Many of the trace metals are toxic and are concentrated in the finest of particulate
matter in a variety of combined forms such as oxides, hydromdes, sulphates and nitrates.
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Fig. 2.1 Sizes of atmospheric particulate mattar

Oxdc'ss of Sulphur
The most important oxide emitted by pollution sources is sulphur dicxide (50,). 50, is a
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its inereased global background eoncentration, ite influence on global climatic patterns is
of great concern. The radicactive pollutants are of specialised naturs and they are beyond
the scope of this book. The interested reader may refer to Hudgaﬂz.

Secondary pollutants arve formed from chemical and photochemical resctions in the
atmesphere, The reaction mechanisms and various steps invelved in the process are influ-
enced by many factors such as concentration of reactants, the amount of moisture present
in the atmoaphere, degree of photoaciivation, meteorological forees, and local topography.

2.2.2 Propartles of Alr Polhutants
Particulale Maiter

In general the term “particulate” refers to all almospheric substances that are not gases.
They can be suspended dropletz or solid particles or mixtures of the two. Particulates can
ba composed of inert or extremely reactive materials ranging in size from 100 um down te
0.1 pm and less. The inert materials do not react readily with the environment nor de they
exhibit any morphological changes as a result of combustion or any other process, whereas
the reactive materials could be further oxidised.or may react chemically with the
environment,

The classification of various particulates may be made as follows:

Dugi: Tt contains particles of the size ranging from 1 to 200 pm. These are formed by
naturel disintegration of rock and soil or by the mechanical processes of grinding and
spraying. They have large settling velocities and are removed from the air by gravity and
other inertial processes. Fine dust particles act as cenires of eatalysis for many of the
chemical reactions taking place in the atmosphere, _

Smoke: It containg fine particles of the size ranging from 0.01 to 1 pm which can ba
liguid or solid, and are formed by combusation or other chemieal processes. Smoke may
have different colours depending on the nature of material burnt.

Fumes: These are solid particles of the size ranging from 0.1 to 1 pm and are normally
released from chemical or metallurgical processes,

Mist: It ia made np of liguid droplets penerally emalier than 10 pm, which are formed
by condensation in the atmosphere or are released from industrial operations,

Fog: It is the mist in which the liguid is water and is sufficiently dense to ohscure
vision. ;

Aerosol; Under this category are included all air-borne suspensions either solid or
liguid; thesa are generally smaller than 1 pm.

Particles in the gize range 1-10 pm have meazurable settling velocities but are readily
stirred by air movements, whereas particles of size 0.1-1 pum have small settling velocities.
Those below 0.1 pm, a submicroscopic size found in urban air, undergo random Brownian
mekian repuiting from collisrons ameng ndividual melecvles, Fig, 2.1 comperes the sizes
of atmespheric particulates from various sources. Most particulates in urban air have
sizges in the range 0.1-10 pm. The finest and the smallest particles are the ones which
cause gignificant damage to health,

The chemical composition of particulate pollutanis varies over a wide range, The actual
composition is very much dependent upon the erigin of the particulate. Particles from soils
and minerals primarily contain calcium, slvminiom and silicon compounds. Smoke from
combustion of coal, oil, wood, and solid waste contains many organic compounds. Insecti-

-
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3 g/100 ml) forming weakly acidic sulphurous acid (H, 80,1 It 1= oxidised slowly
. slean air to sulphur irioxide. In a polluted atmosphere, 50, reacts photochemically or
-];talgticall}r with other pollutants or normal atmospheric constituents to form sulphur
Jphuric acid and salts of sulphuric acid.

Qulphur trioxide (80,) is generally emitted along with SO, at about 1-5 per cent of the
50 concentration, 80, rapidly combines with moisture in the atmosphere to form sulphuric
: at:iﬁ which has a low dew point. Both 50, and 50, are relatively quickly washed out of the

h-igﬂdﬂ, s

here by rain or settle out as aerosols, This is the reason why 50, mass in clean dry

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

gir is 50 8

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

Nitrogen Oxides

Of the six or seven oxides of nitrogen, only three—nitrous oxide (N,0), nitric oxide (NO),
and nitrogen dioxide (NO, }—are formed in any appreciable quantities in the atmosphere,
Often NO and NO, are analysed together in air and are referred to az NO,.

Nitrous oxide is a colourless, odourless nontoxie gas present in the natural atmosphere
in relatively large concentrations (0.25 ppm). The major source of N,0 in the atmosphere
is the biological activity of the soil and there are no significant anthropogenic sources, It
has a low reactivity in the lower atmosphere and is generally not considered an air pollutant.

Nitric oxide is a eolourless, odourless gas produced largely by fuel combustion. It is
oxidised to NO, in a polluted atmesphere through photochemical secondary reactions.
Nitrogen dioxide is a brown pungent gas with an irritating odour which can be detected at
concentrations of about 0.12 ppm. 1t absorbs sunlight and initiates a series of photochemical
reactions. Small concentrations of NO, have been detected in the lower stratosphere; NO,
is probably produced by the oxidation of NO by ozone. Nitrogen dioxide is of major concern
as a pollutant; it is emitted by fuel combustion and nitrie acid plants.

Carbon Monoxide

<+ It constitutes the single largest pollutant in the urban atmosphere, CO is colourless,
odourless, and tasteless, and has a boiling point of —192 °C. It has a strong affinity towards
the hemoglobin of the bloodstream and is a dangerous asphyxiant. The rate of oxidation of
‘carbon monoxide to carbon dioxide in the atmosphere seems to be very slow; mixtures of
CO and O. exposed to sunlight for several years have been found to remain almost
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atmosphere and hag a residence time of about six months. The main sources of CO in the
urban air are smoke and exhaust fumes of many devices burning coal, gas or oil.

Hydrocarbons

The gaseous and volatile liquid hydrocarbons are of particular interest as air poliutants,
Hydrocarbons ean be saturated or unsaturated, branched or straight-chain, or can have 5
ring structure as in the case of aromatics and other cyclic compounds. In the saturated
class, methane is by far the most abundant hydrocarbon constituting about 40 to 80 per
cent of the total hydrocarbons present in an urban atmogphere. The unsaturated class
includes alkenes (olefinz) and acetylenes. Among the alkenes the prominent pollutants ars =
ethylene and propene. The first member of the aromatic class is benzene, but some of its
gubstituted derivatives such as toluene and m-xylene are usually present in larger
concentrations in the urban atmoesphere. Terpenes are a particular class of volatile hydrocar-
hons emitted largely by natural sources. These are eyvclic non-aromatic hydrocarbons found
in pine tar and in other wood sources.

The hydrocarbons in air by themselves alone cause no harmful effects. They are of
concern because the hydrocarbons undergo chemical reactions in the presence of sunlight
and nitrogen oxides forming photochemical oxidants of which the predominant one is
azone. Methane has very low photochemical activity as compared to that of other hydro-
carbons. For this reason, it is the non-methane hyvdrocarbon concentration that is of interest
while considering air pollution.

2.3 EMISSION SOURCES

The sources of air pollutants are numerous. They can be grouped according to a variety of :-
methods, including type of source, number and spatial distribution of sources and type of
emissions®. '

2.3,1 Classification According to Source Types

Source type refers to natural and anthropogenic sources, as well as to additional
subclassifications within each group. Natural 2ources include wind-blown dust, pollen, sea
salt nuelei, voleanic ash and gases, smoke and trace gases from forest fires, and terpenes
from forests. Anthropogenic sources cover a wide spectrum of types. Table 2.3 includes a
list of major anthropogenic air pollution sources, and their characteriatic 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 50,, 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 mercury, lead and cadmium. Incineration of solid combustible wastes and refuse gives §
off a wide variety of pollutants depending upon waste composition and combustion
conditions. These pollutants inelude aldehydes, benz-e-pyrene, CO, NO_, 50,, hydrocar-
hons, ammonia 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,

L ST PRI 4
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principally lead, zine, and copper ores, In addition to B0, ernigsion, thasa cperations usm-
ally produce dust and fumes of primary metal oxides and small. guantities of trace metals,

Table 2.3 Classification of ar!mmpngartic air poiutlon sources
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In the case of iron snd steel induatyy, eir pollution originates from lerge scale high
termperature processing of coal and ivon ore, The major emission soorees include ore
sintaring, coke ovens, waste waler gquenching of hot coks and furnace effinents. Some of
the significant emissions are dust, fumes, hydrocarbons, tars, H.5 and 50,. In non-metallic
mineral induatries lika cement, glass, ceramics and refractories, the operations of mining,
erushing, transport and storage of the materials result in the emisaion of large quantities
of hazardous dust.

The chemical process industries are the source of a wide variety of sir-pollatants
emissions associated with raw material processing, reaction products and their purification.
Some of the pollutants emitted from inorganic chemical industries are 80, gas, 50, —
H_30, mist, NI, N0, hydrogen flueride, HC1 gas and H_8. Synthetic organic chemical
industries emit & variety of hydrocarbon compounds and solvents like C.H,, C;H,CH, and
CCl, into the atmosphere.

Petroleum refining operations are a major source of air pollution, emitting such
pollutants as oxides of sulphur and sulphur containing vapours from various stages of the
refining process, particulates from catalyst regeneration and recycling, H. 5 and mercaptans
which are stripped from Hghter grades of fusl and hydrocarbons from leaks in valves,
pipelines and storage tanks.

Pulp and paper industry is a notorious source of many air-pollutants emissions into
the atmosphere. Sulphur bearing malodourous gases such as H,5, methyl mereaptan, and
methyl sulphides are emitted from blow tanks, evaporators and recovery furnace. In
addition, combustion of wood waste results in large particulate smissions into the
atmoaphers, .

Food processing covers a wide range of activities including drying, preservation of food
materials and packaging. These activities produce such pollutants ag dusts feom grinding,
milling and handling operations, and ndours associated with biological decay of food ma-
terials, Use of agricultural chemiesls for improvements in crop yield, for conirol of weeds
and ingects result in emission of pollutants like nitrates and phosphates, pesticides, ar-
semic &nd lead particulates into the atmosphere.

2.3.2 Other Methods of Grouping Alr Polluiion Sources

Air pollution sources can slso be grouped according to number and spatial distribution.
These include single or point sources such &5 steel mills, power plants, oil refineries, and
pulp and paper mills etc., multiple or area sources such as an entive residential area, and
line sources which include highways carrying moving vehicles, Another source grouping is
by the type of emissions with perticolate and garcous emissions being the two major
divisions.

2.2.0 Major Emlssions lrom Global Sources

The estimated magnitudes of major sir pollutants emitted from various global sources are
given in Table 2 4. Az seen from the from the table the total global emission of particulate
matter is estimated to be 2365 million tonnes per year. Of this total emission the natural
emisgiong from both primary end secondary soureas account for 2086 million tonmes and
anthropogenic souress account for 269 million tonnea. Among the primary sources of nata-
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per year with soil dust making up most of the remaining amount.

Table 2.4 Estimalied global emissions ol major air pollutants {refs. 4, 5, 6, 7, B)
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1,-:3] eMmiss0Ns, sea spray 18 the largest single contributor, ameunting to D08 million tonnes
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thus, the distinclion made here is somewhal aroitrery

8 Most WO, whether from natural or antlm:lpagemc sources, is oxidised to NO, within # few days;
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The secondary sources of natural pariicolate emissions are ges phass chemical reac-
tions. Buch reactions involving HpS5, NO_, FH, and terpenes account for the annual pro-
dvetion of 995 million kommes of particulates. In contrast, global particulats emissions of
anthropogenic origin by chemical reaction between gagsous polintants come to eronnd 155
million tonnes per year. This is about 19 par cent of the amount of natural particulates
produced by the same process. The divect introduction of (primary) particnlates into ths
atmosphers resulling from the combustion of fuels, coment manufacturing, agricollural
burning, and solid-waste disposal operations amounts to 84 million tonnes per year.

Sulphur dioxide is emitted into the atmoephere either directly (e.g., from fuel combus-
tion, petrolevm refining and smeliing operations, ete), or through oxidation of H,S ob-
tained from decompesition of organic mattar. The natural sources such as biclogical decay
and zea spray emit aboul 130 million tonnes of sulphur per year and the snthropogenic
sonrces sich o8 coal combustion, petrelenm and smelting operations releass an additional
182 million tonnes of 80, annually into the atmesphere. The largest single contribution o
the total anthropogenic emissions, shouot 70 per cent, is made by coal esmbustion, No
major natural sources of 80, are knows, although a small ameunt e probably present in
gazes emitied through voleanic selivity,

Both netoral and enthropogenic sources contribute to the emission of nitropen oxides
to the atmosphere. Global natural emissions, mainly due to bacterial activity in the soil,
are sstimated to be 455 million tonnes of MO per year. Combustion of coal, oil or natural
gas in power plants or the internal combustion englnes is the major seurce of anthropogenic
emiegion of nilrogen cxide, It is estimated that 48 million tonnes of these oxides are
emitfed per year into the atmesphere from these activilies. The amount reparted is based
on NO, sinee most of the WO is oxidised to NO, within a few days. Howevey, 1t should be
noted that it ia NO and not NO, which enlers the atmosphere predomingntly.

The magjor sources of carbon monoxide in the environment are incomplets combustion
of carbonaceous foels, oxidation of methans and formaldehyde derived from biological
activity, the decay of chlorophyll in plants, the algas and other biclogical sources in oceans,
and the phetochemical oxidation of terpenes. As ssen from the Table 2 4 the natural sources
far excead the anthropogenic sources in OO amission, Clebal emissions from natural sources
amount t¢ an estimated 3364 millisn tonnes per yvear and these are approimately eight
times more then the CO emissions from il human activities. About 88 per cent of this
total comes from atmoespheric oxidation of CH, and formaldehyde and the remaining from
other sourcas.

The major sourcas of hydroearbons emisgions into the atmosphere are the natural
gources. Swamps, mershes and other water bodies generate an estimated 1450 million
tonnes of methene par year inte the atmosphere. Plants are aleo natural sources of
atmospheric hydrocarbons. They emit an estimated 170 million tomnes of ter pene-type
hydrecarbons into the atmogphere. The significant anthropogenic sources are incinerstion
operations, evaporation of solvents in indusirial coating and cleaning, and imcompleie
combustion of coal, oil and wood, The largest soures of airborne hydrocarbons, however, is
ihe entire cycle consisting of processing and using of petrolsum. Un a worldwide basis,
the annual anthropogenic hydrocarbon emissions amoont te an estimsted 88 million
tonnes. )
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It is evident from Table 2.4, the pollutant emission from natural sources is much groater
than thal from anthropogenic sources. Fortunately, the former are distributed throughout
the world and eventually they reach a sink such as the ocean or the soil. Thus, the
atmosphere can cleanse itsalf from the pollutants given sufficient time. On the other hand,
anthropogenic sources of pollutanis are concentrated in specific locations, such ag urban
areas and reach very high levels in the atmosphere. For example, 95 to 98 per cent of the
atmospheric carbon monexide in an urban area comes from human activities and the
reaulting levela of CO ave commonly 50 to 100 times higher than the characteristic global
valaes of 0.1 to 0.5 ppm. The emission of these pollutants is at such magsive rates that
they overwhelm the capacily of the envirenment te cleanse itself

The extent of man's contribution to global pellution is evident from Table 2.2 where a
comparison of the total amount of anthropogenic generation of pollutants is made with
their amounts present in dry, clean air Thus, the influence of anthropogenic sources is
quite signifieant and the air pollutante not only threaten the health and well-being of
population in & particoler locality, but could also produce adverse effects on a plobal seales,

2.3.4 Emission Sowces in india

Air pollution sources in India may be grouped into rural and urban sources. The rural
sources are those emitted mainly from burning of biofuels and the urban sources originate
primarily from the use of fossil fuels. The biofuels used in rurel areas include fuelwood,
dry cattle dung and vegetable wastes. Burning of these unprocessed fuels generate air
polhutants such as carbon monoxide, NO,, 80, and hydrocarbons. Women in the households
who ise these fuels sre axposaed to high concentrations of air pollutants. The nature of
these pollutants and their healith effects are not well-known despite the long experience
rural women have had with these fuels, Another reason could be that these emissions are
loealised and have little impact on the environment beyond their immediate premises.

The combustion of fossil fuzels and their products 12 responsible for a sizable amount of
air pollution in urban areas and coal was the greatest contributor to air pollution followed
by fuel vils and mobile sources. In addition to burning of fossil fuels, major industries like
gteal, paper and pulp, textiles, coment and fertilisers contribute relatively small but
significant amounts of air pellutants to the nation’s atmoesphere. Since most of the industries
are located in major cities, these significantly add to the pollution burden of the metropolitan
aroas,

However, the air pollution scene in wrban areas has changed drasticelly with the
liberalizsation policies of the government of India, allowing mere car manufacturers to
enter the Indian market in 1990s. Now it is not factories but motor vehicles—cars, buses,
triacks, 3-wheelers and 2-wheglere—which eontribute nearly 65-70 par esnt 0 the tofal air
pollution burden of the cities. For example, Bangalors had 1,00,000 vehicles in 1976-77 but
by 1896, this number has increasged to nearly 5,00,000 vehicles which released a pollution-
load of 1145 tonnes/day of CO), hydrocarbons and NO_. Of the total daily pollution lead, two
and three wheelers contributad BT per cent and four wheelers conlzibuted pearly 30 per
cent. But in a span of just two years, the contribution of 2 and 3-wheelers had increased
to nearly 756 per cent.

Similarly Delhi's vehicular pul]ut.mu contribites about 70-80 per cent of the overall
pollution load in the city, Even with the implementatio of control messures and consid-
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aring the prosent trend of growth of vehicles, it has been ¢stimated that the lead of all
major pollatants in the city will incresse more than bwo-fold by the end of 2005 from their
1991 lavels (Teble 2.6). Follutaniz of concern emitted in gubstantial guantity by moving
vehicles include CO, MO_ and HCs, which contributed nearly 94 per cent of the total
pothation load in 1581, This ratio has remained fairly unchenged in 2005 which indicates
the pontinued increase in the coneentration of thess pollutants.

Table 2.5 Major annual pollutant amissions in Dealhi {red. 25)
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Aceording o the Maharashtra Pollution Control Board, the emoont of air pollution in
Mumbai due to aute exhaunst in 1999 was 501 tonnes of the total 8§18 tonnes per day. The
concentration levels of NO,, respivable suspended particulate maiter (REPM or PMI10)
and OO has exceeded the air quality standards promulgated by the Central Pollution
Control Board exeept in residential areas where only SPM levels had axceeded standards.
Particulate matter of less than 10 pm has a high morbidity rate and these comprise about
40 per cent of the total suspended particulate matter (SPM).

Z.4 BEHAVIOUR AND FATE OF AIR POLLUTANTS

Although large amounts of pollutants are discharged annually into the atmosphere, the
very fact that their ambient levels have remained very much the same throughout the
world suggesta that there are certain pathways of exchengs from the atmosphers to the
Earth, whareby the pollutants are continually removed. These pathways or the seavenging
procszaes, ag they are called, may be grouped as follows for both particulates and gases:

Particulates: (v} Wel removal by precipitation.
{b) Dry removal by sedimentation, impaction and diffusion.

(Foges: {a)} Wet removal by precipitalion.
{8} Chemical reaction in the atmosphere to producs sercsols andior
absorption on asrosols with subsequent removal.
{c} Absorption or reaction at land and ocean surfaces.

2.4.1 Wet Preciplistion

Wel precipitation has two distinel mechanisms—"rainout” and "washout”. The first in-
cludes various processes taking place inside clouds, where the mrﬁmﬂh}ﬂﬂtﬂ sarve as
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E:l}ﬂdﬂi'!iaht-lf}n nuelei on wlrm:h dmplets condense. The second mechanism refars to the
removal of pellutants below the cloud level by falling rain, Wet precipitation is one of the
most effective scavenging processes for both particulate and gaseous pollutants in a global
genge. The rainout mechanism is partienlarly effectire for Aitken particles whose size is
less than 0.1 pm, These particles are captured by cloud droplets by Brownian diffusion,
gnd the cloud droplets (fypically 30 um) in tuin grow in size by coaléscence and precipi-
tate. Washout is most effective in removing particles larger than 2 pum. Its scavenging
efficiency, however, is influenced by the rain-drop cross-sectional area and the intensity of
vain fall, Particles smaller than 2 pm are not usnally collected by rain drope (typically 500
vm) because they are brushed aside by the diverging air ahead of the drog.

The seavenging of gaseous pollotants by wet precipitation is more complex and is less
well understood. Boluble gas molecules such as 80, can migrate to the rain drop by Brownian
motion or to the sarface of the cloud droplets by diffusion due to the concentration gradient
of the pas across the liguid-air interface. However, wel precipitation is very effeclive in
removing the acid droplets and sulphate part[c}es formed after chemical reactions in the
aimosphere,

Oy Doposition

Particulate matter smaller than 0.1 pym often coagulates through muiual collisions and
forms larger aggrepgates which are effectively removed by gravitational setiling. Brownian
motion is the major mechanism of cosgulation, although aimospheric turbulence is
particularly effective for coapulating larger particles whose Brownian motion is less
pronounced. The rate of settling of the particles depends on their settling velocities according
to the Stokes' law:

gd; a0
y’ = 151:; [pF‘ = Pﬂ][l +_] ._-{E‘E".I'

whare v, = terminal sattling velocity
d, = particle diameter
P, Bnd p, = density of pariicle and air, respectively
I, = viscosity of air
P = giv pressure
and C' = constant [when p is given in millibars and dp in centimeters
O = 0.0084 (ref. 97]

From the above equation, it is seen that the rate of sedimentation is strongly influenced
by the particle size. Particlos lnrger then 10 pm have high settling rates and, hence have
short. residence {ime in the atmosphere. The terminal velocity is also related to the particle’s
density, but only by a less sengitive linear depemdence. Deviations from the Stokes' law
gecur due to brregular particle shapes, turbulence in the wake of larpe particles, and
atmospheric vertical velocities; but it is clear that small particles must aggregate to form
larger ones if’ they are to be removed efficiently from the atmosphers.

In pddition to sedimentation, the machanisms of incrtial i.mp.get.iun and diffusion also
contribute to the removal of particulate matter. In inertial impaction, wind-borne particles
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and ocean surfaces, Dry deposition accounts for about 20 per cent of the tokal particulate
removal from the stmosphere.

2.4.2 Interaction at the Earth’s Surface

Gaseous pollutants can be transporied to the Earth'’s surface by atmospheric turbulence
where they interact with the ocean surface, vesetation and upper layers of the soil, and
are removed by absorption or chemical reaction. Assimilation at these surfaces depends on
many factore about which little is known for many pollutants. Two msjor pellutants, about
which some information is availeble, are sulphur dioxide and carbon monoxide. :

At the ocean surface, 5O, fivst diffuses through the gas phass, evosses the gas-liquid
intarface, and finally diffuses into the bulk of the oeean where it is shsorbed. Vegetation
snd upper layers of the goil also act ag sinlks for 50,. Hence the mede of transfer invelved
is adsorption. 30, first diffuses to the exbernal Elﬂ'faca of the solid, peneirates into the
pores of the solid, a.m:! is subsequently adsorbed on the pore site. An estimated removal of
4 % 107 tonnes of 80, per year has been calculated for oceanic abeorption!® and the solid
surfaces account for 5 6 > 10" tonnee per year!!. The importance of these sinks can be seen
when their performance is compared with the estimated emizsion of 14 x 107 tonnes per
year 50, from the anthropogenic sources.

