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AR, POLL.TIONAND ITS "CONTROL
 

1. Introduction 

1.1 Purpose 

The following material is an introduction to the study of 

air pollution and its control. It is a survey of the many 

topics that are Included in such a broad area of study and is 

meant to provide the participant in the IPEAID cours- with a 

foundation of basic information, and to point the way to sources 

of more specific and more detailed information. This presentation 

is oriented towards people with industrial technical backgrounds 

who will be concerned with environmental decision making in the 

future. 

1.2 Areas Covered 

The topics discussed in the syllabus include the nature,
 

sources, and transport of air pollution; the effects of air pol

lution on humans, plants, and the physical environment; air 

pollution standards; the nature of process emissions from selected 

industries; measurement and monitoring needs in air pollution 

control; control technology for industrial emissions; siting of
 

industrial facilities; consideration of land use planning and 

energy; and the impact of the manufactured product on the environ

ment. 

The material that is presented is by n. means inclusive. 

In many cases, considerable detail has been avoided to preserve 

the readability of the syllabus and to be consistent with the 

purpose of this course. More detailed discussion is provided for 
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topics that ha*-e divect ibeaiig onIindutrial,processing. Refer

ences- that can be used to obtain additional information are 

included in the last section of the syllabus. 
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' The' Atmosphere 

'-"-The earth's atmosphere is composed of several layers, including 

'the ionosphere, the warm layer, the stratosphere and the troposphere 

The ionosphere, which begins at about 40 miles above the surface of 

the earth, is itself composed of several layers, and is characterize 

a,,ogother things, by its ability to reflect low-frequency radio 

'waves. The warm layer is found from about 25 to 40 miles above 

the earth's surface. The temperature in this layer is reasonably
 

stable and is higher than the temperature that prevails near the
 

earth surface. The stratosphere is located from approximately 7
 

...	t 25 miles above the earth. In this layer, the ozone content 

reaches its peak and the temperature is relatively stable. The 

layer closest to the surface of the earth extends upwards for an 

.average of 7 miles and is called the troposphere. The air in
 

this layer is subject to considerable movement which results in
 

what we call weather. Within the troposphere the temperature
 

generally decreases with height, or "lapses." This rate of derline, 

or lapse rate, is about 100C per kilometer (4*C per mile).
 

Nearly 3/4ths of the mass of the atmosphere, and almost all
 

of the moisture and the solid particulate matter is contained in
 

the troposphere. Over 99.9% of the volume of dry atmosphere is
 

made up of four gases: 

Nitrogen 78.1Z 

Oxygen 20,.9% 

Argon 0.9% -

Carbon Dioxide' 0,03 
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In addition, the remaining rare gases,,,andnumerqus ~trace gases,
 

ch ~as nitrous oxide, nitrogen dioxide, nitricxde,, carbon
 

,;monoxide, _.monia, -and, s ulfur dioxide, can ; also be found. In 

addition to the gases,, solid particles also present. These include 

condensation: nuclei -! submicronuparticles that serve as-nuclei 

!,for the condensation of water and other vapors- sea salt from 

ptheievaporationof the ocean's spray, and solid particles intro

duced into the atmosphere by industrial processes related to 

.Mvss .activity and by the wind. The amount of moisture in the 

atmosphere will vary, widely depending upon location, and sason. 

,,The,average concentration range is 1 to 2. 

-The concentration of any trace component in the atmosphere
 

will vary for each, locality in which the concentration is being
 

measured. This is because the sources of these components are
 

localized. For example ammonia is introduced into the atmosphere
 

largely from the decay of organic material. The concentration
 

of ammonia in the atmosphere will be higher near marshes and other
 

a

areas where decay processes occur.
 

Not only are there sources for the particles and gases found 

in the atmosphere, but there are also processes,and places in which 

these materials are destroyed and removed from the atmosphere, called 

I5,'siks'. The existence of sources and sinks means that the trace 

components will have varying lifetimes in the atmosphere that may
 

range from several seconds to several years. The major sinks are
 

the ocean (for many gases including CO2 and ammonia), the earth's
 

surface (for ozone and particulate matter), the biosphere, and
 

the upper atmosphere. It is ,important to remember that the atmosphere 

is a dynamic system, one that is constantly undergoing change. 
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~ ~ ~pqors.. aqd ,particles,, that-Iare int Iroduced by
 

snatural and ,man-associated (anthropogenic).rsources are removed
 

from, the, atmosphere by ,the! processes of dispersion, diffusion,
 

,reaction,I absorption" and adsorption., When the rate of intro

- , duction of unwanted materials into the- atmosphere exceeds the 

rate at which they are dispersed, diffused, reacted with, absorbed 

~, or adsorbed,. these gaseous andparticulate materials will accumulate. 

At ,certain concentration levels, some, of the particles and gases 

introduced into the atmosphere affect man and his environment 

because of .their toxicity, their ability to damage, or their 

ability to create discomfort. Air pollution may be defined as 

,the (local).accumulation of unwanted, undesirable, or toxic 

materials in the atmosphere to the,, point that they can cause insult 

to the environment, ranging from psychological irritation to death. 

Although, numerous .gases and particulates could be considered 

pollutants, theU.S. has focused on a small group which are 

considered important because of two factors; a) amounts emitted 

by sources, and b) potential environmental impact. The principal 

pollutants include carbon monoxide, ozone (oxidant), nitrogen 

dioxide, nitric oxide, sulfur dioxide, inorganic sulfates, suspended 

particulate tratter, and hydrocarbons. The term particulate matter 

includes solid materials, such as dust and flyash, and liquids in 

the form of fine, mists, for example sulfuric acid mist. 

The earliest air pollution was a visual insult-the clouding 

of the air in cities by smoke. There are references in the literature 

to the displeasure caused by air pollution in the 11th century. 
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In, the' 12th--century, 'King Edward II of England is ,supposed' 

ijto have beheadedfthe 'operatdrrof -a "coal'"flred furnace whose 

,-smoke was allow*edrt0odrift ,'across the "gromds 'of. the castle. 

SThe,term"smog, :meaninig ',a.-combinit~ionr of smoke and 'fog1,- was 

-applied-.to 'the ,visible 'pollution' associated vth the severe 

.(acute) episodesredcorded in- -London, England; the Mevese Valley 

in Belgium; 'Donora, 'Pennsylvania; and other1l6cations', The 

'killer tog'in Londoniln', 1952. was responsible for some 4,000 

- excess 'deaths; a'Thanksgiving weekend,episde in New"York City 

1'-in 1966' was responsible for some 200 excess deaths. 

In, recent years, there has been increasing concern "for the 

-damage potential, of the pollutants 'that cannot be seen. Com

kbinations of'gases andparticulate matter, or gases alone, can 

cause significant'damage to 'man and his environment. There has
 

'also'been an increased'awareness of the potential dangers from 

exposures to lo'-levelsof pollutants over long periods of time. 

These have: led tb the establishment of'air quality standards and 

- .-control strategies.to meet ' them. 
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3. 	 sPl.utants,and Their Sources
 
- ,Although natural -.such as forest fires
,ts 	 and volcanic 

,activity, introduce tremendous quantities of pollutants into the
 

atmosphere, this discussion will be limited to a consideration of
 

gases,,nd particulate matter produced by man's activities.
 

3.1 	 Units. of, Concentration 

Typically the concentrations of air pollutants have been 

reported in units of parts per million (ppm), or parts per. bil3ion 

,4,(ppb) . This is a ratio of the volume of a given gas to a unit volume 

of the atmosphere. Recently there has been a shift towards using 

a mass per volume unit in the metric system - milligrams (mg) or 

micrograms per cubic meter (pg/m 3 ). The reasons for this probably 

include: the current trend to use metric units; ppm cannot be used 

for particulates, requiring separate units for gases and solids; and 

ppm does not reflect the fact the mass of the gases in the atmosphere 

;decreases with height. In this summary, both units will be noted. 

3.2 Particulate Matter 

* Particulate matter refers. to discrete particles of solids or 

liquids emitted into or formed in the atmosphere. Particulates may 

result from the physical treatment of solids or liquids, the combustion
 

of fuels, and natural processes. Examples of particulates include fly 

ash;, fugitive dust from mining, crushing or grinding operations; mists 

produced by liquid scrubbers or cooling towers; wind driven soil; and 

yolcanic ash. The U. S. Environmental Protection Agency estimated 

that in 1971, 27 million tons of particulates were emitted. Approximately 

1/2 of this resulted from industrial processes and nearly 1/4 .from fuel 

combustion by stationary sources. 
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Particles smaller than 1 micron ('yaire geierally"fr-kind'd by 

condensation processes in the atmosphere. Crushing and grinding 

solids ca~n'produce particles as small as about 2U. Incomplete 

combtitoni and the unburible portion (ash) of the fuel are two 

other sources of small particles. Particles larger than 10 

typically are produced by mechanical processes such as grinding, 

and-ind erosion. Generally, pairtices' larger than 101i have high 

settling velocities and do not stay in the atmosphere very long. 

The average mass concentration of suspended particles (smaller than 

'100) ranges from 10 to 60 idm3 in nonurban areas, and from 60 to 

200 'ig/m 3 in urban areas. In heavily polluted areas these con

centrations may be even higher*
 

3.3 Sulfur Oxides
 

The predominating form of oxidized sulfur in the atmosphere
 

is sulfur dioxide (S02). Oxidized sulfur will be present in
 

particulates in the form of sulfuric acid and sulfate. Sulfur. dioxide 

primarily occurs from the combustion of fossil fuels, refining of
 

petroleum, the smelting of sulfur.-containing ores, and the manufacture 

of sulfuric acid. It is estimated by EPA that 32.6 million tons 

of SO2 was emitted in 1971. A little more than 80% of this was producei
 

by fuel combustion in stationary sources.
 

Estimated groimd level concentrations for S02 in nonurban areas
 

are from 0.5 to 5 Vg/m3 (0.2 to 1.9 ppb). In any particular area, 

the 'groundlevei concentration will depend upon the amount and type 

fuel burned, and meteorological factors. Typically in larger
cities , concn'tration of 75 g/m (0.pm) sire not uncoummo 
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3.4 Nitrden Oxides -

Thei-' term; "nitrogeni oxides'! 3(NOi) includes -twogases: '!nitric 
o'6xide e(NO)'and nitrogen dioxide (N02 ) , On a, global:bases the major 

source for these oxides, primarily emitted as NO, is bacterial action.
 

If the United&States and in! other industrial countries, NO, emissions 

are produced by fuel combustion. Some NO2 ,can be emitted -from specializ 

'industrial processes such as the manufacturing and use of nitric acid, 

welding, and electroplating. However these make up a&small portion 

of the total emissions. EPA estimates that 22 million tons of NOx
 

were emitted in 1971. Approximately 50% of this was from transportatio 

sources (internal combustion engines), and 49% was from fuel combustion 

in stationary sources. Miscellaneous sources accounted for a very
 

small fraction of the total emissions because the principal mechanism 

of formation of NOx is the reaction of the nitrogen and oxfgen at 

temperatures typically found in combustion processes.
 

Concentrations in urban areas are usually from 10 to 100 times 

those concentrations founded in rural areas. The average background 

concentrations in the U. S. are 8 Vg/m 3 (4.3 ppb) for NO2 and 2 Ug/m 3
 

(1.6 ppb) for NO Nitrogen oxides are considered important pollutants
 

because they damage the environment and they start the formation of
 

photochemical smog.
 

3.5 Carbon Oxides 

Both carbon monoxide (CO) and carbon dioxide (CO2) are iportant
 

atmospheric components because of their significance to vegetative 

and photosynthetic processes. Carbon dioxide has been the subject 

of much study because of its ability to absorb long-wavelength radiation 

that otherwise would be losto to the ,outer atmosphere, producing;what' 

is called the "greenhouse effect." Catastrophic damage could occur if 
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the temperature of the earth would rise or fall significantly. '- .' r 

Study 1"of :the factors causingteuperatreand climatic changes is 
:contiuing,! Hcver,,no generally ,1acceptable conclusions have been 

lrea~,Id. 

-

* ' Carbon monoxide is a widely distributed air pollutant. Total 

of carbon monoxide~ exceed, those of all, other ipollutants 

combined. EPA estimated, that in 1971, over, 100W million tons of CO 

.were' emitted. 1!:Approximately 78Z came from transportation sources, 

-emissions 

resulting from the imcomplete combustion of fuel. Some small amounts
 

ofUCO can be produced by biological processes, but compared to that
 

produced by man's activity it is almost negligible. Background con

centrations of CO in relatively unpolluted areas may range from .03 

'to 1.2 mg/m3 (.03 to 1 ppm). In polluted areas, concentrations may 

be a hundred times greater than in nonpolluted areas. As examples, 

maximum 8-hour CO concentrations in Los Angeles, California ranging 

from 12 to 46 mg/m3 (10 to 40 ppm) have been measured; concentrations 

in excess of 100 mg/m3 (87 ppm) have been measured in underground 

garages and tunnels. 

Carbon dioxide is emitted in the largest quantities of any gas

some 13 billion tons globally in 1971. However CO2 is not generally
 

considered a pollutant because of its involvement with biological
 

processes and because of the enormous interchange of the gas between
 

!the atmosphere and the oceans-it comprises 0.3% of the atmosphere.
 

3.6- Ozone and Photochemical oxidants
 

Up to this point the pollutants that have been discussed have been
 

."primary pollutants", that issithey exist in-the atmosphere as a
 

result,of being emitted. There is another class of pollutants called
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"secondary pollutants." These are formed in the atmosphere by the 

"chdiirca eiceion e oof -primarypollutats.- mout frthiisgroup
 

are ozone and photochemical oxidant, which are formedeby thedction
 

of 'Adlight on NO :'and.subsequent reactions with hydrocarbons. The
 

react oLns in this process for forming ozone are:
 

NO2 + sunlight NO + 0 

0 + 02 + M 03 +M 

The oxygen atom formed from the photodissociation coubines with 

atmospheric molecular oxygen to form ozone. However, the presence of 

reactive hydrocarbons in the atmosphere allows formation of considerable 

ozone to occur through subsequent reactions. Furthermore, in addition 

to ozone, other oxidative compounds are formed such as PAN (peroxyacetyl 

nitrate) organic peroxides and hydroperoxides, and others. These com

pounds as a group are referred to as photochemical oxidant. 

In addition to the ozone formed by the photochemical reactions, 

ozone is brought to the surface of the earth from the ozone layer by 

the -mixing associated with major weather systems. Maximum ozone levels 

of'from 20 to lO0g/m3 (lO to 50 ppb) have been recorded in nonurban 

areas, however most measurements were between 20 to 60Ug/m3 (lO to 30 ppb). 

This'natural background is primarily the result of atmospheric mixing, 

although a small amount is formed by natural electrical discharges. 

'The concentration of ozone and photochemical oxidant vary widely from 

area to area, depending on the ratio of NO in the air and the2 to NO 

amounts of reactive hydrocarbons emitted into the atmosphere, as well as 

local meteorology and topography, ' ambient temperature and the amount 

of sunlight that is received on a given day. In a few urban areas, 

'peak- concentrations of i17mg/m 3 (0. 85 ppm) have been 'recorded, while 
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,,imaxmum hourly-averages of 5.9 to 12mg/n 3 4(0. 3 to jQ!6,ppm),:are, typical. 

Hydrocarbons,.,
 
The. largest source of methane in, the atmosphere is the, natural
 

decomposition of vegetation. ,Background concentrati ns of, 0.,7 to 

lmg/m3 (1.1 to 1.5 ppm) have been recorded. In more inhabited areas, 

methane levels are often much higher-values of 4mg/m 3 (6.1 ppm) 

have been observed. Volatile terpenes are another group of hydrocarbons 

,that are produced by vegetation, specifically pine trees. The amount 

emitted into the atmosphere is considerable. In fact the blue haze 

associated with the Appalachian Mountain Region of the U.S. is a 

natural photochemical aerosol resulting from photochemical reactions 

involving these terpenes. 

Methane does not participate in the reactions that generate 

photochemical smog. Thus non-methane hydrocarbons are considered more 

important pollutants. The primary sources of non-methane hydrocarbons 

are incomplete combustion of fuels,industrial emissions, storage and 

transfer of liquid fuels such as gasoline, and the use of hydrocarbons 

as solvents. It is estimated that in 1971 a total of 26.6 million 

tons of non-methane hydrocarbons were released to the atmosphere. Of 

this amount, 55% was emitted from mobile sources and slightly more 

than 20% from industrial processes. Concentrations of non-methane 

hydrocarbons in polluted areas have been measured in the range of 

1.3mg/m3 (2 ppm) as methane. 

3. 8 Miscellaneous Gases 

In addition to the gases and particulates discussed, other compounds 

may make significant contributions in the total air pollution picture. 

In any locality, emissions or accidental releases of amnoniai hydrogen 
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sulfide, and other gases and pdors may have a tremendous impact. 

Hydrogen sulfide is formed from industrial processes, such :aS.the 

"garcture "of'kaft paper. -Although it ,is -a rokic-gas ,concentrations
 

tinthe* atmosphere ' rarely approach dangerous rlevels.- Its sickening
 

odoir ad'its ability to darken certain'paints make it anundesirable
 

component of ambient air. Ayrzonia is largely produced by natural 

decay, and frequently is found in particulate matter as ammonium salts. 

Odorants associated with various processes such as fermentation, coffee 

roasting, and animal rendering are generally emitted in low concentrations 

but are frequently annoying in the locale in which they are emitted. 

They are probably more psychologically damaging than physically damaging. 
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4. 	 Tiihsportfof Pol-lutants 

indicated ,in previous chapters, ,the -atmosphere is not a statico.,6 As 

is. a, dynamic system iawhich pollutants are continuously-system.:. It 

'discharged- or formed and also ,continuously, removed, or destroyed. The 

mechanisms by:%which solid, nd gaseous,,pollViats are dispersed,in, 

reaction,and removed- from the, air include diffusion, settling, _chemical 

has, a significantrain-out- and wash-out. Themovement of thie atmosphere 


influence on 'these mechanisms.
 

4.1 	Air' Pollution, Meteorology 

to the earth'sIn the troposphere, the layer,,of the atmosphere next 

surface, the temperature of the air generally decreases with height
 

above the earth's surface. The rate of this temperature-decrease with
 

If a parcel, or small volume, of dry
height is called the lapse rate. 


air moves upward, it will expand as the atmospheric pressure decreases. 

If no heat is added or removed, the temperature will fall at 	a rate
 

called the dry adiabatic lapse rate. The amount of temperature decrease 

of the dry adiabatic lapse rate is approximately 10C per kilometer
 

of elevation. The actual decrease in the temperature of the troposphere
 

with height at any point in time is called the environmental lapse rate.
 

The rate may be less than, equal to, or greater than the dry 	adiabatic 

Depending upon which condition exists, the troposphere
lapse rate. 


will be called unstable, neutral or stable. These terms describe the 

stability of the atmosphere, or its tendency to move in a vertical
 

The transport of pollutants in the atmosphere is dramatically
direction. 


affected by 	the stability. 
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UNSTABLE, . STABLE . VERY STABLE 

II 

SUPERADIABATIC INVERSION 

TEMPERATURE 

(a) (b) (c) 

ENVIRONMENTAL LAPSE RATE 

DRY ADIABATIC LAPSE RATE 

Figure 4-1. 	 Stability of the air determined by the environmental 
lapse rate. 

Figure 4-1 illustrates the variation of the stability of the
 

atmosphere with changing environmental lapse rates. In figure 4-la 

the superadiabatic or unstable situation is graphically represented. 

Under unstable conditions, the environmental lapse rate is greater 

than the dry adiabatic lapse rate, that is, there is a decrease of 

temperature with height greater than 100 C per kilometer. Recall 

that as a parcel of air rises, it cools at the adiabatic lapse rate. 

Under superadiabatic conditions, the temperature of the parcel will 

be warmer than the surrounding air, which will be at a temperature 

indicated by the environmental lapse rate. Because this parcel is 

warmer, and more buoyant than the surrounding air, it will rise even 
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vertical movement in the atmosphere will be accelerated. 
faster. Thus 

condition.This is referred to as an unstable 

rate is smaller thianthidry adiabatic
If, the 'enironmstal lapse 

lapse rate, that is, ithe temperature is decreasing at a rate less than 

lOC per kilometer, as shown in Figure 4-lb btable conditions will 

of air will be cooler and more 
prevail. In this case, a rising parcel 

will tend to fall vertical,
dense than its surroundings. Because it 

is referred to as a-stable atmosphere.
motion will be depressed. This 

is the same as the adiabatic lapse
If the environmental lapse rate 

rising parcel will neither be accelerated nor depressed.
rate, then a 

This condition is called neutral. 

as shown in Figure 4-1c
If the temperature increases with height, 

negative describing a con
then the ei vironmental lapse rate would be 

an example of extreme
dition is called an inversion. An inversion is 

Vertical motion in the atmosphere may'be severely
atmospheric stability. 

reduced or even halted. 

Both unstable conditions, when vertical motion is accelerated,
 

and very stable conditions, when vertical motion is depressed, 
have
 

considerable effect on the movement of pollutants in the troposphere.
 

This is most easily seen in the behavior of smoke plumes 
from stationary
 

In general there are five major types of plume behavior;
source stacks. 


looping, coning, fanning, lofting and fumigation. These are shown
 

schematically in Figure 4-2. 