For tm‘hﬂ-ﬂ monoxide, biolegical action in soils spems to be an 1mpm'tnnt ginl; the role
played by soil in the removal of CO has been firmly established!®, It is theorised that the
soil containg certain bacteria which can make use of CO in their métabolism, producing
either ("0, orr CH:

= 1 .
C0+50, = CO, 2.10)

CO+3H; — CH, +H,0 ~12.11)

Nitrogen dioxide aleo seems to ba absorbed by the ccean and other purface waters, but
the extent of the contribution of thia sink to the overall removal of nitrogen ozides is not
clearly established.

2.4.3 Chemical Reactlong In the Atmosphere

Many of the gaseous pollutanis undergo chemical reactions within the atmosphere and
form either new compounds or aerosols. This mode of removal is of great importance for
sulphyr dioxide. A large part of 80, in the atmogphere is oxidised Lo sulphur trioxide
which quickly combines with moisture to form sulphuric acid mist. The overall reaction is
represented as:

280, + 2H;0+ 0, — 2H,80, (2.12)

This process has been shown!? {0 be catalysed by metal salts such as iron and manga-
nese, l:ummunl'y formed in the flyash. These particles serve as nucleation sites for droplet
formation and the sulphuric acid droplet may in turn react with metal salts (such as NaCl
‘from sea salt particles), metal oxides such as Mg0, Fe,0,, ¥n0 and Mn,0,, or ammonia to
,]:il'ﬂﬂl.lﬂ'ﬂ sulphates:

2MaCl + H,80, — Na,80, +2HCI (2.18a)
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Mg +H80, — Mg80, 1-1{21:1 ' . 2.13b}
aNH, +H,80, - (NH,),S0, .{2.13¢)

With these reactions, the sulphuric acid droplet is neutralised and the solubility of 80,
in the droplets is further increased thereby enhancing the oxidation process. Both the acid
droplets and the gulphate particles are rapidly removed from the atmosphere primarily by
weal precipitation.

Himilarly, a major process of removal of nitrogen oxides appears o be through their
canversion to form nitric acid; however, the mechanism of such a conversion has not heen
clearly determined. The direck conversion of NO, to HNO, in the presence of moisture
appeare to be too slow to account for the sheerved rate of removal:

2NO, + Hy0 = HNO, + HNO, o(2.148)
SHNQ, — HNO, +2NO+H,0 ..{2.14h)
ar SNO, +H,0 — ZHNOg +NO vl 2. 140)

Since the direct conversion of selphur diozide to sulphur trioxide and nitrogen diozide
to nitric acid is slow, ether mechaniema have been postulated, based mainly on theoretical
conjecture and to a lesser extent on eyperimental ebservations. These mechanisms involve
the pxidation by reactive species such as radicals, atomic oxygen, ozone, and hydroxyl
radicals.

The firet step in the oxidation of 50, is the photoexcitation of the 50, molecule throngh
its absorption of solar radiation:

80, +hv — 80, (2.15)

where B0, represents an excited 80, molecule. These molecules in their excited state

react move readily with molecular oxygen!®, Then several reactions follow to complate the
oxidation of 50, to 80,

80, + O, —» 807 . {2.16a)
80% +0, + 80, +0, -..(2.16h)
B0, + 0y +hv — 804 +0, f2.16¢)

A three-body reaction with atomic oxypen has also been sugpesied as a possible
mechanism:

Oy +hy — 20 ol 2.17a)

S0, +0+ M =80+ M .{2.17h)

The third body, M, is vequired in order to carry off excess enevgy of reaction,
A proposed rapid mechanism for the conversion of NO, to HNO, is the reaction of NO,,
with atmogpheric ozone to give nitrogen trioxide:

ND‘.‘I -I-G;].—}ND_E '1'02 ...{2113}
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In addition, NO; can be formed by reaction with atomic oxygen
NO;+0+M— NO; + M 219
The WO, radical is removed by reaction with NO, forming N0, which in the presence
of moisture forms nitric acid:
N, + NG, — N0, .A2.208)

N0 +Hy0 — ZHNO, . 2.20b)

The HNO, eo formed in then washed out of the atmosphere in the form of nitrate salis
by precipitation.

For earbon mononide, its reaction with atmospheric oiygen in the presence of sunbight
18 found to be very elow and accounts for the removal of only 0.1 per cent of available CO
for each hour of sunlight. OFf major interest as an atmoespheric sink for CO i the relatively
feet reaction of CO with hydroxyl radicals present in the atmosphere,

CO+0H" —» CO,+H (2.21)

The above mechanism may account for the removal of & substantial portion of CO from

the troposphere depending upon the concentration of OH" radicals, Another possible mecha-

nism is the migration of CO into the stratosphere, where the oxidation to CO, may subse-

guently take place by the hydroxy] radicals. In fact, all these gazeous pollutants, including

the hvdrocarbens, inter-react by photochemical processes in the phenomenon known as
the photochemical smog.

2.4.4 Photochemical Smog

Photochemical smog was first observed in Los Angeles, U.S A, in the mid-1940% and since
then the phenomensn has been datected in most major metropolitan cities of the world.
The conditions for the formation of photochemieal smog are air stagnation, abundant
sunbight, and high concentrations of hydrocarbon and nitrogen oxdides in the atmosphere.
In Indis, Bombay and Calcutta are ideal candidates for the formation of photochemical
amog, but it may be masked by smoke and sulphur dioxide.

Smog arissa from photochemical reactions in the lower atmozphere by the interseticn
of hydrocarbons and nitrogen oxide released by exhausts of automebiles and some stationary
sources. This intersction results in & series of complex reactions producing secondary
pollutants such as ozone, aldehydes, ketones and peroxyacyl nitrates. The reaction
mechanisms are complex and are not fully understood.

A broad gutline of the principal resctions that eccur in a photochemieal process are
illzstrated in Fig. 2.2, The starting mechaniam is the sbeorplion of ultraviolet light from
the Sun by NO,. This causes the aitrogen dioxide to decompose into nitric oxide and highly
reactive stomic cxygen

NOy +hv— NO+OD -[2.22)

The atomic oxygen intiates oxadizing processes or quickly combines with molecular
oxygen to form ozone, which itself is reactive and acts sz an oxidant:

[:I""':..}E'FM —}{}3 + A ...':2.23]
Oy +NO - NO; + 0y LA224)
—#
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Fig. 2.8 A schematic reprosontation of the formation of photochemical amog

In BEq. (2.23) as energy-absorbing molecule or particle (M) is required fo stabilise O, or
else it will rapidly decompose. Under normal eonditions, the ozone formed will be uumlrly
romoved by veaction with NO to provide MO, and O, according to Eq. (2.24); however,
when hydrocarbons are present in the atmu.ayhere thiH mechanism is partially eliminated
as NO reaets with the hydrocarbon radieal peroxyacyl { RCO3 ) according Eq. (2.28), and as

a result ozone concentration builds up to dangerous levels,
Hydrocarbons, indicated by aymbel HC, compete for free oxygen released by NO,
decomposition to form oxygen-bearing free radicals such as the acyl radical.

HCH+ 0 — RCO” (acyl radical) [ 2.28)

This radical takes part in g series of reactions involving the formation of sl more
reactive species, which in turn react with O, hydrocarbons and nitrie oxids.

RCO" + Dy — RCO (peroxyacyl radical) 2. 26)

RS + HC — ROHO{aldehydes), RyCO (kotonas) [2.27)

5 | ROO4 + NO —s RCOS + NO, .(2.28)
RCO5 +0y — BCOSZ + 0y - [2.29)
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Reactions repmaented by Eg. (2.27) are t-erm:nai:mn reactions forming aldeh:pu.ea £
ketones; however, in Egs. (2.28) and (2.29) the peroxyocyl radial reacts with NO and O,

produce another oxidised hydrocarbon radical ( RCOj ) as well as more NO, and O, Furthe
the acylate radical ( RCO3) can reacl with NO to generate even more NO,.

RCO; + N0 — RCO™ 4+ NG, (280

Tha NO lavel in the atmosphere eventually drops off with the accumulation of NO, am
(,. When resctions such as these increase the NO, level sufficiently, another reactio
begins to compete for the peroxyacyl radical,

RCOj + NO, — RCOLNO, (PANS) 231

The end products are known a peroxyacyl nitrates or PANS, Numerous PANS could b
formed, corresponding to the different pessible R groups. Three of the common member:
of PAN family are:

O
il
HCOO NO,: Peroxyfornyl nitrate (PFN)

O
li

CHy COONQ, : Peroxyacetyl nitrate (PAN)

0
I

g 1 Peroxybenzoyl nitrate (PBzl¥)

The ozone formed according to Eqs. (2.23) and (2.29) reacts with the hydrocarbons t
generate more aldehydes and ketones,

HC + 04 — RCO + RCHO, R,CO {232

The shove equations represent in & broad sense the nature of the overall photochemica
reactions leading to formation of smog and they are by no means the only importan
mechanisms. It hae been obzerved that earbon monoxide and sulphur dioxide also play :
significant part in the process of formation of emog by strongly interacting with man
species present in the smog and accelerate the oxidation proceszes. For example, carbor
monoxide does this through a series of reactions whose net effeet is to convert CO, NO, and
0, into CO, and NO, thus accelerating the oxidation of NG, First, CO is f;:udu.s.ed ka OO,
H;r the OH" radmal I'Fq 2.21% In the smogy atmosphere the 03" radical may be producer
when aldehydes are attacked by atomic oxygen.

0 + CHCHO - CH,CO + OF .{2.38

CO+OH" — €Oy +H' A2.21)

H' + 0, +M— HO; + M w3
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The H' radical reacts with O, to form the hydroperoxyl redical HOj which is & prin-
cipal agsnt for the rapid conversion of NO into NO, (ref. 15)
HOj + NO - OH™ + NO, -1 2.85)
The overall reaction is
CO+0g 4+ NO - COy + NO, -L2.36)
This sequence of reactions provides ancther voute for the oxidation of NO withount the
participation of O, (Hg. 2.24),
wimilarly, the resction of 50, with the HOJ radical may be an important step in the
mechanism of the oxidation of 50, to 80,
HO} +80, — OH" + 50, (2.37)

In addition, the hydrocarbon radicals may give off an oxygen atom to 80, to form S0,
which in furn in converted to H 50, dropleis resulting in the formation of haze,

Srmog Behaviour

The formation of photochemical smog is a dynamic procees whose nature is illustrated in
Fig. 2.3. In the morning, the NO and hydrocarbon levels increase followed quickly by
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increase in NO,. NO, reacts with the sunlight leading to varigus chain resctions and
ultimaiely to the production of ozone and other oxidants.

Ozome concentration now increases until, sometime in the alterncon, it reaches a
maximuom, and then decreases gradually. NO, concentration diminishes from its peak as
ozone concentration builds up and is vsually low by lster afternoon. The typical smog
episode occurs in hot, sunny weather under low humidity conditions. The characteristic
symptoms of the emog are the brown haze in the stmosphere, reduced visibility, eye
irritation, respiratory distress and plant damage.

The control of photochamical smog may require a substantial reduction in NO, produced
in urban sreas, At the same time it is necessary to control the release of hydrocarbons from
numerprs mobile and stationary sources.

2.5 EFFECTS OF AIR POLLUTION

In the previous seetion the scavenging mechanisms for the major air pollutants were
examined. But often the pollutants are discharged into the atmesphere in such hogh
gquantities and concentrations as to overwhelm the natursl scavenging ability of the
atmosphere, As a resnlt, the concentrations of the pollutants persist at levels which ave
much higher than the allowable backpround levels. This ia particularly true for urban and
other indusirial regions where the pollutants adversely affect the health of humans and
anmimals, snd cavse plant and material damage. The global effects of air pollution on
climate due to increased levsls of carbon dioxide and particulates, and the role of 80, in
producing acid rain wers discussed in Chapter 1. These problems are less apparent than
the community-wise problems but they may be of great importance in the long run. In this
gection the main emphasis will be on the effects of those pollutents which cause community-
wise problems and these are presented with particular atiention to six ubiguitous pollutants,
namely, particulates, sulphur oxddes, carben monoxide, nitrogen oxides, hydrocarbons and
ghotochemieal oxidants.

2.5.1 Hum=an Hsalith

Adverse affects of sir pollution may be divided into two clesses—acote and chronic effects.
Aeute etfects mpnifest themeelves immediately upon short-term exposure to air pollutants
at high concentrations, and chronic effects become evident only after continuzous exposurs
to low levels of air pollution, The chronic effects are very difficult to demonstrats and are
consequentially less obvious, Therefore, much of gur knowled ge of the effects of air pollulion
on people comes from the study of acute sir pollution episodes. Deaths from these episodes
are measured by comparing the number of deaths normally associated with the ares and
period in question with those that oceur during the episode. The difference is referved to
25 “excass deaths”.

In 1930, the Meuse Valley in Belgium was trapped by an inversion in which pollutants -
accumulated for about five days resulting in the death of about 60 people. Similar stable
metsorological conditions ecourred in 1948 in Donora, U.S.A., where 20 people died and
about 8000 of the Town's 14,000 population became ill. The notoriows London episode of
1852 took place under heavy continuous smog conditions and cauzed an estimated 4000
excess deaths. The episode of 1264, although shorter in duration was very much similar to
that of 1852, but the excess deaths were lower, Table 2.6 outlines some of the major air
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pollution disasters. Most of these were associated with temperature inversions lasting fDI'
several days, The general and most wide-apread affects were caused by hiph concentrations
of stnolie and 50, and in particular by the synargistic action of the two, whers the combined
influence of the two pollutants is greater than the sum of their individual effocts experienced
sgparately.

Taole 2.6 Major air poliution disasters (rel. 15, 17, 18)
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In tiis contexdt, it is interesting to cornpare London episodes of 1952 smd 1962, Compared
to those in the 1952 episode, tha 50, lovels in 1962 changed relatively little while the
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particulate concentration decreased by mors than 50%. The mortality decrease was al
substantial, possibly indicating either a dominating role of particulates or the availahili
of better medical facilities in 1982. The synergistic damage to health was particular
severe onthe aged people who had been suffering from previously existing cardio-respiraio
diseases.

The air pollution disasters of Poza Rice, Maxico, Seveso, Italy and the worst ew
disaeter in Bhopal, India, are examples of so called industrial pelhution accidents, Bhop,
provideg an example of the failuve in handling & toxic material in larpe-scale chemie
processing and the consequences that have to be faced by a city in a short time. T%
disaster struck Bhopel on December 3, 1984 when a pesticide manufacturing plant n
Isased & potent toxicant, methyl isccyanate gas, into the atmosphere due to the allege
functional fatlure of ‘vent scrubber’ outlet, About 30 tommes of the gas escaped from unde
ground storage tanks resulting in the death of about 2500 people and severe dizability (
an additional 1,00,000 of the city's population, The chief causes of deaths and casnaltie
were vomiting, viclent coughing, eye infections (chemical conjunctivitis), suffocation, cay
diac failure and pulmonary disorders. The full consequences are not yet known.

The greatest impact of air pollutants on human health, however, resulis from contir
uwed exposure to low concentrations under vnexceptional conditions. These are chroni
effects. It is believed that these effects cceur through continued irritation by pollotamt
which interact with other environmental or biological factors to initiate disease or inten
gify previously existing diseases. There are two general appreaches to studying the chroni
effects. One is epidemiological and the other is toxicological.

Hpidemiological studies are statisticsl surveys on the effects of air pollation on humea
populations vnder natural conditions. Such studies are extrernely important, but due ¢
the multiplicity of unknown factors it is not possible to estahlish a couse-effect relationshiy
Tooticological studies are conducted in the laborstory under controlled conditions. Th
effect of several variables such as pollutant conecentration, exposure duration, temperature
humidity ete. ean be experimentally studied. Even though these experimental sindies cn
clearly demonstrate a direct cause-sffect relationship between certain pollutants anc
gickneas or death, their relevance to natural seiting is sometimes guestionable.

Resplratory Effecis

Pollutants may enter the body by a number of ways. They ean eauee eye and skin irvita
tion; certain particulates may be swallowed as a result of Internal respivatory cleaning
action or certain pollutants eould even be ingested. But the primary mode of pollutani
transfer inte the human bedy is through the respivatory system.

The respivatory system is composed primarily of two lungs and the air passages which
lead to them. The oir passages begin at the nose and mouth, and include the windpipe
(trachea) and its two branches known as bronchi. The bronchi divide into five main branches
(the lobor bronehi) and then subdivide, finally, reaching the terminal bronchi (or respiratory
bronchioles) deep within the lungs, At the end of bronchiolee are the conntless tiny air sacs
known &8 alveol. Alveol are the functional units of the lung; it is acroas their membranes
that oxygen diffuses from the air to the pulmonsry capillaxies and carbon diexide diffuses
in the opposite direction. The total surface ares of all the alveoli within the lungs is about
60 pguare metres,
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Particulate matier inhaled may be depogited in various regions of the respiratory
system depending on particle size. Particles above 10 pm are almost wholly retained in the
nose. Those below 10 pm escape entrapment and generally pass through the upper
reapiratory system. Fine particles in the size range 0.5 to b pm are deposited as far as
brenchioles, but few reach the alveali. The walls of the bronchi and bronchioles are lined
with fine hairlike structures called cilia (Fig. 2.4). These arve responsible for removing
such fine particles along with the muecous by moving them upto the larynx where they may
be eliminated by swallowing. The health risk is primarily from the deposition of the particles
smaller than 0.5 pm in the alvecli where they canse damage to the respiratory organs.

Trachea Column or
chlls

Lung
HR‘“'R. T
Py
Hronchies Bagamant rembrana
Fig. 2.4 Lower reapiratory gystem showing bronchial lining
Farticulate Matiar

The toxic effect of particles can be grouped into three categories:
(a) Interference of inert parficles with the clearing mechanisms of the respiratory tract;
The effect includes a slowing of ciliary beat and mucos flow in the bronchial tres.

(b) Particles act as carriers of adsorbed toxic goses such as 8O, and produce synergistic
effects: A summary of some observed relations between particulates and 50, levels
and the physiclogical responses is given in Table 2.7.

{c) Particles may be indrinsicolly foxic becawuse of their phkysice!l or chomical
charecteristics: Such particles belong to metals which are usually found in the
atmoaphere in trace quantities but may conetitute a preat health hazard because of
the poszibility of their concentrations increasing bevond normal levels (6.01 to 3.0
per cent of all particulate air pollution). OF all the trace metals found in the
atmosphers, the one present m largest concentration is lead. In addition to lead,
cadmium, nickel sand mercury represent knmown and widespread heslth hazards,
Their sources and the possible effects are summarised in Table 2.8,
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Tedle 2.7 Observed relations betwesn particulates and 20, lavals
and health effects (raf, 13)
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Tatsle 2.8 Major toxic metals and thelr effects
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The poiscnious effects of lead on humeans have long been recognised. Lead is 5 neuretoxin
whose poisoning results in convulsions, delivium, coma, severs and irreversible brain
damsage, and death, Inhaled lead is far more sericus than the ingested lead, The fine
particles emitted by antomchile are retained within the lungs and are absorbed by body
with an efficiency of about 40 per cent. Extensive messurements of the size of lead particles
in automobdle exhavet have shown extremely amall mean particle size (0.02 pm) besides
the highways send ruch larger size (0.3-2.0 pm} in busy urban areas. About 80 per cent of
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tha emallest particles are deposited in the lungs whersas only Ell} per gent ﬂf the largar
particlea (0.5 pm) are retained.

The body maintaine about 15-25 pg of lead per 100 g of whole blosd, The body responds
to any increase in the lead intalte by excreting it in the urine as much as possible and the
remainder is stored primarily in the bones, At elevated blood lead levels the production of
hemoglabin is impaired resulling in oxygen starvabion and anemia. High lead lavels in the
blood may alse produes behavioural disorders in children and adalts.

Cadmiam

Cadminm is a polential health hazard due to its presence in urban atmosphere and ciga-
rettes smeke. Cigarette smoking constitutes s major source for cadmium aecumulation in
the body. The natural cadmium levels in air vary from 0.002 pg/m® to much highsr values
of about .3 pg'm? found near zine sinelters. Cadmivm inhibits the performance of certain
engymes thereby producing hypertension in humans. Exposure to fumes or oxides of
cadmium is known to cange cardiovascular diseages. In addition, eadmium can interfare
with proper zine and copper metabolism in the body.

Very httle is known about the fate and distribution of cadmium in the environment. Tt
has & very long biological half-life and, thevefore, tends to accumulate in the human body
Some of the chronie effects are Kidney and liver damage and even death,

Micked

The adverse effects of nickel are caused mainly due to nickel carbonyl which is formed
when finely divided nickel is emitted into an atmosphere containing earbon monoxide,
Nickel carbonyl is also formed in tobaeco smoke. Within the lung the carbonyl complex
breaks down and deposite finely divided nickel, which meay be the main cause of cancer in
the lungs. Nickel carbonyl has been shown to caunse changes in the alveoli of the lungs,
resulling in respiratory damage symptoms,

Mearclyy

Mercury in the atmosphere is only a small part of the overall mercory burden of the
environment. It is present in gasepus form in the atmoesphere because of its relativaly high
vapour pressure, The gaseous mercury is washed from the air by rain; a portiom of it enters
the E.Quatu: E}'Bi:.ema and the remaining is bound to the scil over the land. In both cases the
inorganic mercury is generally converted into its methyl or dimethyl compounds by the
action of bagleria.

The physiological effects of mercury poisoning include neurclogical damage,
chromosemel aberrations, and even death, Methylmercery can penstrate the membranas
separabting the bloodstream from the brain, causing injury e cerebellum and the ecorkex,
The effects are blurring of vision and numbneszs. Another insidious effoct of methylmercury
ig that it can cross the placental barrier in pregnant woman. High levals of mercury can
build up in the fetus without the mother showing any signes of illness. The effects are
congenital birth defectas or the death of the fetus.

Chthar Toxic Subsiances
Apart from the four major toxic substences already discussed theres are many other
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substances whose presence in the atmosphere due to industrial activities constitutes a
health hazard. Two such substances which may be classified as cecupational pollutanis are
beryllinom and ashestos,

Most boryllivm gmissions are in the form of metallic powder or beryllium oxide
particulates. Acute beryllium exposure is a very serious occupational problem affecting
the mucug membranes of the eyes and Jungs. A chropic condition known as berylliosis is
thought to be caused by beryllium concentrations as low as 0.01 to 0.10 pg'm3, Berylliosis
is A gystemic poisoning which staris with progressive shortness of breath, weight loss and
cough, and {inally affzcts many organe inclading the heart. When inhaled as dust, it can
also cavse lung cancer, bul this has not been conclusively proved for humans. Major
gources of beryllium emisgions inte the atmosphere are ceramic industry, processing plants
which convert the ore into beryllivm powder, rocket motor test facilities, coal combustion,
and nuclear power industry

“*Asbestos” is an industrial term for & number of hydratea silicates which separate into
strong flexible fibres upon crushing and processing, The most ebundant type of asbestos
is kmown as chrysolite, which is the main Abre vsed in asbestos textiles. Inhalation of
aspestos dust or fibres can cause a disabling lung disease known as asbhestosis. The diseass
ig characteriged by ghortness of breath and pleural ecalcification. Asbestos haz also been
implicated in lung cancer. The fibres ling the membranes of the lungs and ebdomen and
this can lead to mezothelioma, an incurable and fatal cancer, [t has been observed that the
frequency of cancer is eight limes higher among ashestos workers who smoke compared Lo
that among non-smoking workers. Asbestos in the atmosphere comes from many uses of
asbegtos producis which include insnlating meterials, asbestos cement and brake linings,

Gaseous Polluvtanis

The effects of gaszous pollutants on the respiretory system depend on the eoncentration,
peviod of exposure, and the sclubility. Highly scluble gases such as sulphor dioxide are
absorbed in the upper part of the respiratory system whereas relatively insoluble gases
like CO, NO, and ozone pensirate deep and reach the alveoli of the lungs. Some of the
adverse effects of these pollutants include pulmonary edema, emphysena, and prevention
of oxygen transier to blood.

(a) Sufphur Dioxicle

There ie considerable evidence that 80, aggravates existing respiratory diseases in humans
and contributes to their development. Even healthy individuals experience. broncho-
constriction when exposed for a few minutes to levels of 1.6 ppm,. This condition is
accompanied by shallow breathing and an increased respiratory rate. The acule irritant
effects of the gas are confined to the opper tespiratory toact where mote than B5 per cent
of inhaled S0, is absorbed. The chronic effects resulting from extended exposure to low
concentrations include incidence of respiratory infection in children. Table 2.9 summarizes
the effects of 30, at various concentrations.

The primary threat of 30, to urhan atmospheres may arise not from 50, itself but
from the changes it undergoes in the atmosphere, such as the formation of H80, and
sulphate aerozols. The sulphate particles can be carvied deep into the lungs, causing even
more severe health problems. 80, can also he ahsorbed on amall pavticulates such as the
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saile of irom, manganese and vansdium present in the atmosphare and thus enter the
alvgoli. There, in the presence of meist air, 30, is odidised to H 80, and the particulates
acl a8 catalysts in enhancing the oxidation process.

Table 2.9 Effects of sulphur dicedde on humans (ref. B)

b Carbon Monoxide

Carbon monoxide, when inhaled, passes through the lungs and diffusas divectly info the
hleod stream where it combines with the red bloed piginent ealled hemoglobin forming
carboxyhemoglobin, COHb. The affinity of carbon monoxide for hemoglobin is 210 times
greater than that of oxygen and as a result the amount of hemoglobin available for csrrying
pEygen for body tissue is considerably reduced. The body tissues sre thus deprived of their
pxygen supply and death could result by asphyxiation (lack of ozygen), In addition, the
presence of COHD in the blood retards the dissociation of remaining oxyhaemoglobin, o
the tissues are farther deprived of oxygen.

Table 2.10 summarises the effects of various concentrations of COHb in the blood.
These are the expected signs and symptoms of exposure to carbon monoxide in healthy
mdividuals and those suilfering from heart disease.

The equilibrium level of COHb may be estimated for concentrations of CO below 100
ppm in the inhaled air by using the approximate equation?!:

% COHbD in blood = 0.16 (ppm.CO) + 0.5 . 12.38)

The equilibrinm levels are not established instantaneously and it requires at least §
hrs. before the maximum level of COHb in the blood is attained. The time span can decreage
considerably with inerease in physical activity.

Carkon monoxide levels in cities are usually between 10 to 40 ppm on an annual 8-hr
average basis and cecasional short term concentrations may exceed 100 ppm. These levels
can easily tead to COHb concentration in bleod of approximately 2 to 8 per cent. Table 2.11
lists typical concentrations in various urban areas. A concentration of upto 500 ppm in the
air, when inhaled for 1 hr produces no observable symptoms but a similar exposure to 1000
ppm can be dengerous. Concentrations of 2000 ppm and above are fatal, usually within 1
hir, Increased COHb in the blood deprives oxygen supply to various vital ovgans, especially
the brain. Thig leads fo impairment of mental performance, visual acuity and other
functions.
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Table 2,10 Health effecis of CORb blood levels (ref. 20) .
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The chronic effects of carbon monoxide are not fully known but they may indues heart
and respiratory disorders. The long term studies are complicated by the presence of other
pollutants snch as MO, in the atmosphere. While CO itself has noi been found to be
carcinogenic, there is concern that it may increase the carcinogenie effects of other aw
pollutants by inhibiting the mucociliary clearancs mechanism in the Jangs.

{c) Oxides of Nitrogern

The major oxides of nitrogen which affect human health are nitrie oxide (NO) and nitroges
diozida (NOg). NO is not an irritent and at concentrations that occur in the atmosphere il
does not show any adverse health effects, However, its main toxic potential resunlis from
its oxidation to MG,

NGO, is relatwélj' ingdluble and upon inhalation can reach the moeisture-filled alveoli of

the Iu.ngg There it is converted te nitrous and nitric acids which are highly irritating an
cause damage to the lung tisenss, Long term exposure to consentrations of the order o

.—M
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1 ppm could lead to symptoms resembling emphysama and biochemical alterations in
blood. Other obhserved effects on humans are given in Table 2,12, In addition to the direct
effects mentioned therein, NO, in combination with hydsocarbons acts ag the initiator of
photochemical smog leading to the production of secondary pollutants like the oxidants.
These oxidants are the ones that cause most damage to human health.

Table 2,12 Eifecls of atmospheric MO, (ref. 22)
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{d} Hydrocarions and Pholochemical Oxidants

Ad the concenirations usually found in urban air, the hydrocarbons cause oo adverse
effects on human bealth. Aliphatic hydrocarbens produce undesirable effects only at
concentrations 10? to 10% times higher than those usoally found in the atmozsphere. No
effects have been observed for levels below 500 ppm. Aromatic hydrocarbons are more
reactive than aliphatic ones and cavse irritation of the mucous membranes.

The major oxidant produced in photochemical smog is ozone. Contrary to the popular
belief, ozone appears to have no effect on the eyes at vsual urban concentrations. The
respiratory system, howsver, may respond to very low concentrations. There is a definite
increase in airway resistance in some people exposed to concentratione as low as 0.1 ppm.
Many other oxidants producad in photochemical smog, particularly the peroxyacyl nitrates,
cause eye irrikations. Uxidanis such as peroxyacetyl nitrate and peroxybenzoyl nitrate
irritate the noze and throat, and cause chast constriction. The one with the lowest threshold
is peroxybenzy] nitrate, having a value of 0.005 ppm for five-minute sxposure. Table 2.13
summarises the effects of ozone and total photochamical oxidants on humans.

Table 2.13 Effects on haafth of ozone and total photochemical oxidanis (ref, 23)
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2.5.2 Air Pollution Effects on Vegetation

The most obvious damage cavsed by air pollutanta to vegetation oceurs in the leaf structore.

The surface of a leafl is covered by a waxy layer known as the cutile. In betwean {he Waxy

layer is the epidermis, a single layer of celle forming the surface skin of the leaf (Fig. 2.5).

It's chief fanctipne are the protection of the inner tissues from excessive moisture loss =nd
. the admission of carhon dioxide and oxvgen to these internal finsues.

' g —  Culils

B 0 ) S W 0 B P

Spongy
sl

Lowar apddarmis

[-Ehlnn:plﬁs‘.

Fig. 2.6 Cross aection of & common leaf

The leaf surface is penetrated by a large number of openings called the gtomata. Each
stoma is protected by a pair of guard cells, which contrel the opening and closing of the
Etjinma, The internal tissues of the leaf are the palisade, the spengy mesophyll, and the
conducting tissues, or veins, which carry water, minerals and food. OF particular interest
with regard to air pollution are the stomata through which gases diffuse to the surface of
the cells within the leaf,

The damage caused by air pollutants is of several types like necrosis, chlorosis and
epinasty. The dead areas on a leaf structure are referred o as necrosis. Chlorosis is the
lose or reduction of chlorophyll and leads to the yellowing of the leaf, Epinasty is a downward
curvature of the leaf due to higher rate of growth on the upper surface, and the dropping
of leaves is called abscigsion. Few plant species are spared damage on exposure to one or
more of the prineipal air pollutants. In general, the pollutants enter the inner lissues
hrough the siooasts, where they desiroy the chlorophyll and disrupt phoiosynthesis. The
adverse effects range from reduction in growth rate to death of the plant.

The effect of partienlates on vegetation is not well known, However, some specific
dusts have been observed to cause damage. Cement dust deposited on leaves, on combination
with migt or light rain, forms incrustations. Plugging of stomata may oceur, resulting in
plant damage. Chemicals such as arsenic and fluorides when deposited on the leaves can
poison animals. The effects of specific pollutants on vegetation ave symmarised in Table
214,
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253 Efects of Alr Pollution on Materials

The demage caused by atmospheric pollutants to materials is & well-known phenomenon.
Particulates such as soot, dust and fumes soil painted surfaces, fabrics and buildings, and
because of their abrasive nature, partienlates can cause damege to exposed surfecas when
they are driven by wind at high velocities, Through their own corcogiveness or io the
presence of 50, and moisture, they can ﬂcnﬁlemtﬁ the ¢orrogion of steel, copper, zine and
other metals.

The most notorious pﬂllutant IEEE.!{II'.LEIME for metallic corregton is sulphor dioxide. T
has been reported that corrosion of hard metals such ss stesl begins at annusl mesn
eoncentrations of 0.02 ppm (52 pg/m®). At levels of 0.08—1 ppm, 80, affects fabrics, lonther
and paink, 80, is readily absorbed by leather and cavses its digintegration. Pager is also
diseoloured by 50, and becomes britile and fragile. Sulphurie seid mist in the abmoephere
causas Getarioraion of structurel materisle such g marble end Smestons, Mary priceless
msrble sculptares and buildings have suffered damage in the last 30 years ms 5 result of
increased S50, centent in the atmosphere.

Ozone i8 a very reactive substanee. Much of the degradation of materials, such as
fabrica and rubber, now atiributed to “weathering” is cansed primaily by ozons. Dzons
causes the cracking of synthetic robbers at atmospheric levels of 0,01 to (.02 ppm (20-40
pghm?3). Tt also attacks fabric fibrer and the adverss effects increass in the ordav: fikves

made of cotton, acetate, nylon and polyester. Tha fading of Flres snd the sekive of
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rubber are atiributed to ozone's omidising abiliiy Nitrogan oxides, although lass widely
publicised than ozone, are known o cause fading in acetate, cotton and rayon fbres at
levels of 0.6-2 ppm over 2-3 month peried. It has been obgarved that particulate nitrates
attack and damage nickel-brass alloya in the presence of moisture.

254 Damage to Health, Vegetation and Materlals In India

In India no systematic or slatislical dais sre available on the health status of the people
exposed to air pollution. Firetly, the data base is exivemely poor. According to one estimate,
a8 many as 60 million people are affected in one way or the other by air pollution®,
Epidemiological data should be collecied at the regiona! and national levels on the effects
of air pollutants on human health, The nature of damage caused to tropical and subtropical
vegetations by air pollution is almost unknown, Reporis of S0, damage to plants hike
banana, grapes, papaya, coconut ete., ore scatiered, and no sysitematic assessment is
available. Most of the information available in litevatore is applicable te countries of
moderate clinate in Burope and North Americs, and it is of very little use for asseszing the
damage {o tropical broad-leaved plants.

The information on materials damage due to sir pollution i very scanty. However, the
information on corrosive effects of acid precipitation on metals is available for a few cities.
Due to high concentration of indusirial discharges and galinity sand humidity in the air,
corrosion rates in Mumbai ave reporled o be 3 to 6 fimes higher than those in other
similar coastal areas of the couniry.

2.6 AlR POLLUTION LAWS AND STANDARDS

The main objective of enacting any pollukion law is to control pollutant sources so that:
ambient pollutant eomeenirations sre reduced o levals considered safe. The oldest
antipollution law in India iz the "Smoke Nuisanee Act” enacted as early as 1920 by the
then Bombay Government. The act was originally applicable to Bombay city, but was later
extended to cover tha entire state. It laid down rules and regolations concerning the size
and height of chimneye and boilers in textile mills, besides listing measures to be effected
for treatment of smoke. Similarly, a few other states in the country came up with their own
smolke muisance acts. Further, almost all the states have a clavse on nuisance control in
their municipal corporation acts. However, these acig have either loopholes or thay are
putdated in context of the development of numercus chemical, metallurgical and power
plants. Hence, the need for strict monitoring of air pollutants and their control through
detailed regulations is very easential. The Central Air (Prevention and Contrel of Pollution)}
Act, 1981 is a significant development in this direction.

The act provides an integrated approach to tnekling of problems related to pollution.
I empowara the Central Boara for Provention and Contrel of Water Pollution, constitated
under the Water (Prevention and Control of Pollution) Act, 1974, to exercise the powers
and perform the functions of the Central Board for the Prevention and Control of Air
Pollution alse. The main functions of Centrel Board include the following: '

() Advise the government of India on matiers concerning the prevention, control or
gbatement of air pollution.

(f) Coordinate the activities of the State Boards and provide technical assistance and
gu.irlnnﬂg to them,
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CHAPTER

oo EIGHT
-

-

METEOROLOGY AND NATURAL
PURIFICATION PROCESSES

Polivtion problems arise from the confluence of atmospheric contaminants,
pdverse meteorological conditions, and, at times, certain topographical conditions.
The air pellution episodes mentioned in the previous chapter all involved meteoro-
pgical conditions that restricted dispersion of contaminants, causing them to
pccumulate at harmiul levels.

Because of the close relationship that exists between air pollution and certain
ltmospheric conditions, it 15 necessary for the environmental enginger to have a
ghorough understanding of meteorology. Even the most cursory exploration of
e conditions which prevail in the greater Los Angeles batin, in the metropolitan
Denver area, in Athens, or in any smog-troubled city will give a fair understanding
ol the cause-effect relationship between meleorclogical and topographical con-
ditions and air pollution, That relationship will be explored in depth here, with
Bpecial emphasis being given to the effect of meteorological elements on the dis-
tpersion of pollutants in the atmosphere and, conversely, to the influence of atmos-
ipheric contaminants on meteorological conditions.

Gl of A&
ar, vol. L
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nning End
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t Prinieng
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Elemental Properties of the Atmosphere

nnmzliey,

@ The preceding chapter discussed the composition and structure of the carth’s
=~ Foe 5 4B a:riosphere. The source of all meteorological phenomena is a basic, but vanable,
ordering of the elemental properties of that atmosphere —heat, pressure, wind,
and moisture. All weather, including pressure systems, wind speed and direction,
f humidity, temperature, and precipitation, ultimately results from variable rela-
 tionships of heat, pressure, wind, and moisture.

483
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8-1 SCALES OF MOTION

The interaction of these four elements may be observed on severa! differsn: 1.,
bt 1 | g N

or scales. These scales of motion are relatad to mass movements of air whisn
- . W =h 3 = Coresd R
be global, continental, regional, or local in scope. According to their £E0D

-+ Lt

range of influence, the scales of motion may be designated as macroscals b
scale, or microscale. [8-30] '

Macroscale

Atmospheric motion on the macroscale mvolves the planetary patterns of cippyg,
tion, the grand sweep of air currents over hemispheres. These phenomena agpy,
on scales of thousands of kilometers and arc exemplified by the semipermapes
high- and low-pressure areas over aceans and continents

[he sun’s rays heat the earth near the equator to a greater extent than aj (ke
poles. If the rotation of the earth were discounted, the heated air at the eqg :

F ; ; AT
would rise, and cool air from the poles would move in to take its place. T

]

would set up two theoretical cells. imvolving only longitudinal motion [8-18], u:
shown in Fig. 8-1

Figure 8-1 Halley's suggestion for general global circalation, | From Linslep [8-18].)



LECTURER KHALID AHMED SALIH


LECTURER KHALID AHMED SALIH
METEOROLOGY AND NATURAL PURIFICATION PROCESSES 485

However, the west-to-east rotation of the earth must be taken into accouni,
fince it has & profound cflect on air currents, deflecting the winds to the right in

0t leveled he northetn hemisphere and to the left in the southern hemisphere. The effect
ich ay © pf the earth’s rotation on wind velogity and djrection is cafled the Coriolix force,
\Eraph d this force has major sigmificance i the formation of weather, [§-7]

e, Mesgas Thus, air movement on the global scale is not simply in longitudinal direc-

hjons, for the dual effect of heat differential between poles and equator and of the
fotation of the earth along its axis establishes a more complicated pattern of air
wirculation. As indicated in Fig. 8-2, the general global circulation pattern (macro-
scale) 15 composed of three cells of air movement in each hemisphere. [B-18] It is

Grcala. o mnder this dual influence ol thermal convection and the Corolis force that high- and
1a occgr o w-pressure areas, cold or warm fronts, hurricanes, and winter storms are formed.
Tmaneny One of the primary elements influencing air mass movement on this scale is the

fdistribution of land and water masses over the surface of the earth. The grest
10 at the yariance between conductive capacities of land and ocean masses accouats for
equator fthe development of many of our weather systems. Over land masses, atmospheric
ice. This temperature rises rapidly in the presence of solar radiation (day), then drops with
B-18], a3 |
{0 Polar jet strezm
= Polar casterlies
SENE - R a e
—_— —— btropical
Harse latitudas @Su i
——————— —_——— jet stream
__Horse latitudes - 'E Subtrogical
"‘-\::.-__;*' '-..‘____‘_._ jet stream
Westerlies e
Suppolar lows . G°
=* Polar easterlies
IEI Polar jet stream

Figure 8-2 Schematic representation of general circulation. {From Linsfey [8-187.)
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|



LECTURER KHALID AHMED SALIH


LECTURER KHALID AHMED SALIH

486 AR
equal rapidity in its absence (night}, since land masses quickly reradiate J
the atmosphere. Conversely, air temperalure over water rises and fallg nig
slowly, since heat encrgy received by water penetrates to deeper layers thag
absorbed by land and 15 reradiated in lesser amounts. hear

Mesoscale

Secondary, or-mesoscale, circulation patterns develop over regional ge0gra
units, primarily because of the influence of regional or local topography. Thea
phenomena occur on scales of hundreds of kilometers. Air movemen: o this
scule is affected by the configuration of the earth’s surface —the location of M.
tain ranges, of oceanic bodies, of forestation, and of urban developmen, Land
or sea breezes, mountain or valley winds, migratory high- and low-pressire
fronts, and urban heat islands are typical of the peculiarly local phengms

nhservable on this scale. [8-30] "

Microscale

Microscale phenomena occur over areas of less than 10 k and can be exemplifieg
by the meandering and dispersion of smoke plumes from industrigl stacks. Phar,.
omena on this scale occur within the friction layer, the layer of atmosphere 3
ground level where effects of frictional stress and thermal changes can cayse
winds to deviate markedly from a standard pattern. The frictional stress encoun-
tered as air moves over and ground irregular physiczl surfaces such as buildings,
trees, bushes, or rocks causes mechanical turbulence which influences the pau.;m
of air movement. Radiant heat from stretches of urban asphalt and concrete,
desert sands, or other such surfaces causes thermal turbulence that also influences
air movement patterns. [B-13]

Macroscale airculation patterns have little direct influence on air quality
in most cases, Noted exceptions are Los Angeles, California, and Santiago.
Chili. two cities whose air quality is directly afiected by the presence of high-
pressure cells related to circulation patterns of macroscale.

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

8-2 HEAT

Heal is the critical atmospheric variable, the major catalyst of climatic conditions,
The heat energy in the atmosphere comes from the sun as short-wave radialion
{about 0.5 um), mostly in the form of visible light, The earth emits much longe:
waves (average of 10 ym) than it receives, mostly in the form of nonvisible hec!
radiation.
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fe,me of the sclar rays never reach the earth at all but are refiected back to
by individual particles in the air and by clouds. Solar ray: may also be re-
8 back to space by the ground itself, with surface characteristics bemng a major
.r in the rate of reflection. For example, desert sands, snow, and ice have a
) rate of reflection, while forests and cu]matﬂd fields have a low rate

ame of the sun’s rays ars scattered by mu:r'—'cmng air molecules. [t 15 this
litering of rays of different wave lengths that gives a clear sky its deep blue color,
_:_ terimg is more intense ds the sun moves ngart Ij: _t:uriz.::nn, and It is this phenom-
Bn that produces red sunrises and sunsets.

Feome of the sun's rays are absorbed by ozone, water vapor, carbon dioxide,
§f and clouds of the lower atmosphere, but the earth’s surface 15 the prime ab-
ber of solar energy. Thus the troposphere is heated primarily from the ground,

it from the sun. [8-29]

¢ hear 3
fafls
i Ihaq !
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aur imporiant ways in which heat transler occurs in the troposphere are through
n »gsreenhouse effect”, the condensation-evaporation cycle, conduction, and
nplified| pnveclion.

he““ at reenhouse effect As noted earlier, solar enargy (light radiation) absorbed by the
L;;:f h is converted to heat energy and ¢rr|=itt:=d _inm space as long-wave (heat)
| d:'ng,;.,-' idiation. Although water vapor and carbon dioxide are transparent to short-wave
atter _IBT":I['L Lh'_:].f _artlneaﬂ}{ opague _m long-wave radiation. Thus, much of Eh.:
acrete : mrih's rcradu_;uu‘.-n i3 retained, raising the temperature of the ﬁtmﬂsphcn::. This
. shenomenon 1s known as the greenhouse effect, lakfug s name fr_nn_1 the principle

f greenhouse construction, where glass operates in & fashion similar to carbon
Hioxide and water vapor, allowing solar rays (o pass unhindered into the green-

;z;g h us:, hut blocking reverse radiation. [8-29]
high- '
Evaporation-condensation cycle Evaporation of water requires expenditure of
vita] ¥ 'ergv and the néeded energy 15 absorbed from the atmu:u:phere and stored in
ment EWater vapor. Upon condensation, this heat energy is released. Because evaporation
well fusually takes place on or near the earth’s surface, while condensation normally
tpccurs in the upper regions of the troposphere, the evaporation-condensation
Sprocess tends to move heat from lower regions to higher regions.
8. On the macroscale, latent heat is transported from latitude belts where there
tis substantial precipitation. Below about 22° latitude, water vapor and |atent heat
are carried equatorward, while at higher latitudes they are carried poleward. [8-2]
M.
ton ¥ Conduction Transfer of heat from earth to atmosphere is also accomplished
Eer through the process of conduction, heat transfer by direct physical contact of air
. and earth. As parcels of air move downward, they come into contact with the

warmer ground znd take heat from the earth into the atmosphere.
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I r
l‘.'.'un-.-nuti{rn {'T'r.lm@;_.'.re'-:;:_:, & prooess initiated by the rising of warm air and the sinki
of cold air, is a major force in transferring heat from earth 1o troposphere, A« I__:ﬁ

be seen in Fig B-2, convection is & pnmary factor in movement of

air m dfgeg on
the macroscale.

Temperature Measurement

Maximum, minimum, and average temperatures are generally recorded ¢ weather
stations, and normal daily temperatures for a specific region can be calculageq
by averaging daily temperatures over a 10-, 20-, or 30-yr period. A temperatyre
designation of particular interest to the environmental engineer is the degres-day,
of an area, since this figure is @ measure of heating and fuel requirements and henc,
i of air pollution potential from the burning of fossil fuels. The h:uting-dcgrmhdzj
: of a region is calculated by subtracting the average daily temperatures for avear
from a preselected “comfortable™ temperature usually 18°C. The number gf
degrees by which the average daily temperature falls below this standard tempers.

u ture yields the heating-degree-days for that region. [8-2]
S |

1§

{._r | Lapse Rates

: In the troposphere, the temperature of the ambient air usually decreases with an
2 | increase in altitude. This rate of temperature change is called the lapse raie. This
rate can be determined for a particular place at a particular time by sending up a
balloon equipped with a thermometer. The balloon moves through the air, oot
with it, and the temperature gradient of ambient air, which the rising balloon
measures, 15 called the ambient lapse rate, the environmental lapse rate, or the
prevailing lapse rate. [8-2]

A specific parcel of air whose temperature is greater than that of the ambient
air tends 1o rise until it reaches a level at which its own temperatiure and density
(| equal that of the atmosphere that surrounds it. Thus, a parcel of artificially 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 from the ambient lapse rate of the air
through which the parcel moves. Thus, it 18 necessary to distinguish between the
temperature decrease associated with the ambient lapse rate and the internal
temperature decrease which cccurs within & nising parcel of air or other gas.