The
Looping occurs during superadiabatic or unstable conditions. 


visible plume will appear to loop because of the increased vertical
 

Occasionally,
"mixing. Gases md particulate matter are diffused rapidly. 


air parceLs will be pushed to the ground near the base of the stack. 
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Looping usually occurs when skies are cloudless because strong solar 

heating of the ground is necessary to obtain a large superadiabatic 

WIN-e-

STRONG LAPSE CONDITION (LOOPING) 

x~ r 	 -

TEMPERATURE 
WEAK LAPSE CONDITION (CONING) 

TEMPERATURE-

INVERSION CONDITION (FANNING) 

[s,,, ',..-.'. .......................
__: 	 , 

TEMPERATURE-.
 

INVERSION BELOW, LAPSE ALOFT (LOFTING) 

TEMPERATJR-


LAPSE BELOW, INVERSION ALOFr (FUMIGATION) 

Figure 4-2. 	 Schematic representation of stack plume behavior 
under various conditions of vertical stability. 

Looping rate. 

Coning occurs during the weakly stable situation that occurs when 

Ie environmental lapse rate is less than, but near the dry adiabatic 

Lapse rate. Under these conditions vertical motion is damped slightly, 

md so the plume cones,or fans,out in all directions. Coning typically 

)ccurs under cloudy skies with a brisk wind. 

Fanning occurs during temperature inversions. The plume fans 

)u,: from the stack almost in thin sheets because vertical motion is 
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severely damped. Under such conditions, it is not unusual for the
 

plume to travel for distances of many miles with very little dispersion.
 

Host fanning occurs during the night time when ground-level inversions
 

usually occur.
 

Lofting occurs wiven the piume ,.s releasea ac tne rop or an inversion, 

typically occuring late in"the day.- Herelvertical motion is possible 

only above the inversion and so the upper edge of the plume spreads
 

out far more than the lower'edge.
 

Fumigation results from the-'emission of pollutants within an
 

inversion layer. The gases and particles accumulate in the inversion,
 

as in the description of a fanning plume. Whe'n solar heating breaks
 

the inversion, the air will become completely mixed and the pollutants
 

will be brought to the ground level. This typically will occur early
 

in the morning as the inversion slowly breaks.
 

From the standpoint of atmospheric transport, there is a maximum
 

opportunity for diffusion of the plum to occur under looping conditions.
 

Nonetheless, because of the rapid motion of the plume, high concentrations 

of pollutants can be brought to the surface within relatively short 

distances of the stack. Under coning conditions little diffusion occurs.
 

The pollutants eventually reach the surface, but at considerable distances
 

from the stack.
 

Similarly, under fanning conditions, very little diffusion can occur. 

.The pollutants can be carried for great distances without reaching the 

:surface. The problems begin when the inversion begins to break and 

,the accumulated pollutants then touch down during fumigation. If the 

inversion has persisted for severalidays, when-it does break,, very
 

high concentrations of pollutants may,. be brought to ,the 'burface. 
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Under lofting conditions, diffusion possibilities ,,
are,excellet
 

"b6ause.tdrtical .motion above the inversion is notl limited., .Further 

thepol1utants "cannotreach' the surface because, of the inversion
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Air pollition 'aff6cts :various' sectors of, ther.envirwonnt., i .!ats-''' 

destroyrthem,ather veg&tation :aresus ceptib le ito t:damage iwhich ,can 

or in the case of agricultural crops, reduce and impair, the quality 

of their yield. The physical environment can be affected by erosion, 

or other particulate deposits.and chemical weathering, or dirtied by soot 

be made sick or possible even killed by airAnimals and humans can 

pollution. 

The total damage to the environment done by air pollution is 

Direct effects, for example, the medical costs
difficult to assess. 


of treating pollution-caused illnesses, the market 'value of a crop 

that is destroyed, or the cost of cleaning more frequently, are often 

as the unpleasantness of easy to quantify. Indirect effects, such 

odors, risks to human health and welfare or the visual effect of 

vegetation damage, are often very difficult to quantify. 

Another cost of air pollution is called the avoidance cost. This 

is what must be spent to avoid the effects of pollution. As an
 

example, EPA reported that coating low-voltage electrical contacts
 

in electronic devices with goldplatinum and other precious metals 

to avoid the destructive effects of air pollutioncost over 20 million
 

dollars in 1968. Another example of an avoidance cost is found in the
 

use of clothes dryers. Of the $600 to 900 million spent on clothes 

dryers in 1972,how much was spent to buy increased convenience, and how 

much was spent to avoid hanging clean clothes in dirty air? 

One.estimate of the air pollution damage costs in the U. S. in
 

1968 is $16.2 billion. This estimate includes damage to materials,
 

crops, and human health, and reduced property values. It does not
 

include the cost, of claning soiled materials,' damage to animal
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health , avoidance:costs, candrother mis cellaneous-cogts. 

5. 	1- Effe&cs 'oi IVegetation 

.... The',nature of air, pol lution.,damage to,,vegetation has been changing 

as new pollutants reach significant concentrations in air. The destruc

"ionbf' foilage, On,, large ,scale was initially the result of sulfur dioxide 

emitted from. smelters- and power plants. With, the ,development of. new 

in-dustrial processes and products, and a tremendous increase in auto

mobile emissions, extensive injury to trees and ahrubs, farm crops 

and ornamentals from new causes has been reported. Nitrogen oxides, 

ozone and other photochemical oxidants such as peroxyacetyl nitrate (PAN) 

damage several crops including grapes, tobacco, and spinach. Damage 

from these pollutants was reported all over the U.S., as well as in 

other countries, and was not limited to the ivmediate vicinity of urban 

areas. Fluorides have caused extensive vegetation damage in the vicinity 

of fertilizer plants. Not only are plants susceptible, but livestock 

that feed on- the vegetation on which the fluorides have been deposited, 

can be killed by a debilitating disease call fluorosis. The estimate 

for air pollution damage to crops alone in 1968, is $100 million. 

5.2 	 Effects on the Physical Environment 

-Many materials are affected by air pollution. Metal corrodes, 

fabric weakens and fades, leather weakens and becomes brittle, paint 

discolors,-concrete in buildingsand stone discolors and erodes, glass 

becomes etched and paper becomes brittled. Sulfuric acid, a common 

contaminant of the air in areas where large amounts of sulfur dioxide 

are emitted,,"causes the deterioration of many materials. When sulfuric 

acid' is present on the surface of the particles, considerable damage 

maylbe 	done to painted surfaces and other metal parts. Ozone will 

3-25'.
 



cause rubber ;crab Oxidesibcan .produceconpiderabletor iifrtbgen1 

fading of textile and other dyes; particulates',can"soil buildings. 

Particulate air pollutiondeureases'visibi,.ity :and may. also affect 

we ather. 

"k;cretatflonal , aesthe'tic n d psychblogical-factors; accompany,, the 

direct affects of ir polluton on the senvironment. What isthe 

psychologicaZ dAmage' to the owner- of ;the destruction of an ornamental 

Shrub?!What' is the aesthdtic ldamage .caused,. by smog or haze, that 

poils *ascenic view? What':is the recreational damage to vacationers 

and sportsmen of the destruction of a.forest area? The estimated 

damage to materials andproperty values , in 1968 was estimated at $10 

billion in the U. S. 

Effe;ts on Hunman Health 

It is' difficult to measure accurately in dollars the damage to 

human health caused by air pollution. Air pollution has been shown 

to'1aggravate existing:,llnesses, and to bring on death in the aged 

And the weak. There is strong evidence that air pollution is associated 

with a numer of respiratory illnesses including chronic bronchitis, 

bronchial asthma, pulmonary edema, emphysema and lung cancer. This 

iuy#be the result-of the irritants that make up air pollution, such 

as acids and oxidants, and it may be the result of a reaction with 

specific chemical-! such asbenzo(a)pyrene, a known cancer-producing 

;material. , Because of the difficulty in accurately defining the 

relationship between air pollution and human sickness, it is difficult
 

to determine what portion of the cost from lost work and health care 

resulting from respiratory injuries, colds, etc. ,' are,:attributable 

lt ikar pollution.' One 'estimate, of: the damage to: humanhealthjn the 

U. S. in 1968 is $6.1 million.
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6. Air Quality Standards 

,Airquality standards are values that mark the limits of desired 

air quality. There are several kinds of standards that have been 

developed and applied in different situations. In this country, 

primarily ambient air quality standards and emission standards are 

used. 

Ambient air quality standards were developed from the relationships 

between air pollution concentrations and the resulting environmental 

effects, called air quality criteria. Much of the data come from 

laboratory experimentation and so there is an added difficulty of 

extrapolating from short-term exposures to animals, to long-term 

exposures to humansas would occur in the ambient air. Air quality 

goals were set from the criteria. These are the concentrations of 

pollutants with which we are willing to live, considering our desire 

to protect the health and welfare of the people and provide for techno

logical growth. Once the goals are established, standards are set to 

allow for the orderly achievement of desired air quality. It follows 

that there must be standard methods of measurement and analysis of 

air pollutants to be sure that collected data are comparable. 

In the United States,national emission standards were set as part 

of the strategy to reach the ambient air quality standards. Standards 

were set for both stationary and mobile sourcea, as a result of 

relating the impact of the emissions from such sources on existing 

air quality. At present, about 40 countries in the world have some 

'kind of air quality standards. 
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7. Nature of Process Emissions 

This syllabus will discuss two'kinds of sources: mobble and 

stationary. Mobile sources include automobiles, truckso busesp 

airplanes, etc. Stationary sources include 1fossil fuel fiied power 

plants, cement plants, steel mills and other heavy and light manu

facturing processes. 

7.1 Mobile Combustion Sources
 

Although mobile combustion sources include all transportation
 

vehicles, in terms of its impact on the atmospheric environment, the
 

gasoline powered automobile is the most important. The pollutants 

emitted by automobiles include carbon monoxide (CO), hydrocarbons 

(HC), nitrogen oxides (NOx) and particulates. Some of these alone 

are toxic,but it is the role they play in the photochemical reactions
 

that produce smog that makes them particularly important.
 

There are three types of emissions that comes from the automobile:
 

exhaust emissions-those that comes directly out of the tailpipe;
 

evaporative emissions-gasoline vapors that are lost directly to the
 

atmosphere from the storage fuel and delivery system; and crankcase
 

emissions- those that escape the combustion chamber past the piston
 

rings in the cylinder and into the. crankcase. Figure 7-1 shows the
 

approximate distribution of emission from an uncontrolled automobile.
 

The principal emissions from the exhaust include CO, unburned
 

HC, NOx and particulate matter. Also emitted are partial oxidation
 

products of hydrocarbons such as aldehydes, alcohols, etc., and high
 

molecular weight HC. The amounts of CO and unburned HC emitted will
 

depend on the air/fuel ratio and the stoichiometric completeness of
 

the burning of the fuel in the engixe's cylinders.
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P FUEL TANKAND'/CARBURETOR EVAPORATION \ 

71.Approimate.... diibutIioFigure of emJiinbyoucfr 

EXHAUST CRANKCASE
 
HC 60% HCO20%
CO 100% H 0
 
NOx 100%
 

Figure 7-1. Approximate distribution of emissions by source for 

a vehicle not equipped with any emission control 
systems.
 

As the ratio of air to fuel increases, theoretically, combustion 

becomes more complete, reducing the amounts of CO and unburned fuel 

to essentially zero. However as the combustion becomes more complete, 

combustion temperature increases, increasing.the formatio. 4f NOx dramat

ically. To-reduce the NOx, combustion lemperature must be reduced. 

One way this can be achieved is by reducing the air/fuel ratio, however, 

then the production of CO and unburned HC will be increased. In theory 

this is what should occur, however the previous discussion does not 

take into account such factors as cylinder misfiring, which discharges 
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into..the exhaust system, engine combustionthe entire air/fueLmixture 

illustratescharacteristia, spark timing, and others * Figure 7-2 

andthe relationshlos between air/fuel ratio, combustion temperature 

gaseous emissions 

J .P StOICHI.METRIC .. 
0- i 

0-0 
8 ° 

'. NO 
,,z '
 

I0c. 


01.
 

-4e
 

U 

10 12 14 16 1 20 22 

AIR-FUEL RATIO 

Figure 7-2. Effects of air-fuel ratio on exhaust composition. 

Of the three types of emissions from the automobile, the exhaust 

tmissions have proven to be the most difficult to control. Presently 

:he U. S. auto makers have adopted a catalytic converter which insures 

-omplete combustion of organic material. Evaporative emissions :,ave 

)een drastically reduced by eliminating any vents to the atmosphere in 

the fuel storage and delivery system. 

Crankcase blowby is the term used to describe the gases forced 

around the piston rings of the cylinder into the crankcase during the 
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c mPressionp cycle.. , orto 963 modgls, these ,gas ea,, ly HC, were 

dis harged directly into the atmosphere. Newerqars use a system of 

crankcase ventilationp that recycles, the blwby back into ,the air intake, 

preventing the, emission. 

A cautionary note,, in considering the impact of changes in auto

mobile design and added air pollution control packages, it is important 

to keep in mind that a change in a model year takes nearly 10 years, 

at the present rate of automobile consumption in the U. S., to become 

spread over the entire automobile population. Thus emission changes 

introduced in 1975 will not produce an immediate change in ambient air 

quality. 

7.2 Stationary Sources 

7.2.1 Fossil Fuel Fired Power Plants. The major pollutants emitted 

from fossil fuel fired steam generators are particulates, sulfur oxides 

and NOx . More particulates are emitted from the combustion of coal 

than from oil or gas. The composition of the particulate matter will 

vary with the fuel, but it is largely carbon, silica, aluminum and
 

iron oxide.
 

The uncontrolled combustion of coal generates an amount of
 

particulates (in ,pounds) approximately equal to seventeen times the 

percentage of ash in the fuel. Thus if the ash content is 10Z, the 

estimated particulate emissions to the atmosphere would be 170 pounds 

of particulates per ton of coal. Approximately 30 pounds of this is 

collected in the furnace. The uncontrolled emission factors for fuel 

oil and gas are 8 pounds per thousand gallons of oil, and 15 pounds 

per million cubic feet of gas. The use of fuel oil instead of coal 

reduces the amount of particulates by a factor of a hundred. 
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auoint"Teatj of Jtt dtj yL Ited to
Tgjwa~ifojeifessio areeetla

tteisulfur ,cntbntof -the lie1 t'ii"t l " e N'Atr6gA 6iddi ifl .. ion are 

generated from'.two me'chanisms.": a) -the fixing of nitrogen and oxygen
 

and, b), the oxidation of nitrogenous
at the temperature of combustion 

- compounds contained in' the fuel. Other pollutants emitted include 

ICO, the amount of which will depend upon the efficiency of,'the fuel 

combustion,, andItrace metallic oxides; which will vary in, composition 

dAepending upon the fuel, and its source.
 

a
Most large central-station power plants that burn coal use 

coal furnace. The advantage of such a furnace is that itpulverized 


provides for more complete combustion of the coal. The principal
 

furnace is that the fly ash is more difficult to
disadvantages of the 


collect and handle. The following table shows the typical gaseous
 

effluents from a thousand megawatt (electrical) - MW - power station. 

Table 7-1. Emissions from a thousand MWE power station in tons per year 

Fuel Type
 

Pollutant (coal) Oil Gas
 

90 0Carbon Monoxide 600 

5.2 x 106 4.1 x 106
7.0 x106 
Carbon Dioxide 


Sulfur Dioxide 102 x 103 54 x 103 12
 

Hydrocarbons 240 736 0 

oxides of Nitrogen 24 104 x 03 13 x 103 

465
* Particulate 6 X 1o3 2.3 x 103 

'Totals '(Not including '1,032, 8"40 81,945 13,477 
carbon dioxide) 



'.2.2 "'Ird-i' -and Steel+Manufacturing. ,,,The princ;pe emipsions fram 

ifon and steel manufacture are iparticulate mattecr, (metal oxides).. and 

volatile hydrocarbons. These ,,are emitted in two different stages in 

the production of iron and steel. Coke production, most commonly
 

performed in by-product ovens, produces large amounts of volatile 

materials from the coal. The remaining processes in the production, 

refining and use of iron and steel primarily produce particulate matter. 

The size ranges of the particulates produced and their content will 

vary with the nature of the process. As examples, from 35 to 50% of 

the emissions from a blast furnace may be iron oxides and silicates; 

two-thirds or more of the particulate emissions from open-hearth 

furnaces will be iron oxide. The composition and size range will 

vary upon the charge to the furnace, the type of fuel used, etc. 

7.2.3 Non-Ferrous Metal Industries. The smelting of zinc, copper
 

and lead introduce large quantities of S02 into the atmosphere. This 

occurs primarily because the most important ores for these metals are 

the sulfides. Copper and zinc smelting introduced more SO2 to the 

atmosphere than lead smelting largely because the leadiote is'richer in 

the natlvetmetal. fRefining processes for each of theme tmetals-generally 

produce more particulate matter than gases. The SO2 content of the 

waste gas from zinc roasting and copper smelting is sufficiently high 

that it can be converted into usable sulfuric acid. 

7,2.4 Pulp and Paper Manufacturing. The chemical production of wood
 

pulp produces much of the emissions associated with the pulp and paper 

industry. Approximately 63% of the total production of pulp in the
 

United States is generated by the kraft process. 
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STh"epriuary enjs'dfons fr Iom the ~kraft iprocess ,are hydrogen sulfide, 

'merptans,--organi sul:fides, and particulates .o The principle problem 

ithlhe gaes is they have sickening odors. -The types and quantities 

of sulfur compounds in the gases are:dependent upon processing variables 

and the type of wood being pulped. Emissions.occur primarily from the 

evaporation. and concentration of theblack liquor oxidation process, 

black liquor, the recovery furnace and the lime kiln. 

Paper production may produce similar emissions although in 
lower
 

Coating the paper may
concentrations than the pulping processes. 


introduce other organic materials into the atmosphere depending 
upon
 

the process involved.
 

7.2.5 	Petroleum Refining. The principal emissions from petroleum
 

Lesser amounts of
refining are, hydrocarbons, sulfur oxides, and CO. 


particulates, miscellaneous gases and vapors, and odor-producing 
com

pounds are also emitted. These are generated in the various processes
 

by which the oil is distilled, cracked and reformed 	for the variety
 

of end products that refinery produces.
 

7.2.6 Mining and Mineral Products. Most of the pollution associated
 

'withthe mining and mineral products industry results from the mechanical
 

around the mechanical equipmentprocessing of solids. Leaks in and 

cause dust to be emitted. These particulates are referred to as fugitive 

dust.
 

7.2.7 ' Central Station Incinerators. Generally central station 

single and multiple chamber. TypicallyIncinerators are of two types: 


the emissions from these incinerators are mainly CO, miscellaneous
 

organic and inorganic compounds, and particulate matter. The amount
 

that is emitted from each type of incinerator will vary. In general
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the? multiple chamber incinerator produces fe08 orissions)boaue 

of better control over combustion.Y; Table 7-2 presentsjtypica j 

.emissions from single and multiple chamber incinerators. .. 

Table 7-2. Comparisons of Emissions from Single and 
Multiple Chamber Incinerators 

Emissions Miltiple Chamber Single Chamber 

Particulate Matter (grains .11 .9 
per standard cubic foot 

at 12% C02 ) 

Volatile Matter (grains .07 .5 
per standard cubic foot 

at 12% C02 ) 

Total grains per standard .19 1.4 
cubic foot at 12% CO2 

Total pounds per ton 
refuse burned 3.50 23.8 

Carbon Monoxide (pounds 2.9 197 to 991 
per ton of refuse burned) 

Ammonia (pounds per ton 0.9 4 
of refuse burned) 

Organic Acids as Acetic .22 >3 
Acid (pounds per ton of 

refuse burned) 

Organic Aldahydes as .225 64 
Formaladahyde (pounds per 
ton of refuse burned) 

Nitrogen Oxides (pounds 2.5 >.1 
per ton of refuse burned) 

Hydrocarbons as Hexane >1 Not recorded 
-(pounds of tone per refuse 

burned) 

Chamber temperature, burning rate and the uniformity of the charge 

are the principle factors that determine the completeness of the burning, 

and in turn, the nature and amount of emissions. 
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0080 Od Prod dcInglndustnries.t' Therea.re "seieril fidtstries'Nthat 

susttintfa.1 mounIi s o odor-'causing mab.±i11l; These.ineiade 

rendering, coffees roas ting, and! chemical 'fermentation. In most. cases, 

leaks at various points in the processes are the primary escape route 

for these materials. In-some cases, however, emissions from the 

stack produce the problem. Most odor-causing materials are nitrogen

or sulfur-containing compounds produced by the destruction of organic 

matter. The transportation and storage of material collected for 

rendering may also create odor problems. Particulates and odor-causing 

compounds emitted from coffee roasting are manlyorganictin composition. 



4easurement and Monitoring 

orMeasurement and monitoring reter to two adrrerent recnniques 

determining pollutant concentrations. The term measurement describes 

the process of determining concentrations at a given point in time. 

The term monitoring describes the process of determining the variation 

of concentration over a period of time. Measurement and monitoring 

of air pollutants determines how close the air quality is to the 

desired air quality, whether in the general atmosphere or inside a 

stack. 