The lapse rate for the rising parcel of air may be determined theoretically.®
For caleulation purposes, the cooling process within a rising percel of air is assumed
to be adiabatic (i.e., occurring without the addition or loss of heat). Under adiabatic
conditions, & nsing parcel of air behaves like a rising halloof, with the air in that
distinet parcel expanding as it encounters air of lesser density until its own density

* Bee Petterssen [8-27], p. 106, for 2 discussion of the adiabatic lapss rate,
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g equal (O that of.the atmosphere which surmuﬂdi'i[_.'—_Thﬁmcd o
eecur with no heat exchange between the rising parcel and th L air.

Expansion of air against its surroundmgs, like all other WOTH PequITes energy.
A< long s the rising parcel is very close to the earth’s surface, it may receive some
beal energy from the earth. As scort as'it risesbevord that energy source, it must
yely on ils own store of heat for energy. An internal cycle is thus established;
§emperature within the air parcel decreases as heat energy is expended. [8-2]
fcince this process involves no transfer of heat from the rising parcel 1o the aimos-

her inhere which surrounds i, it is called adiabatic coaling.
ted £ Unlizing two basic concepts of physics, the ideal-gas law and the law of con-
e servation of energy, it is possible to establish a mathematical ratio expressing

5. mperature change against altitude gain under adiabatic conditions. [8-27] This
rate of decrease is termed the adiabatic lapse rate. Dry air, expanding adiabatically.
Pfeools at 9.8°C per kilometer, the dry adiabatic lapse rate. [8-32] In wet, as in dry
$adiabatic process, 8 saturated parcel of air rises and cools adiabatically, but a

I{I_].'.S ¥
nce "
day 88

@
-f[ % Lsecond factor affects its temperature. Latent heat 15 released as water vapor con-
ara. " denises within the saturated parcel of rising air. Temperature changes of the ]:uarc:e_i_
¥ are then due to liberation of latent heat as well 25 to expansion of the air. Wet
,adiaba:it lapse rate (6°C/km) is thus less than dry adiabatic lapse rate. [8-27]
b Since a rising parcel of effluent gases would seldom be completely saturated or
£ completely dry, the adiabatic lapse rate generally fzlls somewhere between these
L w0 extremes.
1an .
(his -
pa Stability
st Ambient and adiabatic lapse rates are a measure of atmospheric stability. Since
S the stability of the air reflects the susceptibility of rising air parcels to vertical
the motion, consideration of atmospheric stability or instability is essential in estab-
. & lishing the dispersion rate of pollutants.
]e‘,"t 4 The atmosphere 15 said to be unstable as long as a nsing parcel of air remains
ity - E warmer (or descending parcel remains cooler) than the surrounding air, since
tted ~  such a parcel will continue to accelerate in the direction of the displacement.
and : Conversely, when a nising parcel of air arrives at an altitude in a colder and
(the : denser state than the surrounding air, the resultant downward buoyancy force
t air ©  pushes the displaced parcel of air earthward and away from the direction of dis-
the " placement. Under such conditions, the atmosphere is sz2id to be stable. [8-2]
rnzl Stability 15 a function of vertical distribution of atmespheric temperature,
& and plotting the ambient lapse rate against the adiabatic lapse rate can give an
Liy. indication of the stability of the atmosphere. Though dry, moist, or wet adiabanc
“E,d lapse rates may be used in such a compansen, the dry adiabatic lapse rate
iatic (5,8°C kmis used in Fig. 8-3 as the measure against which several possible ambient
::il; lapse rates are plotted. Thus, in Fig. 8-3, the boundary line between stability and
i1

instability is the dey adizbatic lapse rate,
When the ambient lapse rate exceeds the adiabatic lapse rate, the ambient
lapse rate is said 1o be superadinbatic, and the atmospherc is hlghi_'r unstable. When
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Figure 8-3 Relationship of the ambient lapse rates to the dry adiabatic rats

the two lapse rates are exactly equal, the atmosphere 15 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 & layer of atmosphere, the ambient lapse rate is zero, 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 normal state. Negative
lapse rate occurs under conditions commonly referred to as an inversion, a state
in which warmer air blankets colder air, Thermal or temperature inversions rep-
resent a high degree of atmospheric stability. [8-2]

There are two types of inversions. The first is a radiation inpersion, a phenom-
enon arising from the unequal cooling rates of the earth and the air above the
garth. This type of inversion may extend a few hundred meters into the friction
layer and is characteristically a nocturnal phenomeénon that brezks up easily
with the rays of the morning sun. A radiation inversion prompts the formation
of fog and simultanzsously traps gases and particulates, creating a concentration
of pollutants.

The second type of inversion is the subsidence inversion that is usually associated
with a high-pressure system. Such an mversion 15 caused by the characteristic
sinking motion of air n a high-pressure cell. Air circulating around a stationary
high descends slowly. As the air descends, it i1s compressed and heated, forming &
blanket of warm &ir over the cooler air below and thus creating an inversion that
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Lyps of inversion ma gy extend

ents further vertical movement of air. This
Erough the friction leyer to heights of over 1500 m.

Ehich measures the 'ngh'r_ over a umit area, of 2 column of air e:{tendlng to the
: ,,:,[ the atmosphere. On the average, the atmosphere at latitude 45° and a1 a
ra'[ﬁ'!nf 0°C {32°F) is equivalent to 2 column ol mercury 760 mm (29.9 inj
h. and this, by international agreement, is called one standard atmosphere, or
Spughly one bar. Meteorologists usually express pressure in millibars, and one
Rtandard atmosphere is 1103 millibars. [8-29]

: On weather maps such as the one shown in Fig 8-4 pressure distribution
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Pressure patterns over the earth are in constant flux as air pressure rises ig S
regions and falis in others. The location of continents, the differences jp 31_“_&';
roughness and radiation, wind energy, and global ¢irculation patterns al| combine
1o dorce development of high- and low-pressure systéms or cells, The circulation
or movement of-these high- and low-pressure systems is responsible for

weather changes. [8-36]

i

High-pressure systems High-pressure systems are related to clear skies, light
winds, and atmospheric stability. In a typical high-pressure system in the northeen
hemisphere, the vertical motion of air is downward and the horizontal motioq i
clockwise. High-pressure systems reflect the relative uniformity of air masges
Under zuch stable conditions, temperature and humidity vary little over greg;
areas. and any weather change is gradual, Under these stable conditions, dispersiog
15 restricted and pollutants are likely to build to undesicable levels,

Low-pressure system In a typical low-pressure system in the northern hemisphere,
herizontzl air movement is counterclockwise and vertical movement 15 wpward
Low-pressure systems are usually associated with cloudy skies, gusty winds
atmospheric instability, and the formation of fronts. Under such unstable con-
ditions, dispersion of pollutants is likely, and air pollution problems are min;.
mal. [8-36]

Fronts

Frequently two masses of air develop sharp boundaries with respect to 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 sloping,
wedge-shaped zones of transition between two air masses of different density are
called fronts. A [ront, either cold or warm, typically moves around its host low-
pressure cell in a counterclockwise dircction.

Warm fronts Warm fronts occur when warm air advances while cold air retreats.
The warm air, being lighter, rises over the cold air, and a wide band of precipitation
results. The precipitation is heavy at the beginning of the lift, but decreases as the
warm air progresses, [8-16] '

Cold fronts When cold air advances on a cell of warmer air, the resulting weather
systemn is called a cold front. Here the cold, denser air pushes under the warm
air in its path. Typically, cold fronts are associated with brief, but intense, storms
foliowed by clearing, cooling, and a drop in hum:dity, [8-29]

When the transition zone between warm and cold air does not move one way
or the other, that zone is called 2 siationary front. [8-2]
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:‘ d s simply air in metion. On the macroscale, the movement Grlgmﬂ.t':h m
eagual distribution of atmospheric temperature and pressure over the earth's
Birface and is significantly influenced by the earth’s rotation. The direction of
4 flow is characteristically from high pressure to low, but the Coriolis force
Eods to deflect air currents oul of these expected patteins.

§  (On the mesoscale and microscale, topographical features critically influence
bind flow. Surface variations have an obvious effect on the velocity and direction
oF air movement. Monsoons, sea and land breezes, mountamn-valley winds, coastal
a0 windward precipitation systems, urban heat islands —all are ready examples
i the influence of regional and local topography on atmospheric conditions.

Tidsses Wind channeling in river valleys is 2 phenomenon affecting many large urban
T great pas. Updraft or up-mountamn breezes, which predomunate during warmes
Sersion portions of the day, and nocturnal downdraft are weather phenomena peculiar to
mountain valleys
¥ The variance of the conductive capacity of land and water accounts for another
sphere, effect "}FFDF{'EE?PM cm_wi nd direction. Because ‘tanq Warms and cﬂ-;_:-]s more r:&pid]y
pward, than neighboring bodies of water, thE. charscteristic coastal winds fall into a
winds pattern of daytime sea breezes and evening land breezes.
te con: B In the friction layer at the earth's su.rl'acals, winds are often gusty and changeable,
L primarily due to locally generated mechanical or thermal u_irb ulence. [8-15] Once
jree of the impediments of the friction layer, velocity of air movement generally
bncreases. and winds aloft usually blow more steadily and more parallel to the
isobars than do those in lower regions, An empirical formula relating wind speed
¥ 1o height in the friction layer, that zone of air beneath 700 to 1000 m (2,000 to
000 feet), 15
Tature. ]
E.El::.lﬂ_':.'. v (8-1)
LPLIE. o &g
:H:;f where v = wind speed at height z, m/s
v, = wind speed at anemometer level z,, m /s
k = coefficient, approximately 4
treatls. Wind speed is usually measured by an anemometer, an mmstrument typically
‘tation consisting of three or four hemispherical cups arranged around a vertical axis.
as the | The faster the rate of rotation for the cups, the higher the speed of the wind. A
| three-cup anemometer and & wind vane for observation of wind digection are
{5 shown o Fig 8-5.
eather 4 When data for wind speed and direction are placed on a wind rose, they yield
Warm l a graphic picture of the direction, frequency, and velocity of the winds in a particu-
dorms {¥ lar location. For example, the wind rose shown in Fig. 8-8 indicates that the great-
. st percentage of winds in that month were from the southwest and that speeds of
IC way ® up to 8 m/s were recorded for winds from that direction. Relatively infrequent
g easterly winds were occasionally as high as 8 m/s, [8-38]
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Figure B-6 Wind rose. (From Meteorological dspects
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§ MOISTURE

poration to-condensation 1o precipitation is & constantly repeating cycle in
e environment, a8 discussed m Chap 2. Moisture 15 first transierred from the
fih's surface into the atmosphere. This water vapor then congdenses E[.-#EJ,"TIS
I ds. The cvele completes itself as the condensed vapor 1s returned to the ezrﬁﬁ’a
face in some form of precipitation—rain, hail, snow,-orsleet. .

Topography plays an important role in moisture distribution, Euu tainsg
ged to force the rise of moisture-laden air, vesulting in heavier pféEitha'inu on
e windward side of a range.

midity. The higher the temperature of the air, the more water vapor it can hold
before it becomes saturated, At ground level, a temperature increase of 11.1°C

Relative humidity is measured by &n mstrument called a psychrometer. The
dry-bulb thermometer of a psychrometer indicates the temperature of the air,
while the wet-bulb thermometer measures the amount of cooling that occurs as
$he moisturg on the bulb evaporates. With the difference in the two readings (called

Influence of Meteorological Phenomena on Air Quality

mi's

The metcorological phenomena which have been briefly discussed to this point
68 811 * exert a critical influence on air quality. As noted earhier, under adverse atmo-
5 spheric conditions, the presence of air contaminants gives rise to problems of air
; polletion. Understandmg the relationship i‘xﬂw&:n atmosphenie conditions and
* air pollution problems can enable the environmental engineer to mimnuze the

adverse effecis of the relationship.
As a river or stream i5 able to absorb a specific contaminant foad without
L 113 undesirable results, so the atmosphere can assimilate a certain amount of air
T 8 9 10 contamination without il effects. Dilution of gir contaminants in the atmosphere
| is an important process in preventing undesirable levels of pollutants in the
ambient air. Atmospheric dispersion of air contaminants is the resuli of ventilation,

atmospheric turbulence, and molecular diffusion. However, gaseous and particu-
late air contaminants are prumarily dispersed into the ambient air through wind
action and stmospheric turbulence, much of it on the microscale level
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£-7 LAPSE RATES AND DISPERSION

By comparing the zmbient lapsg rate to the adiabatic lapse rate, it mqq -
possible to predict what will happen to gases emitted from a stack In the Foliom
ing examples, the dry adiabatic lapse rate is used, but prediction of plume papye,, .
is more likely to be accurate if the moisture content of the stack gas js1a
account when ambient and adiabatic lapse rates are compared.

When the ambient lapse rate is superadigbatic (greater than the adiabatic,

the turbulenice of the air isell causes the atmosphere to serve as an effectiye e

I'H.‘I'T inhl

-hicle of dispersion. As indicated in Fig. 8-7a, the resultant plume is designaieg 4

.h{mpii::g.:-';‘gfﬁmc- In this highly unstable atmosphere, the stream of emiyeq
pollutants ufdergoes rapid mixing, and any wind causes large eddies which may
carry the entire plume down to the ground, causing high concentrations gjogs ta
the stack before dispersion is complete. [8-26] In areas where conditions maj,
looping plumes likely, higher stacks may be needed to prevent premature Contac
with the ground.

When the ambient lapse rate 13 equal to or very nzar the dry Ediahﬂtil:-iap&e
rate, the plume 1ssuing from & single chimney or smokestack tends to rise direcq),
into the atmosphere until it reaches air of density similar to that of the plume il“;;—_
This type emission, called a neutral plume, is seen in Fig, 8-7h, [8-11]

However, this neutral plume tends to “cone ™ (see Fig. 8-Tc) when wind veloeity
15 greater than 20 mi/h [8-9] and when cloud cover blocks solar radiation by day
and terrestrial radiation by night.

When the ambient lapse rate is subadiabatic (less than the dry adiabatic)
the mtmosphere is slightly stable. Under such copditions, there is limited verticaj
mixing, and the probability of air pollution problems in the area is increased
The typical plume in such a sitnation is said to be “coning,” since it assumes a
conelike shape about the plume line, as shown in Fig. 8-7c. While the dispersion
rate is faster for a4 looping plume, the distance at which & coning plume first
reaches the ground is greater. [3-26]

When the lapse rate is negative, as in the presence of an inversion, the disper-
sion of stack gas 15 minimal, becaose of lack of turbalence. In the extremely stable
air, a plume spreads horizontally, with little vertical mixing, and is said 10 be
“fanning” (Fig. 8-7d), and inflat country such a plume may be visible for miles
downwind of its source. [8-9] In areas where radiation inversions are common,
construction of stacks high enough to allow for discharge of emissions above the
mnversion layer 15 recommended. This solution is not practical for subsidence
inversions, since they usually extend to much greater heights.

Extenuating circumstances can often alleviate or aggravate the pollution
possibilities accompanyving negetive lapse rate conditions. For instance, when the
lapse rate is superadiabatic above the emission source and inversion conditions
exist below the source, the plume is said to be “lofting.” As shown in Fig 2-Te,
a lofung plume has mimimal downward mixing, and the pollutanis are dispersed
downwind without any significant ground-level concentrations. As long as stack
height remains above the inversion, lofting will continue, but lofting 15 usually 2



LECTURER KHALID AHMED SALIH


1t ma
the faf
1] = |1
i3 e -
adiabat
:ﬂ;-"l“:["u"
esignated
of em . ._l:_.
which o
s close
lions mg
are coqm |"1"

abatic lanke
rise oireo
plume itsclER

_ 3
ind velociiy
tion by g :

adiabatic) SN
ited vertical "
s increased; .
{ BSSUmes 3
e dispersion S
plume first 58

. the disper-
zmely stable
3 said to be
e for miles
re Common,
15 above the
- subsidence

1 pollution
ce, when the
1 conditions
in Fig. 8-Tg
re dispersed
ong as stack
i5 usually a

LECTURER KHALID AHMED SALIH

AND MATURAL PURISICATION PROCESSES 497

METEDR QLIS

i)

=
: |

{eh (¥ 3] |
T
? R\ T
— ﬁ::”ﬂ.::“éﬂﬂ
— o —7 —x
4z) .

Figure 8-7 Effect of lapse rate on plume behavior (g) looping, (&) nevtral, (£) coning, () faoning,
0 [e) lofting, (/) fumigating, and (g) rapping

'transiltcnal situation. If the inversion grows past the stack height, lofting will
P change to fanning. [8-26]

When an inversion layer occurs a short distance above the plume source and
supzradiabatic conditions prevail below the stack, the plume is said to be * fumi-
gating™ (Fig. 8-7f). Fumigating often begins when a fanning plume breaks up

§ mtio a loopmg plume, 23 when morming sun brezks up a radiation inversion and

EEr—

T
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the superadiabatic conditions below the inversion act 10 move the pluom,e inlo
vigorously looping pattern. Fumigating can capse high ground-level ‘:DTII:EM}I;
tions of air contaminanis, though these vsually last only a relatively shore L‘rtnu.;:i
of time. [§-5]
Similar to the conditions which provoke the “fumigating” plume ., the
conditions which create & “trapping” effect. Here an inversion” layer F*FE'-mI[;.
both above and below the emission source. This results in the “coning” o7 4y,
plume below the source and abov¥ the lower inversion, as seen in Fig 8.7,

L

-8 PRESSURE SYSTEMS AND DISPERSION

The influence of meteorological conditions on air quality is also noted i the effag
of pressure systems on dispersion of pollutants. It was previously stated that high-
pressure systems are related to clear skies, light winds, and atmospheric stabijit,
When such a system becomes stagnant over an area for several days, air g.:.m_a_ni_
ipants can build up to cause air pollution problems.

Conversely, low-pressure systems are associated with unstable atmospheric
conditions and commonly bring winds and rain; contaminant butldup iz Jess
likely to occur in low-pressure cells. [3-6] However, conflicting influences are
operant when a warm front dominates a low-pressure cell. Initially, a warm fron;
will reduce air-contaminant concentrations, primarily through the storm activity
along its leading edge. As the warm front develops, however, more stable conditions
will result, with an accompanying increase in air pollution potential,

8-9 WINDS AND DISPERSION

Wind 15 one of the most important vehicles in the distribution, transport, and dis-
persion of air contaminants. As meteorclogists make use of 2 wind rose to graphi-
cally portray wind speed and direction, so environmental engineers have devised
a pollution rose for plottiflg the data necessary to determine the source direction
of specific air contaminants. [8-38]

The velocity of the wind determines the travel time of a particulate to a receptor
and also the dispersion rate of air contaminants. Assuming a wind speed of 1 m/s
and a source emitting 5 g of air contaminants per second, it can be determined
that contaminant concentration in this plume is 5 g/m* If the wind velocity
mcreases to 5 m/s, then the contaminant concentration from the same source is
reduced to a single gram per cubic meter. Concentration of air contaminants in 4
plume 18 mversely proportional 1o wind velocity.

Frequently, topographic conditions will have a profound effect on winds and
thus on air quality. This i seen in the wind channeling effect of a valley. Here,
because of a particular geographic structure, air movement is predominantly
up or down the valley, and dispersion of ambient contaminants outside the valley
may be limited. '
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The differing conductive capacity of landmaeass and water mass gives rise o
B alternsting flow of sea breezes and land breezes, 2 pattern which can contribute
b air pollution problems, The Los Angeles ares frequently experiences this pattern
Br 2 movement, which carries the contaminants toward the océan in the evening
.'” ta-return the poliuted air to the urban basin 'ﬁnen the direction of the wind
'- iits back toward land with the morning sun,

t.10 MOISTURE AND DISPERSION

S 1oisture content and form in the atmosphere ¢an have & profound effect vpon the
pir quality of a region. 1 he presence and amount of water vapor in the almaosphere

Highe e iects the amount of solar radiation received and reflected by earth. Water vapor
ility, serves Lo scatter or ghgorb radiation emergy, énd hence humidily has a major
tam- gnflucnce on air quality,

& Precipitation serves as & cleansing agent for the atmosphere, removing par-
herie nicuiztes and soluble gates in a process called washour. Though the beneficial effects
i less bol washout are obvious, there are also some detrimental effects. When rainfall
§ are Bremoves sulfur dioxide (50;) from the air, it may react with the water to form
front \H, 50, (sulfurous acid) or H; 50, (sulluric acid), The resultant “acid rain™
tivity bincreases the rate of corrosion where air contaminants are present. [8-17] In
tions addition, the unnaturally low pH of such rains may change the pH of rivers and

“streams and thus influcnce the species of algae and other plant life which predom-

5 inate in those bodies of water. [8-37]
, B-11 MODELING
1 dis-
'!l_:'h" A knowledge of meteorological phenomena and an understanding of the variable
1"3_5'3'3 Factors that build weather systems can be used g8 a basis for forecasting air pollu-
chon tion potential and for devising air-pollution prewzntlnn and abatement programs.

With information from &n emission inventory and with atmospheric dispersion

;”'F;[:: rates, it 15 possible to estimate air contaminant levels with some degree of reliability.
i
1ined !
oCity - Maximum Mixing Depth (MMD)
rce is : Mipes! i ; .
e (Operations likely to produce significant amounts of air peliution should 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
Here, help establish whether an area is a proper site for contaminant-causing human
antly activities. . _ . . .
e Maximum mixing depth (MMD) can be estimated by plotting maximum

’ surface temperature and drawing a line paralle]l to the dry adiabauc lapse rate
from the point of maximum surface temperature to the point at which the line
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Figure B-8 Maximum mixing depih. {From Ledberrer [5-75])

intersects the ambient lapse rate for early moming. [8-15] In the instance plotied
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 deseriptions of the meteorological transport and dispersion
of air contaminants in an area [8-5], and permit estimates of contaminant concen-
trations, either in the plume from an clevated 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 the
followmg general equation which was suggested by Pasquill and modified by
Crifford. [8-3, 8-4, B-11, 8-13, and §-25]

dC  dx B é dx a [ . o=
— || sl R = s i B
dt F'.t-[h':ﬂx)+ 3y (_I‘!ah} ¢ ._F.—{,K‘ e-z) e

Equation (8-1) relates dispersion in the x (dowawind) direction as a function
of variables in all directions of a three-dimensionzl space. It assumes that the
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qre §-% Coordinate system showing Gauisian distiibubién 1o the horizoniel end verteal. | Friom

mlume has a Gaussian concentration distribution in both the z (vertical) and
(horizontal) directions, #s shown in Fig. 8-9. [5-34]
The concentration (C) of a gas or aerosol { <20u) calculated at ground level

Bfor a distance downwind (x) is given by
: ¢ | _ Y [HY FEA% o
Coy =1 n:.!.pl— = (—) :|l::.\v.p|:—;J (—| ] (8-3)
[15- MUT. T, 2\, i\,
on
Bl= where C = pollutant concentration. E.'.-'m3
g 3 { = pollutant emission rate, gs
on, J m=pi, 314159
the u = mean wind speed, m/s
by &, = standard deviation of honzontal plume concentration, évaluated
in terms of downwind distance x, m, (s shown in Fig. 2-10)
7, = standard deviation of vertical plume concentration evaluated in terms
3] of downwind distance x, m, (as shown m Fig. 8-11)
2 exp = base of natural logs, 2. 71828183
' H = effective stack height, m -
1011 ¢ = downwind distance along plume mean centerline from point source, m

the i y = crosswind distance from the centerline of the plume, m

-
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Figure 8-10 Lateral diffusicn coefficient =, vs. downward distance from source. {Frame Dauir [5-7] |

This equation may be simplified if concentrations along only the plume centerline
are needed. In this case, ¥ = (), and the equation is a5 follows:

%I
o= ¢ exp[-ul (EJ j| (8-
Y TGOy, 2\a,

The equation may be further simplified if the effective stack height 15 zero, such a=
in a situation of ground-level burning.

Cop = - {8-3)

T,

Values for o, and o, are not only a function of downwind distances but are also
a function of atmospheric stability. Values of ¢, and o, for various distances down-
wind (x), with various stability categories, are indicated in Figs. B-10 end B-11
Generzlized categories are included in Table 8-1. [8-34]
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The maximum ground-level concentration occurs where o = 070
provided g./c, are consiant with downwind distance x. [8-22] H

Example 8-1 Determining maximum ground-level concentration A powar plant by,
545 tonnes of coal per hour and discharges the combustion products thraugh a ELE:;
that has an effective height of 75 m. The coal has a sulfur content of £.2 percent, ap4
wind welocity at the top of the stack i 6.0 m/s. The atmospheric conditions are Moderage)
to slightly stable. Determine the maxlmum Ermmd -level concentration of 50 and Lhi
disgane= from the stack at which the maximum n-rcuq;s-

-
- £
-

SOLUTION ety AT e

1. Determine the emission rate O for 50,
545 % 107 kg/h » 0.042 = 229 kg §/h
5+, = 50,
the molecular mass of both § and O, is 32, they combine on a one-to-one mass hasy,
229kg S + 229 kg O, = 458 kg 50,/h

h 1000 g

; =X ke = 127 gfs

@ = 438 kg 50 x

2. Determine loczation of maximum concentration.
For the given atmospheric conditions. the stability class will be either B or
{see Table 8-1). To be conservative, choose C. For class C. the #,/o, tdlio is 2 constan
for distances up to | km from the stack. Therefore,

o, =010TH =0707 x T5=533m

From Fig 8-11. o, reaches a value of 53 m at a distance of about 850 m from the stack
with class C atmosphere. Thus,

X ™= B0 m

3. Determine concentration at x ..
From Fig. §-10, ¢, = 88 m at x = 850 m.

Can™ 3 £x —l(EJl
o e xBR 3 xR P 2\:
— 531 % 10-* g/m?
=531,ﬂ1‘

Example B-2:; Determining crosswind concentrations From the daiz in Example B-|

determine the gFofnd-level concentrations at & distance of 3.0 km downwind™f1 (he
centerling of the plume and at a crosswind distance of 0.4 km on either side of the center-
line.
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-s,|_'|.:_1_ITII:?.‘i

g, = 10m
g, = 280 m

L - e : -
2 The centerline concentraiion 15

E g | {H2
Coam = LT T, i |:i (d_) ]

- - B W el e
S Ex6x10x280 P 2\170

= 1.28 = 10* g/'m*

gty

= 128 pg/m’

1 The concentration 0.4 km away [rom centérline is:

C = E—em - J—(E i x| — = EY
ok, UG &, 2 _4:'3) JL E 2ho.

B 127 ; ;(:-!.5 1] ”].[-m})"
TEx6x 1T0x280 T zﬁﬁJ_“" 21280

=449 » 107* gim®

= 449 ug/m*

Stack Design

t Meteorological data are necessary tor the effective design of a stack. All factors

must be weighed, including the fact that emissions from a tall stack designed to

disperse contaminants into the upper atmosphere and away from the immediate

arca may result in {allout or washout far downwind. [8-23] Dispersion equations

such as those in the foregoing section may be helpful. However, formulas alone are

& not enough, since many local vanables must be considered if optimum stack design
b 15 to be achieved.

Location of nearby buildings may cause mechanical terbulence which may
bring 2 plume to ground level, especially when the stack 1s downwind of the build-
ing and wind speeds are ugh. To aveld this problem, stacks should usually be
designed 2 to 23 times the height of nearby structures. Since dispersion formulas
commonly vsed are for flat, level terrain, irregular terrain mus: be taken into
consideration when dispersion models are being adapted for vse in specific cases,
g-1, ® Heat islands and mechamical turbulence in metropolitan areas must also be
the considered. [8-59]

e ] Al of the above considerations concern single stacks designed for continuouws
emissions. When multiple stacks are preferred, still other factors must be taken

teck

e, T —S—

U

I
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into account, [8-32]. Different criteria may be used, 100, for design of single tack, *
intended for short-term relngasaa, for explosions, or for instantaneops refease
nuciear fission products. ﬁ-g': H-31] o

When the air contaminants are emitted from a stack, they rise above the Stack
before leveling out. The effective stack he:ght H i3 not- :m]'.e the.physical Stack
height k but mncludes the plume rise (AR). [&- 7]

H=+"+|!ii' = J J[-E-'Eﬁ

See Fig. E 12, SPack heights used fn calculations such as theose for Example 2.
must be the effective stack height, and there are numerous equations for the eajc,,.
lation of plume height Ah. Holland's equation [8-22], often used for this g

termination, 15 given below. -

T,

d
Ah = "u [15 + (E.EE x m-ﬁp‘”dﬂ (57,

where Ah = rise of plume above the stack, m
v, = stack gas velocity, m/s
d = inside stack diameter, m
u = wind speed, m/s
p = atmospheric pressure, millibars
AT = stack gas temperature minus air temperature, K
T, = stack gas temperature, K

|—

e f"e‘}"'fx’?f??a"’,-*"ff"x‘?’}ﬁ-",-f“'f".a"';",-f"f’,r",-r",-r"a"'.f’f".f",-""..v"'ffffffffffffffffffffffff

Figure 8-12 Effective stack height. {Fram Smirk [§-37].)

S
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The preceding Calculatiens are suitable for neutrel conditions. For ansiable
Rditions, Ah should bgdncreased bysfacicr of 1.1 10 1.2, and for stable conditions,
Fehould be decresased by g fac-.-'- of 0.8 to 0.9, :

F Davidson ;.n.. B; u::t‘i'E-Il?.] present another equation for plume rise.

o, )4 AT
i;: _’ it W
pze(l) i

= rerms In this equation have the same definition as those used in the Holland
. == - 5

gation. Both equations irequently- underestimadte effective stack heights and

vide a conservative estimate when used in the dispersion quﬂnn'

Example B-3: Calculating effective stack height Determine the effective heighr of a stack
given the lollowing data e

{a) Physical stack s 203 m tall with 1.07 m inside diameter. -
(b)) Wind velocity 15 336 m/s.

fch Air temperature 5 13°C.

(e} Barometric pressure (5 1000 millibars.

() Swack gas velociy 15 9.14 m/s

() Stack gas temperature is [49°C

BOLUTION

1. Converi iemperaturas o k.

2. Calculate AT

3 Calculate AH using Eq. (87}

pd [ / F AT
A =15+ [268 x 107 —1
[ o l = W =p ; J|

Li

_ 9”._.?‘...'& b i ( 68 x (o~ 1000 x 136 x 1.-:1?-)]

:
422

4. Calculate effective haight.

H=h+Ah=203+66=2096m

Effects of Air Pollution on Meteorological Conditions

I The interrelatedness of atmosphetic conditions and air guality should be cvident
& from the foregoing discussion of the effects that meteorological conditions can
& have upon the dispersion, concentration, or réemoval of atmospheric pollutants.
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Air Pollution Control Methods
" and Equipment

5.1 CONTROL METHODS

The most effective means of dealing 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
contribute to air pollution or have the minimum air pollution potential. These are known
ag source correction methods, Application of these methods to existing plants is difficult,
~but still some of these correction methods could be applied 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 egquipment.
When source correction methods can not achieve the desired goal of air 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 regponsible for causing air pollution, use of a purer grade
of raw material is often beneficial and may reduce the formation of undesirable impuri-
ties and byproducts or may even eliminate the troublesome effluent. A typical example of
‘thie 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 minisum air pollution 4, sears to be through coal gasification
because sulphur and some other unwanted materials can be removed from the gas much

o e e e
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more readily than from solid coal. Coal gasification can be carried out in two possibl
gteps: -

1. Gas can be produced by destructive distillation of coal. The greater part of the
volatile matter is driven off and coke is left as a by-product.

2. Gasification of the coke residues of the carbonisation process can be done with
steam, CO,, O, air, or a mixture of these gases. The main products are H,,, CO, CO,
and undecomposed steam. Hydrogen can also be used as a gasifying medium, In the
case of hydrogasification methane is producad; however, high pressures are required
to obtain con=siderahle yields.

In all these processes, the sulphur is recovered by passing the gases through an absorbing
medinm. Surveys of zome industrial desulphurization processes are given by Strauss!,

Ore handling operations usually result in the emission of large quantities of dust intg
the atmosphers, In steel industry, replacement of raw ore with pelleted sintered ore has
gradually reduced dust emissions and also helped to reduce the blast furnace “slips”

5.2.2 Process Changes

Process changes involving new or modified techniques offer important ways of lowering
atmospheric pollutant emizsions. Hadical changes in chemical and petroleum refining

industries have resulted in minimizing of the release of materials to the atmosphere. The |

volatile substancez sre recovered by condensation and the non-condensable gases are
recycled for additional reactions. Hydrogen sulphide, which was once flared in refineries,
18 now recveled and nsed in Clans process to recover elemental sulphur

Rotary kilns are a major source of dust generation in cament plants, Some degree of
dust control may be achieved in the kiln operation by adjusting operating conditions,
Réduction of the gas velocities within the kiln, modifieation of the rate and location of feed
introduction and employment of & dense curtain of light-weight chain at the discharge end
of the kiln can lead to dust control.

Smelting and paper industries are notorious for emitting highly objectionable sulphurous
snaterials, These emissions are being curtailed by major process changes such as hydro-
metallurgical separations of orez and use of no sulphides in paper making.

In the steel industry, a radically different process has been proposed to lower sulphurous
emissions during combustion. In this process, the sulphur bearing fuel, limestone and air
are injected into a molten iron bath. The combustibles in the fuel are partially oxidised to

carbon monoxide within the molten iron bath; the gaseous CO comes off at t,bﬁ top of thewsq

molten iron and i= burnt efficiently in a conventional manner. The sulphur is retained
the iron bath and forms a slag with the limestone, which is removed.
Other examplez involving procezs changes include: (1) reduction of the formation m"

nitric oxides in combustion chambers by low excess air combustion in two stages, flue gas
recirculation and water injection, {2) washing the coal before pulverization to reduce the |
fly ash emisgions, and (3) substitution of bawete flux for fluorine containing fluorspar in-

the open hearth method.
5.2.3 Equipment Modification or Replacement

-

Air pollutant emissions ean be minimized by suitable modification or replacement of prcln‘:ﬂaﬁ_';
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squipment. For example, the unburnt carbon menexide and hydrocarbons in the cylinders
of an antomobile enginge, Ehich are otherwise emitted into the atmosphere through the tail
pipe, can be burnt by injecting air into the hol exhaust manifold of the engine. Similar
results can be obtained by suitable modifications in the earburation and ignition systems,

In petroleum refineries, hydrocarbon vapours are released into the atmosphere from
storage tanks due to temperature changes, direct evaporation, and displacement during
filling. These losses can 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 industrv and
development of an alternative power source for automobiles in place of the internal com-
bustion engine are additional examples 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 facilities and premises. Often changes in the design of local 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 leaks can be prevented by checking the seals and gaskets routinely.
Floors, decks, storage bins and silos, leading areas, and material transfer conveyors must
be kept 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 emizsions of pollutants can not be prevented and pollution control equipment
is necessary to remove them from the main gas stream. Normally, it is more economical to

-~ install the control equipment at the source where the pollutants are present in the smallest

poessible volume in relatively high concentrations rather than at svme 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 handling of higher concentrations of pollutants. Gas cleaning

technigues used alone, or in conjunction 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. '
Emiszion econtrol equipment may be classified into two general types: particulate control

. type, and gases and odours control type. For gaseous pollutants, essentially two alternative

classes or methods are available. The first class comprises the wet absorption and dry
adsorption methods, and the second elass includes methods depending on the chemical
alteration of the pollutant, usually through combustion or catalytic 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 of a 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 af particulate matter play a more important role.
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5.4 PARTICULATE EMISSION CONTROL

Particulate matter emstted in gaseous streams consists of discrete and minute suspended
particles. Particle sizes range generally from 100 pm down to 0.1 pm and even lezs. 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 Collection Efficiency

The operating or collection efficiency measures the system performance. In existing sys-
tems, it represents the actual performance. The most common way of expressing the
efficiency is in terms of the weight of the material caught in or retained by the collector
compared to the fotal amount entering the collector, Thiz is known as the gravimetric
efficiency and is usually expressed as a percentage.

Wei ghL of material collected

N =2 Total amount entering collector (5.1)
100 =
7 -‘
75 ] g = 7
F /
5 | i
% ! ,
g ® _—/5 3
o B 7 |
& § a5 J_J"Il
f’f -
e ||
L]
o 10 20 30 40 50

Particle diameter (p_ )
Fig. 5.1 Fractional efficiency curve

In particulate collection systems, the efficiency of collection varies with particle size.
This variation of efficieney is often expressed in the form of fractional efficiency. 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 efficiency 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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" curve iz ghown in F*Lg 5.1. From this information, the efficiency in each size range can be
~ computed by the equation
_ fraction in range “i " collected i
i

;i 100 W A5.2)

where m, = amount in range i " entering the collector,
The overall efficiency 1, can then be calculated over n number of size fractions as:

=3 rercent . 15.3)

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.

RE .
e
|

ey o =
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Ne= 3 01 =(002x1)+(0.02x7) +(0.04 < 16)

=1

+(007 = 44) + (0.1 =67 +(0.08 = 81)
+(0.07 = 88) + (0.1 % 92) + (0152 93)
+(0.2% 95) + (0.1x98) + (0.06 x 100)

Ny =B01T%

5.4.2 Particulate Control Equipment

The basic mechanizsms of removing particulate matter from gas streams may be classified
as: (1) gravitational settling, (2} centrifugal impaction, (3) inertial impaction, (4) direct
interception, (5) diffusion, and (6) electrostatic 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 filters, (4) electrostatic precipitators, and (5) wet collectors
{scrubbers).

The gravitational settling chambers and cyclone separators will not generally achieve
high efficiencies for removing small-gize 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 particles
(usually >50 pm) from gas streams. They offer low pressure drop and require simple
maintenance, but their efficiencies 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
formally used as precleaners prior to passing the gas stream through high efficiency
collection devices. The simplest form of horizontal type settling chamber is shown n
Fig. 5.2.
Charnier

£

Gas ] : "'-_. 5 Gas cultlat

inlet

Dust
hoppers

Fig. 5.2 Homizontal flow settling chamber
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In the settling chamber the gas stream, with its entrained particles, is allowed to flow
at a low velocity, allowing stfficient time for the particles to settle down. A more elaborate
settling chamber iz the Howard type whose simplified diagram iz shown in Fiz. 5.3. by
inserting several trays, the collection efficiency of the device is improved since the gas
flow velocity in the chamber remains substantially the same and yet each particle has a
much shorter distance to fall before reaching the bottom of the passage between trays.

ﬂi::l —fh | «—— Gasinlt
! *_,.v" N
"~ L‘.EI-I =
i,.-"d it Chambar widih = W
L P 4 H
7
¥ ey
t——{ TFS"!II ;F’; E

N |

Fig. 5.3 Howard settling chamber

Design Concepis
For a settling chamber having dimensions L x W x H, and n number of trays including the
bottom surface, the hydraulic diameter for flow passage between the trays is given by

= Ei%—fj- 5 4
" WAl )
and the Reynolds number,
uﬂ,,‘p
Re=—=&E .{5.5)
- HE
where v, the velocity inside the chamber, is given by
U= Q
nWAH
where @ = volumetric flow rate of the gas stream :
Substituting for v and D, in the Eq. (5.5), we get
26p
He = £
e ah (W + AH) .A0.6)
The spacing between the trays, AH, is given hy
AfF
1

provided there is no dust layer initially present on the tray surface, Substituting for AH
in Eq. (5.6) we have
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- 20p
Re=—— -5
u, (nW+H) =A8.T)
If a layer of dust H is initially present, then
AH = & -H
n
With this modification,
2
Re = £
w, (AW +H -nH,) -k 8)

For laminar flow conditions {(Re < 2300) within the trays, partlu:les of size d_ of a
particular material will settle a distance y with a terminal velocity v, in time ¢, Tfunng
this time the particles are transported a distance L with the velocity uf the gas stream,
Eguating these two, we have:

y L

v, = SRECR: |

the value of ¥ can be found from a knowledge of the particle settling velocity.
If the particles are uniformly distributed over the incoming stream, the efficiency of
collection 1 = ¥ /AH or
Lv, —nWLuy,
pAH &
When y = AH, all particles of that size (or larger) will be collected in the settling
chamber,

The terminal setiling velocity of the particles is found by equating the drag force on
the particle with the weight minus the buoyancy of the particle:

F=Cﬂ[ : dﬁ}[;pg 3] dy(pp=py)8 A5.11)

where Py = density of the particle, p, = density of gas, and d_ = particle diameter. Rear-
rnngmg, we gel

n= ol D 10}

dgd,|p, —p
o, =J p{ p —Pg) (5.12]

mﬂpg
where €, is the drag coefficient which is related to the particle Reynolds number,
Re, =d p,v, /l;. The general drag coefficient curve for spherical particles may be rep-
resented by three relationships. In the Stokes’ law region,
: 24
Cp=—— forRe, <1 5.13
Re, 5.
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& 1 the turbulent region Eﬁeu > TEIEI'D:, the drag coefficient ), b-emmes almost mnstant
|'|.' a valuE: l:lf 'D 45

Cp =045 for Re, >1000 -A{B.14)

-:]1.11:'-]1 as that given h;.f Schiller and NuumannE

....

= 88T r
Cp _RTP{HMEREP ) {5.15)

2
— gd.v {pp _pﬁ')
¢ 18 IJ_E LL] 1'::5- lﬁ:l

" In the transition region, where Cp, is 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

ICD REE =i 4gd§ [.PF B pﬁ'] pa -[51?:!
: 3

~ For particulates most often encountered in air pollution contral, Stokes' law is a
asonable approximation for calculating the settling velocity, Tahle 5.1 shows typical
ilues of terminal settling velocity ecalculated using Stokes’ law, together with actual
- measurpd values, from which it iz apparent that Stokes’ law is accurate for particles
;~.‘ smaller than 100 pm. The minimum particle size that can be removed with-100% effi-
ency can be found from the equation,

i e min = JI IBQ M'E
i: : P vnw‘{'ﬂ{ﬂp L PEJ [E‘F 18}

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

- toncentrations, non-uniform gas veloeity over the setthing height and width, particle re-

_entrainment, and turbulence. As a general rule, chamber velocities below 3 m/s are
satisfactory for avoiding re-entrainment of most materials,

Although the efficiency relationship is based on laminar flow conditions within the
‘unit, it is practically impossible to achieve laminar conditions without a very large particle
size or an inordinately large number of frays combined with an awkward shape of the
?hﬂmber Hence, the flow in the settling chamber will probably be turbulent rather than

aminar.
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THHE 5.1 Eet'tling '.I'Eﬂﬂﬂrh&s nf s.pheri:‘:al parlmlas in air [particle density; 1000 kg/m?®, air
temperakre: 20 °C, pressure: T60 mm Hy]

Turbulent Flow

This model is aften referred to as the well-mixed settling model, Here we assume that the
gas flow is totally mixed in the y-direction and not in the x-direetion (Fig. 5.4). We con-
gider a section between the trays with thickness dx and cross section A. The mass balance
for the particles may be written as:

¥

s

e 3

&
. -
y A 0 — l * o+dc -1
[3

¥

G dx Coui

- L >

Fig. 5.4 Gravity settling in a horizontal duect: turbulent flow

Mass concentration of Mass concentration of Rate at which particles
particles entering the | = | particles leaving the +| are deposited within ~ |...(5.19)
elemental volume |Adx)| | elemental volume (Adx)| | the volume | Adx)
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Thus
-
eAt = (¢ +de) Av + ev, Wdx T LAB.2m

where ¢ = mass concentration of the particles, and A = WAH
Rearranging Eq. (5.20) and integrating,

A

iy {'TIEE_E__!J:W‘Tit
e Av A
s Coat v, WL
2 W s .{5.21)
' EiH.IE
The efficiency el s (5.22)
]
Substrtuting Eq. (5.21) mnto Eqg. (5.22), we get in terms of volumetric flow, &,
, nWiLu,
The efficiency, N=1-exn|- ..(5.23)

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

Thurs = 1= XP (~Tjaminar ) -15.24)

. Exampie 2

A multi-tray settling chamber having 8 trays, including the bottom surface, handles
f m¥s of air at 20 °C. The trays are spaced (.25 m apart and the chamber is to be 1 m wide
and 4 m long. What is the minimum particle size of density 2000 kg/m® that can be

collected with 100% efficiency? What will be the efficiency of the‘_aettljng chamber if 50
um particles are to be removed? Laminar flow condition within the chamber and presence

of no dust initially on trays may be assumed,
Solution
From Eq. 5.18 .

g e 1846
P, T nWig [F'p P, }|

Mg at 20°C = 181 %10  kg/m-s and p, = 2000 kg/m®. Since p, 3 p,, p, may be ne-

1 glected in the above equation. Substituting forn = 8, W=1m, L=4m, g=981m /a2 and
| & =6 m¥s, we have

18{1.81x107° )6
%p.min = 1| 577)(2){.51)(2000)

_—__ _ —
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ty, min = 56m

]

d
TI —- _L
® (dp.mi.u ]

= (50/56)" = 80%

Example 3 3
In the above example, iz the laminar flow assumption justified? If not, what is the colle.
tion efficiency for 56 and 50 pm particles?

Solution
The Reynolds number may be ealculated as,
. .
W, (W +H)

The kinematie viscosity of air at 20°C, i8 151 x 10 m¥s and H=2m
» 2x6
151x1077 (8= 1+2)
We see that the flow i turbulent and the laminar flow assumption in example 2 was
not justified. Hence, using Eq. (5.23) we get

s l—e:q{—ﬂwm’ J
Q)

= 79,470

Bxlx4x0188
Nap=ss =1 - exp| - a

=1-0.37 = (.63 or 63%

[ E}cl:r::ixlllﬁ}
Nip=s0 =1 - exp| -———

=1=045= 055 or 55%
The terminal settling velocity v, was calculated using the simplified relation for par-
ticles settling in air at 20°C;
v, = 30,000 p,d;
where d_ is in metres,
v, (56pm) = 0188 m{s and

v, (50 pm) = 0.15 mys.
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Cyclone separators utlllsn a centrifugal force gonerated by a spinning pas stresm to sepa-
 rate the particulate matter from the carrier gas, The centrifugal foree on particles in a
s Linning gas stream is much graater than grawtj.r, therefnre cyc]nn&a are ef[echve in the

1 g space to handle the same gas volumes.
¢ There is a variety of cyclone designs, differing in the manner in which the rotating
,,}mtmn ie imparted to the gas stream. The simple reverse-flow type depicted in Fig. 5.5
~ consists of a vertical cylinder having a conicel bottom and is fitted with a tangential inlet
—vhmtﬂd near the top, and an outlet at the bottom of the cone for discharging separated
! cles The gas outlet pipe is extended into the eylinder to prevent short-circuiting of
ﬁrnm inlet to outlet.