Ambient air monitoring ana measurement recnniquea are uueu LU 

determine community air quality. In-stack, or source monitoring and 

measurement techniques are used to determine the amount of source 

Both ambient air and source sampling are a necessary partemissions. 

of a strategy to meet community air quality standards. 

Concentrations of pollutants in stacks, or at their source, are 

much higher than in the ambient air. Generally, special instrumentation 

is required to measure concentrations of pollutants in the very small 

quantities. that they might be found in the general atmosphere. Although 

acceptable measurement methods exist for most air pollutants, acceptable 

continuous monitoring methods have yet to be developed for several key 

pollutants. A typical approach to developing a mon.toring method has 

been to mechanize the measurement method. In some cases, the West-Gaeke 

others, for example the continuousfor example, the approach worked. In 

Saltzman, it did not. 

Both measurement and monitoring procedures require two distinct 

steps: sampling and analysis. Sampling refers to the selection of 

the air to be sampled and its delivery to the analytical system. 
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Analysis refers to the techniques of measuring the concentration of
 

the pollutant in the air sample. Sampling -ionsiderations include how 

representative is the portion of air sampled to the atmosphere or the
 

stack emission; what changes in the air are introduced by the sampling
 

mechanism; how much air should be sapled to obtain a good answer. 

Analytical considerations include: how fast does the analytical pro

cedure take; how accurate is the method; how reproducible is the method. 

A connonly used analytical technique is the colorimetric method. 

With this type of method, a colored solution is formed as a result 

of the reaction of the pollutant and the collecting or analyzing 

solution, the intensity of which is directly proportional to the con

centration of the pollut:ant. The color intensity is measured by a 

spectrophotometer, which records the difference in the asorption of 

light of a specific wavelength by the colored solution and a non

colored or reference solution. Colorimetric techniques are convenient
 

and reliable, and are generally usable over a range of Pollutant con

centrations.
 

Sulfur Oxides
 

One of the earLiest recnniques ror measuring total sulfate was 

the lead peroxide candle method. This was developed in England in 

193? and was based on the reaction of S02 and lead peroxide. A 

paste of lead peroxide was applied to a cylinder of gauze acting as 

a carrier for the paste. The cylinders or "candles" were set out 

in the atmosphere in weather-proof shelters for about a month. During 

this time, the SO2 reacted to form a black precipitate of lead sulfate. 

The candle was then stripped an,-. the amount of lead sulfate weighed. 

The results were reported as milligrams of sulfate per hundred square 

centimeters of lead oxide per day, which is a sulfation rate. Over 
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some concentration ranges, sulfation rates are proportional to the 

SO2 concentration of the atmosphere. 

The sulfation plate method is a greatly simplified version of 

the lead candle. The principle of the technique is the same, however 

small plates are used instead of candles. Lead peroxide converts 

reduced sulfur gases as well as SO2 and SO3 to sulfate. It also fixes 

sulfuric acid mist. Because of its lack of specificity the method has 

been replaced by techniques specific for the pollutants to be measured. 

Early SO2 concentration data were obtained with a conductometric 

technique. A change in the conductance of water is produced by 

absorption of SO2 . The method corrected for carbon dioxide absorption, 

but other gafes such as hydrogen chloride, NO2 and ammonia, etc., that 

probably were present in varying amounts, could have interfered with 

the technique. 

The development of a colorimetric procedure, the West-Gaeke method, 

meant that the SO2 could be measured specifically, even in the presence 

of the previously named interfering gases. The West-Gaeke procedure 

is based on the chemical reaction that occurs between the absorbing 

solution and the SO2 producing a colored solution. Typically the 

ambient air measurement of SO2 is accomplished through the use of 

bubblers, devices that mix the sampled air and the collecting liquid 

together under turbulept conditions to permit the transfer of the 

gas to the liquid phase. 

We are also concerned about concentrations of sulfuric acid in 

the ambient air. As yet no acceptable measurement or monitoring 

technique has been developed, There is a method for measuring total 

sulfur content that has been used. Ic utilizes a flame photometric 

technique, in which the sample i., burned and the number of sulfur 



atoms is measured. 

Different measurement and monitoring methods are used to determine 

SO2 concentrations in stacks because of the higher concentrations than 

are found in ambient air. The method currently in wide use, is the 
U, ., .. 

barium chloranilate method, another colorimetric method that is useful 

in the ccentration range of several hundred to several thousand 

mg/m 3 (ppm) SO2 found in stack gases. 

Special instruments that use ultraviolet and infra-red light have 

been developed to monitor SO2 in stacks. These are continuous read-out 

devices that show the behavior of S02 concentrations with time. They 

are reported to be reliable and to require relatively little maintenance. 

8.2 Nitrogen Oxides 

For measuring NO2 in ambient air, perhaps the most widely used 

method has been the Saltzman technique. It is a colorimetric procedure 

requiring the sampling of the gas using a bubbler. By using a parallel
 

sampling line and either scrubbing the sample free of NO2 , or oxidizing 

the gas stream, it is possible to use the Saltzman technique to deter

mine the NO concentration as well. This technique was designed for 

short-term gas sampling, of the order of an hour; modifications have
 

been made which permit the use of this techmique of monitoring NO2 

and NO over a 24-hour period. Other chemical techniques have been 

developed that attempt to correct some of the inaccuracies and dif

ficulties associated with the Saltzman technique. These are also 

colorimetric methods, but they use different absorbing solutions. 

None of these have been generally accepted. 

In an attempt to get the continuous monitoring data that is needed 

for air quality management, an instrumental technique utilizing the 

principal of chemiluminesence has been developed. The chemical reaction 
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ofUNO 	 with, ozorieproducesa small,,amount i:of .light-. :.'The mount of 

*lightproduced;-isi directly proportional to the :concentration of
 

the reacting gases. This phenomenon, called chemiluminescence,
 

provides a method for accurately measuring and monitoring low con-,
 

centrations of, NO.and NO2 . (By reducing the NO2 in the sample to 

NO, tthe N0, concentration -can be determined). 

* A static;monitor, patterned after the lead candle method, was
 

developed using nylon fibers for collection of NO2 ,as an indicator
 

of the nitric acid concentration in the atmosphere. The N02 was
 

removed from 
 the nylon and measured by one of several analytical 

procedures. The method has not been used widely. 

For NO2 concentrations in stacks, a colorimetric procedure called 

the phenoldisulfonic acid method is employed. Here the concentration
 

is reported as total NOx . Continuous in-stack monitors have been
 

developed for measuring NO2 . These also employ ultraviolet absorption 

techniques.
 

U.3 	 Hydrocarbons 

There are two techniques that are most widely used to measure 

and monitor hydrocarbon concentrations: gas chromatography and total
 

hydrocarbon analysis. Use of gas chromatography makes it possible 
to
 

determine whether a particular gas is present, in addition to its 
con

centration. Although originally used as a measurement technique, recent 

developments have made it possible to use gas chromatography for monitoring. 

In the total hydrocarbon analysis, the hydrocarbons are burned and the 

atoms of carbons are counted. Thus hydrocarbon concentrations are reported 

,i as .methane concentrations. No information about the kinds of hydrocarbons 

present-inthe sampled air is available with this technique. 
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it iis, p oible !thxoughv -the use&,ioft. anvinfra'-red.vory ultraviolet 
absorbing instrument!' to, cetermine. the- concentration ofa, spectfic 

hyldrocarbon -in 'theiatmospherei,;or' in the- stack.-, J 

8.4- ,Oxidant-

Oxidant refers to a group of oxidizing gases in the, atmosphere. 

These include ozone, peroxides, hydroperoxides, NO2 , and others.-

Oxidant concentrations have been measured and monitored using the 

Mast instrument, which continuously records the amount of oxidizing 

material present in theatmosphere by usingta coulometric technique. 

Potassium iodide solution is brought in contact with the sampled air. 

The iodide is oxidized to free iodine, which is reduced to iodide 

at the instrument's cathode. The amount of electrons required is 

directly proportional to the oxidant concentration. The presence 

of reducing gases such as hydrogen sulfide and others will interfere, 

but techniques have been developed for removing these. 

Ozone is the component of oxidant that has generated the most
 

concern. It has been measured by the neutral buffered potassium 

iodide method. This is another bubbler-colorimetric method, generally 

accepted as the reference method for ozone concentration determinations 

Chemiluminescence also has been used to measure and monitor ozone 

levels. The reaction of ozone with Rhodamine B, or ethylene is most
 

often used. Such measurements are specific for ozone, and also are 

reliable and allow for continuous monitoring. 

8.5 Carbon Oxides 

Both CO and CO2 are very conveniently measured by infra-red 

spectroscopy, by measuring the difference in absorption of air con

taiiing the gases, and air free of the gases. These infra-red. 

techniques can be applied to in-stack measurement and monitoring as 
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as ell 

Because of the high, concentrati"of CO2 in 'the air--about '0. 3%

chemical methods can be usid tomeasure' atmospheric and source con

centrations 'of the gas. In' one method, a chemical -reaction occurs 

between the C02"and an absorbing solution containing a known amount 

of barium hydroxide. The amount of barium hydroxide consumed is 

-proportional to the amount of CO2 in the sample. 

For chemically measuring CO2 and CO in stack gases, the Orsat 

gas analyzer has been used. 

8.6 Particulates 

Dust fall buckets are static monitors for particulates that are 

easy to use. They are placed at designated locations and collected 

once-a-month. The collected particulates are dried and weighed. 

Data are reported as tons of particulates per square.obe. These 

buckets will collect only those particulates that fall from the 

atmosphere and so provide information on the soiling potential of 

the air. This technique does not provide information about the 

suspended particulates, which are important from a health standpoint. 

To measure and monitor the suspended particulate matter, filtration 

techniques have been used. These include tape, and high volume 

(HI-Vol) samplers. The tape sampler collects the dust on a roll of 

filter paper. The Hi-Vol collects particulates on an 8" x 10" filter 

held in a frame and mounted in a characteristically shaped enclosure. 

In general airborne suspended particulates range in diameter from 

submicron particles up to about 1001j. The paper tape sampler was 

developed to measure amd monitor the level of suspended particulates 

in the air. The tape passes a sampling port where the particulates 
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are collected for about 1 hour. 
The tape then advances so that.,a 

.Gc~j9jnarea, is,,moved in front of the sampling port. After the sampling 

is comple ted, the tape has a series of regularly spaced spots of
 

filtered particulates. The particulates levels in the spots 
are
 

analyzed in one of two ways. 
Either the transmission of light through
 

the collected particulates, or the reflectance from the surface is
 

measured. The transmission measurement is recorded in units called
 

COH's, meaning "coefficient of haze.,, 
The reflectance measurements
 

are reported in units called Ruds, meaning "reflectance units of dirt
 

shade." COH's are intended to reflect the loss in visibility, while
 

Ruds are intended to reflect soiling.
 

The Hi-Vol sampler filters a large volume of air over a 24 hour
 

period through a square filter, typically 8" x 10" in size. Other 

techniques involving smaller filters and in some cases, reduced sampling
 

flow rates, have been tried. The filters are efficient enough to trap 

submicron particles. The technique permit the collection of enough
 

material not only to measure the concentration of particulates, but 

also to analyze the pollution composition. Once the particulate 

matter has been collected on the filter, it is equilibrated to a 

standard humidity and then weighed. The amount of particulate matter 

is reported in pg/m 3. Portions of the filter can be cut and treated
 

to analyze for metals or other material collected. The remainder of
 

the filter is saved for future analyses and reference.
 

No single monitoring technique for particulates has been generally
 

accepted. 
It is important to know how visibility and soiling, as well
 

as human health are affected by particulates. Unfortunately,
 

a concentration of suspended particulates 3in p~g/m cannot give all 

the answers, therefore a number of measurement techniques are used 
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to monitor the air quality.
 

For in-stack sampling, a very specific set fprocedurs must
 

te besure that a representative sampl'e of'the air
 

stream is obtained. 
 Sampling must be performed iso-kinetically, 

meaning that the rate at which the air is drav 
into the sampling
 

line must be the same as the rate at which the air passes the sampling
 

intake. To sample at rates lower or greater than the air flow rate.,would 

mean that certain sizes of particles, would not be captured. In 

iso-kinetic sampling, the pressure drop across the sampler must be
 

continuously measured along with the pressure in the stack, so that
 

adjustments can to make thatbe made sure the gas flows are always 

matched. In additionthe plan of sampling must be carefully prepared
 

so that the results are independent of the different. air flow patterns 

that are found in each stack. A number of measurements are taken across
 

the diameters of the stack and averaged. This insures that the amount
 

of material collected will most closely appruximate the amount of
 

material that is emitted. The particulates are collected on a filter
 

or in a thimble, and are weighed to determine the amount of material
 

present in the stack emissions. 
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9. 	Control of Industrial Emissions
 

The control of industrial emissions can be accomplished using a 

wide variety of control equipment,often tailored specifically to the 

process and operating conditions of the source. There are six basic
 

,types of control equipment currently in use:
 

a. Mechanical collectors - generally for collecting solid 

,particulate matter. 

b. 	Scrubbers - for collecting particulates and gases. 

c. 	Filters - for collecting particulate matter
 

d. 	Electrostatic precipitators - for collecting solid and liquid 

particulate matter. 

e. 	Afterburners - for removing gases. 

f. 	 Adsorbers/absorbers - for collecting gases and vapors. 

9.1 	Mechanical Collectors
 

Mechanical collectors are generally used to remove solid particulate
 

matter -	dust, fly ash, fibers wood dust, etc., - in the size ranges
 

larger than 5p in diameter. They utilize the forces of gravity, inertial 

impingement and centrifugal separation to remove particulate matter from
 

conthe exit air stream. Some of the mechanical collectors are used in 


junction with water sprays to remove particulates and gases. Most often
 

they are used to recover the solid in a dry state.
 

9.1.1 	Settling Chamber. Settling chambers rely on the gravitational force
 

exerted on particles moving in an air stream to overcome the forces of
 

flow 	when the velocity has been drastically reduced. Settling chambers 

are low 	in cost and are operated with low pressure drops. However their
 

collection efficiencies are only about 50%-60%. Settling chambers 

typically are used to remove very large particles (larger than 50p)
 

from an 	 air stream orior to the use of a high-efficency collector. The 



The settling chamber consists"simply of a large chamber in which the
 

velocity of the air stream is markedly reduced to allow the particles
 

to settle, as shown in,.Figure: 9-1, For the settling chamber to be
 

effective, the air velocity,through the collector must be uniform and
 

relatively low,--60 feet per minute (fpm) or less. 
 Baffles and shelves
 

may be added to the chambers in an effort to increase their efficiency.
 

Baffles force sharp changes in direction for the air stream and so
 

introduce some i.ertial impaction to the gravitational collection. 

Horizontal shelves make the velocity distribution more uniform and
 

provide a surface for collecting the particles. However, the plates
 

make the removal of the dust rather difficult. In addition to these
 

drawbacks, settling chamber require considerable space for their
 

installation. They are not very widely used.
 

*I" / , ," , "! 

Figure 9-1. Gravity settling chamber.
 

9.1.2 Dry Centrifugal Collectors. 
Dry centrifugal coj.Iecuors ucri.ze 

the centrifugal force created by the design characteristics of the col

lector to separate the particulate matter from the carrier gas or air 

stream. In the conventional cyclone, a vertex is established by the 

tangential gas inlet. The dust particles are thron toward the walls 

of the collector and are removed through a receiver at the base of the 

cyclone, as shown in Figure 9-2. The conventional cyclone is the most
 

common example of the dry centrifugal collector.
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Figure 9-2. Typical cyclone 

Depending upon the design characteristics of the cyclone, it 

can operate with relatively low or high efficiencies of collection. 

It has the advantages of having few moving parts, being able to 

handle large flow rates, and being able to operate at high temperatures. 

Often three efficiency ranges are applied to cyclones - low, medium and 

high - depending upon their weight collection efficiences. These 

ranges are 50%-80%, 80%-95%, and 95%-99%, respectively, and are related 

to the particle size - the larger the particle size the more efficient 

a given cyclone will be. In general, conventional cyclones are useful 
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for collecting particles greater than 15p in diameter. High 

efficiency cyclones may be used for collecting particles above 

5p in diameter. Cyclones may be ,packed together in a parallel 

arrangement called a,multi-cyclone collector~to obtain the benefits 

of both highe4fficency and high gas flow.. Cyclones are typically 

used in feed and grain mills, cotton gins, fertilizer plants, 

petroleum refineries, asphalt-mixifig plants, and metallurgical, 

chemical and plastics plants. Table 9-1 shows representative 

performance of cyclone collectors. 

TABLE 9-1. TYPICAL PERFORMANCE OF CYCLONES 

Pressure Efficiency Inlet Load 

Process Material 
Air Flow 

(CFM) 
Drop (inches 
of water) 

(weight per-
cent) 

(grains per 
cubic foot) 

Cleaning Talc 2,300 0.33 93.0 2.2 

Drying Sand & 12,300 1.9 86.9 38.0 
gravel 

Grinding Alumi- 2,400 1.2 89.0 0.7 
num 

,planing Wood 3,100 3.7 97.0 0.1 
ill 

9.1.3 Impingement Collectors.: Impingement collectors depend upon a 

series plates to produce ia radicalchange in air stream direction causing 

the particles to impinge on the plates, as shown in Figure 9-3. The 

!type 	 of collector shown is a flat louver impingement separator in 

which particles impinge upon the louvers. The particles than bounce 

,,off, or are washed off, the individual louver elements into an air 

,stream called the dust circuit,,which washes the bottom surface of the 

collector to remove the accumulated dust. These collectors can be 

used, In%series: to increase their, overall Icollection efficiency. 
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Figure .9-1. Flat louver impingemrut separator. 

9.1.4 Dyna icPrecipitator. The dynamicprecipitator combines the
 

operations of the fan and a dust collecting device in one package.
 

The principle advantages of this unit are its compactness an the
 

fact that the collection efficiency are relatively uniform over a
 

limited size range. The major limitations are a tendency toward plugging, 

rotary imbalance resulting from the build-up of solids lon the rotating 

impeller, and temperature limitations of; the bearings, andseals in 

1-the fan. The dynamic precipitator has a collectionlefficiency in between 

":?that' 'of a conventional cyclone and a high efficiencyr cyclone. 

,9,1.5 Summary. Dry mechanical collectors can-be used with a variety 

of'solid particulate matter, and, over a wide range :of' air flows, 

particles sizes , and temperatures. The, collectors are primarily used; 

in' ituaiions where 'particle ,sizes are larger than,*7. -lO0p, Ibecause, 



they have relatively.high. collection efficienciesj If tthe air stream 

contains particles of smaller.size, then they must be removed by 

other techniques. Table 9-2 summaries. the use of mechanical col-' 

Table 

Collector 	 Space 
Type 	 Require-


ments 


Settling Large-

Chambers 


Conven-	 Large

tinal 
Cyclone 


High Medium 

Efficiency 

Cy-*e 

Multi- , Small 

Tube 

Cyclones, 

9-2. Use 

Volume 
Range 

CFM 


Space 

Avail-
able 

Only 

Limi-

tation 


Normal 

Range 

:up to 

50,000' 

cf ': 


Normal 

Range 
up-to 
12'000. 
cfm 


Normal 

Range 

up to 

100,000 

cfm 


of Medhanical0Collectors 

Pressure
 
Efficiency Lossa in 

by Weight Inches H20 


Good 0.2 to 0.5 

Above 

50p 


Approx. 1 to 3 

50% on 

20p-


Approx. 3 to 5 

80% on 

l0p 


90% on 4.5: 
7 1/2p 


. 

.. 

Temperature Appli-

Limitations cations
 

700-1000OF Pre-

Limited collect
 
only by for fly
 
Materials ash, an
 
of Con- metal-.
 
struction lurgica
 

dust.
 

700-1000*F 	 Wood
working
 

Limited paper,
 
only by buffing
 
Materials fibers,
 
of Con- etc.
 
struction
 

700-1000°F Wood-

Limited working
 
only by materia:
 
Materials 	 conveyit 
of Con- product
 
struction recover3
 

etc.
 

700-10000 F 	 Pre
collector 
for 
electro
static pre
cipitator
 
for fly ash
 
product
 
recovery,
 
etc.
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1ki vTable 9 t2 (codt'd . Use!,-of Mechicfal',Colle-ctors 

Colledtorf: tSace ,-Volume., . ,Pressure,,-
Type Require- Range Efficiency Loss a in Temperature Appli

ments CFM by Weight Inches H2 0 I, Limitations cations 

-Impinge- Small Space 90% on 1 to 5 700°F Coarse 
ment Avail- l0p,, particle 
Separator able collecting 

boiler flyOnly
'Li~ita-. ash and 
"tion cement 

clinker
 
coolers. 
Recent 
design 
used for 
cleaning 
atmospheric 
air to 
diesel 
engines, ani 
gas turbinei 

Dynamic Small 17,000 80%ib'' No, loss 7000F Wood-
Precipi- cfm 1511 (True working, 
tator 'fan) non-pro

duction 
buffing,
 
metal
working, et, 

apressure drop is based on standard condition's 

Wet Collectors 

In simple termswet- collectoti are 'scrubbers that use a liquid, usually 

water, to remove particulate matter and gases from an air stre6mby contact 

between the particles or gas molecules with-the scrubbing liquid. For 

the collection of particles the scrubbing liquid may perform several 

functions: 

a. - carry way the collected particles, 

b. capture the particles by impingement, and 

c. absorb or react with gases in the air stream. 