In operation, the particle-laden gas upon entering the cyvclone cylinder receives a rotating
motion. The vortex so formed develops a centrifugal force, which acts to throw the particles
radially towards the wall, The gas spirals downward to the bottom of the cone, and at the

: bottom the gas flow reverses to form an inner vortex which leaves through the outlet pipe.

‘m

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

=
S F, where

s

F,=

@ Ohatar vortax

Troesr varten

-(5.25)
r

Clean a@ir outlst
p L o

A Inled _j '\\ :,,.H— Innes eylindar

- i ¥
Crubar warlas E ,.-'
) |~ |[mnar vortes
;

Body ——»

r._,..-—m

{ Diasd ouillad
Fig. 5.5 Reverse-flow cyclone separator
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where m = mass of the particle, v, = tangentlal vefm:tt-].-' of the pﬂ.!'t-lf..lf:: {ﬂ.mi gas) at radius
r and r = radiug of rofation.

The magnitude of the centrifugal force is frequently described in terms of the number
of times this force exceedsa the foree of a gravity. The separation factor S is given by

vy

gr

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

In a eyelone, the gas, in addition to moving in a circular path, also moves radially
mmwards between the inlet on the periphery and the exit on the axis. Since the tangential
velocities of the particle and the gas are the same, the relative velocity between the gas
and particle is simply egual to the radial velocity of the gas. This results in a drag foree
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:

S = ..(5.28)

mn
Smp d, v, = Ed: (Po—pa)- . {5.27)

where d, = particle diameter, and v_= radial velocity of the gas at radius r, Arranging the
above Equahﬂn for v, , we five

Al —pg)u?

| 13}[3 r ---{E.E'E}

The tangential veloeity of the particle has been found experimentally to be inversely
proportional to the radius of rotation according to equation,
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U™ = Constant = ¢t ' ..(5.29;
. L1 )
o i ey -l 30

where n,_the exponent, is dimensionless. To evaluate the constant o, we can write the
wolumetric flow rate through a curved duct of rectangular cross-section as (Fig. 5.8):

g |
Q=W [uydr (5.31)

where W.= height (depth) of the entrance section of the duct, and r, and r, are inner and
outer radius of the curved duet, respectively. Substituting Eq. 5.30 in Eq. 5.31 and inte-

Eratlﬂg:

| l=n 1-n
_ dr (™" —ri")
Q—ﬂwg;:"ﬂw == (5.32)
- go_ -n)
1 of, w{r_gl—n _ﬁl-—n} +iB.83)
' Therefore,
e @{1-n)
e L Wj.:h ri;l...ﬂ —-:F']l_n) B34
; Now, substituting Eq. (5.34) in Eq. (5.28), we have v., the radial velocity of the gas at
radius r:
. 2
- dﬁpp"ﬂs Hl_”'] Q*
.
1'8'“'5 w'ﬂr!f.h+]{rﬂl—m _rlfl—n }E ...{5.3_5]‘
Collection Efficiency ?

Due to turbulence, we can assume that the particles are uniformly distributed over the

cross-section at any given angle 8. Consider the effect of the laminar sublayer next to the
ﬂutﬂrierlge of the duct (cyclone) where all particles which enter it are captured. Ifr,d6 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,

o) = (2 +de)Q +ev, Wrydo - 5.36)

| Th-e second term on the right side of the equation (5.36) is the rate at which the
| Particles are eaptured within the element.
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Equation (5.36) can be rearranged as
- de W

__r:- = U, Q rzrf.ﬂ LABAT
Integrating the Eq. (5.37) and noting that at 8 = 0, ¢ = ¢, (total particle concentration),
we have
¢ W
—_= -, — 1yl
el g
The efficiency at any angle, 8 = 6, is then
c W
=]-—=]1- -t . —— T3 -
n o HP[ ik 1] ..{D.38)
Now from Eqg. (5.34)
W (1-n)

-EE: uﬂlr;[r;'"—rf'"} -A5.39)

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

Uy l1-n)8
n=1-exp|-— 7 (1-1)6) .(5.40)
oo, 75 (" =)
By . ; : . ; .
In Eq. (5.40), 2. 1is the ratio of the radial veloeity to the tangential velocity of the
L,
fy
particle at r = r, . From equations (5.34) and (5.35], we get
’ ¥ _ (P —0g Jd; (1-7)Q

i i —
U, IBMEW?‘;” [:r 2 —r {‘“ } ih41)

Substituting Eq. (5.41) into Eq. (5.40) and rearranging :

(Po =Ps)d;Q-n)"6; (5.42
18y W i) =t

N=1-exp|-
For a reverse flow eyclone. Stranss® recommends a value of n = 0.5
Substitution of n = 0.5 in Eq. (5.42) leads to:

(P, Py )y
T2, W (rf 4 niry - 2ryfrury )

N=1-exp - A543

ef

Pr

At
eff
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— effective numbgr of turns a gas makes in traversing the cyclone (uzually 6).
from Eq. (5.43) that as the diameter of the particle increases o as the cross
| area of the inlet decreases, the efficiency increases but with a higher pressure

he most satisfactory expression for cyclone performance is still the empirical one.
arrelated collection efficiency in terms of the eut size d,., which is the size of
ps that are collecied with 50% efficiency. Particles larger than d will have
n efficiency greater than 50% while the smaller particles will be coflected with
16NCY.
W cut size is given by

d,. = Mgb
o M‘ b, (pp _pﬂ] ..-{5,45:’

'r = inlet width, v, = gas inlet velocity.
] '-'*: plotting the ratio of the actual particle size (d,) to the cut size (d,.), a generalised
f collection efficiency may be obtained. Such a curve is given in Fig. 5.7

100

\

z

Collaction efficency as par can

| | S PR IE 000 0 i 401
0.9 1.0 100

Partiche-gize ratio did i

Fig. 5.7 Lapple’s correlation for cyclone efficiency

. -- {5.3 Hhﬂ‘“’ﬂ ? t}rp'iiﬂ'ﬂl CFCIDEE: with all the necessary dimensions md gi?&ﬂ values of
the ; ]lative dimensions for conventional and high-efficiency designs. Representative overall

tficiencies are presented for conventional as well as for high efficiency type cyclones in

Table 5.2,

"-_ ‘.. =
Atorrect estimate of the pressure drop across a cyclone is necessary, in addition to collection
iency, so that cost effectiveness may be colelated. A magnitude of 25 cm H,0, or less,
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Hamenclature Convantional {ref. &) High efficiency (ref. 7)
D cyolone diamsiar 1.0 1.0
a antrance haight 0.5 0.5 F
b antrance width 025 0.2
5 axil bangth 0625 0.5
D, et diameter 0.5 056
h cylinder haight 20 1.5
H owarall helght 4.0 440
B dust exit disrmeters 025 075

Fig. 5.8 Generalised cyclone design configurations

' i caleulated fro
is the generally acceptable operating range. The pressure dmpmsg,rbe ! .
several formulae, The approach of Shepherd and Lapple®, however, is the mmplaﬂt_a.nl:l
of comparable accuracy to the more complex ones. The pressure drop AP may be estimat:
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".‘,i'j There K = a constant, which averages 13 and ranges from 7.5 to 18.4, AP = pressure drop,
; g. and D, = cyclone dimensions, v, = inlet gas velocity, and p_ = gas density.

~ ginee the pressure drop is proportional to the square of the inlet velocity, it is obvious

h'. ¢ , high velocities cause not only re-entrainment but alse exzessive pressure drop.

air ’.._. ar Cyclone Types

. Many types of commercial cyclones have been developed and information on their per-
. fprmance for specific applications is generally available. In straight through flow cyclone,
~ {he inner vortex of the air leaves at the bottom (rather than reversing direction), with
. ipitial centrifugal motion being imparted by vanes at the top. The chief advantages of this
| gnit are low pressure drop and high volumetric flow rates. In the impeller collector, gases
_ enter normal to an impeller and are swept out by the impeller around its circumference
_'.* w]uIe the partml&.s are thrown into an annular slot around the periphery of the device.
'="~ -|  The main advantage of this unit is ils 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 iz used in preference to a large unit. Theze multicellular units usually
- require less space.

.i ‘Example 4
. Aconventional cyclone with a diameter of 1.0 m handles 3.0 m¥s of standard air carrying

- particles with a density of 2000 kg/m®. Using N_ = 6, determine the collection efficiency as
' a function of particle diameter using Eq. (5.43) and the empirical correlation of Lapple.

1 -.;_,-'_ Solution
- For conventional cyclone, Eq. (5.43) becomes after substituting,
il D D D_D
nEpAsnbeg-TY
a=W =%, and 8, = 12m,

o (P —pg)di@m

WO CE

= o =

since p >> p_, p, can be neglected
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‘.__.,:,_' -"ﬁ::'?_r}.ﬂ'ﬁh -};..):%A_‘I?’jf -\,i-'_.\_-_:-l'c\"' :- .r1-"-'\-\.-u-\.‘-\.

o g ]

"" -.
3 "'-C A y
L7 -\..d--\}-"h. = i N

p, = 2000 kg/m*, D =1m,

& =30m"/s,n, =181x10" kg/m-s
Substituting of these values and simplification leads to:
1 =1-exp|-16213x lﬂ‘ﬂ:ﬁi}
From Fig. 5.8, b = 025 m, and a = 0.5 m

The gas inlet velocity v, = E— = _EEJ"___ = 24 m/s

For the cut size o, Eq. (5.45) gives

= o f
¥ J_E:-{Lanw (025) | |

2n(6)(24)(2000]

[
The empirical efficiency is then obtained from Fig. 5.7 and the values obtained by |
these two methods are plotted for various particle sizes in Fig. 5.9. '

y //—_ |
0o jo

0e

VA

06 —

05 —

Efficsancy (h}

o4 = Eq.tﬁ.d:ij

0.3 7
0.z r

01—

a 2 4 & ] m 12 14 16 13 20 22 24
Farficle size, d{m}

Fig. 5.9 Efficiency curve for example 4 ;

5.4.5 Filters

Filtration is the oldest and generally one of the most versatile and efficient methods for
removing particulate matter from industrial gases. Filters can be classified as either a8
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'L ncjiﬂ"i ﬂltﬂl or a fabric ﬁlter. dependmg on the way in which the fibreg are held in place.
e Fﬂﬂkgd filter the fiber® are loosely packed inside an enclosure where the dust-laden
4 ﬁ” {akes a long path on its way LT'I-rJugh the fiiter. 'n a fabric filter, fibres are wovon into

a thin layer of fabric (bag filters) usually made from natural, synthetic, metal or glass
Flras, Fabric filters are the most commonly used particle collectors in industry where as
tead filters find wide use in air-conditioning and other applications where the dust

principle, the dust-laden gas passes through the filter in which the particulates are
ed on to the fibres by the mechanisms of inertial impaction, direct interception and

¥
F

=

:—Wf

1a) Inertial Impeation

] {b} Direct mterception

1) Diffuslon

Fluid streamlins
il naiiak Fanm FE.th

Fig. 5.10 Particle capture mechaniama

Inertial Impaction
Inertial impaction oceurs when the particle with high inertia follows a fluid streamline,

——
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but as it approaches the fibre its t.ra,_mctnr}r daparts from the fluid Et.ream]me around the
fibre. The departure of the particle from the streamline may be sufficient to allow the
particle to deposit on the curved surface. Fig. 5.10 (a) shows that the particles approach.
ing a fibre within a distance of y, from the plane of symmetry collide with the fibre. The
ratio 2y, /d, is called the collision factor ¢, :

u ....-m. e

2¥g
dy

Wilere "i,r' 15 the diameter of the fibre. Since all the particles that collide will not adhere ¢y
the fibre, an adherence factor ¢, is defined such that the collection efficiency of a singls
fibre due to inertial forces, 15 the product of ¢_and ¢ :

1'I impaet == ¢l,! q}n ---':.5-45:'

Theoretical investigations based on potential flow theory and experimental resulis
reveal that the collection efficiency n,___, is a function of the factor y and the Reynolds
number Re., based on the fibre diameter:

Nimpact =f (v, Rey ) --5.49)
where w is Stokes or inertial impaction parameter defined by

" Efp.ﬂ — P }dﬁum
lﬂ]rlgdlr

P = {547

“i.m;ti

-.(5.50) |

In Eq. (5.50) d.F 15 the particle diameter. Upa 15 the approach velocity of the particle, dr
is the diameter of the fibre, u is the gas viscosity and C is the Cunningham correction.
factor, The Cunningham correction factor is included in the above equation to take into
mun;: any molecular slip for very small particles. The magnitude of C, as given by
Davies”, iz

=1+ 31 1357+ﬂ_4e‘”“ﬂf’*}

f

(5511

in which A is the mean free path of the gas molecules, For standard air, A = 0.066 pm.
The Reynolds number Re in Eq. (5.49) is given by:

& ;
Re; = 200 ' (5.5
Hg ;
where v, = free stream velocity of the gas.

In Eq. (5.50), the particle approach velocity is generally assumed to be equal to the
free stream gas velocity. 4
Extensive measurements of collection efficiencies ]:tmre shown that the particle diams
eter d_ should be larger than about 1 pm, for inertial effects Lo play an important roe

in parfj.cle collection. Also, to achieve the greateat possible r:.ulla-::hun E:E.mem:jr the filtet

pressure,
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- ¥ When i_fﬂ < (14, the collsetion efficiency due to inertial impaction is given by Hinds1:
B - :

=
= &

: i o 8
Miospust = [{ 29.6-28f)(d, /d —27.5{d,, ,fdr] ]2 { ;u}z -{5.53)

1.1 :'_where f:+ fibre solids fraction or packing density defined as the ratio of the volume of
o golids (fibres) in a filter per vnit volume of the filter. Ku = Kowabara hydrodynamie

_which accounts for alteration of the flow field as air flows sround fibres in close
T it:p" to one another.

3 fF 1
Ku=f—=-L __In
- u=f; o il fr . (5.54)
By
~ pirect Interception
1 In the particle collection mechanism of interception, the particles have less inertia and
i almost follow the streamlines around the obstruction. The particles clear the obstacle but
 their outer peripheries come in contact with the fibre. Thus, if particle’s centre is travel-
| ling on a streamline which is closer than the radius of the particle (el /2), the particle will
"'.*-'::5;::' the fibre and will he intercepted (Fig. 5.10h).
- The collection efficiency by interception of a eylindrical target may be caleulated by
' the following expression if potential flow is assumed:

q d 5.
g e =152 iy
4 d d
= .|' {_-I f [11—--&]
'. II "I'l-r dlr
~ For a viscous flow situation, Strauss'® recommends Eq. (5.56)
t f':;' = Tiger = 1 [1+d_ﬂ]]n[1+d_p}_2{dpfdf]+[dp ."rdr"]
"|I1 imtsr zﬂm | lanr dr d’f 2.4 E{dp Jlrdfl] .-{E‘.EE':I
s

] * The combined mechanisms of impaction and interception usually account for more
than 99.9% of the collection of the particles larger than 1 pm,

Diffusic
Uiffusion mechanism is important for particles that are in the submicron range — particu-
Il larly for the particles in the range of (0.001-0.05 pm). These particles usually do not follow
the gas streamlines surrounding the fibre because the individual motion of the particles
mj can be affected by their collisions with gas molecules. This zigzag random Brownian motion
oked tauses the particles to impinge and adhere to the surface of the fibre (Fig. 5.10¢).

=‘::- The c::llﬂﬂ-ntiun efficiency by diffusion (1) can be obtained from the expression given by
spATgeson :

[
14

Np = 0775(CpyRey f2) Pe BT
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where Cp-= drag

-

wpedy He  %dr
Pa= RE',I-.SC: — L o D A5.58)

Hy P D
In Eq. (5.68), S¢is the Schmidt number and 7 is particle diffusivity given by:
£TC

p=
g d,

(559
& -
where k = Boltzmann constant (= 1.38 » 107 J/K) and T = abzolute temperature.
In practice the collection mechaniams of impaction, interception and diffusion are not
independent and, hence, all three mechanisms must be combined for caleulating the fibre
efficiency. A reazonable est‘mate for the combined efficiency of collection 1 ,is

Ny =l—(1—11mpmjll:l—qm}[1- np) ..L5.60)

In addition to the above mentioned three collection mechanisms, electrostatic forces
between particles and fibres increase the collection efficiency. The generation of electro-
static charges in filter fabries 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 m/s). The increase in
collection efficiency on aceount of electrostatic forees becomes greater with inerease in the
strength of the electric charge.

Overall Collection Efficiency of a Packed Filter

Consider a packed filter with dimensions of Why H in 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 iz v, and its velocity inside the filter is v_ where v_ > v,. The packing density

W= width
F
a
[ Wi Vel y
> ~ 1 H ————p &
a c o g =
A, ag
—p i [—
Y »x
- L -

Fig. 5.11 Flow through a packed filter
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ar fibre solids fraction £ is rplat-ed to the porosity (e ) of the filter as:

- AI’
1-f¢ e _{5.61)

!
where A' is the cross-sectional area for gas moving inside the filter and A, is the face area

of the filter.
The velocity of the gas (v ) inside the filter is given hy:
- b | _ Y

- Af [:-j f.r_'} 1 _.rli' ..-{_5‘.62}

where §) = volumetric flow rate of the gas.

b Writing a mass balance for the particles in the elemental volume as shown in Fig.
[ 5.11, we have:

co A= {e+ df:] v A+ u_ﬁff LieMpApde ..1H.63)

In Eq. (5.63), L,1s the total length of the fibre per unit volume of filter. This is related
to the fibre solids fraction {f;) as:

| 4
Ly =
¥ ifz i AB.64)

The last term in Eq. (5.63) gives the rate at which particles are removed from the gas
stream 1n the section of thickness dr. Simplifying Eq. (5.63) and noting

A __1
A 1-f;
we have
dc 4 f
el Ry el PP 4 A
’ 3 nfﬂr[l—fr]dx =
upon integration
L ; I
1
€o !  nd; [1"1’} ] ¥
The overall collection efficiency of the filter ia:
€L &1 T
Nml-—r=l—eup -Nr——
L-|_'|- l ||r Idf {]_ﬁ' J rll{ErﬁE]
where n; is the individual fibre efficiency as given by Eq. {5.60).

Example 5
A packed filter handlbing 1.0 m¥s of standard air is packed with fibres of size 100 pm in
diameter, Dust-laden air passes through the filter with a velocity of 1.5 m/s and the

%—
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Woven fabries have a definite Iu-ng,r range repnatmg pattﬂm and ha'l.re mnﬂlderab'le pnmmt.y
in the direction of gas flow. These open spaces must be bridged by impaction and intercep-
tion to form a true filtering surface. Felted cloth consists of randomly oriented fibres,
compressed into a mat and needled 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 tyvpe of filter usually requires substantially lesser cloth area for
a given loading than a woven type fabrie filter. Felted filters are more expensive than the
woven type filters and they can not be used in high humidity service, especially if the
particles are hygroscopic because of the high tendency for clogging.

The choice of fabric fibre is based primarily on operating temperature and the corro-
siveness or abrasiveness of the particles. Some properties of common fibres are shown in
Table 5.3. Cotton is the least expensive fibre, and is preferably used in low temperature
dust collection service whers no special problems are anticipated. Silicon coated glass
fibre cloth iz commonly employed in 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 filter systems typically consist of a 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 fixed intervals of time.

_F—ﬂf.’f_.[

—» Clean gas

= ShEker mechanism

{ ~ Filter bags

Crssty gas in ——w

_ Larger partiche
seqaration by
cantrifugs! action

LDust outled

Fig. 5.12 Typical baghouse

Large baghouses are constructed with several compartments, so that one cuﬁlp&rt-
‘ment may be isolated for cleaning as needed while the other compartments are operating.

—
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'Tha bags shnu]d ba amnged in ea.ch mmpaﬂ.mant in such s manner that. the E.\"Hllﬂhle
space ig utilised effectively and proper access to each bag is provided for its replacement.
Hoppers are prfovided for dust collection and the dust is removed usually by rotary or

acrew valves.

Table 5.3 Properties of some fibre materials (rei. 12)

The method of eleaning fabric filters varies according to manufacturer and type of
filter. 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
sufficiently to dislodge the accumulated dust. Cleaning generally takes less than one minutea
with the bulk of the dust being removed in a few seconds. A good cleaning schedule ensures
longer bag life and efficient filtration.

The following advantages make fabric filters the best choice in many cases: (i) very
high efficiencies, (i} retention of finest particles, (iii) collection of particulates in dry
form, and (iv) relatively low pressure drop. The main disadvantages are: (i) their large
size, (i) high construction costs, and (iii) their application only to proces# temperatures
generally below 285°C.

5.4.6 Electrostatic Precipitators

The electrostatie precipitator is one of the most widely used devicez for controlling
particulate emissions at industrial installations ranging from power plants, cement and
paper mills to oil refineriez, In most cases, the particulates to be collected are by-products
of combustion. In others, they are dust fibres or other small particles such as acid mists
from process industries.

Electrostatic precipitation is a physical process by which particles suspended in gas
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gtream are n:hargecl &[e-:tn-:alh and, unl:ler the mfluence of the electrical field, separated
from the gas stream. A typical wire and pipe precipitator is illustrated in Fig. 5.13,

The precipitation system consists of a positively ch Fl.il.'g'-l'."lj (grounded) collecting suiface
and a8 high-voltage discharpe electrode wire suspended from an insulator at the top and
held in position by a weight at the bottom. At a very high DU voltage, of the order of 50 kV,
g coroma discharge oceurs close to the negative electrode, setting up an electric field between
the emitter and the grounded surface. The particle-laden gas enters near the bottom and
flows upward, The gas close to the negative electrode is, thus, ionised upon passing through
the corona. As the negative ions and electrons migrate tywards the grounded surface, they
in turn charge the passing particles. The electrostatic field then draws the particles to the
collector surface where they are deposited.

Periodically, the collected particlez must be removed from the collecting surface. This

is done by rapping or vibrating the collector to dislodge the particles. The dislodged

particles drop below the electrical treatment zone and are collected for ultimate disposal.,

Usually, a large number of these collectors are placed in parallel in a single housing

forming a multiple cylindrieal unit, Although the multiple unit is not as widely used as |
the parallel-plate precipitator described in the next paragraph, it finds frequent use in

collecting liquid particles,

Insulator
o Clazn
o High vaoltaga
Pracipitator col cabla
_
Reaciilier ,,.-f""';:j |
Discharge _ oot gl
afechode = "'":_:“" V) = i (-
Dust on precipitator = 1
wall | Power supphy
; Fir u |:.|.:|
- Grouae] i
- e II'IIngJ-It
|
Gagin ‘ff,

Caollactad dusi

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 vertical parallel plates between
which are suspended a number of vertical wires held in place by weights attached at the
bottom. These wires form the discharge electrode, while the vertical plates form the
collection electrode. Fig. 5.14 shows the schematic diagram of a typical parallel-plate
arrangement.

L ;
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gtream are charged &Eectri-r:.all"r and, unu:ler the mnfluence of the electrical field, zeparated
from the gas stream, A typical wire and pipe precipitator is illustrated in Fig. 5.13,

The precipitation system consists of a positively ch ﬂrg'{'d (grounded) collecting surface
and a8 high-voltage discharge electrode wire suspended from an insulator at the top and
held in position by a weight at the bottom. At a very high DU voltage, of the order of 50 kV,
g coroma discharge ocours close to the negative electrode, setting up an electric field between
the emitter and the grounded surface. The particle-laden gas enters near the bottom and
flows upward, The gas close to the negative electrode is, thus, ionised upon passing through
the corona. As the negative ions and electrons migrate tvwards the grounded surface, they
in turn charge the passing particles. The electrostatic field then draws the particles to the
collector surface where they are deposited.