There are many cleign ftdribea hy t myheudfctos of
 

dry'ico~a is' -thie'wet 'cyclone',. or they may' be
 

d-signed ,for, a patibular cleaning application. Scrubers may be
 

tfilled wth, acking material (packed) to,' increased the surfacearea 

for contact between the scrubbing liquid 'and the particles or gases 

' to' be cdollected,'-6r they may be unpacked. If the liquid flow is' in 

the same direction as the air flow, the scrubber is called cocurrent;
 

if it is opposite to the air flow, counter-current; or if it is at
 

right angles to the. air flow, cross-flow. A simplified diagram
 

of a cross-flow and a counter-current flow packed scrubber is shown
 

in Figure 9-4.
 

GAS OUTLET
 

MISTS.ELIMINATOR 
SECTION 

LIQUID
DISTRIBUTION UNWETTED JLIQUID 

PACKING HEADERS .SECTION FOR INLET 
SUiPPORT ' /" MIST ELIMINATION -- - I R 

f: 

-PACKING SUPPORT : DISTRIBUTOR
 

D...IT.P....E..
GRID .......... ...... .SCRUBBING PCE
DIRTY :Y::: : SECTION
 
GASINPACKING 
 CLEAN GASA I 

OUT II I PACKINGSUPPORT 
/ GAS INLET-

FRONT J LIQUID
CLEANING - OUTLET
SPRAYS tSUMP I IOTE 

a. CROSS-FLOW SCRUBBER b.COUN'TERCURRENT-FLOW SCRUBBER 

Fsure 9-4. Packed-bed scrubbers 

When gases need to be removed, only the counter-current scrubbers are
 

used. The gas about to be discharged through the top of the scrubber
 

"
is contacted by the, cleanest liquid,' and the incoming, most' contanated, 



__ 

Sgas -, contacted~ by~;the iost. on~a4minated 3Aq~id..\: J ,+ ', 
g ! % . 

r Th juos +coahon~ .y used pac4kesc'.bbers, are c°.ter-curtenlt. 
whee~ the gas, flow is upwards, +vettically, against the gravity feed, 

o the absorbing liquid. ,Oe of. the simpliest, types, of,dowowardsf, 

,This is.1 -an unpacked scrubber 
,:,wet .scrubbersAs the igravity spray, tower. 

Sin which .liquid droplets either, from spray nozzles or atomizers fall 

,--MIST ELIMINATOR 

/ \/ 

GAS IN 

GAS DISTRIBUTOR PLATE 

3 5 

Fi gure 9!. -Typical, ayout,.#; qip~ay ,twer. 



downward on a counter-current, rising air stream containig, the dust 

particles. 'A mist eimiuatoris4,uspd at, the top of, the tower to 

preventvcarry 7over of the dropjets.,, A typical spray tower is shown in 

Figure 9-5 Irrigated, cyclones may, alao,3be used to collect dust 

"articles. In general they have higher efficiencies than their dry 

counterparts largely because of their abilities to reduce re-entrain

ment of the particles. Here the water is,,serving as a means of 

washing the collected surfaces free of collected particulate matter. 

One of the considerations in designing the scrubber system is the 

removal of the contaminant from the scrubbing liquid. It is easier 

to remove particulate matter from the scrubbing liquid than gaseous 

matter or material that is soluble in the scrubbing liquid. 

Usually, higher pressure drops are required for higher efficiencies 

of collection. As an example, a pressure drop of 6 inches of water 

might provide 95% of collection of particles 5p or larger, whereas 

a pressure drop of 10 to 12 inches of water might provide efficiencies 

of 90% or greater on particles 1-2p in size. Much higher pressure 

drops would be required for efficient collection of particles less 

than lu in size. As particles become very small, diffusion and 

electrostatic forces are more important than inertial forces. Thus 

lp and smaller become increasingly difficult to remove by scrubbing. 

9.2.1 Summary. Simple gas washers such as unpacked towers can be 

effective and efficient in removal of large diameter particles, 

particularly in the 7.5-10V range. Packed towers improve the efficiency 

of collection and these can be effective down to 1 or 2P. Use of 

higher energy scrubbers, such as venturi scrubbers - those that 

operate at high pressure drops - it is possible to obtain 90% col

lection efficiencies of particles in the sub-micron range. 
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,ltr'kiaioh Is' one' of tihel'oldestVand. most reliable methods. for 

removIng dust; 'mist ,' fums' and other 'solid materials froM gas streams. 

'Althougf there are several types of filtering media used, fabric 

filters are in widest use. The fabric filter is capable of high 

c11ection efficiencies for particles as small as a 0.5 andcaln
 

remove substantial quantities of particles as small as 0.01p. Fabric
 

'filters' are used extensively in industrial operations, because they are 

capable *ofhandling high particle loads. The filters are usually made 

in the form of a tubular bag or envelope, that is slipped over a wide 

frame and hung in a container which allows a multiple number of the 

bags to be arranged. The dust can either be collected on the inside
 

surface, or on the outside surfack of the bag, depending upon the
 

cleaning mechanism that will be employed. Figure 9-6 shows a sAmplified 

diagram of a dust collector called a bag house, where the dust is
 

collected on the inside surface of the bag.
 

Shakes, meehenlsm
ot-
 Outlet pipe 

o-Cleon air side 

riltsr bagi- Battle plate 

Inlet pipe 

Cell plate --Dusty air side 

Hopper 

Figure 9-6.1' Single compartment baghouse filter. Mechanical
 
cleaning is intermittently applied. 
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Figure 9-7 shows a picture of a baghwein tihich the.dust is col

lected on the outside. As many as several thousand bags may be installed 

in a bag house, usually compartmented to permit the cleaning of groups 

of bags while others remain in service. Particulate matter is removed 

from the air gas stream by impinging on, or adhering to, the fibers 

of the bag. The process is not simply fiber sieving because open spaces 

are sometimes a lO0or larger, yet dust particles li or smaller can 

be captured. Other processes .involved in the filtration probably 

include inertial impaction, diffusion or electrostatic attraction, and 

possibly, gravitational settling. Certainly once mats or cakes of dust 

accumulate on the fabric, sieving as well as one of the other mechanisms 

is involved. It is necessary to build up a small cake on the fabric 

surfaces in order to achieve maximum collection efficiency. 

ClIollg 
high pf@9.WfI cleonn

01hnontv esleetlqog 
O sit iato tlbe 

Hilkl .powo air Inlet 

It 
Cl. Vil " ll 

Figure 9-7. Reverse pulse filter. 
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Periodically the accumulated dust is removed but some small amount 

of the cake is always allowed to remain on the bag. Removal of the 

particulate matter is usually timed to occur when Ithe particulate

generating processing is off or stopped. 
In most situations, the bag
 

house is located above a 
hopper into which the particles or dust may
 

fall when blown off, or shaken from the fabric. Mechanical shaking
 

Of the bags 
causes the dust to fall into the hopper. A reverse flow
 

of air may also be used to help remove the cake from the filter bag.
 

For large installations it is 
common to have the baghouse compart

mentalized so that a 
section can be shut down for cleaning while other
 

sections are operational. 
The removal of the accumulated dust is
 

scheduled so that one portion of the total filter capacity is always
 

being cleaned. 

Dust removal can also be done during the filtering operation.
 

This is generally accomplished by a reverse air flow either through
 

a ring that traverses the length of the bag and pushes the air back
 

through the bag; or through high pressure air jets that create a shock 

wave along the length of the bag to remove the cake, as shown in
 

Figure 9-7.
 

Natural fibers are usable at lower temperatures, synthetics in
 

the mid-ranges and inert materials like "Teflon", graphite, asbestos
 

can atand "Nomex" nylon be used high temperatures. The nature of the 
fiber will also determine whether it is relatively resistent to attack
 

by acids, bases, or organic solvents, or moisture. By the selection
 

of appropriate filter media and structural materials for the baghouse,
 

collection of particulates 
can be done in relatively corrosive atmospheres.
 

9.3.1 Summary. Some 80Z of all manufacturing plants contain operations
 

that produce dust particles of such a small size that use a 
highly
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efficient collection device such as a baghouse is desirable. In 

many cases, where the material that is filtered is reclaimed, the 

fabric collectors are an integral component of the manufacturing 

process. Examples of solids that are reclaimed are metal oxides, 

carbon black, cement, clay and pharmaceuticals. Fabric filters can 

also be used to remove harmful or irritating emissions such as chemicals 

and abrasives. When alakaline additives are add to 6i1l fired power 

plants to reduce the SO2 concentration, baghouses are used to collect 

the solid product of the reaction. In general the efficiency of per

formance is high even for particles in the sub-micron range. The solid 

material can be collected either on the inside surface or the outside 

surface of the bag. A variety of the bag cleaning methods maybe used 

depending upon the requirements of a particular installation. 

9.4 Electrostatic Precipitators 

Electrostatic precipitation permits the high efficiency removal 

of particulate matter down to the sub-micron range, with high gas 

volumes (50,000 to 2 million cfm), over broad temperature and pressure 

ranges. There are three steps to the separation of the particulate 

matter from the gas stream: 

a. the charging of the particles of suspended matter, 

b. the collection of the charged particles at a ground surface, 

c. the removal of the accumulated particulate matter. 

There are two principal types of precipitators: high-voltage and low

voltage, also called single-stage and double-stage. 

9.4.1 High-Voltage Precipitators - By far the type of electrostatic 

precipitator most widely used for industrial applications is the high

voltage or single-stage precipitator. Two designs are used in most 

single-stage precipitators: the flat-surface-type and the tube-type. 
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In the first design, the particles are collected on flat collecting 

frm 6 to 12 inches apart. Awire or rod dischargesurfaces spaced 

In tube-type
electrode iH located centrally between the surfaces. 

precipitators the grounded collecting surfaces 
are cylindical instead
 

longitudinal
of flat and the discharged electrode is centered 

along the 

Both these kinds of precipitators are shown schemataxis of the tube. 


the 
ically in Figure 9-8 and 9-9. The potential difference between 

high enough so
electrode and the collecting surfaces isdischarged 

the electrode. Typically the electrodes 
that a corona discharge surrounds 

of twisted 
are made from round wires however they can also be in the form 

roads, ribbons and barbed wire, as shown in Figure 9-10. 

GROUNDED
DISCHARGE 

COLLECTING SURFACEELECTRODE 


CHARGED PARTICLES 

- - HIGH-VOLTAGE 

,0DISCHARGE ELECTRODE 
(NEGATIVE-) 

10 
GAS GROUNDED COLLECTING SURFACE 
FLOW
 

Schematic view of tubular-surface-type electrostatic
!igure 9-8. 

precipitator. 

3-6GO 



-5s8-

CHARGING FIELD - HIGH-VOLTAGE DISCHARGE ELECTRODE (-) 

CHARGED ( ) PARTICLES COLLECTING BAFFLE 

GGROUNDED +1COLLECTING SURFACE 

DISCHARGE ELECTRODE TENSION WPIGHT 

PARTICLE PATH 

Figure 9-9. Schematic view of a flat-surface-type electrostatic 
precipitator. 
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SQUARE ROUND BARBED STAR PUNCHED
 
RIBBON 

Figure 9-10. Discharge electrodes 

Similarly the collecting plates, while often flat, can also have 

other shapes, such as expanded metal, or curtains of rods as shown in 

Figure 9-11.There special shapes are designed primarily to prevent 

re-entrainment of the dust.
 

Particles in the gas field passing through the corona are charged 

by the gas ions. The electrical field interacting with these charged 

particles will cause them to drift toward, and deposit on,the collecting 

plates or electrodes. If the particles are liquid droplets, they will 

collect on the electrodes and eventually drip into a sump. If the 
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the dust layer that forms eventuallyparticles are solid however, 


builds and must be removed by rapping the electrodes, to break loose
 

the dust. Some of the dust may be re-entrained. However because this
 

re-entrained dust has a larger average particle size than the original
 

particles collected, because of agglomeration, it will quickly deposit
 

on other nearby plates. Sprays can also be used to flush material from
 

the collecting surfaces.
 

VEE POCKETOPZEL EXPANDED METAL ROD CURTAIN 

Figure 9-11. Collecting plates 

Operating conditions for the precipitator are usually 	set for 

in thethe particular solid material to be collected. Any change 

of the emissions will change the collection performance ofcharacter 

the precipitator. Such factors as the resistivity of the solid, flow 

characteristics in the precipitator, and moisture content of the air 

stream are important in determining the efficiency of collection. 

High voltage precipitators have been used to collect a wide variety 

of solid and liquid particles. Typically their efficiencies will be 
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in the range of 90-99+Z. Electrostatic installations are common in 

fossil fuel fired power plants, steel mills, the cement plants, kraft. 

pulp mills and sulfuric acid plants. 

9.4.2 .Low-Voltages Precipitators. The low-voltage, or two-stage, 

;precipitatoro was originally designed as an air purifying device to 

be used as part of air conditioning systems. It is most effectively 

used in industrial applications for the collection of finely divided 

liquid particles as are associated with meat smoke-houses, asphalt 

plants, paper saturaters and pipe coating machines. Because of the 

need for close spacing of the plates, the use of low-voltage pre

cipitators is generally limited, almost entirely to the collection 

of liquid particles. Solid particlus or sticky materials will accumulate 

and cause the plates to ,short. In the low-voltage precipitators, the 

ionizing and collection zones are. separated. In the ionizing stage, 

fine wires, positively charged, are located 1 to 2 inches from parallel 

grounded tubes or rods. This creates a corona discharge through which 

the particles are passed. The second stage consists of parallel metal 

plates which are alternately charged positive and negative, or positive 

and ground. The latter design is shown in Figure 9-12. 

The particulates are collected on the plates of the second stage.
 

I Liquid droplets will aggregate and wash off the plates into a collecting
 

sump. Solid particles must be removed pericaically by mechanical means. 
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GROUNDED 
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FIELD RECEIVER 
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Figure' 9-12. 	 Operating principle of two-stage electrostatic 
precipitator. 

9.4.3 Summary.. Electrostatic precipitators are collection devices
 

that can achieve high collection efficienciesexceeding 99% in some
 

cases, for particles of very small diameters. The design of the
 

precipitators permits them to be used at very high gas loads and even
 

very high temperature ranges, in some cases exceeding a l000°F. They
 

also operate at low pressure drops and tend to have low operating
 

cost, Precipitators tend to be most efficient when operating con

ditions are costant. They cannot remove gaseous pollutants from
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the air stream and have other drawbacks which make them inappropriate 

i=o many applications. Electrostatic precipitators however are widely 

used ini. a numnber of industries including electric power, steel, pulp 

and paper, non-ferrous- metals, chemicals, and paper. 

9.3 Afterburner 

Afterburners are gas cleaning 'dvices ,that use a furnace for 

burning! gaseous pollutants. iThe ,combustion may be done either by 

direct flame or by catalytic means. For, particulates to be removed 

froman air stream by this process, they must be residue-free and 

readily combustible. Afterourners are used primarily to dispose of 

fumes, vapors and odors when relatively small volumes of gases or low 

concentrations of particulate matter are involved. In a direct flame 

combustor or afterburner, the flame is in direct contact with the 

particle-laden gas, as is shown in Figure 9-13. In a catalytic com

bustion unit shown in Figure 9-14, the particles and gases are con

sumed at the surface of the catalyst without any direct flame, after 

the air stream has been preheated. In the catalytic unit, the com

bustion is performed at a lower temperature in the direct fired after

burner. 
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Figure 9-13. Typical direct-fired afterburner. 
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Figure 9-14. Catalytic combustion system including preheat
 
burner and exhaust fan. 

Although the catalytic afterburner requires less fuel and can
 

operate at lower temperatures, it is sensitive to catalyst poisoning
 

and plugging. Afterburners must be depigned to allow adequate residence
 

time to completely combust the material. Incomplete oxidation may
 

permit the formation of other compounds that are more of a problem than
 

the ones that are to be removed.
 

9.5.1 Summary. In general, incineration of gases and particulate matter
 

is used to control odors, to reduce the opacity of plumes caused by
 

organic aerosols, and as a means of rapidly reducing explosion hazards,
 

for example usitii flares in petroleum refineries. Materials to be
 

removed, or destroyed, must be combustible.
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'*9.6 	 Removal -of Gases. .; 1 .<' 

-'- ,Forthe- removal of gaseous .pollutants, one rof the most effective 

means is the packed ,bed tower, showni n Figure 9-15. As in the 

packed :scrubber, the ,flowof the gas is -counter-current to the absorbing 

,,liquid. 	 Typically, the gas -flows up, iand the liquid flows down. 

of air can be handled. Spray towers, -sprayRelatively large volumes 

also 	be used to remove gases.chambers, and venturi scrubbers can 

"q--- 8os mlM 

Figure 9-15. Typical packed tower. 

9.6.1. 	 Ad.arptoj. Adsorption XLs another technique useful for 

useful because it conremoval of gases from an air stream. It is 

centrates the pollutants, making their disposal, or recovery easier. 

be discarded with the pqllutant still attached; or.The, 	adsorbent may 
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the adsorbed pollutant may be desorbed so the adsorbent ,mayPbe:'. 

covered. i- ir ichemical -rddetion ,occurs riwu the adaerption, process 

the adsorbent ;may not be able to be recovered. 

C Activated carbon is a common adsorbent. Solid adsorbents are 

-typically used in beds, either fixed or fluidized, requiringsingle 

passes or multiple passes by the air stream to get naximum recovery. 

Adsorption efficiencies exceeding 95% can be obtained using a well

packed bed of carbon granules. Adequate retension time in the bed 

is required to achieve high efficiencies. Flow rates must be limited 

to certain ranges to be sure that the bed is not disturbed. High 

humidities must be avoided because the condensed water might interfere
 

with the adsorption process. Typical processes in which adsorbents 

are used are food processing, chemical processing, and in such mis

cellaneous applications as pulp and paper manufacturing, tanning and 

asphalt product manufacturing. 

9.7 Dispersion 

If the purpose of the control technique is to reduce the ground

level concentrations, then atmospheric dilution can be utilized 

emitting gases and particulates from a tall stack. No material is 

removed, rather the natural dilution capacity of the atmosphere is 

used to disperse the pollutants sufficiently so that the concentrations 

at the ground are within acceptable limits. The effectiveness of the 

dilution by the atmosphere will depend upon local meteorological con

ditions, local topography, and effective stack height. Tall stacks 

may not be suitable for every source, but they can be used in some
 

cases,
 

9.8 Summary
 

The selection,'of a control. device, depends'"upon ai variety of 
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factors, some internal 	to the plant, and some external to the plant. 

This discussion provides some general information on the type and 

operation of control techniques presently being used. The following 

table summarizes the advantages and disadvantages of several collection 

techniques. 

Table 9-3. Advantages and Disadvantages of Collection 

Techniques
 

Collector Advantages. 	 Disadvantages 

Settling Chamber Low pressure loss; simple Much space required;
design; low 	 lowcost collection efficiency; 

difficult to collect 
solid materials; limited 
application.
 

Cyclones 	 Simplicity of design Low collection efficiency
and maintenance; little of small particles;
floor space required; sensitive to variable 
dry continuous disposal dust loading and flow
of dust; low to moderate rates; tends to clog. 
pressure loss; handles 
large, medium and small 
sized particles; high
dust loeading; reasonably 
independent of temp
erature. 

Wet Collectors 	 Simultaneous gas absorp- Corrosion and erosion
tion and particle removal; problems; add cost of 
ability to cool and clean 
 waste water treatment
 
high-temperature, moisture-
 and reclamation; low 
laden gases; corrosive efficiencies on sub
gases and mists can be micron particles; con
recovered and neutralized; tamination of effluent 
reduced dust explosion streams by liquid

risk; efficiency can be entrainment; freezing

varied, 	 problems in cold
 

weather; reduction in 
buoyancy and plume rise; 
water vapor contributes 
to visible plume under
 
aome conditions. 
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Collector 


Electrostatic 
Precipitators 


Fabric, Collectors 

Afterburners 

Adsorption 

Dispersion 

Advantages 


99+ percent efficiency 
obtainable on even sub-

micron particles; 

particles maybe collected 

wet or dry; pressure 

drop and power requirements 

.are small compared to other 

high efficiency collectors; 
maintenance is nominal 
unless corrosion or 
adhesive materials are 

handled; few moving parts; 
can be operated at rel
atively high temperatures. 

Dry collection possible; 
collection of small parti-
cles possible; high effici-
ency possible. 

High removal efficiency 
of sub-micron, odor-causing 
particles and vapors; 
simultaneous disposal of 
combustible gases and par-
ticulate matter; possible 
heat recovery; relatively 
small space requirement; 
simple construction; low 
maintenance. 

High efficiencies 
achieveables at reason-
ably high flow rates; 
can incorporate con-
tinuous regeneration pro-
cesses for the adsorbent, 

Independent of tempera-

ture; low maintenance;
simple construction. 

Disadvantages
 

Relatively high initial
 
cost; sensitive to
 
variable dust loadings
 
or flow rates; resis
tivity changes causes
 
some material to be
 
economically uncollectable
 
precaution requied to 
to safeguard personnel
 
from high voltage; col
lection efficiencies can
 
deteriorate gradually. 

Sensitivity to filtering 
velocity; high temperature
 
gases must be cooled to 
below 500*F; affected 
by relative humidity;
 
susceptibility of fiber 
to chemical attack. 

High operating cost; 
fire hazard; can only 
removal combustibles; 
may have high initial cost 
if catalysts are used; 
catalysts may require 
reactivation, and are 
subject to poisoning. 

May have high maintenance 
cost if adsorbent must be 
discarded; may create 
disposal problems of 
poisoned adsorbent; 
extra step in the removal 
of pollutant from 
adsorbent. 

May be limited by 

meteorological and top
ographical conditions; 
not applicable for toxic 
emissions; not usable 
where visual emissions 
will be exceeded.
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10. 	 Industrial Applications of 'Air Pollution Cotroi Technology' 

The following information was adopted from the Air Pollution 

Enjineering Manual, Second Edition (AP-40), published by the U. S. 

Environmental Protection Agency. What follows are desctiptions of 

the uses of the technology for controlling emissions presented in 

Chapter 9. Several industries are used to illustrate the process for 

selection and operation of control systems. 

101 W6odworking Operations 

Woodworking exhaust systems are almost always equipped with air 

pollution control devices. If they were not so equipped, the entrained 

sawdust would result in excessive dust loading in exit gases and could 

easily cause a local nuisance. Air contaminant emissions from systems 

such as these are functions of the particular dust encountered and 

the particular control device employed. The dust particles are not 

excessively small in most systems, and elaborate devices are not 

usually required. 

Particles emitted by woodworking machines vary in size from less 

than lp, to chips and curls several inches long. Hammer-tll-type wood 

hogs emit particles running the complete size range, while sanders 

generate only very small dust particles. Wood waste particles from 

most other machines are larger in size, seldom less than 10p, and greater 

in uniformity. Other factors determining particles size are the type 

of wood processed and the sharpness of the cutting tool. Hardwoods tend 

to splinter and break, yielding smaller particles than soft woods, 

which tend to tear and shred. A dull cutting tool increases tearing 

and 	shredding, and produces larger particles. 

Generally, the configuration of waste particles is of little 

importance. There are, however, instances where toothpick-like splinters 

and curls have presented difficulties in collection and storage, and 
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in the emptying 'of storage bins. 

10.l, 1, Control Equipment,, The sip:le cyclon sep aratois the 

MOBot, common device, used, for, collecting, wood, dust., and chips from 

woodworking exhaust systems. In, fact, cyclones outnumber .all, other
 

devices by a large margin. The main advantage of simple cyclones
 

over most other collection devices their simplicity of
is con

struction and ease of operation. They are relatively inexpensive, 

require little maintenance, and have only moderate power requirements. 

Properly designed cyclones have been found satisfactory for use with 

,exhaust systems at cabinet shops, lumber yards, planing mills, model 

shops, and most other wood-processing plants. 

_The size and design of woodworking exhaust system, cyclones varies 

with air volume and the type of wood waste being handled. Where fine 

sander dust predominates, cyclones should be of high-efficiency design 

with diameters not greater than 3 feet. Coarse sawdust, andcurls, 

chips, such as are produced with ripsaws, moulders, and drills, can be 

effectively collected with low-efficiency cyclones up to 8 feet in 

diameter. Most woodworking exhaust systems are used to collect a mix

ture of wood waste that includes both fine and coarse particles. The 

exhaust system designer must, therefore, carefully consider the 

quantities of each type wood waste that will be handled. The presence 

of appreciable precentages of coarse particles in most systems allows 

the use of low- and medium-efficiency cyclones. 

Baghouses are sometimes used with woodworking exhaust systems. 

Their use is rescrved for those systems handling fine dusts, such 

as wood flour, or where small amounts of dust loses to the surrounding 

area cannot be tolerated. The efficiency of baghouses on woodworking 

exhaust systems is very high--99Z or more. They can be used to filter 
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particles as small as O.1 in size. In some installationslower
 

c 4ll'etors such as" cyclones and impingement traps areefficie'cy 

the bulk 	of *ntrainid particulates
'installedupstream to remove 


before final filtering a baghouse.
 

10.1.2 Disposal of Collected'Wastes. Wood dust and chips collected
 

with exhaust systemsmust be disposed of since they present a storage 

a fire hazard. Very often a profit can be realized fromproblem 	and 

this waste material. Wood wastes can be used productively for things
 

such as: 

a bulking agent for plastic products such as plastic wood,
 

masonite, and others; 

pressed woods such as firewood, fiberboard, firtext and others;
 

soil additives.
 

smokehouse fuel--hardwood sawdust is burned to produce smoke
 

for the processing of bacon, ham, pastrami, etc.;
 

floor sweeping compound--with or without oil, sawdust helps
 

hold dust particles;
 

be mixed 	with water based resins andVood filler~-sawdust can 


used as a wood filler;
 

floor cover in butcher shops, restaurants, etc.;
 

fuel for waste heat boilers--heat can be recovered to generate
 

steam and hot water. 

10.2 	Open-Hearth Steelmaking
 

Air contaminants are emitted from an open-hearth furnace through

out the process, or heat, which lasts from 8 to 10 hours. These con

taminants can be categorized as combustion contaminants and refining
 

contaminants. Combustion contaminants result from steel scrap that
 

contains grease, oil and other combutible material, and from the
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%-T' t!-The particulate emissionp,1)hat occur in greatest quantities are 

theo fumes, or' oxides , of rtheyvarious metal constituents in the steel 

alloy being made. The concentration of the particulates in the gas 

stream varies over a wide range, during the heat, from 0.10 to a 

maximum of 2.0 grains, per cubic foot (gr/scf). An average is 0.7 

gr/scf, or 16 pounds per ton of material charged. The test results 

in Table 10-1 for the open-hearth furnace show that 64.7%of the 

emissions are below 5g in size. The control device selected must, 

therefore, be capable of high collection efficiencies on smafl 

particles. 

Another serious air pollution problem occurring with open-hearth 

furnace operation is tlat of fluoride emissions. These emissions have 

affected plants, which in turn, have caused chronic poisoning of animals 

Control of fluoride emissions presents a problem because they usually 

are in both the gaseous and particulate state. 

TABLE 10-1., DUST AND FUME DISCHARGE FROM OPEN-HEARTH STEEL FURNACES 

Furnace data 
Type of fu.nace Open heart 
Size of furnace 50 ton 
Process wt, lb/hr 13,300 

Stack gas data 
Volume, scfm 14,150 
Temperature, *F 1,270 

Dust and fume data 
Type of control equipment None, 
Concentration, gr/scf 1.13 
Dust emissions, lb/hr
Particle size, wt % 

137.,. 

0 to 5V 64.7 
5 to 10p 6.79 
10 to 20V 11.9 
20 to 44p 8.96 

Spocific gravity 5 
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10.2.1 Control Equipment. -Open-hearth furnaces thave been successfully 

controlled by electrostatic precipitators. On some installations, the 

control system has been refined by installing a waste heat boiler between 

furnace and control device. In this manner, heat is reclaimed from the 

furnace exhaust gases, and at the sane time, the gases are reduced in 

temperature to within the design limits of the control device. In 

Table 10-2 are shown test results of a control system incorporating 

waste heat boiler and an electrostatic precipitator. 

Table 10-2. DUST AND FUME EMISSIONS FROM AN OPEN-HEARTH FURNACE 

CONTROLLED WITH AN ELECTROSTATIC PRECIPITATOR 

Furnace data: 

Type of furnace (constructed 1916) 
Size of furnace, tons 
Test interval 

Fuel input 

Open hearth 
63 
1 hr during heat wo
period 
Natural gas, 21,000 
Fuel oil, 1.4 gpm 

rking 

cfh 

Waste heat boiler data: 

Gas volume, inlet, scfm 14,900 
Gas temperature, inlet, °F 1,330 
Gas temperature, outlet, 'F 460 
Water inwaste gas, Z 12.4 
Steam production (average),lb/hr 8,400 

Precipitation data:
 

Gas volume, scfm 14,900 
Dust and fume concentration 
(dry volume) 

Inlet, gr/scf 0.355 
Outlet, gr/scf 0.004 
Inlet, lb/hr 39.6 
Outlet, lb/hr 0.406 

Collection efficiency, X 98.98
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10 ~'.r1 ',Sulfurilc 'Aci'd ,Manufactuiring-i'(Contact t,rocess)' .1r 

mo I, source tof emissions, from aThe .oti34significant 	 contact sulfuric 

:-acid plant is.	 :the tail-gas discharge from the sulfur trioxide (SO 3 ) 

iabsorbdr. While these tail gases consist primarily of nitrogen, oxygen, 

,--and some carbon dioxide, they also contain small concentrations of SO 2 

and smaller amounts of S03 and sulfuric acid mist. Table 10-3 shows 

the SO2 and-SO3 discharged fromitwo wet-gas sulfuric plant absorbers. 

TABLE 10-3. SULFUR TRIOXIDE AND SULFUR DIOXIDE EMISSIONS FROM
 

TWO ABSORBERS IN CONTACT SULFURIC ACID PLANTS
 

Outlet of Outlet of
 
absorber No. 1 absorber No. 2
 

Gas 	flow rate, 1,600 7,200
 
Scfm
 

Sulfur trioxide, 0.033 0.39
 
gr/scf
 
% by vol as SO2 0.002
 
lb/Jr 2.73 2.4
 

Sulfur dioxide,
 
gr/scf 2.63 2.45
 
% by vol 0.22
 
lb/hr 216 151.2
 

A well-designed contact process sulfuric acid plant operates at 

90 to 95 percent conversion of the sulfur feed into product (sulfuric 

acid.) Thus a 250-ton-per-day plant can discharge 1.25 to 2.5 tons 

of S02 and S03 per day. When present in sufficient concentration, 

S02 is irritating to throat and nasal passes and injurious to vegetation. 

Tail gases that contain SO3, because of incomplete absorption in
 

the aboorber stack, hydrate and form a finely divided mist upon contact
 

with atmospheric moisture. Generally, the process temperature of gas
 

going to the absorber should be on the lower side of the temperature
 

range 1500 to 2300C. 

378
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J-,,-The optimum;aci'd~concentrition .Inithe absorbing, towet is.98.5Z. 

This concentration has the lowest SO3 vapor,pressure.,.Tb e partial 

13 pressure, of; SO3: increases2 ifi the-absorb'Ing. acid. is too. strong, and 

'.S03: willbe emitted with.theatail gases .f a concentration of 

:absorbing acid less, than, 98.5%,is used, r:the' beta phase of: S03, which 

isT lesseasilyabsorbed, is~produced. A mist may alsoform when the 

process gases are' cooled before final, absorption.
 

,:Water-based mists can form 
as. a result. of the presence of water 

vapor, in the process gases fed tothe converter. This condition is 

oftenv caused by poor performance, of the drying tower. Efficent per

, ,formance should result in a moisture loading of 5 milligrams or less 

,-,per cubic foot. In sulfur-burning plants, mists may, be formed from 

water resulting from the combustion of hydrocarbon impurities in the 

sulfur. 

The SO3 mist presents the most difficult of tbe emissions to 

controllbecause it generally has the smallest particle size. The
 

particle 
size of these acid mists ranges from sub-micron to lop and 

larger. Acid mist composed of particles of less than 101i in size is 

visible in the absorber tail gases if present in amounts greater than 

1'milligram of sulfuric acid per cubic foot of gas. As the particle 

'size decreases, the plume becomes more dense becanse of the greater 

.light-scatteri-Ag effect of the smaller particles. Maximum light
 

scattering 
occurs when the particle size approximates the wave length
 

of 'ght. Thus, the predominant factor in the visibility of an acid 

plant's plume is particle size of the acid mists rather than the weight 

of mist discharged. Acid particles larger than 10pj are probably 

present, as a result of mechanical entrainment. Thedie' larger particles 

http:vapor,pressure.,.Tb
http:is.98.5Z


i depbsit readily on' .duct and stack~walis':.and; contribute little to the 

.opacity of, the tplume.-

As, stated previously, even-,withW a well designed 'conventional 

contact sulfuric acid unit, the tail gas'emitted to the atmosphere 

contains considerable S02 ; -concentrations can be as high as 5200 mg/m 3 

(2000; ppm). In,-recent years, the intensified emphasis on airtquality 

standards has dictated thati emissions of sulfur compounds from sulfuric 

acid plants be greatly reduced. This can be accomplished by two methods, 

"-both utilizing basic technology that has been known for some years. 

One method involves "double, or total, ..,bsorption." Ir. this process 

SO2 is converted to S03 in a three-pass catalytic converter, and the 

S03tis abosrbed in an absorption tower. The gases from this tower, 

still containing unreacted SO2 , are then recycled to another single

pass catalytic converter, and then to a final absorber. 

The other method consists of a tail-gas trit added to the end of 

a conventional acid plant. One such unit absotiis the SO in the tail2 

gas in an aqueous ammonim sulffte-bisulfite solution. The absorbing
 

liquid is then treated in such a way that the SO2 i stripped and then
 

returned to the sulfuric acd plant. Other similar processes exist.
 

* By such applications, the SO, concentration in tail-gas emissions
 

can be reduced to less than 1500 mg/m 3 (500 ppm), and total -r1.ant
 

efficiency for sulfur recove y e.n be acre 6ed. r n 99)
 

percent.
 

10.3.1 Control .Equipfentc-for 5ulfur.c Otoxid- PumoIsj WVate-r scr,.4)bina, 
,of the tail gases troni-, .iqO3 absorbr' . t"5 perc't 

of the SO2 content" crb igt Rrs ujng .1-rnch riage stacked 

!rings or redwood slats arO':o. d 'OpT( vdo'hen SO2 

concentrations are .o*'ggt' soda ash ,olutin 1.8susually uSUj.in place
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ofater. ater scrub1bng is fe ibleihere disposal ofthe Scidic 

waste water-dods not' present a "problem 

STaiI gasesi may'be scrubbed with oida ash solutlion to produce 

marketable sodium bisulfite. A cyclic process using sodium sulfite

bisulfite has also been reported. Steam regeneration costs in the 

cyclic process are, however, relatively high, and the capacity-of the 

scrubbing solution is limited by the low solubility of sodium bisulfite. 

The dilute'scrubber solution has, moreover, little economic value. 

The most widely known process for removal of SO2 from a gas stream 

is scrubbing with ammonia solution. Single- and two-stage absorber 

systems respectively reportedly reduce 502 concentrations in tail gases 

to 0.08%and 0.03%. Two-stage systems are designed to handle SO2 

gas concentrations as high as 0.9%. High S02 concentrations resulting 

from acid plant start-ups and upsets could be hafidled adequately by a 

system such as this. 

10.3.2 Control Equipment for Acid Mist Removal. Tube-type electrostatic 

precipitators are widely used for removal of sulfuric acid mist from the 

cold SO, gas stream of wet-purification systems. Tube-type precipitators 

have also been used for treating tail gases from S03 absorber towers. 

More recently, however, two-stage, plate-type precipitators have been 

used successfully. One such trits lead-lined throughout to prevent 

corrosion, is designed to handle approximately 20,000 cfm tail-gas from 

a 300-ton-per-day contact sulfuric acid plant. This wet-gas plant pro

ceases hydrogen sulfide, sulfur, and spent alkylation acid. Dry gas 

containing 502, C02 , oxygen, nitrogen, and 5 to 10 mg of acid mist 

per cubic foot of air enters two inlet ducts to the precipitator. 

The gas flows upward through distribution tiles to the humidifying 
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vsection . This section contains feet of ,3-inch single-spiral tile 

irrigated by 800 gpm weasulfuric acid. -The conditioned gas ,then 

r' flows to the -ionizing section which consists of about 75 grounded 

1, curtain4 electrodes and 100 electrode wire extensions. 

onized,,gas thenflows'to the precipitator section where charged 

,acidparticesmigrate to, the collector plate electrodes. There are 

twelve- 14' x 14' lead plates and 375 electrode wires. The negative wire 

voltage is 75,0OQ volts. Acid migrating to the plates flows down through 

,the precipitator and is collected inl the humidifying section flows to 

a,-7foot-diameter, lead-lined stack that discharges to the atmosphere 

150- feet above grade. 

The high-voltage electrode wires are suspended vertically by three 

sets of insulators. Horizontal motion is eliminated by four diagonally 

placed insulattors, which are isolated from the gas stream by oil seals. 

All structural material in contact with the acid mist is lead clad. 

,Electrical wires are stainless steel cores with lead cladding. Voltage 

is supplied from a generator with a maximum capacity of 30 kilovolt

amperes. A battery of silicon rectifiers supplies 75,000 volts of 

direct current to the electrode wires. 

Table 10-4 shows the SO3 and SO2 emissions from the previously 

described two-stage electrical precipitator. The acid mist collection 

efficiency was only 93 percent. A mechanical rectifier was, however, 

supplying only 36,000 volts to the precipitator during this test. 

During normal operation, silicon rectifiers supply 75,000 volts to 

-,theelectrode wires.
 



-79-


Table 10-4. SULFUR TRIOXIDE AND SULFUR DIOXIDE EMISSIONS FROM'A TWO 
i. 2d STAGE ELECTRICAL PRECIPITATOR SERVING 

A CONTACT SULFURIC ACID PLANT 

Inlet of Outlet of 
S .precipitator precipitator 

Gas-flow rate, scfm-w 13,400 13,100 

Gas temperature, OF 160 80 

Average gas velocity, ft/sec 36.5 20.6 

Collection efficiency, a% 93 

Moisture in gas, % 0.8 4.1 

C02, % (stack conditions) 5.9 6 

02, % (stack conditions) 9.6 8.4 

CO, Z (stack conditions) 0 0 

N2, % (stack conditions) 83.4 81.2
 

Sulfur.trioxide,
 

gr/scf 0.062 0.0048
 

lb/hr 7.1 0.54
 

% by volume 0.0042 0.00032
 

Sulfur dioxide,
 

gr/scf 4.1 4.1
 

lb/hr 470 460
 

% by volume 0.345 0.345
 

aA mechanical rectifier was supplying only 36,000 volts to the precipi

tator. During normal operation, silicon rectifiers supply 75,000 volts
 
to the electrode wires. This should increase the acid mist collection
 
efficiency appreciably.
 

Packed-bed separators employ sand, coke, or glass or metal fibers to
 

intercept acid mist particles. The packing also causes the particles to
 

coalesce because of high turbulence in the small spaces between packing 
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of mist have been effectively removed in a,),Moderate-sizedparticles 

12-inch-deep'bed 'of -inch Berl saddles With. gas velocities of 

approximately 10 ft/sec. 

Glass fiber filters have, not been very effectively in mist 

removal because of a tendency on the part of the -fiber to sag, and 

acid mist removal by siliconemat. Nevertheless, experimental reports on 

treated glass wool are encouraging. A special fine glass wool with a
 

fiber diameter between 5 and 30V was used. The coarser fibers 

allowed adequate penetration of the bed by the mist particles to ensure 

a reasonable long life and provided sufficient support for the finer 

fibers in their trapping of the small acid mist particles.
 

The glass wool was treated by compressing it into a filter 2 inches 

thick to a density of 10 pounds per cubic foot. It was then placed in
 

a sheet metal container and heated at 5000C for 1 hour. By this treat

ment, the stresses in the compressed fibers were relieved, and the
 

fiber mass could be removed from the mold without losing shape or com

pression. The fibers were then treated with a solution of methyl
 

chlorosilane.
 

The threshold SO3 concentration for mist visibility after scrubbing
 

-
has been found experimentally co be about 3.6 x 10 4 gr/scf. The 

discharge gases from the silicone-treated filter had an SO3 concentration 

-of 1.8 to 2.5 x 10 4 gr/scf and no appreciable acid mist plume. A
 

faint plume became perceptible at approximately weekly intervals but
 

was eliminated by flushing the filter bed with water. The average
 

tail-gas filtering rate for the treated filter was 15.6 cfm per square
 

foot of filtering area for a pressure drop of 9.5-10 inches of water.
 

The effective life of the silicone fiber is estimated to be at least
 

51000 hours. The use of untreated glass wool fiber proved unsatisfactory
 

3



-A.in,,reducing,-the opacity of the, acid mist plume., 

4;j Table 10-5 -shows the'S02 iand acid -mist emissions from the outlet 

of a typical silicone-treated, glass fiber mist eliminator. This 

control unit processes absorber discharge gas from a contact sulfuric 

-plant, The acid mist collection efficiency for the fiber glass mist 

eliminator was 98.9 percent. 

TABLE 10-5. EMISSIONS OF SULFUR DIOXIDE AND ACID MIST FROM THE OUTLET 
OF A SILICONE-TREATED, GLASS FIBER MIST ELIMINATOR
 

SERVING A CONTACT SULFURIC ACID PLANT
 

Mist
 
eliminator
 

inlet Mist eliminator outlet
 

Acid Acid Sulfur 
mist mist dioxide 

Concentration, gr/scf 0.30 0.035 1.50 

Concentration, ppm 200 25 1,300 

Weight, lb/hr 45 0.5 160 

Collaction efficiency, % 98.9 

Gas flow rate, Scfm 14,000 

Avg gas velocity, ft/sec 19 

Gas temperature, °F 160 

Wire mesh mist eliminators are usually constructed in two stages. 