Periodically, the collected particlez must be removed from the collecting surface. This
is done by rapping or vibrating the collector to dislodge the particles. The dislodged
particles drop below the electrical treatment zone and are collected for ultimate disposal.
Usually, a large number of these collectors are placed in parallel in a single housing
forming a muliiple cylindrieal unit, Although the multiple unit is not as widely used as |
the parallel-plate precipitator deseribed in the next paragraph, it finds frequent use in
collecting ligquid particles,

Insulator
R Clagn
o High wvaltaga
Pracipitatos CoH cabla
-
Figrctiliar '_,,EZI—I
Discharge ; sel 1
efectrods — T ¥ = |
s L i
Duet on precipitator 5 :.:LF
will = | Pawar supply
3 3 3¢ (+)
| Il Cale T al Fl
- Weight
Gagin ‘”ﬁf’

Collactad dusi

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 vertical parallel plates between
which are suspended a number of vertical wires held in place by weights attached at the
bottom, These wires form the discharge electrode, while the vertical plates form the
collection electrode. Fig. 5.14 shows the schematic diagram of a typical parallel-plate
arrangement.

L
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Fig: 514 Schematic dipgram of a parallel-plate precipitator

Callection Efficiency

The collection efficiency of an electrostatic precipitator as a function of gas flow rate and
precipitator size is given by the Deutsch equation (Eq. 5.78) which iz applicable to both
cylindrical and parallel plate type precipitators, Consider a precipitator of an arbitrary
geometry with a eross section A and length L, 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 trajectory | |
can be resolved into the axial z-component with a velocity U, and a y-component with a '

*velocity v, . The particle velocity v,. 13 equal to the gas velocity v in the axial direction.
k il | Perimeter p
] : :I
x i:_., l.ll-q o i é Arag ] !
v (i » |
I Yorm .

dz

Farticle frajactory

Fig. 5.15 Collection efficiency derivation

When the charged particle possessing a charge q, 18 in a region where an electric field
strength of E_ is present, a force F; will act on the particle.

Fog =q,E, .[5.66)
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T'hc migration of partl-:lcf-' towards the mllect.ﬂr is resisted by a drag force and Lhe net
force on the particle is zero when it moves with a constant drift velocity, v

4 I:l.“|
Ry =Fpu . (B.6T)
or,
Tl:::f‘t Em
8. =Cp—2 '}3; ..[5.68)

where (' = Cunningham correction factor as given in Eq. (5.51). For small particles, the
Stokes law is applicable. Hence

Gy o .{5.69)

Substituting for '}, into Eq. (5.68) and solving for Vo WE find
_ 9EC

) = .
pm amu, ﬂ’.P el 2.0

The collection efficiency is evaluated by writing a mass balanee across the differential
element dz (Fig. 5.15). For steady operation with no net accumulation of particles in the
E8S space, we get

Qe =Q(c +dc) +ev Pz LABT1)

where P = perimeter of the geometry, ¢ = particle concentration, mass per unit volume of
gas stream, and § = the volumetric flow rate of the gas.
Simplifying Eq. (5.71), we get

de _ Upmldz
e )
Intégrating Eq. (5.72) over the length L for concentration from ¢, to ¢, we get

ey, L'PmPL\I v
— = X Bl e torl
¢ P[ Q ...{5;'?3}

5.72)

The collection efficiency n 13 defined az

Nal—== L 5.74)

Substitution of Eq. (5.73) into Eq. (5.74) gives:
VamPL ‘||

Q )
; ?E:ljllnti.ug that the product PL is equal to the collector surface area A_, we may write Eqg.
D.75) as

n=1- exp[— LABTR)
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The migration ::fparty;les towards th-& wﬂectur 15 resisted by a drag force and the net
foree on the particle is zero when it moves with a constant drift velocity, B

Ko =de‘. A D.67T)
or,
ME‘ '_
7 = _Em E
g B =En— i 2 _(5.68)

where ' = Cunningham correction factor as given in Eq. (5.51). For small particles, the
Stokes law iz applicable. Hence

24;15,

B = E';'E,HL‘,W oA B.69)

Substituting for Cj, into Eq. (5.68) and solving for s WE find

Ll qpf‘l CI
T {5.70)
The collection efficiency 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

Qe =Q(c +dc)+ev,, Pdz . A5.71)
where P = perimeter of the geometry, ¢ = particle concentration, mass per unit volume of

gas stream, and € = the volumetric flow rate of the gas.
Simplifying Eq. (5.71), we get

de  Upnldz
2 ] ..(5.72)
Integrating Eq. (5.72) over the length L for coneentration from ¢, to ¢, we get
er, ) U&PLJ '
—_— = Exp — am—n
Co [ Q .-.'[E'.TEJ'
The collection efficiency n is defined as
c o
it ..(5.74)
0
Substitution of Eq. (5.73) into Eq. (5.74) gives:
U, PL
n=1--ezp[— ‘“Q ] (5.75)

Noting that the product PL is equal to the collector surface area A, we may write Eq.
(6.75) as
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This is the well known equation for the collection efficiency of a precipitator obtainec
oy Deutsch and it can be used for both tubular and plat= type precipitators. Equatior
(5.76) may also be written in the following form:

AL :
n=1 —ﬂxp{———--] BT

v ¥

where v = gas velocity; V = volume of the precipitator.

. 4
e where D)= diameter of the collector, and fo

1

For a cylindrical type collector

a parallel-plate type collector T"’L =g S being the distance between the two parallel plates

The particle migration velocity is probably the most important parameter in Eq. (5.76),
A= seen from Egq. (5.70], it iz a function of a large number of operational quantities such
as Lhe electric field strength (E), particle size (d )}, gas viscosity (p ) and the particle
charge g, which is a function uf the dielectric ﬂ.mi:i resistivity pmperiuea of the particle.
Eubat.ltuhng Eq. (5.70) into Eq. (5.76), we find

2,EC A
3mu,d, Q

Typical values of the migration velocity encountered in practice for use in Eq. (5.76
are given in Table 5.4.

Exampie 6

An electrostatic precipitator for use with standard air containing dust particles of 1.0 pm
diameter 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 m¥s. If the electric field strength is 1,00,000 V/m and if the particle
charge iz 0.3 % 1071% coulomb, compute the collection efficiency.

Solution £
The particle migration velocity is ealeulated from Eg. (5.70)
_ qEC
e Snd,

Substituling the viscosity for standard air, the above eguation can be wntten as:

- =5?Eﬁgi’f—‘£'
P

The Cunningham correction factor C is evaluated from Eq. (5.51)
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C=1+ 2—1[12.’57 +0.4¢7 05507

3

- For standard air, A = 0.066 pum and the particle size d, = 1.0 pm. Substituling these
values, the value of C = 1.168. Therefore,

_ 5766(0.3x107|10° (1168)
<l (L0x107)

= 0.202 m/s

il

Table 5.4 Effective migration velocities {ref, 13)

R o = Ty -

= s A
~ From Eq. (5.76) n= 1—’-&::9[— ”F"‘T]

A, = 1D, L =7(0.3)(20) = 1.88 m” and @ = 0.075 m?/s
Substituting for A_ and @, we find

=1-expl -~ (_pg
| i “’p[ (0.075) o

- 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 m%hr of gas. What is the efficiency of
collection? What should be the length of the plates for achieving 99% collection efficiency
if other condition are the same?

s L
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Solution
From Eq. 5.76
. z"'||.|:-:-|‘a'-z~ |
n=1- exp[—
Q )

A, =2(2%2)=8m® v, =010 from Table 5.4, and

@ = (10,000)/(10)(3600) = 0.278 m?/s per channel,

( {[I.l{}}[B}]
Therefore, n=1-exp| - =94.4%
s | 0278 )
A_[V = 2/5. The spacing between the plates, 5, ie equal to 0.15 m.
- -1
Therefore, A V= 015 - 13.33 m
The velocity of the gas in each channel,
L 0.927 mfs

T A (018)(2)
From Eq. (5.77), for n = 0.99,
Lr

(o

FEl

_ 4.6(0927)
~1383(01)

A unique feature of electrostatic precipitators is that the separating force is applisd
directly to the particles without the necessity of accelerating the gas as is done for all other
particulate collection devices. This unique feature leads to an extremely low pressure loss
for the collection of fine particles compared with that in any other type of collector.

The most economical design and operation of dry electrostatic precipitators is obtained
when the resistivity of particles falls within certain desived limits. If the resistivity is low
particles give up their charge too easily and become re-entrained in the gases flowing past
the collecting electrode. On the other hand, high-resistivity particles can not lose ther
charge upon reaching the collector electrode because of the low conductivity of the material
deposited earlier. As a result, the effective field strength i= reduced and the efficiency falls.
Particle resistivity can be controlled in many cases by selecting the proper operating
temperature or by injecting water to reduce the resistivity. Such irrigated precipitators
are used for the eollection of fumes from electric arc furnaces.

Table 5.5 summarizes the advantages and disadvantages of the electrostatic precipitate
as a particulate control device. These devices are often used in series with cyclones; the
coarze particles are first removed in cyclones before the gas enters the precipitator.
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54.7 Wet Scrubbers

In Chapter 2, it was pointed out thal 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 liguid scrubbing equipment. Wet collectors have a number of
advantages over dry collectors, such as simultaneous removal of particles and gascouns
pollutants but suffer from the problems of corrosion and liquid waste dispesal These are
summarised in Table 5.6.

The basic function of wet scrubbers is to provide contact between the serubbing liquid,
usually water, and the particulate to be collected. This contact can be achieved in a variety
of ways as the particles are confronted with so-called impaction targets — which can be
wetted surfaces or individual droplets. Whether the particles encounter wetted surfaces as
in packed serubbers 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 predomingnt
mechanisma for particles of diameter above 0.3 1m, and for particles of diameter below 0.3
pim, diffusion beging to prevail. In addition, diffusiophoretic deposition and electrostatic
precinitation also effect particle collection.

Diffusiophoeetic deposition can be significant when mass transfer within the scrub-
ber, caused by eondensation of water vapour from the gas onto a cold liguid surface,
exerts a fooce upon the particles and causes them to get deposited on the surface. The
electrogtatie charge produced on droplets during alomization is too small to hdve any
influence on particle collection except when a charge is deliberately induced on the drop-
lets™, In addition, agglomeration, another phenomenon that occurs in all particle collee-
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 types are:
(i) spray towers, (ii) centrifugal scrubbers, (iii} packed beds and plate columns, and
{iv) venturi serubbers,

Each type of design has a certain range of applicability. Thus, low-energy scrubbers
such as spray towers are most often used to handle partieles largely about 5-10 pm in
diameter, while the high-energy units such as the venturi scrubbers are very affective with
fine particles (smaller than 3 um},

'h—- =
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54.7 Wet Scrubbers

In Chapter 2, it was pointed out thal wel 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 =crubbing equipment. Wet collectors have a number of
advantages over dry collectors, such as simultaneous removal of particles and gaseous
pollutants but suffer from the problems of corrosion and liquid waste dizsposal. These are
summarised in Table 5.6,

The hasic function of wet scrubbers is to provide contact between the scrubbing liquid,
usually water, and the particulate to be collected. This contact can be achieved in a variety
of ways as the particles are confronted with so-called impaction targets — which can be
wetted surfaces or individual droplets. Whether 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 um, and for particles of diameter below 0.3
pm, diffusion beginag to prevail. In addition, diffusiophoretic deposition and electrostatic
precinitation also effect particle collection.

Diffusiophosetic deposition can be significant when mass transfer within the scrub-
ber, caused by eondensation of water vapour from the gas onto a cold liguid surface,
exerts a force upon the particles and causes them to get deposited on the surface. The
electrostatic charge produced on droplets during atomization is too small to have any
influence on particle collection except when a charge is deliberately induced on the drop-
lets™, In addition, agglomeration, another phenomenon that occurs in all particle collec-
tors, also enhances particle removal.

There are many scrubber designs presently available where the contact between the
serubbing liquid and the particles is achieved in a variety of ways. The major types 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 applicahility. Thus, low-energy scrubbers
i such as spray towers are most often used to handle partieles largely about 5-10 pm in
' diameter, while the high-energy units such as the venturi scrubbers are very zffective with
fine particles (smaller than 3 pm},
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Spray Towers

The simplest type of wet serubber 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 collee- |
tion results because of inertial impaction and interception on the droplets. The maximum

Clean gas out
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Centrifugal Scrubbers

The collection effflency for particles smaller than those recovered in apray towers can be
increased through the use of centrifugal scrubbers. The simplest type of centrifugz=1 scruk
ber can be constructed by inserting banks of nozzles mmside a conventional dry cyclone,
The spray acts on the particles in the onter vortex, and the droplets loaded with particles
are thrown outward against the wet inner wall of the cyclone, In the absence of spray, the
efficiency will be the same as that for a dry collector.

Another version of a centrifugal scrubber, shown in Fig. 5.18, has the polluted gae
introduced tangentially into the lower portion of the vertical ¢vlinder. 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 contrifugal force. During their motion, the droplets collide with the particles
and capture them, The serubbing liquid along with the particles flows down the wall to
the bottom of the serubber. The cleaned gas exits through a demister and is processed for
the removal of any entrained water droplets.
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Fig. 5.18 Centrifugal scrubber, fangential entry

The particle cut diameter (d,, ) for centrifugal spray scrubbers is between 2 and 3 pm,
Commercial scrubbers have operating efficiencies of 97 per cent or better for particles
larger than 1 pm, The centrifugal acceleration involved may range from 25 to 300g. In a
centrifugal Geld of 100 g, for example, the most effective droplet gize is 100 pm (ref. 16).
Smaller droplets can be entrained in the gas stream whereas the bigger droplets are
found to have smaller inertial impaction parameters,

Packed Beds and Plate Columns
Packed beds and plate columnes, well known to chemical engineers as absorbers or

|.
————ﬁ
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actnnators, can alzo be use scrub part ate ma polluted zazes Ina by
countercarrent-flow packe® scrubber (Fig. 5.19) the nolluted gas stre .m moves W
and comes in contact with the scrubbing Hguid stream which is moving downward over the
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Fig. 5.19 Packed bed 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
inertial impaction. Because of the good mass transfer characteristics of the packing, efficient
eollection of line particles by diffusion is also possible. The serubber can be packed with &
variety of materials such as Raschig rings, saddles, coke or broken stone, Smaller packing
increases the efficiency of collection but its shape does not appear to affect the eollection
afficiency.

Packed towers can be chosen for serubbing particles that are soluble in the serubbing
liguid;«ctherwize, the packings will encounter plugging problems. The plugging problems
can be reduced by emploving sprays to wash the packing or by using low density spheres,
agitated by the gas flow. More recently, a moist chemical foam packing has been employed,
which drains slowly from the scrubber with captured particles and is replaced with fresh
material.

In the impingement baffle plate scrubber, the gas stream is passed through a flooded,
perforated plate for scrubbing (Fig. 5.20). The impingement baffles are situated directly
above each perforation on to which the gas jet iz impinged. The particles are collected by
inertial impaction. Particle collection may be aided by atomization of iquid flowing past
the perforations in the plate.

In impingement type serubbers the superficial gas velocities are § timez the velocities
generally nsed for mass transfer operations such as distillation. The main disadvantage
of impingement plate systems iz their tendency towards scaling, resulting 1n plugging of
the perforations

Venturi Scrubbers
Venturi scrubbers offer high performance collection of fine particles, usually emaller than
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2103 pm in diameter. They are particularly suitable when the particulate matter is sticky,
flammable or highlf corrosive. The high performance of the venturi serubbers is achieveq
by accelerating the gas stream to very high velocities, of the order of 60-120 m/s. The high.
speed action atomizes the feed liquid, penerally introduced in a uniform fashion across the
throat through several low-pressure spray nozzles directed radially inward as shown ip
Fig 5.21.
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Fig. 5.21 Venturi scrubber followed to cvelone soparator

The droplets aeeelerate in the throat section and due to the velocity difference between
the_ particles and the droplets the particles are impacted against the slow-moving droplets.
This aceeleration of the droplets is not likely to be completed at the end of the throat, so
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that parhile L"I'I“FI:ti(m cmtmues to some extent into the diverging section uf t.ha ventur,
The gas-liquid mixture is then directed to a separation device such as a cyclone separator
where the droplets carrying the particulate matter are separated from the gas stream.

The mechanizms affecting the collection of particulates in the venturi scrubber are
inertial impaection, diffusion, electrostatic-phenomenon, and condensation and agglom-
gration. Although condensation plays a part in the effectiveness of the scrubber by help-
ing the particles to agglomerate, the predominant mechanism iz inertial impaction.
Johnstone ef al.’” correlated the collection efficiency of the venturi scrubber with the
impaction parameter (w) as:

M. = 1-exp{-KL.[y | A58

where K 15 an empirical factor determined by throat geometry and other parameters. The
value of K may be of the order of 0.1 10 0.2, The inertial impaction parameter can be
evaluated from Eq. (5.50) by replacing d;, the fibre diameter with the droplet diameter o,
and v, the particle velocity with the miame velocity of gas to liquid, v,

e diameter of the droplet obtained from gas atomisation in the uenmri throat can
be evaluated from the following equation:

dy = 16.400/0. +1.45 L5 A5.82)

where dy iz in pm, L is the liquid flow rate (gal/1000 ft* of gas), and v_ is the relative
velocity of gas to liquid at venturi throat in fi/sec,

Example 8

A venturi scrubber is to be used to collect particulate matter from an industrial operation.
The liquid flow rate through the serubber is 10 gpm per 1000 ft* per min. of the gas and
the relative velocity of the gas to liquid is 300 ft'sec, The gas is air at standard tempera-
ture of 298 K and pressure of 1 atm carrving particles of density 1000 kg/m® Determine
the efficiency of the scrubber as a function of particle diameter.

Solutign
The droplet diameter from gas atomisation {d,) 15 obtained from Eq. (5.82).

ty= 10400 1 |

r

where L = 10 gpm/1.000 ft* per min, and v, = 300 ft/sec = 91.5 m/s.
Substituting the values, we gat

dg = ]g';gﬂ +145(10)"" = 100pm =100x 10 m
The inertial impaction parameter y is given by the equation, |l
2 (1
i Cpydyu, !
18, dy |
| where G=1+2£~{12M+n_4e‘“”r""“] I
P
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p, =1000kg/m®, and p, = 18%107" kg/m-s,

Bubstituting, we get
2
r:{mu_uld - (91.5) 2804042
" 18(18%10°7) (10010 ]

The collection efficiency 1, of the scrubber can be obtained from Eq. (5.51)
T, = 1-exp(-KLJw)

Assuming K = 0.2, we get
e = 1~ exp(-02(10),/v )

1o i

=1-exp(-8361/Cd, |

The values of 1, caleulated from the above equation for various particle sizes are
t-ﬂbul&ted hFIﬂw

The results are plotted in Fig. 5.22.
The pressure drop through the venturi scrubber can be predicted on the basis of the
equation suggested by Calvert!® .
AP =5%10°0 2L

where Ap is the pressure drop in inches of water. For the problem of example 8, the
pressure drop, AP, becomes equal to 46" H 0. 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 acrubber'®. Az is shown in Fig. 5.22, for particles of a particular size
higher efficiencies require greater pressure drop and consequently greater power

A58
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3 ~ consumption, Similarly, for smaller particles, the same efficien
~ sure drop or greater power consumption,

cy requires a higher pres-

 contact between the liquid and solid phases and is usually defined in terms of the power
. | i umetric gas flow rate that is dissipated in contacting and iz ultimately
heat. The total econtacting power P is the sum of the gas-phase contacting
~ power, F., the liquid-phase contacting power, P;, and mechanical contacting power, P,
e those devices which are mechanieally aided).

]

Pr=Fg +P, +Py - A5.84)
These terms may be determined from Fqgs. (5.85-87) E e . —
Fg =002724 AP, kWh/1000 m* ..[5.85)
where dPE = Eas pressure loss in em H,0. f
P, = 002815 AP, [ 3—;’] EWh/1000 m? ...(5.86)

~ where AP, = pressure drop for liquid input in atm; @; = liguid rate in litre/min; and
| @ = gas rate in mYmin.

W
Py = 1'3-'5?[ ﬁ} kWh/1000 m* ...(5.87)

B whero Wg = net mechanieal power input in kW,

i
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The m]lechqu eﬂimenﬁjr of a serubber can be de&m‘abed in terms n[ the number of
transfer units, V,, defined as

! e aa

de Cy
=t —T— = —lﬂ[_] 1
1% P 0. B8
T'= 1__,:1=1_E_N' A ...{E.Eﬂj
1

where ¢, = inlet particle concentration and e, = outlet particle concentration.
The number of transfer units was plotted against total power consumption (P for :
series of serubbers and particulates when the following expression was obtained:

N, = aPf (5,90

where o and b are empirical constants that depend on the particulate size an
characteriztics, and are little affected by the serubber size or geometry, or the manner o
applying the contacting power. Some representative values of o and f are given in Tabl
5.7

Table 5.7 Scrubber efficiency parameters (ref. 21)

In Table 5.7, a, theauefﬁmentanrmEq (5.90), haaummufhpjflﬂmﬂafm}'ﬁﬂn
thaupunantﬂmdimammﬂeas Since the contacting power Py is given in the units |
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kWh! lﬂl}['l m?, it has to he converted into units of hp-fl' 1000 ft*%min) when using in Eg.
(5.90) along with o and [.

(Note: 1.0 XWh/1000 m? = 2,273 hp/1000 fi%min).

5.5 SELECTION OF A PARTICULATE COLLECTOR

The sulection of a suitable control device for a specific application requires congideration
of particle size, itz concentration, desired efficiency of collection, costs, space available,
and maintenance factors, Fig. 5,23 gives the efficiencies of varions gas cleaning devices for
three broad particulate size categories: coarse, fine and superfine dusts®. This can be usad
conveniently for a preliminary selection of devices, For example, for 99% removal of fine
dust (60% < 25 pm), preliminary selection of an irrigated target tvpe scrubber, an
electrostatic precipitator, and an irrigated electrostatic precipitator may be made. After
the preliminary selection, a comparative cost anslysiz must be conducted including the
operating and the maintenance costs. After a general selection of equipment is made to
meet specific emission limitations, the exact eosts are determined, and the actual operating
efficiency and pressure drop are obtained on the installed system.
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Fig. 523 Efficiency of various types of gas cleaning devices (ref. 22, copyright (¢} 1974 by Litton Edu-
eational Publications Inc., eopyright () 1979 renewod by Van Nostrand Reinhold, sll rights
reserved, reproduced with permission)
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It is important that the inter-related process and Envmnnment.alfacmrs roust be weighed
earefully before saking the final decizion, Often the collection equipment eventually selectad
represents the most desirable compromize, Alternatively, two collectors may be combined
to achieve the dezired reaults, Table 5.8 provides a summary of some suceessful applications
of particulate control devices in various industries.

5.6 CONTROL OF GASEQUS EMISSIONS

As noted earlier, there are essentially two clesses of techniques by which gaseous pallut-
ants may be removed from an effluent stream: (1) sorption of pollutant, for example
through absorption in a liquid or adsorption on a selid surface, and (2) chemical alteratior
of the pollutant, usually, through combustion or catalytic treatment.

5.6.1 Absorption by Liguids
Absorption is one of the most frequently used technigues for controlling the concentrations
of gaseous pollutants before they are discharged into the atmosphere.

Tt invalves the transfer of the pollutant from the gas phase to the liquid phase across
the interface in response to a concentration gradient, with the concentration decreasing ir
the direction of mass tranafer.