The lower stage of wire mesh may have a hulk density of about 14 

pounds per cubic foot, while the upper stage is less dense. The two 

stages are separated by several feet in a vertical duct. The high

density lower stage acts as a coalescer. The re-entrained coalesced
 

particles are removed in the upper stage. Typical gas velocities for
 

these units range from 11 to 18 ft/sec. The kinetic energy of the 

mist particle Is apparently too low to promote coalescence at 

velocities less than 11 ft/sec, and re-entrainment becomes a problem 
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at velocities greafer than f8 ft/se6;- The 4taili-gtapreasure! drop 

th rough, a wired mesh mist installationeis approximately3 inches bf 

water. 

.0;4 Coffee Roasting, 

Dust, chaff, coffee bean oils (as:mists) I smoke, andodors are 

the principal air contaminants emitted from coffee processing. In 

addition, combustion contaminants are discharged if chaff is 

*:incinerated. Dust is exhausted from several points in the process, 

while smoke and odors are confined to the roaster, chaff incinerator, 

and, in some cases, to the cooler. 

Coffee chaff is the main source of particulates, but green beans,
 

as received, also contain appreciable quantities of sand miscellaneous
 

dirt. The major portion of this dirt is removed by air washing in
 

the green coffee-cleaning system. Some chaff (about 1 percent of the
 

green weight) is released from the bean on roasting and is removed
 

with roaster exhaust gases. A small amount of chaff carries through
 

to the cooler and stoner. After the roasting, coffee chaff is light
 

and flaky, with particles sizes usually exceeding 100p. As shown
 

in Table 10-6, particulate emissions from coffee processing are well
 

below the limits permitted by typical dust and fume prohibitions.
 

TABLE 10-6. ANALYSIS OF COFFEE ROASTER EXHAUST GASES 

Contaminant concentration
 
Continuous roaster Batch roaster 
Roaster Cooler 

Particulate matter, gr/scf 0.189 0.006 0.160 
Aldehydes 
(as formaldehyde), ppm 139 -- 42 

Organic acids 
(as acetic acid), ppm 223 -- 175 

Oxides of nitrogen fl, . .. ' 11,1. 
(as NO2), ppm 26.8 -- 21.4 

,~ ~ ~. ~ ~ ~,i', ~ ~ A Z. 
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-Coffee iosster odors are rattributed'toalcohols, aldehydes, organic 

acids, and nitrogen and sulfur compounds, which are all probably 

*breakdown products of sugars and oils. Roasted coffee odors are 

considered pleasant by may people. Nevertheless, continual exposure 

,.to uncontrolled roaster exhaust gases usually elicits widespread 

complaints from adjacent residents. The pleasant aroma apparently 

develops into an annoyance upon continued exposure. 

Visible bluish-white smoke emissions from coffee roasters are 

caused by distilled oils and organic breakdown products. The moisture 

content of green coffee is only 6 to 14 percent, and thus there is 

not sufficient water vapor in the 4000 to 5000F exhaust gases to 

form a visible steam plume. From uncontrolled, continuous roasters, 

the opacity of exhaust gases exceeds 40% almost continuously. From 

batch roasters, exhaust opacities normally exceed 40% only during the 

last 10 to 15 minutes of a 20-minute roast. Smoke opacity appears 

to be a function of the oil content, the more oily coffee producing 

the heavier smoke. The water quenching of batch-roasted coffee causes 

visible steam emissions that seldom persist longer than 30 seconds 

per batch. 

10.4.1 Control Equipment. Air contaminants from coffee-processing 

plants have been successfully controlled with afterburners, cyclone 

separators, and combinations of the two. Incineration is necessary 

only with roaster exhaust gases. There is little smoke. In other 

coffee 	plants exist gas streams where only dust collectors are required 

to comply with air pollution control regulations. 

Separate afterburners are preferable to the combination heater

incinerator that may be used on the batch roaster. When the afterburner 

serves as the roaster's heat source, its maximum operating temperature 
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is limited ' to,,about-, 000 F. 'Atemperature-,of lg,200°F or greater is 

Wncessary to-provide good particulate incineration and odor.removal. 

, roaster-afterburner should always :be prceded by an efficient cyclone 

eseparator in. which most of the particulates are removed. A residence 

dtime of 0.3 second is sufficient to incinerate most vapors and small

diameter particles at 1,200°F. However, higher temperatures and longer 

residence times are required to burn large-diameter, solid particles. 

'Properly designed centrifugal separators are required on essentially 

all process airstreams up to and including the stoner and chaff col

lection system. Typically, cyclones are required at the roaster, cooler, 

stoner, chaff storage bin, and chaff incinerator. In addition, the 

scalper is a centrifugal classifier venting process air. Some plants 

also vent the green coffee dump tank and several conveyors and 

elevators to centrifugal dust collectors. 
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11. 	 Location of Industrial Facilities 

In the past, land for industrial facilities was selected primarily 

for its physical characteristics, for example: would the soil support 

the building, adequate drainage; and access to water, transportation 

and utilities. Less attention was given to meteorological or top

ographical features or the overall land use plan for the area. Land 

was zoned for industrial use in areas where there was little desire 

to have residential or commercial development. It was often felt that 

industrial communities should be separated from the residential com

munities.
 

Several factors have caused a shift from this simplified approach 

to plant siting. In the U. S., there has been a significant movement 

in population from rural communities toward urban communities, increasing 

the need to develop all available land. Industrial areas that were 

once separated from residential areas are now surrounded by them as 

a result 	of the growth in urban population. 

There has been a greater recognition of the influence of the 

meteorological and topographical features on the impact of any air 

pollution associated with a particular industrial process. Location 

of major 	industrial facilities in mountain or river valleys, along 

sea coasts and in areas where there arq frequent temperature inversions, 

has a greater impact on the local atmosphere than would be true if 

the facility was located elsewhere. Air pollution knows only natural 

boundaries and patterns established by physical features such as 

mountains and valleys, and peculiarities of air flow caused by local
 

heating conditions or other factors. As a result of atmospheric 

dispersion, what is generated in one place will be carried to another 
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place,' perhaps at a considerable distance. To minimize the impact 

of pollutant emissions it is important to be aare of wind conditions 

and topographical features in the selection of a particular plant 

site in order to take advantage of the local turbulence and diffusion 

conditions. 



12. Impact of Industrial Products" 

It is important that the anticipated impact of a product on
 

the air environment be investigated as thoroughly as practicable.
 

ome ' of the products and by-products of industrial processes may
 

have,or do have,a significant effect on the atmosphere or on man
 

directly. Examples of these include exhaust emissions from high

'altitude aircraft, fluoro-chloromethanes used as propellants for 

aerosol spray cans, and noise from transportation, construction or 

manufacturing. The exhaust emissions and propellants are believed 

to have a destructive effect on the ozone layerlwhich will create 

problems resulting from increased ultraviolet radiation reaching the 

earth's surface. Noise was not discussed in this syllabus but it 

is a problem that has been attracting considerable attention because 

of the physiological and psychological stress produced in man. 
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13. References for Additional Informat ,£9 

for the of Sciences,Air Conservation, American Association Advancement 

'Washington, D. C., 1965.
 

:Air Pollution, Volumes I, II, 19I, Second Edition, Edited by Arthur 

C. Stern, Academic Press, New York, N. Y., 1968. 

ivie 
Association, Detroit, Mich., 1968. 
Air Pollution Manual, Parts I and II, American Industrial Hyg 

Coal and Coke; Atmospheric Analysis, Part 26,,AmericanGaseous Fuels; 

Society for Testing and Materials Standards, Philadelphia, Pa., 1974.
 

Meteorology and Atomic Energy, U. S. Atomic Energy Commission, 1968.
 

The Economics of Air Pollution, Edited by Harold Wolozin, Norton & 
Company, New York, N. Y., 1966.
 

Publications of the U. S. Envirov.mental Protection Agency, Research 

Triangle Park, N. C., including:
 

Air Pollution Engineering Manual, Second Edition, AP-40, 1973; 

Control Techniques for Particulate Air Pollutants, AP-51, 1969; 

Control Techniques for Sulfur Oxide Pollutants, AP-52, 1969; 

for Carbon Monoxide Emissions from StationaryControl Techniques 
Sources, AP-65, 1970; 

Control Techniques for Carbon Monoxide, Nitrogen Oxide and Hydrocarbon
 

Emissions from Mobile Sources, AP-66, 1970; 

Control Techniques for Nitrogen Oxide Emissions from Stationar 
Sources, AP-67, 1970; 

Control Techniques for Hydrocarbon and Organic Solvent Emissions 
from Stationary Scurces, AP-68, 1970; 

Control Techniques for Beryllium Air Pollutants, AP-116, 1973; 

Control Techniques for Ajbestos Air Pollutants, AP-117, 1973; 

Control Techniques for tercury Emissions from Extraction and Chlor-
Alkali Plants, AP-118, 1973; 

'Air Pollution Aspects of Emission Sources Series - A Bibliography 
with Abstracts (1971): 

AP-92 "Municipal Incineration"
 
AP-93 "Nitric Acid Manufacturing"
 



AP-94 "Sulfuric Acid Manufacturing" 
AP-95 "Cement Manufacturing"
 
AP-96 "Electric Power Production"
 

Compilation of Air Pollutant Emission Factors9 Second Edition, 
AP-42, 1973; 

A Mathemattcal Model for Relating Air Quality Measurements to-Air 
Quality Scandards, AP-89, 1971. 

Publications of the Committee on the Challenges of Modern Society,

NATOBrussels, Belgium (also available from U. S. EPA, Research 
Triangle Park, N. C.), including: 

Control Techniques for Sulfur Oxide.Air Pollutants, N.12.
 

Control Techniques for Particulate Air Pollutants, N.13.
 

Control Techniques fo" Hydrocarbons and Organic Solvent Emissions
 
from Stationary Sources, N.19. 

Control Techniques for Nitrogen Oxide Emissions from Stationary
 
Sources, N.20.
 

The following Journals are good sources of current developments:
 

Journal of the Air Pollution Control Association
 

Environmental Science and Technology 

Jo,jrnal of the Americar Industrial Hygiene Association
 

Atmospheric Environment
 

Staub
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Kansas. State University, Manhattan, Kansas 
6-8 January 1972 

W. S. BENNINGHOFF
 
and
 

R. L. EDMONDS
 
Editors
 

INTERNATIONAL BIOLOGICAL PROGRAM
 
United States National Committee
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US/IBP Aerobiology Program Handbook Number 2
 

The University of Michigan'
 
Ann Arbor.'., Michi a n
 

1972. 



FFUISON AT LARGEDtA PROCESSES AND SMALL SCALES 

iamies, T.- Peterson 

f aie' been'asked 'to speak about.."Diffusion Processes at Large and.,
 
Small Scales." Diffusion is'a rather restrictive term; a better word
 
in the aerobiology context is dispersion. Dispersion includes both trans
port (bulk movement) and diffusion processes. Diffusion, as defined in the, 
Glossary of Meteorology, Huschke (1959), is "the Py.change of fluid particles
 
between regions in space, in the apparent random motions of a scale too
 
small to be treated by the equations of motion." The term diffusion is
 
usually associated with molecular (or very small scale) processes. In
 
the free atmosphere, however, (turbulent) diffusion occurs on a tuch
 
larger scale whereby conservative properties of the atmosphere are
 
mixedlby eddies in a turbulent flow. l'inally, turbulence, or the actual
 
motion of the air which leads to turbulent diffusion, is defined as "a 
state of fluid flow in which the instantaneoub velocities exhibit irregu
lar and apparently random fluctuations so that in practice only statisti
cal propert:.)s' crn be recognized and subjected to analysis." 

The randomi nature of turbulence renders it difficult, perhaps
 
impossible, to define instantaneous wind velocities on any time scale.
 
However, on time scales of 15 minutes, more or less, one can define
 
statistical properties of the wind velocities. For example, when pre
dicting the dispersion of smoke from a stack one can describe the mean
 
position, standard deviation, and other statistical properties of the
 
;plume, rather than the instantaneous position of the plume.
 

Dispersion can then be considered to be composed of the mean flow
 
plus perturbations on that flow. Both the mean flow and the perturbations
 
show large variations on different space scales, i.e., as you move up the
 
scale of motion from the small scale to the global scale what may have
 
been the mean flow at one scale becomes the perturbation on the next larger
 
scale. Thus, it is important to define the scale of flow under consider
at ion. 

The Nature of Turbulence
 

.,JI'Undat. do these random perturbations look like? If one ,examines a graph
o.yind ,speed (or direction) as a function of time, he will often see a 

continuous, ver "wiggly" trace. These random fluctuations represent the: 
dispersive capacity of the atmosphere. Theoretical and experimental tnvesti
ations have shown that turbulent dispersion primarily depends on: 

1 ' Lapse rate (vertical temperature distribution) 

_'2. Surface roughness,
 

VertiCcal.windv3. shear ' 

1. Lapse rate 

The critical,lapse rate (change in temperature with height) for 
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If no heat
atmospheric turbulence is the dry adiabatic lapse rate. 

-isadded to or subtracted from a parcel of air displaced upwards, the
 

parcel will cool at the rate of 100 C per kilometer. This is the dry
 
adiabatic lapse rate. If the decrease of temperature with increasing
 
height of the ambient atmosphere exceeds 100 C per kilometer the atmos-,
 
phere is said to be unstable and vertical mixing or turbulence occurs
 
very readily. If the ambient lapse rate equals 100 C per kilometer then
 

the stability of the atmosphere is neutral, and if a parcel of air is
 
displaced vertically its motion will not be retarded. If the tempera
ture decrease is less than 100 C per kilometer (which is usually the case) i 

the atmosphere is stable and turbulent mixing is retarded. Under inversion* 

conditions, when temperature actually increases with height, turbulence, or 

dispersion of particles, is at a minimum. 

The lover levels of the atmosphere typically undergo wide variations
 
in temperature on a daily basis. During the afternoon when surface temper

atures are maximum, there tends to be a large amount of vertical mixing.
 
The reverse is true during nighttime when cooling of the ground, and a
 

surface based inversion is usually the rule, especially outside of urban
 
A simple way to make a rough estimate of the stability of the lower
areas. 


Their form is indicaatmosphere is to observe the shape of smoke plumes. 

tive of the amount of atmospheric turbulence.
 

2. Surface roughness
 

The roughness of the earth's surface causes a flictional drag on the
 
wind flow over it and the reduction in wind flow directly depends on the
 

degree of roughness. For example, over a smooth sea surface there is little
 
drag, but over a large city with buildings extending up hundreds of feet the
 

effect of the rough surface extends through several thousand feet of the
 

atmosphere. A rough rule of thumb is that surface friction affects wind
 
speed through the lowest 1000 meters of the atmosphere. Increasing
 
roughness of the surface tends not only to decrease wind spee! near the
 

surface but to decrease it through a greater thickness of the atmosphere.
 
In addition to retarding the wind, greater roughness generally causes more
 

turbulence and mixing within the atmosphere.
 

3. Vertical wind shear
 

Vertical wind shear (in either speed or direction, or both) aids
 
dispersion by increasing turbulence and by deforming a cloud of material
 

that ha ;some vertical extent. As mentioned above, surface roughness acts
 
,,to retard wind speed in the lowest layers and thereby creates vertical
 

shear. During daytime when there is significant vertical mixing, the
 
effect of friction (and thus wind shear) is distributed through a large
 
layer of the atmosphere. Conversely, at night the stable atmosphere re
stricts mixing and the frictional effect is limited to a small layer where
 
there will likely be a rapid increase of wind speed with height. Thus,
 
during nighttime there is often a sort of competition between temperature
 

stability, on the one hand, to retard turbulence and wind shear, on the
 
other hand to enhance it. The specific situation determines which factor
 
is most important.
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Transport Phenomena
 

I originally stated that dispersion can be considered to include
 
both bulk transport and turbulent diffusion. Transport phenomena occur ol
 
all scales of atmospheric motion. On a small scale, for example, there
 
are many perturbations imposed on the mean flow. One of these is wind 
flow around buildings (see Figure 5.17, Slade, 1968). Here there is 
often a separation of the flow leeward of the building (called the cavity
from the free stream flow, with a return flow near the ground behind the
 
building. Thus smoke from short stack top of building may geta on a not 
into the free stream to be gradually dispersed down wind, but may be
 
brought to the ground immediately leeward of the building with resulant
 
very high pollutant concentrations. There is little exchange between the 
free stream and the cavity, as the boundary tends to be quite effective. 

Another example is the wind flow in the street "canyons" of large
cities. The direction of the wind near the street may be quite different 
from that above. There may also be a marked variation in pollutant concei 
tration from one side of the street to tkie other, such as in the case of 
CO which largely comes from auto exhaust. 

On a larger scale, perturbations from the mean flow include mountain
 
and valley winds. Winds In these valleys tend to be oriented parallel to
 
the valley %alls regardless of the direction of the flow aloft. Upper

level winds oriented across-valley do not simply go into the valleys and
 
swoop out the other side. Other examples on this scale include wind flow
 
around thunderstorms, land and sea breezes, and air funneled through

mountain passes. Sea breezes are an especially important aspect of the
 
Los Angeles pollution problem. Pollutants emitted there during the day
 
are blown inland, but may return at night if the overall regional flc4
 
is light. The same air can flow back and forth over the area, thus
 
allowing the build-up of pollutant-concentrations.
 

On a very large or global scale the typical wind flow at say 6,096
 
to 12,192 meters is smooth and tends toward simple meandering types of
 
patterns. 
Wave lengths are on the order of the size of continents, and
 
the wind speed may exceed 161 to 241 kilometers per hour. Wind flow at
 
these upper levels has been studied through the GHOST (Global Horizontal
 
Eounding.technique) balloon program. 
These super pressure balloons,
 
which are designed to go up to a certain level and stay there, are peri
odically released in the Southern Hemisphere. One balloon at the 200 mb
 
level (12,192 meters) was traced around the World for 102 days while It
 
made about 10 circumnavigations (see Figure 1). They usually come down
 
when supercooled water drops form ice on the balloon and add to its

weight. The path of this balloon was mostly confined between 30 and
 
60 S. 

One interesting fact about the average lifetime of these bal>,ons

is that it is similar to that of small particles, in spite of the -y

large difference in size between them. For example, at 100 mb (16, A
 
meters) about 1 to 1 1/2 months, and at 500 mb (5,486 meters) about 7
10 days.
 

3-99
 



21
 

63" 

II 

Frgtire1. 'Comp~.ete Flight Trajectory for Balloon 14o. 79R, launched from.Christchurch, New Zealand. Flgh level 200 mb (after LallyI, 

land Lchfeld 1969) . 
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In conclusion I would emphasize a recent example of a scheme to pre
dict the..dispersion of a cloud of-material. -This material might be -sOm
pilutant, pollen, insects, etc. Pasquill (1971', see his Figure' 9) des
cribes the computer prediction of air trajectories out to 18 hours in the
future at 700 and 900 ob., The resulting patterns show the three dl- -

IIieInsional deformation of the original*cloud as it is transported d.mwind. 

Questions
 

Thompson: 	 Does the nature of the clouds in the area of the balloon
 
experiments affect the lifetime of the balloons?
 

Peterson: 	 Yes, to some extent. Cirrus clouds composed of ice
 
crystals cause relatively little problem. However, clouds
 
consisting of supercooled water drops can cause severe
 
problems if they impinge and freeze on the balloon.
 

Burleigh: 	 What is the probability of any particulate matter reaching

the ground after it gets up to high altitudes.
 

Peterson: 	 At high altitudes the best information on the lifetime of
 
particles has come from the tracing of radioactive debris.
 
Once particles reach the stratosphere their lifetime may

be 1 or 2 years. Some coagulation occurs along with gravi
tational settling which adds up to gradual removal.
 

Raynor: 	 I have ome comments about your cavity flow diagram. 
Wind
 
speed and direction vary a great deal in some instances and
 
as a result a good deal of influx may occur into the cavity

because the flow is not always perpendicular to the face of
 
the building. This was also noted in some experiments with
 
dispersion of material in hilly terrain. High concentrations
 
occurred on the le, side of the hills of material released on
 
the upwind site. I have done some experimentation on the re
moval of pollen by hedgerows and found that concentrations in
 
the cavity behind the hedge were higher than those elsewhere.
 
The hedge was thick and most of the air flowed up and over
 
the hedge rather than through with the result that a good

cavity was formed. Thus, you have to be careful about gener
alizations about cavities.
 

Peterson: 	 I agree. The diagram referred to a cube with airflow perpen
dicular to one face.
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CONTROL OF GASEOUS EMISSIONS BY COMBUSTIO1
 

I. IIntr6duction
 

4A,;,);Combustion Refers to Rapid Oxidation Processes, 
1.oUsed, to Control Odorous Emissions 

a. 	 e.g., Kraft Pulping Operations 
b. 	Coffee Roasting
 
c. 	 Rendering Cookers 

2. 	Control of Organic Vapors
 
a. 	Petroleum Processing
 
b. 	Solvent operations
 
c. 	Varnish cookers
 
d. 	Paint baking ovens
 

B. 	Oxidation of Emissions Should Be Complete
 
1.. 	HC02 H20+CO2 
2. 	Incomplete oxidation may exacerbate problems 

High MW Aldehydes----) Low MW, more volatile and irritating 
Aldehydes 
Butanol -- butyraldehyde + butyric acid, both highly odorous. 

3. 	 Complete Combustion Requires Adquate Temperature 
Time
 
Turbulance 
Oxygen
 

C. 	 Combustion Useful to Control Combustible Aerosols, Gas and Vapors 

1. 	Visible emissions can be reduced or eliminated (Coffee Roasting)
 

2. 	 CJ of gases, vapors and particulate matter can be reduced 
reduced or eliminated.3. Odors and nuisance problems can be 

A reduction in explo- (Rendering Plants, Kraft Pulping (mercoptans & organic sulfides) 

E 	on hazards (Refineries, 
'r,1 s1tnt) D. By-Product Recovery Not Possible W/ Control by Combustion 

1. 	Heat recovery for pre-heat of effluent gas possible
 

Heat may be recovered for space htg., steam production etc.
2. 

E. 	 Exhaust Gas Pre-Treatment Necessary Where Combustion Products 

More Offensive Than Before Combustion 
1. 	Organic solvents containing halogens or sulfur (S+H20-4 Corrosion) 

2. Removal of Catalyst Poisons (metal 	fumes)
 

3. 	 Removal of non-combustible, inorganic particulate matter 

4. 	 Removal of materials leaving combustion residue 

F. 	Methods of Combustion Include
 
1. 	Direct-flame (Coffee Roasting, Rubber Coring, Varnish Kettles,
 

Enamel Baking Ovens)
 
2. 	Catalytic (Metal Coating Ovens, foundry core ovens, fabric 

coating ovens) 
3. 	 Flares 
4. 	Combustion in Boilers
 

3 105
 



II. "Basic Combustion'Theory 

A.' 	 Definitions:
1. 	 Combustion is a chemical reaction of a fuel with an oxidant 

involving the disappearance of the original reactantsand the 

production of heat and oxides. 
2. Complete Combustion: Combination of combustible elements &
 

compounds of a fuel'w/ all the 02 they can utilize.'
 

B. 	Complete Combustion Requisites
 
1. Adequate oxygen necessary 

These reactiona involve a. CH4+02 v C+21L.,0+Q Inax.equate 02. soot lproduced 
a complex seriesof b. CHo+f0 C02+2%20+Q Adequate 02,2complete comb. 

no smokechain reactions in which 

various radicals and c. Equation b indicates a stoichiometric (theoretical) quantity 

aldehydes are intermtdiate of 0 
products. Thus, danger of 1. Aore than theoretical air, called excess air, usually 

incomplete combustion added to assure sufficient 0 
2. 	Excess air req'd. due to inadequate mixing and contact
 

between 02 and fuel molecules.
 

3. Hold excess air to minimaum to limit supplementary fuel
 
requirements in air pollution control equipment.
 

2.:Temperature
 
a. 	 Every combustible substance has a minimum ignition T in the 

presence of 0• 
b. 	For combustible mixtures, a sufficient T must be achieved to
 

burn all combustibles.
 
Combustion reaction rate increases with T (exponentially).
c. 


3. 	Time
 
a. 	Relationship of combustion time to residence time at combustion
 

conditions is important.
 
tcombustion
b. 	Complete combustion requires tresidence N 


c. 	tresidence ~.(aerodynamic factors chamber size] ) 
d. 	treaction = f (aerodynamic factors, T) 

Satisfying condition b most economically requires consideratione. 

of equipment size vs. operating T (i.e., capital construction
 

cost, heat losses vs. fuel savings)
 
4. Turbulence
 

Intimate mixing of fuel & 02 required for complete combustion
a. 

elimination of separation zone formation.
 

b. 	Depends on combustion chamber geometry, flow velocity thru
 

chamber, burner injection arrangement.
 

5. 	Failure to consider above factors may result in incomplete
 

combustion, formation of offensive products.
 

6. 	At times, complete combustion may not be acceptable since
 
deleterious effects on combustion equipment may result; pre
treatment or an alternative control device may be required.
 

C. Self-Sustained Combustion
 

(Range of limits 1. Self-sustained combustion possible when
 
a. 	Lower explosive limit < fume energy concentration (BTU/A3 )/1
incicases w/ temp., 


f(T, P, vessel geometry direction
P increases) 	 Explosive limit Limits = 

flame propegation)
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b. 	 ,Temperature. Auto-ignition temp. (lowest T @which a 
substance will ignite and sustain combustion.) 

c. Eplosive limits may be expressed in t rms of component 
S':concentrations. For mixtures use fume energy concentration
 

since it is indQpendent of specific combustibles present
 
and = 52 BTUY/ft 0 LEL at amLient temp.
 

. Autoignition T = 	 (type of combustibles in mixture, 02 
content, fume energy concentration, flow
thru rate, etc.) 

2. 	When fume energy concentration not between explosive limits,
 
self-sustained combustion not possible (i.e., the available net
 
heat of combustion possessed by mixture does not provide sufficient
 
energy to propagate oxidation process).


3. 	 When F.E.C. ;-LEL explosion and fire hazaris exist 
a. 	Most industrial waste gas streams kept < 25% LEL. for 

safety (13 BTU/SA3 @ Ambient T) 
b. 	 Supplementary energy required to oxidize combustibles. 

1. 	 Provide by supplying and burning a second source of 
fuel (natural gas, oil) in a burner (maintain ignition 
source)

2. 	 This techiique brings a portion of the effluent into the 
combustible range, providing a temperature increase to 
T ignition of the remainder of the effluent 

3. 	 Heat from burning fuel provides portion of total heat 
required to complete oxidation. 

4. 	A F.E.C. of 160 BTJ/ft3 (A stoichiometric mixture) is 
desirable for a flame w/ good combustion characteristics. 

5. 	Flame characteristics
 
a. 
When air and fuel premixed prior to ignition, a short,
 

intense, blue flame results (greatest fuel economy)

b. 	Air in separate port (no air-gas premixing) results in 

large, highly radiant, yellow flame which provides 
large ant. of turbulence. 

D. 	 Combustion Terminology 
1. 	 Heat of Combustion 
2. 	Gross Heating Value
 
3. 	 Net Heating Value 
4. 	Latent Heat
 
j. 	Sensible Heat
 
S. 	Available Heat
 
T. 	 Heat Content 
3. 	 Specific Volume 
9. 	 Enthalpy 
10. Specific Heat
 

E-G 	See page 4(a)
 

III. Methods of Combustion
 

A. 	Direct-Fired Afterburners
 
1. Referred to as 	direct-flame incineration, furnace combustion. 
2. 	Proper design and operation may result in 95-98% efficiencies. 
3. 	 Method adaptable where: 

a. 	A reliable supply of waste gas available for effluent pre-hes

burner fuel.
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:,bi Process exhaust temp. close to autogenous ignition T.
 
c, Availability of low cost fuel (purchased)
 
d ;Gasstream volume and content not widely variable
 
0e. Non-combustible inorganics and particulate matter preclude
 

'catalytic combustion,
 
4. 	 Advantages of Direct-Flame Incineration 

a. 	 High removal efficiency of sub-micron, odor-cauqing
 
particulates.
 

b. 	Simultaneous disposal of gaseous and particulate matter
 
c. 	 Compatibility w/ existing combustion equipment., 
d. 	 Small space requirements 
e. 	 Simple constructiou 
f. 	Low maintenance costs
 
g. 	 Low capital cost 

5. 	 Disadvantages 
a. 	Excessive weight of equipment
 
b. 	Possible fire hazard
 
c. High operational costs,for fuel, instrumentation 

i6. Definition: Direct flame incineration is a method of heating waste 
Gases to the autogenous ignition temp. sa maintaining
 
this T in the presence of 02 to cause oxidation
 
reaction to occur in an enclosed chamber
 

Principle components of system
 
a. 	Combustion chamber
 
b. 	Gas burner
 
a. 	Gas burner controls
 
d. 	Temperature indicator
 

8. 	Operating principles
 
a. 	Contaminated gases mixed w/ burner flames and combustion gases
 

in afterburner throat
 
1. 	Gas velocities of 15-25 fps in throat req'd for sufficient
 

turbulent mixing (Contaminants injected into throat)
 
2. 	Type and arrangement of gas burner (positioning of burner
 

ports) important in determining degree of mixing.
 
3. 	Efficiency affected by degree of mixing.
 

b. 	Gas residen,!e time req'd = 0.3 - 0.5 sec. 
1. 	Upper l.mit practical = 0.5 - 0.7 sec. due to size and 

constru:tion cost limitations. 
2. 	Combustion chamber volume: 1 ft3/15 - 20,000 BTU/hr. heat
 

liberated.
 
c. 	Combustion temperature req'd between 850OF - 1600°F
 

1. 	Depends on nature of contaminants, T residence) turbulence,
 

02]

2. 	Affects type and mtl. of construction
 
3. 	 May be varied to affect 

a 	 efficiency
 
reaction rate
 

d. 	Gas burner
 
1. Fuel and primary air may be pre-mixed or.may enter in *L
 

separate ports (no pre-mixing)
 
2. 	Primary air may be partially or completely compose. of 

contaminant gas
(a) 	results in fuel savings
 

3. 	Locate burner in chamber throat (near entrance of contaminant 
gases) 
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H. 'Safety Prccautions: Avoid Fire and Explosion Hazard6 by:
1 !'Diluting Vapor Concentration below L.EL. 

a. 	Use of recirculated flue gas results in fuel saving

2. 	 Use of flame arrestors 

a. Packed bed 
Sb. Metal tower packing 
c. Metal gridwork
d 'Use of above methods w/ pressure release device effects 

1. Vel. thru bed -. flame propagation velocities 
2. 	Pressure drop

3. 	 Cooling of flame below combustion temp.3.; 	Restriction in duct to increase V to > Vflame propagation

Vfo 	-V2 fpm, 
i, 4-. Installation of a water spray leg 

a. 	 May serve dual purpose of scrubbing out particulates
b. 	 Cooling and humidifying gas results in greater fuel use.

5. 	 Flame safety devices (low response time req'd.)
-6. Safety shutoff valves
 

'F. Heat Recovery

1. 	 Used to reduce fuel input to combustor by pre-heating exhaust
 

fumes
 
2. 	Used to reduce fuel requirements in an industrial process (dryer


preheating, etc.), or to provide heated factory supply air.

3. 	 Combination of (1) and (2) 

G. 	Materials of construction
 
1. 	Corrosion resistance req'd.
 
2. 	Temp. resistance req'd.
 

a. 	Use heat resistant steels
 
b. 	 Use refractory material (increases efficiency)(SO causes spalling)

3. 	 Insulating properties important (minimize heat losses5 
4. 	 Stress resistant material and proper construction important 
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*I:--Long-lwtinous flames result in high.st efficiency
(a) best mixing of contaminant & buarner combustion gases

:Kii (b) large radiative heat transfer 
(c) 	 achieve by slow gas-air mixing
(d) 	 more rapid combustion of particulate matter 

5. Short intense flames (more economical fuel ,use.) 
Injection of contaminated gases 

. Inject contaminants iar burner ports and in throat 
,,2." Tangential injection
 
Types of controls
 
1., Flame failure controls
 
.2. Constant T -- chamber or stack control .byuse of sensing


.element which actuates burner input control'
 
(a) valuable cohere Q or contaminant concentration
 

variable during a process cycle
 
(11b) results in considerable fuel saving 
(c response rate to temp. changes possible

3. 	 Safety pilot to shut off burner if contaminant gas flow 
interrupted or malfunction occurs. 

4. 	High temperature limiting control to shut off fuel,supply
 
if gas flow (contaminant) interrupted.
 

g. 	Design calculations
 
See ref. A4, A9, B2
 

.B. 	Catalytic Combustion
 
1. 	Usefulness and adaptability
 

a. 
Limited to use for disposal of combustible residue-free
 
gaseous or vaporized materials..,
 

b. 	Where no large amount of dust, fly ash or solid inorganic mfl.
 
present in gas.
 

c. 	Greatest use has been in control of solvent" & crganic vapors

from industrial ovens. . . 

.d. Material to be oxidized must yield innocuous products 
e. 	Efficiencies of 80% for particulate matter, 98% for HC &
 

organic vapors
 
2. 	Advanteges
 

a. 	Lower fuei requirements than direct-fired method
 
b. 	Reduced operating temperature
 

1. 	Reduced insulation
 
2. 	Reduced fire hazards
 

c. 	Oxides of nitrogen not produced
 
3. 	Disadvantages
 

a. 	High capital cost
 
b. 	Sensitivity to catalyst poisoning
 
c. 	Pretreatment requirements
 

.1. Combustibles must be vaporized
 
2. Particulate matter (inorganics must be removed)
 

d. 	Reactivation of catalyst may be frequent
 
e. 	Efficiency low at usual operating temperature
 

4. 	Principleu of catalytic oxidation
 
a. 	Catalysis involves 5 steps
 

1. 	Diffusion of reacting molecules to adsorption surface
 
2. 	Adsorption of reactants on surface
 
3. 	 Chemical reaction on the surface 
4. 	Desorption of combustion products
 
5. 	Diffusion of products from adsorption suiface to gas stream. 
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, b. Diffusion tadsorption surface usually the rate- ting step 
, , Diffusion a function of temperature, OC 1/MWrectants 

OC 1/Distance. 
!2. Rate can be increased by system design which 

aa Provides for small clearance between adsorption surfaces 
b. 	 Promotes turbulent flow in catalyst bed 
c. 	 Operates at increased T 

c. 
Catalyst may be operated at lower T than direct incineration and 
at a reactant[CJ< L.E.L. since catalytic adsorption energy is 

reased at adsorption, substituted for thermal activation energy and'C] of reactants isicont 
face. (TcatCT.,+.) . Since adsorption is a surface mechanism, the capacity of the (l0f 

• 	adsorption catalyst is increased by increasing its surface (margin
 
,area. (total surface area replacps time factor in direct
 

combustion) Normally 0.2 - 0.5 ft4/SC-Provided. 
e. 	General adsorption requirements
 

1. 	Reactants must be in gaseous or vapor phase
 
2. 	Combustion products must be volatile for desorption to occur.
 
3. 	 Minimum temperatures are required for the initiation of 

catalytic oxidation of various compounds. 
4. 	Flame not required for combustion.
 
5. 	 Only a stoichiometric quantity of air required 

(efficiency increases where excess 02 exists, however)
 
f. 	Catalyst poisons and interferents
 

1. 	Non-volatile products are not desorbed from catalyst
 
surface
 
a. 	This includes organometallic or metallic vapors
 

(e.g., Hg, As, Pb, Zn)
 
2. 	Substances which form solid oxides 
3. 	Catalysis suppressants (halogen & sulfur compounds)
 
4. 	Materials leaving carbonaceous, oily, or resinous
 

deposits on surface 
5. 	Abrasive erosion of catalytic surface coating by particulate 

matter. 
(Use 	 of expanded catalyst elements minimizing filtration of 
particulates and loss of active sites, may result in 
successful operating w/ frequent cleaning.)
 

g. Metals which may be used as catalysts to promote combustion
 
1. 	Metals of platinum family
 
2. 	Copper chromite, oxides of copper

3. 	 Oxides of chromium, vanadium, mangamese, nickel cobalt 

h. 	Metal catalysts are costly
 
1. 	 Use only in proportion to quantity of gas handled 
2. 	Prevent loss of catalyst by erosion
 
3. 	Reactivate poisoned catalysts periodically by washing in
 

acid solutions.
 
(a) 	frequency of req'd, reactivation governs much of
 

operating cost of unit.
 
.4. Eventual catalyst replacement necessary
 

i. 	Design of catalyst bed
 
.. 	Minimize bed depth to minimize pressure drop across bed
 

(usually negligible)

2. 	 Catalyst element must be designed to permit even and equal 

flow over catalyst surface and through bed. 
3. 	 Catalytic agent 

(a) Must be applied uniformly to carrier 
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(be' extremely active
c' 	 Dre of ,activity determines ability to withstand 

cont:vinating agents, prevents carboi. aceous buildup 
due to fast burning rate. 

neacbion rate will determine face velocity allowable and bed 
depth allowable; rate determined by chemical and physical 
characteristics of catalytic agent. 
Example of catalyst design - oxycat 
a) Platinum and alumina catalyst mixture 

High-grade porcelain carrier 
(c) Catalyst metal and porcelain have same coeff. C 

expansion 
(d) 	Carrier design creates flow pottem which prevents 

clogging or small particle impingement at low Vel. 
5. Operation of Catalytic Combustors 

a. 	Components of system
 
1i 	 Pre-heat burner (if needed)
 

Chamber
 
Catalyst elements
 

45) Fan (if needed)
 
5 Air Recirculation Ducts (if n,"ulu
 

Heat exchanger (if needed)
 
Thermodynamics of system 
(1) 	 .If Te t > Tcat.comustion, duct enlargement to 

accommodate catalytic units required only. 
(6500 . Tcat.comb e1 1000°F usually) 

(2) 	If Teffluent .- Tcat.comb, preheat required
 
(a) 	Separate structure needed to house combustion units. 
b) 	Provide preheat by use of fuel fired burner
 

Amount of external pre-heater fuel used =1(Teffluent-

Tcombustion, Texhaust) o
(1) 	 Teb, T, + are in tu-nf (type and energy 

(c~of con 
(2) 	 Example: Tin, IC'd energy low and Tcom - Tin 

.'.heat rise due -o combustion negligible, Texhaust .
 
Tcomb" Even use of recycled combustion air or
 
heat cxchanger may be insufficient to raise
 
Tinfluent to Tcoiabustion; .Use pre-heat bur .er 
continuously. 
If Tin near T:comb, Cj energy high, then Te >T 
Recycle part of combustion gas or use heat 
exchanger (or both) to raise Tin to Tcomb.
 
*'Preheat burner only req'd for start-up, and
 
system requires no external fuel during operation
 
and is self-sustaining.
 

id). 	Effluent gas may be recycled to process system directly
 
(as in industrial oven) as a means of supplying heat
 
and thus supplementing process preheat system
 
(explosion hazard w/ system malfunction may result,
 
however) 

,e) Effluent gas may be recycled to process system using 
heat nia'hanuvr. 
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(f).. 	Effluent gas may be recycled to external processes 
:(water drying operations, waste-heat or steam boilers,
 

,heating of building make-up Zir)
 
(g) 	 The greater the F.E.C., the more economical the system; 

-it is practical to recycle gas for preheating when 
F.E.C. -1o BTU/SCF 25% L.E.L.) 

* 	 When (CJ energy low, use heat exchangers for preheating. 
1,1- 10 BTU/SCF 

(h) Once combustion initiated, if F.E.C. large, then
 
ATcomb great
 
(1 Self-sustaining system may be achieved, and
 
2 	 Catalyst surface temp. increases greatly
 

requiring substantially lower Tin; '.preheat
 
requirements 4initial preheat requirements.
 

(3) 	 Pre-heat fuel then OC 11(C)energy if modulating 
m 	 burner control used.
 

(i) Some combustion gas may have to be recycled to effluent
 
prior to introduction to heat exchanger, e.g., to
 
percent condensation of corrosive acids by maintaining
 
Texhaust ' Tcondensation.
 

(j) Fuel consumption can be reduced from 10-v 4 BTU/SCF 
W/ use of heat exchangers. 

(k) Catalyst should not be exposed to contaminant gas 
below operating, temp. due to effects of poisoning, 
deposition; .'.use by-pass arrangement temporarily. 

c. 	 Fan 
(1) Fan exhausting process equipment may be used to deliver air
 

to catalyst
 
(2) Fan may be located in preheat hamber between burner and
 

catalyst:
 
or use baffles, elbows <- a Serves to thoroughly mix combustion products & exhaust gas 

(b)Operates in region where T 7.Tcondensation, no condensates 
or use perforated baffle occur in fan. 
plate, or splitting vanesA-(c)DistrLbutes gas evenly over catalyst 

(d)Fan must be heat 	resistant 
d. 	Pre-heat burner
 

(1) 	 Preheat burner multipurpose: 
a Preheats gas to desired Tcomb. 

Combusts some materials in pre-heat chamber
 
(c Vaporizes condensed combustibles prior to catalysis
 

(2) Use pre-mix burner when burner located on discharge side
 
of fan due to positive chamber P.
 

(3) 	 Use atmospheric burner when fan between burner and catalyst 
bed due to negative pressure.
 

i(4)Size burner to meet required Teffluent) Teffluent=9500 for
 
burner sizing. 

(5) 	 Use modulating controls regulated by Texhaust. When IC ] 
energy varies greatly.
 

(6) High temp. limiting control used to prevent overheating of
 
system.
 