Table 5.8 Use of particulate collectors in industry

A two-resistance theory, initially suggested by Whitman®, is often used to explain thiz
process. Aceording to the theory, the interface offers no resistance to mass transfer, anc
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the mass tranzfer rate between the two phases is controlled by the rates of diffusion
through the phases on each side of the interface. The transfer of component A from the gas
phase to the liquid phasze is illustrated in Fig. 524, with a concentration gradient in the
gaz phase from the bulk gas concentration of component A, p,.. to the interfacial
concentration, p, ., and a concentration gradient in the liguid phase from, ¢ ; at the inter-
~ face to the bulk liquid concentration, ¢,;. The bulk concentrations p,, and 4y, Are not

* aquilibrium values; because if they were, diffusion of component A 'mﬁanut tuI-;E place, If
no resistance to mass transfer exists at the interface, p, . and ¢, are equilibrium concen-
trations; these are the valuss which would be uht.amed if the two phases had been in
cantact for an infinite period of time. p,, and c,, are directly related through the equilib-
rinm data.
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Fig. 5.24 Concentration profiles

For dilute solutions the equilibrium relation between p, and ¢, can be Expressed in
terms of Henry's law:

Pﬂ_ TH{!_“ -..{5.91}

where I is the Henry's constant, which depends on the definition of concentration units.
For example, if the Henry's law is expressed in terms of the mole fraction units, Eq. (5.91)
bhecomes

Py =HTI,4 Eﬁ.ﬁi]‘

where x, is the mole fraction of component A in the liquid. Table 5.9 shows values of
Henry's constant for several gases in water. Smaller values of H' represent higher solubilities
of the gas. That is, for a given partial presaure of the gas, a higher liquid concentration will
be reached at equilibrium,
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Selection of the Scrubbing Medium
The effectiveness of an absorption process for air pollution control mostly depends on the
selection of a suitable scrubbing medium. Some of the properties of solvents, which are
important in industrial applications, are the fallowing: high gas sclubility and high selectivity
between solute aspecies, low vapour pressure, non-corrosivensss, easy regencrafion and
recovery, low costs, low viscosity at absorption temperature, nontoxicity, nonflammability
and chemical stability

In addition, the chosen scrubbing medium should not eause water poliution or waste
disposal problems, Table 5.10 summarises the more commonly used solvents in industry

for the removal of various gaseous pollutants.

Table 510 Suitable solvents for varous gaseous pollutants
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. - Gas Absorption Equ!pment

:_ "'-"GHE abaorption 15 commonly Lnnduq ted in equipment which are designed to provide intimate
m_ﬂmct. between the two phases. The eontact between gas and liguid ean be accomplished
digpersing the liquid in the gas or vice versa. Some of the commonly used absorhers in
I.r gir pollution control are packed towers, plate and spray towers and venturi serubbers,
& Pached towers are very efficient a]:usurptiuu devices involving & continuous contact of
e phases. These use a variety of packing materials ranging from specially designed
aramic packing to crushed rock. The liguid is distributed over the paclking, which provides
interfacial ewtace area, and flows down the packing surface in the form of thin films
¢ subdivided streams. Normally, the liguid and gas flow countercurrent to each other, the
" as flowing upward and the liguid flowing downward. The use of packed towers is limited
g clean gases, as any precipitate or slurry will eause plugging of packing.
o In fray or plate towers, stepwise contact between the liquid and gas ocears. Liguid
| antroduced at the top cascades from ome stage to another and eventually is withdrawn
the bottom of the tower. The gaz flows in a countercurrent direetion to the dropping
| Jquid. At each tray, gas passes through small holes drilled in the tray or under slotted capes
g ;’-:1-;*.-. in the liquid, forming bubbles. Absorption takes place during the bubble forma-
fion and their ascent through the liguid. In the spray fowers, the flow arrangements are
' '_"-. prmally eountercurrent and cross-flow. The liquid is introduced by spray nozzles or other
5 ._:_ pmising devices which form droplets. These droplets provide the mass transfer surface.
Spray towers are used for sbsorption of highly soluble gases and solid particles when these
" are present in the gas.
. In venturi scrubbers the gas and liguid flow in the same direction. The absorbing
¢ liguid is introduced at the throat of the venturi and the disperzion of the liquid is
f accomplished by the high velocity gas stream. The resulting large interfacial area makes
h rH. venturi scrubber an extremely efficient absorber. However, the energy required for
1 achieving high efficiencies is considerable,
In air pollution control, the most popular means of gas cleaning is the packed tower;
however, Lm}r eolumns, spray and venturi scrubber are used in nearly 10% of the cases,
| Absorption is treated extensively in mest chemical engineering texts (ref. 24-27), to which
R rh.n erence ecan be made for detailed information regarding the equipment desiom and
N ‘f onstruction. Here the discussion will be limited to the basic concepts related to H‘lE design
1.11 packed columns.

f asic Design Considerations
(Consider a steady-state operation involving a countercurrent absorber as shown in
Fig. 5.25.

Eﬂ A solute material balance gives,

Fl}']+LﬂIE=FﬂE+LII] . 15.93)

| ¥here G = total molal flow rate of the gas phase per cross-sectional area of tower, L = total
* -"-- nl:a] flow rate of the liguid phase per cross-sectional area of tower, ¥ = mole fraction of
.:I.' | mlute in the gas phase and x = mole fraction of solute in the liquid phase.

i | Since G and L vary along the height of the tower, it iz much simpler to express material
h]am:r-_i equations in terms of solute-free concentration units. The material balance then

EH:‘H!I'II.ES

ne

2 H—‘E*"ﬂ.
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In the above equation (" and L’ are the average values for the entire tower which in
this case are 1.254 and 1,007 kg/m® -5, respectively. From Table 5.11, for 1 in. Rachig rings,
o = 0.557, P = 0,32 and ¥ = 0.51, These data are used with some reservation since G
excecds the limit shown in the table. The Schmidt number Se, = 0.705.

.32

0.557(1.254
Hg=— | M:', JO.705 = 0503 m
(1007)

Similarly, H; 1s given by

L n
Hr_ =¢[;J -,|'S-E;

By

where, from Table 512, & = 0.00235, and n = 0.22. The Schmidt number 5S¢, = 462,
Substituting these values, we get

2

H; ={}.00235[L?_4) Ja62
9.62%10

or H; =0232 m

Employing, Eq. (5.116), we can get the height of the overall transfer unit (H.). The
glope (m) of the equilibrium line can be evaluated to be equal to 0.58. The average values
of (7 and L are 0.0103 and 0.0134 kg moles’sec, respectively. Substituting, these values in
Eq. (5.116), we get

00103

0. 134\“]@2

’ Hog = 0508+ u?a(

ar Hon =0503+0139=0642m
The height of the packing, ;
Z =358(0.642)=23 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 of a solid adsorbent. The attractive forces holding 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 b;.r an evolution of heat The adﬁurhed matenﬂ can be removed or desorh
by reducing the presgure or by inereasing the temperature. Thus, the process iz reversih
Chemisorptior, which is the result of a chemical interaction between the solid and ¢
adsorbed material, is venally irreversible with the hest of adsorption being much high
than that for physical adsorption. The molecules are held to the sclid surince by chemic
bonds and the original material undergoes a chemical change. Chemisorption is of particul
importance in catalysis but 18 not a primary mechanism in air pollution control methoc

Adsorption techniques are widely used in the field of odour control for removing sm:
quantities of pollutants present in a large volume of air. Adsorption techniques are al
cused for collecting valuable organic substances that cannot be picked up by scrubbi
methods. The rate of adsorption of a substance depends on the concentration of the materi
around the adsorbent, the surface area of the adsorbent, the pore volume of the adsorber
and some other properties such as temperature, molecular polarity and the chemical natu
of the adsorbent surface. Several solids possess adsorptive ability with extremely lar
specific surface areas. Some of the adsorbents commonly used in air pollution control a
activated carbon, activated aluming, silica gel and molecular sieves, Typical data for adsc
bent materials and their uses are given in Table 5.14.

Adsorption of a gas on a solid oecurs in several stages. The first stage is the diffusi
of the pollutant from the bulk gas phase to the external surface of the solid, and this
similar to the diffusion of the gas to the gas-liquid interface in absorption. The seem
stage is the diffusion of the gas molecules into the pores of the solid, and the third stg,
is the actual adsorption on the active sites in the pores. The third stage is relatively fa
compared to the first two stages, and it is these earlier states that determine the rate
adzorption. It is usually not possible to determine which of the first two stages controls tl
adsorption rate, In some cases they are of equal significance. For that reason, adsorbe
are most often designed using empirical methods based on scale-up from pilot scale dat

Table 5.14 Properties of adsorbents and their uses
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A Remcrval of pollutants hjr ads&rphnn may he l'.'.E.I"I.'i.Ed nut in a bathmse or l:unilmmua
. manner of operation. A typecal fixed bed operating on a batch cycle is shown in Fig. 5.30,
The pelluted gas stream enters the bed at the top, travels downward through the bed and
" Jeaves at the bottom,

~ When the gas first enters the solid bed, the front portion of the bed adsorbs the pollutant
L gas very rapidly and the little amount of solute left is taken up by the deeper layers of the
 ped, Thus, the gas initially leaving the bed is almost completely free of the pollutant.

.

Poldsd gas —pﬁ_ P o _II—I- Sleam out
2 ""; Adsurbun:l"' )

!},a_.l-.ht, Zrale a-*;_-g_.;:i
Sleam in —ik_ bt —p Clean gas
||

Fig. 530 Fixed bed adsorber

: After a period of time, the lavers 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 of the 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 coneentration. The curve of pollutant concentration as a function
. of time thus has an S-shaped appearance and is commaonly called the break-through curve.
~ Fig. 5.31 shows a typical break-through curve, The fime at which the break-through curve
- first begins to rise appreciably is called the break-through point, and the time at which
the outlet effluent concentration essentially reaches that of the inlet pollutant concentra-
tion is called the exhaustion point,
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Fig. 5.31 Typical adsorption break-through curve
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The adsnrher i3 nm‘matlv rE-gErnErB.t-ed when the, hreak through point is rea-:hnd He-
generation means removing the pollutant from the adsorbent thereby renewing it for
further use. For the single-bed adsorber, as shown in Fig. 5,30, the regeneration is accom-
plished by stopping the gas si-cam and then = lawing steam o 20 inert gas to oow thr 1zhy
the adsorbent bed, Regeneration is often facilitated by using parallel beds, one of which
removes pollutant while the other is being regenerated.

Adsorption Process Design

Adsorption processes are most easily 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 ahility of the adsorbent in the adsorption zone and
the depth of the adsorption zome.

The mass velocity of the solvent gas stream is G, kg/(hr) {m®). The initial concentration
of the pollutant (selute) in the inlet gas is ¥, kg. solute/kg. solvent gas and the concentration
at the break-through point is ¥, The adsorbent has essenti.ﬂlly exhausted at some u:hih‘ariky
chosen value Y close to ¥, The adsorption zone Z, in the bed, of constant depth is that
part of the bed i m which the concentration is in the pmuess of being changed from ¥, to ¥
If t is the adsorption zene formation time and Z is the height of the adsorbent hed.,

tg ~ig

Ly =L .

ATy e .(5.11%) _

where i = time to exhaustion, ¢, = time to break-through peint.
The difference ¢y, — ¢, gives the time required for the adsorption zone to move its own

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 ¢y to f,is

given by the shaded area in Fig. 5.31 times G_. This is given by

i o
§=G, I{}’n ~¥ )t ..{5.120]

o _

If, however, all adsorbent in the zone were saturated with solute, it would contam

¥, G, (tg — ty) kg solute/m?® of bed cross-section, Therefore, the fractional ability of the
adsorbent in the adsorption zone still to adsorb solute is, j

fovo-vae
oy |
YiGnlte—tg) Yoltz—ts)
P G O
o=
and tp = (1=t ~tg)
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G, 100 s
Fm[n EI'_I IE_]_HE} - .I.rflljr' - f{}rl‘: = EIEE = U-D..‘r m

The deptil of adsarption, £, ={9.314){0.014) =013 m

' The height of the bed, £ = 1 m.
" Degree of bed saturation at break-through point,

Z-(1-f}Z2; 10-(1-0566)013
Z 1.0
=043 G
At break-through point the amoont of adsorbate
=NZp Xy ={0.942)(1.0)(440}{0.042) = 174 kg/m® eross-section

= (L8942,

The pollutant enters with the air at a rate of
{100} (0,024) = 2.4 kg/thr¥m*)
The time required to reach the break-through point,
ty = 17.4/2.4 = 7.25 hr

~,.ll.’,_:z. Combustion

J_i.__i Many industrial processes produce gas streams that have no recovery value, so absorption
~or adsorption methods may not be economically feasible, If the waste gas contains sufficient
- combustible material then incineration may be the simplest route to air pollution eontral.
. ‘_;ﬂnmhuﬁtmn applications include the destruction of odours, toxic substances, and reactive
qf..matunﬂls the prevention of explosion hazards, and the reduction of pollutants in the
'gmdised forms. The pmducts of combustion of erganic materials are normally odourless,
o ~golourless, and harmless giving off carbon dioxide and water vapour, However, high molecu-
3 lar weight hydroearbons could couse smoke problems. Similarly, certain inorganic materials
‘I upon cembustion give oxidation produets Like sulphur dioxide and oxides of nitrogen, and

- these remain a pollution problem unless they are easily separated from the gas stream.
| When apollutant is to be destroyed, the combustion must be complete; otherwise,
. intermediate products of combustion will form which may be more noxious than the original
- contaminant. For complete combustion, the oxygen must come into intimate contaet with

~ the combustible material through adeguate turbulence at sufficiently high temperature
and have a sufficiently long residence time. In fact, time, temperature, and turbulence
- have =0 predominant role in combustion reactions that they are often called the “three T's"

- of combustion.

The normal ranges are: temperature: 375-825 °C, residenee time; 0.2-0.5 sec and gas
velocity: 4.5-7.5 m/zec.

There are three methods of combustion in commoen use today: direct combustion {or
flaring), thermal incineration (also called after-burning or flame combustion), and catalytic
oxidation. Highly combustible streams with high heating values can be eliminated by
direct flaring, However, flaring is not a satisfactory solution when the gas streams contain

enl 'i-'
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excessive amounts of inorganic pollutants ].].i'i..l':' E.ulphur chlorine and ﬂuunne In suc
cases the gas streams arve pretreated before ﬂarmg Odten unsaturated hydrocarbons gye
as olefins and aromaties with their low hydogen-to-carbon ratios produee smoke unless ¢}
design is such that it allows them to burn smokelessly. One such design incorporate
steam injection through jets surrounding the flare tip (Fig. 5.35). The steam jets induc
turbulence in the periphery of the flame and add heat to the combustion process, |
addition, this sets up a water gas reaction giving carbon monoxide and hydrogen whis
helps to generate smokeless flame. The steam requirements vary from 0.05 to 0.3 k
steam/kg gas, depending on the olefinic and aromatic content of the gas stream. A pile
flame iz also provided to re-ignite the gas stream if flameout occurs.

Flama

itV

Sl

FARES

Stowm nozaes E\( Filat

Cancenbic staam

headar
Flare tip

== %

Steam Fual

Foliuted
siredrm

Fig. 535 Steam injection type flare

Preheating of the gas stream is ofien required if the combustible gases are diluted with
inert gages to ensure that the minimum fome energy concentration is not reached. This i
done by using a ring burner in addition to the pilot flame burners, Thermal incineration
iz perhaps the most efficient as well as the most flexible technique fof destroving such
diluted gas streams. In the thermal incinerator (Fig. 5.86) the waste gas iz preheated ofter
over an auxiliary fuel-fired burner and passed into a combustion chamber where
temperature of 500 to 800°C is maintained. The gas stream is kept at this elevat
temperature long enough (0.3 to 0.7 sec residence time) to allow complete axidation.
gas stream is introduced in such a geometry and at a velocity that promote turbulence an
thorough mixing with the burning fuel. Thermal incinerators require little maintenance
properly engineered. The major operating cost is in the form of fuel required to sustai
appropriate temperature levels. The fuel requirements may be reduced by recovering th
waste heat either by returning the heat to the process or to preheat the gases,



LECTURER KHALID AHMED SALIH - TIKRIT UNIVERSITY


LECTURER KHALID AHMED SALIH - TIKRIT UNIVERSITY

“F"’ n."ﬂ:"" T

Rafractony lined =tes! wall

Fig. 526 Thermal meinerator

| Regenerative Heat Recovery
‘| [n the regenerative heat recovery arrangement, a heat exchanger is usually placed in the
~ pxhaust stream following the oxidiser where the hot exhaust gases are used to heat the
= incoming air stream containing the pollutant. The preheated air stream then enters the
1 mndwer where the pollutant is destroved. The productz of combustion then pass through
'_ jhe heat exchanger and are discharged into the atmosphere. A schematic of the regenerative
" heat recovery arrangement for the oxidizser is shown in Fig. 5.37.

Exhaust gas
By WJ B
Fispl
— Chadiser Heal axchangar
By i AANAA
i T* T.
- Combustion air
(f nacessary)
i
Fig. 537 Regenerative arrangement for an oxidizer
The effectiveness of the heat exchanger is given as:
ho—h
s . 5.135)

hy—hy

Where, i, and h, are the gpecific enthalpies of the polluted air stream entering and
leaving the heat exchanger respectively, and h, is the specific enthalpy of the process gas
stream leaving the oxidiser and entering the heat exchanger. Now, writing a heat balance
around the heat exchanger, we have

I_ titg (hg = By ) = [, +1it, J(hy —hy) ...(5.136)

SR —
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where m, = mass flow rate of polluted air stream, Mg = mass flow rate of the fuel and 4

= gpecific enthalpy of the exhaust gas leaving the heat exchanger,
Solving Eq. (5.136) for fi, gives

hy = hy - — -
4 =ity ritg + i, {'&ﬂ Ay ~{0.137;

A m
The air-fuel ratio S '
F =, : .[5.138)

Substituting Eq. (5.138) into Eq. (5.137), gives

__rF)
® (1+AJF)

We assume that the oxidation of the pollutant takes place under adiabatic conditiona,
The enthalpy i, qfthe product air stream leaving the oxidiser from which the temperature
T,, called the adiabatic combustion temperature can he obtained, is given hy

[‘ﬂHR

hy=h (g ~hy) ..[5.139)

«.(B.140]

= o , '
where 5 is the heat of combustion of the fuel used, per unit mass. Table 5.15 lists

heat of combustion values for several common fuels. Saolvin {
of comb 3 g Eq. (5.140) for A d
substituting into Eq, (5.135) gives A A

[—aﬂﬂ
s
# hy —2—L L hy
A
1+—
E= ( F]
by = hy '
[—aﬂﬂ]
M
or Eoke
=3 (514
Ry—hy )| 1+=
(hs =t )[ 145

Salving Eq. (5.141) for the air-fuel ratio, f.l;, we have
F
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F (hg-hli-g (5,142
. Substituting Eq. (5.142) into Eq. (5.138) and noting that b, - k, = & (i, — h,), we get

o {ﬁ., _‘F"‘I.][l_f:] E{ha ~h)

h; =l ha = 1 .
[_ AHHJ .(5.143)

Tabie 5.16 Heats of combustion of some common fusle

.
The enthalpy values for air as a function of temperature gre shown in Fig. 5.38,

= -_il-i.'l e '1

: ﬁ'haat_exehmlgm' is to be used with an oxidizer in a regenerative set up, Air containing

- & volatile organic compound (VOC) enters the heat exchanger under standard conditions

- &t a rate of 10 lr:g.-’a and is preheated to a temperature of 550 °C. The effoctiveness of the

- heat -a:n:hanggr 18 0.6 and the oxidiser iz fueled with propane gas, Calculate the following:
(@) The adiabatic combustion temperature of the air stream leaving the oxidiser.

(&) The mass flow rate of propane entering the axidiser.

1 {ed The temperature of the exhaust gas leaving the hoat exchanger,
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Fig. 5.38 Air specific enthalpy vs temperature
Solution .
] {z) From Eq. {5.135), the specific enthalpy, fiy, of the gas leaving the oxidiser is given by |
II:H ='h']. 4 {ht _hlj
E, L
From Fig. 5.38 we have
hy =25 kd/kg :

hy =570 kJ/kg and £ = 0.6
substituting the above values:
570-25
&3=25+{—HE—]= 933 k-]'fkg
From Fig. 5.38, the temperature T, = 880 °C

A
(b} The air-fuel ratio F can be calculated using Eq. (5.142)



LECTURER KHALID AHMED SALIH - TIKRIT UNIVERSITY


iy N R
LECTURER KHALID AHMED SALIH - TIKRIT UNIVERSITY

ET T T potinen oot Wetheds and Eaiiant 221
- -A
A g

= -—1
by =l )(1-g)

=3 i1
. From Table 5.15, for propane

—AHp _ 45350 k) kg
m_é'!

A 46350
=9 =1276
F~ (933-25)(1-0.6)

The mass flow rate of propane entering the oxidiser is given by

: T 11
=—2 = ——— = (LT84 kg
e L’QJ 127.6 fe
2 F

from Bq. (5.137) and Fig, 5.35,

{rit_ |

e el Ko
E | ] I:-Ij!u } i {:'?'1_*. } |: 2 ] ]'
10
hy=983-— 0 iemn_95
* Toroorea o020
: - 933 - 540 = 393 kJ/kg
trom Fig. 5.38, T, = 390 °C,

H!fﬂr“x!'dﬂfmﬂ 15 an attractive proposition when thermal incineration of very
b wuu]f]-nts 15 not economically feasible due to additional fuel eost or when heat
! result in only marginal savings. The combustion takes place on a catalyst
tﬂnparatumﬂ several degroes below those required for thermal incineration.
et in :rﬁ that is necessary to initiate the reaction depends on the type of pollutant
12 Ras stream. Table 5.16 summarizes the catalyst entry temperatures for
8 Industrial systems,
o ta";}- 55 used for effective pollution control are the precious metals, primarily
o i p_&uad“-‘-"_ﬂ or their alloys. These are arranged in such a way as to provide the
o Eﬁm ble suﬂﬂt‘f& area for contact with the gas. The catalyst is eoated onto suitable
iy :s metal ribbons, ceramic rods, or alum_ina}:le]]etsll. "Fhese E].ﬂl'.llﬂlli:s are then
ity of FE:E'T'EIF“ bed. A typical eatalytic combustion unit is shown in Fig. 5.39. It
inle fixed b ¢hion vessel or converter in which the catalyst is arranged in single or
eds preceded by a preheat section, if necessary.
or L‘aiﬁ:ie heat section, only the gas stream is heated to the temperature required to
L ¥tic combustion, The preheated gas is then passed through the catalyst bed
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whera the combustion ocecurs. To maintain the ::atal:.rst in an active stale gnd to achipve
complets combustion, sbout 1% axcess cxygen i= required.
-

Hioi clgan gas

I?:

e T / % Pallutant gas
f ; g
e _\. T é’:?:f T Prabedt bumar
d] |¥

Fig. 539 Catalytic combustion anik

Table 5.16 Inlet temparatures for catarz.rst combustion {raf 249)

Ramntad with parmim-.m u['Pe:rgmnn PresaPLE Enpjrnght 1968, '
* Temperatures = 648 *C required o oxidize carbon.
= Heduclion reactdon, all others are modation reactions.
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| 2t S R R T (e S afltior Contret Methace and Eauipmen
mat'ﬂ:ra ;E?ig;tli;fnr?bu;iihq_ft.ﬂhniqua iz recommended for gages that are free of p;it'té::'u'iate

T ¥ Iree of metallic substanees which could poison th
eatalvst bed is cleaned perindicall it
b1 1 e 10 ¥ tauarterly or aropally) by seruining wich w
Jl sometimes with acid and by heating ta high temperatures. e
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