6.* 	 Afterburner Chamber 
(1) 	 Construct of black iron, heat resisting or stainless 

steel 	or refractory.
 
a 1 	 750 4 T L 100. Heat resisting steel 

L1004 T 41300 °F: Stainless 
13000c T : Refractory 
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-(2),k.6!'thermal insulation r.eq'd if refractory not used 
i, (3), aMild outer sheet mid steel frameftcl structural 

)v ( Chamber gas velocities of.20 fps satisfacLory 
5 Provide -thcrmal exxunsion joints 
6 .Catalyst units must be accessible for cleaning and 

replacement.
 
f., Automatic safety controls req'd when FEC >25% LIL.
 
g. Gas flow variations of 50% tolerable w/o affecting efficienq
 
b., Filters to remove particulate matter, if needed should be
 

placed downstream of pre-heat burner to allow vaporized contaminants 
to pass through. 

i. 	Costs 
(1 $3 - 10.00/ SCM4 (Cost of catalyst element itself =$l/SCF14) 

Operating cost from preheat fuel, catalyst deaing 
Maintenance costs 
(a) 	 Inspect 6 months min. interval 

6. 	 Design calculations 
See engr. manual, pp. 184 

Flare 	Combustion 
1. 	Applicability
 

a. 	Incinerate gases i.hich cannot be used for other purposes due
 
to variable emission rate
 

b. 	Incinerate toxic or dangerous gases subject to emergency con
ditions
 
1. 	Immediate release of large volume of such gases req'd
 

(e.g., hydrocarbons, N13, hydrogen cyanide)
 
2. 	Volume and gas LC] subject to large variation 

c. 	Most economical combustion method where fume energy concentration
 
w/in or greater than flammable limits.
 
1. 	Gases cannot be burned in enclosed chamber since an
 

explosion hazard would result.
 
d. 	Gases whose combustion products may be hazrxdous to health should 

not be burned in a flare. 
2. 	Design Considerations
 

a. Achieve good combusion by providing adequaWe mixing, or fuel-Air 
1. 	Use steam jets to provide mixing.
 
2. 	High pressure air jets too costly.
 

b. 	Steam injection effects
 
1. 	Inspirates air into the combustion zono
 
2. 	 Reacts w/ hydrocarbons forming compounds which burn at low T 
3. 	 Lowers partial pressure of fuel which causes greater 

separation of molecules. 
(a 	 Inhibits polymerization 
(b thus, elimination of smoke-forming mechanism 

4. 	Creates blue-flame combustion
 
(a) Water-gas reaction removes unburned carbon
 

C + 	I 2 0--CO + H2 S4 CO2 + 1120 
(b) 	Blue flame more pleasing aesthetically
 

a. 	 Quantity of steam added is important 
1. 	1/20 - 1/3 lb. steam/lb. combustible gas usually req'd. 

to prevent smoke formation. 
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2. 	Quantity added depends'on composition of gas
 
(a) Usually measured by carbon/hydrogen ratio
 

(b? Degree of unsaturation important
 
(c) Steam to gas ratio (by weight) increases as degree of
 

unsaturation increases, or C/1T decreases, or MW increases
 
(aromatics, e.g., require high ratio)
 
(i) Side-reactions (polymerization, e.g.) increase w/
 

increase in MW, degree of unsaturation: side

reactions result in smoke formation.
 
n3.
Miimum amt. of steam req'd produces luminous flame
 

* 1I.' Excess steam results in steam plume w/ dissappearance of
 
flame.
 
(a) Flame may be extinguished
 
(b) Use of automatic controls will eliminate this hazard.
 

.''Flare 	stack height must be great enough to provide heat, flame
 
protection
 

e. 	Pilot flame required
 
1. 	Multiple pil t burner tips usually provided
 

2. 	If energy Cd of fume- L.E.L., ring burner may be used
 
to provide energy concentration sufficient to support
 
combustion; ignited by same pilot system.
 

f. 	Prevent flash-back explosion hazard
 
1. 	Use did leg and water seal when 02 present in gas
 
2. 	Remove oil-mist at stack base for safe operation
 

g. 	General
 
1. 	Collect pressure relief valve discharges in storage surge 

tanks and meter contents to plare 
N Peak flow to flare reduced 

Required height, diameter, cost of flare stack reduced
 

2. 	Protect top of flare stack w/ a few feet of refractory lining
 
and a stainless steel shell.
 

3. 	 Maintenance and operating costs of flare negligible 

3. 	 Components of a flare 
a. 	burner
 
b. 	stack 
b. 	seal
 
d. 	liquid trap
 
e. 	controls
 
f. 	pilot burner
 
g. 	ignition system
 

i. 	 Types of flares 
a. 	elevated
 
b. 	ground level
 
c. 	burning pits
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PREFACE 

This workbook presents some computational techniques currently used by scientists 
working'with atmospheric dispersion problems. Because the basic working equations are 
general, their application to specific problems usually requires special care and judgment; 
such considerations are illustrated by 26 egample problems. This workbook is intended as an 
aid to meteorologists and air pollution scientists who are required to estimate atmospheric 
concentrations of contaminants from various types of sources. It is not intended as a com
plete do-it-yourself manual for atmospheric dispersion estimates; all of the numerous compli
cations that arise in making best estimates of dispersion cannot be so easily resolved. 
Awareness of the possible complexities can enable the user to appreciate the validity of his 
"first approximations" and to realize when the services of a professional air pollution mete
orologist are required. 

Since the initial publication of this workbook, air pollution meteorologists affiliated 
with the Environmental Protection Agency have turned to using the method of Briggs to de
termine plume rise in most cases rather than using the plume-rise equation of Holland as set 
forth in Chapter 4. The reader is directed to: 

Briggs, Gary A. 1971: "Some Recent Analyses of Plume Rise Observations." 
In: Proceedings of the Second International Clean Air Congress. Academic Press, 
New York, N. Y. pp 1029- 1032 

and modified by 

Briggs, Gary A. 1972: "Discussion, Chimney Plumes in Neutral and Stable 
Surroundings." Atmospheric Environment, 6:507-510. 
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ABSTRACT 

This workbook presents methods of practical application of the binormal con
tinuous plume dispersion model to estimate concentrations of air pollutants. Estimates 
of dispersion are those of Pasquill as restated by Gifford. Emphasis is on the estima
tion of concentrations from continuous sources for sampling times of 10 minutes. Some 
of the topics discussed are determination of effective height of emission, extension of
concentration estimates to longer sampling intervals, inversion break-up fumigation
concentrations, and concentrations from area, line, and multiple Twenty-sixsources. 
example problems and their solutions are given. Some graphical aids to computation 
are included. 
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Chapter 1- INTRODUCTION
 
NOTE: SEE PREFACE TO THE SIXTHPRINTING ON PAGE iti.
 

During recent years methods of estimating at-
nospheric dispersion have undergone considerable 
evLi in, primarily clue to results of experimental 
nts.j.reinunts. lit most dispersion prohlems the 
'vlwuei an splwheric layer isIhal nearest Ihi' 

rolliI. varying in thi'knesss frOlnl several hundred 
4) 11 few thousand meters. Variations in both 
hernal and mechanical turbulence and in wind
,elocity are greatest in the layer in contact with 
he surface. Turbulence induced by buoyancy forces 
n the atmosphere is closely related to the vertical 

600 

Soo
 

400

300-


DAY 
200 

NIGHT
 

lo
 

0 

temperature structure. When temperature decreases, 
with height at a rate higher than 5.40F per 1000 ft-. 
(1r'c ner 100 meters), the atmosphere is in un
stahle equilibrium and vertical motions are en. 
hueicd, When teuiern tiredecreases lt. at lower' 
rate or increases with height (inversion), vertical 

motions are damped or reduced. Examples of typ
ical variations in temperature and wind speed with 
height for daytime and nighttime conditions are 
illustrated in Figure 1-1. 

DAY
 

-1,.0 1 2 3 4 5 6 7 8 9 10 !1 12 0 1 2 3 4 '5 6 7 8 9 10 11 

TEMPERATURE, OC WIND SPEED, m/sec 

Figure 1-1. Examples of variation of temperature and wind speed with height (after Smith, 1963). 
The transfer of momentum upward or down-

rard in the atmosphere is also related to stability; 
then the atmosphere is unstable, usually in the 
aytime, upward motions transfer the momentum 
deficiency" due to eddy friction losses near the 
arth's surface through a relatively deep layer, 
ausing the wind speed to increase more slowly 
ith height than at night (except in the lowest few 

ieters). In addition to thermal turbulence, rough-
ess elements on the ground engender mechanical 
urbulence, which affects both the dispersion of 
iaterial in the atmosphere and the wind profile
variation of wind with height). Examples of these 
ffects on the resulting wind profile are shown in 
'igure 1-2. 

As wind speed increases, the effluent from a 
continuous source is introduced into a greater vol
ume of air per unit time interval. In addition to 
this dilution by wind speed, the spreading of the 
material (normal to the mean direction of trans
port) by turbulence is a major factor in the dis
persion process. 

The procedures presented here to estimate at
mospheric dispersion are applicable when mean wind 
speed and direction can be determined, but meas
urements of turbulence, such as the standard de. 
viation of wind direction fluctuations, are not avail
able. If such measurements are at hand, techniques 
such as those outlined by Pasquill (1961) are likely 
to give more accurate results. The diffusion param. 



eters presented here are most applicable to ground- REFERENCES 
level or low-level releases (from the surface to about 
20 meters), although they are commonly applied at Davenport, A. G., 1963: The relationship of wind 
higher elevations without full experimental valida- structure to wind loading. Presented at Int. 
tion. It is assumed that stability is the same Conf. on The Wind Effects on Buildings and 
throughout the diffusing layer, and no turbulent Structures, 26-28 June 63, Natl. Physical Lab
transfer occurs through layers of dissimilar stability oratory, Teddington, Middlesex, Eng. 
characteristics. Because mean values for wind direc
tions and speeds are required, neither the variation Pasquil, F., 1961: The estimation of the dispersion 
of wind speed nor the variation of wind direction 1063, 33-49. 
with height in the mixing layer are taken into ac
count. This usually is not a problem in neutral or Smith, M. E., 1963: The use and misuse of the at
unstable (e.g., daytime) situations, but can cause mosphere, 15 pp., Brookhaven Lecture Series, 
over-estimations of downwind concentrations in No. 24, 13 Feb 63, BNL 784 (T-298) Brook
stable conditions. haven National Laboratory. 
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Figure 1-2. Examples of variation of wind with height over different size roughness elements (tiguires are percentages 
of gradient wind); (from Davenport, 1963). 
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Chapter 2-

For a number of years estimates of concentra-
tions were calculated either from the equations of 
Sutton (1932) with the atmospheric dispersion 
parameters C,, C., and n, or from the equations of 
Bosanquet (1936) with the dispersion parameters 
p and q. 

Hay and Pasquill (1957) have presented experi-
mental evidence that the vertical distribution of 
spreading particles from an elevated point is re-
lated to the standard deviation of the wind eleva-
tion angle, au:, at the point of release. Cramer (1957) 
derived a diffusion equation incorporating standard 
deviations of Gaussian distributions: a for the 
distribution of material in the plume across wind 
in the horizontal, and , for the vertical distribution 
of material in the plume. (See Appendix 2 for prop-
erties of Gaussian distributions.) These statistics 
were related to the standard deviations of azimuth 
angle, ,Y.,and elevation angle, ri:, calculated from 
wind measurements made with a bi-directional 
wind vane (bivane). Values for diffusion param-
eters based on field diffusion tests were suggested 
by Cramer, et al. (1958) (and also in Cramer 1959a 
and 19591). Hay and Pasquill (1959) also pre-
sented a method for deriving the spread of pollut-
ants from records of wind fluctuation. Pasquill 
(1961) has further proposed a method for esti

aremating diffusion when such detailed wind data 
not available. This method expresses the height 
and angular spread of a diffusing plume in terms of 
more commonly observed weather parameters. Sug-
gested curves of height and angular spread as a 
function of distance downwind were given for sev-
eral "stability" classes. Gifford (1961) converted 
Pasquill's values of angular spread and height into 
standard deviations of plume concentration distri-
bution, ,, and (,,. Pasquill's method, with Gifford's 
conversion incorporated, is used in this workbook 
(see Chapter 3) for diffusion estimates. 

1) only twoAdvantages of this system are that olpp.w 

dispersion parameters are required and (2) results 

of most diffusion experiments are now being re-
ported in terms of the standard deviations of plume 
spread. More field dispersion experiments are being 
conducted and will be conducted under conditions 
of varying surface roughness and atmospheric sta-
bility. If the dispersion parameters from a specific 
experiment are considered to be more representative 

BACKGROUND 

than those suggested in this workbook, the param
eter values can be used with the equations given 
here. 
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Chapter 3- ESTIMATES OF,ATMOSPHERIC 	DISPERSION
* ' 

This &chapter the basic procedures to becomes essentially level, and is the sum of the'outlines 
be used in making "dispersion ;estimates; as, sug- physical stack height, h, and the plume rise, AH., 


gested; by Pasquill (1961) and modified by. Gifford The following assumptions are made: the plume 
(-1. spread has a Gaussian distribution (see Appendix 

2) in both the horizontal and vertical planes, with 
stanlard doviatioms of plume concentration distri-COOII)INATE: SYSTEM 

is at bution in the horizontal and vertical of r,and u,
In the system considered here the origin 
g nd leelsytem obenierth the o riinisrespectively; the mean wind speed affecting the 

ground level at or beneath the point of emission, 	 plume is u; the uniform emission rate of pollutants 
with the x-axis extending horizontally in the direc-	 is Q; and total reflection of the plume takes place 

at the earth's surface, i.e., there is no deposition 
zontal plane perpendicular to the x-axis, and the 

The plume travels along or reaction at the surface 	(see problem 9). 
z-axis extends vertically. exp*
or parallel to the x-axis. Figure 3-1 illustrates the x (xyz;H) 

2w crya.u
coordinate system. 

DIFFUSION EQUATIONS exp[ _ ( z H + exp 
ex -as 

x,of gas or aerosols (parti-The concentration, 
cles less than about 20 microns diameter) at x,y,z 	 / z+H ) 

from a continuous source with an effective emission ]J 	 (3.1) 
height, H, is given by equation 3.1. The notation / 

used to depict this concentration is x (x,y,z;H). Notet ep --a/b 0-h/b where e is the base of natural logarithms 

Z	 
..
--. . .. . . . . . . . ......... 


131 40 


..t.....zntl n ...Fiue31 orinate .system showing Gaussian distributions n. ...... 

2 



The most,! 
common is: 
Any consistent set of unii"naybe .ied. 

eg 'or r f r radioactivity (curies ..n.. 
( m)or ra 

Q, (g seC) or,(curies sec!) 
', (msec') ,10 

,,s. Hx.y. and z (in) 

Tlhis equation is the same as equation (8.35) p. 293 
of Sut ton (1953) when a's are substituted for Sut-
ton's parameters through equations like (8.27) p. 
286. For evaluations of the exponentials found in 
Eq. (3.1) and those that follow, see Appendix 3. 
x is a mean over the same time interval as the time 
interval for which the a's and u are representative. 
The values of both cy and u'. are evaluated in terms 
of the downwind distance, x. 

is valid where diffusion in the direc-
Eq. (3.1) 

tion of the plume travel can be neglected, that is, 
no diffusion in the x direction. 

This may be assumed if the release is continuous 
or if Ihe duration of release is equal to or greater 
than the travel time (x/u) from the source to the 
hocalion of interest. 

For concentrations calculated at ground level, 
i.e.. z -. 0, (see problem 3) the equation simplifies 
to: 

(x,y,0;H) 
QQ __ 

1 
_ 

- 2p 

r a"Strong" 

ep 
IXI)H ) 2 1 
2-- C (3.2) 

concentration is to be calculatedWhere the 	 - (seealong the centerline of the plume (y 0), 

p~roblem 2) further simplification results: 
Qrexp[ 1 2 

x\,(N,0,0;H) ay Ua.Z u p " (3.3) 

For a ground-level source with no effective plume 
rise (H - 0), (see problem 1): 

Q 
x (x,0,0;0)= 7r.a u 	 (3.4) 

IT.I'lETS OF STABILITY 

'io values of a, and a. vary with the turbulent 

L' 	 "ire of the atmosphere, height above the sur-
.urface roughness, sampling time over which 
•ncentration is to be estimated, wind speed, 
i istance from the source. For the parameter 

-.: given here, the sampling time is assumed to 
itut 10 minutes, the height to be the lowest 

1i hundred meters of the atmosphere, and 
0'face to be relatively open country. The 

.I':'Inntstructure of the atmosphere and wind 
*,"' ire considered in the stability classes pre. 

sented, and the effect of distance from the source is 
considered in the graphs determining the parameter 
values. Values for cr, and cr. are estimated from the 
stability of the atmosphere, which is in turn esti
mated from the wind speed at a height of about 

meters and, during the lay, the incoming solar 
radiation or, during the night, the cloud cover (Pas
quill, 1961). Stability categories (in six classes) 
are given in Table 3-1. Class A is the most un
stable, class F the most stable class considered here. 
Night refers to the period from 1 hour before sunset 
to 1 hour after sunrise. Note that the neutral 
class, D, can be assumed for overcast conditions 
during day or night, regardless of wind speed. 

Table 3-1 KEY TO STABILITY CATEGORIES 

Surface Wind Day Night 

Speed (at 10 m), 
msec 1 

Incoming Solar Radiation Thinly Overcast 
or :3/8 

Strong Moderate Slight 4/8 Low Cloud Cloud 

< 2 A A-B B 
2.3 A-B B C E F 
3-5 B B-C C D E 

56 C C-D D D D 
> 6 C D D D D 

The neutral class, D,should be assumed for overcast conditions during
day or night. 

incoming solar radiation corresponds 
to a solar altitude greater than 600 with clear skies; 
do"slight" insolation corresponds to a solar altitude 
from 15' to 35 with clear skies. Table 170, Solar 
Altitude and Azimuth, in the Smithsonian Meteological Tabls(it 91 a eue ndtr 

orogia Tbles (List, 1951) can be used in deter
mining the solar altitude. Cloudiness will decrease 
incoming solar radiation and should be considered 
along with solar altitude in determining solar radia
tion. Incoming radiation that would be strong
with clear skies can be expected to be reduced to 
moderate with broken (% to 7/ cloud cover) mid
dle clouds and to slight with broken low clouds. 
An objective system of classifying stability from 
hourly meteorological observations based on the 

above method has been suggested (Turner, 1961). 
These methods will give representative indica

tions of stability over open country or rural areas, 

but are less reliable for urban areas. This differ
ence is due primarily to the influence of the city's 
larger surface roughness and heat island effects 
upon the stability regime over urban areas. The 
greatest difference occurs on calm clear nights; on 
such nights conditions over rural areas are very 
stable, but over urban areas they are slightly un
stable or near neutral to a height several times the 
average building height, with a stable layer above 
(Duckworth and Sandberg, 1954; DeMarrais, 1961). 
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Some preliminary results of a dispersion experi-
ment in St. Louis (Pooler, 1965) showed that the 

dispersion over the city during the daytime behaved 

somewhat like types B and C; for one night experi-

men rvaried with distance between types D and E. 

ESTIMATION OF VERTICAL AND 
,,

HORIZONTAL DISPERSION 

Having determined the stability class from 

Table 3-1, one can evaluate the estimates of c. and
 

distance from the
,&Z as a function of downwind 
These valuessource, x, using Figures 3-2 and 3-3. 


of u, and u, are representative for a sampling time 


of about 10 minutes. For estimation of concentra

tions for longer time periods see Chapter 5. Figures 

3-2 and 3-3 apply strictly only to open level country
 

and probably underestimate the plume dispersion 

sources in built-up areas.

potential from low-level 

Although the vertical spread may be less than the 


on a clearvalues for class F with very light winds 


night, quantitative estimates of concentrations 
are 
With very light

nearly impossible for this condition. 

winds on a clear night for ground-level sources free 


shifts in wind

of topographic influences, frequent 

to spread theoccur which servedirection usually 
For elevated sources under

plume horizontally. 
stable situations, significant conthese extremely 

centrations usually do not reach ground level until 

the stability changes. 

A stable layer existing above an unstable layer 

will have the effect of restricting the vertical diffu-

sion. The dispersion computation can be modified 

for this situation by considering the height of the 

base of the stable layer, L. At a height 2.15 U, 

above the plume centerline the concentration is one-

tenth the plume centerline concentration at the same 
When one-tenth the plume centerlinedistance. 


concentration extends to the stable layer, at height 

that the distributionL. it is reasonable to assume 

starts being affected by the "lid." The following 

method is suggested to take care of this situation. 
Allow a, to increase with distance to a value of 

L/2.15 or 0.47 L. At this distance x,,, the plume is 
assumed to have a Gaussian distribution in the 
vertical. Assume that by the time the plume travels 
twice this far, 2 xl., the plume has become uniformly 
distributed between the earth's surface and the 
height L, i.e., concentration does not vary with 
height (see Figure 3-4). For the distances greater 
than 2 xi., the concentration for any height between 
the ground and L can be calculated from: 

- Q expX (xyZ;H) y , Q2 


ay - 1 
(y)2 

(3.5) 

from any z from 0 to L 

for x 72 XL; xL is where - 0'47 L .
 

Note tnaT iiq. ka.oj as~ummo 1.Uu(see problem 6). 
mal or Gaussian distribution of the plume only in 

The same result can be obthe horizontal plane. 
tained from the following equation where .Lis an 

effective dispersion parameter because v'r L 

2.5066 L and 0.8 wL = 2.51 L. 
Q y Y 

7r cry asi,, U -2-' - a,' 
x (x,y,z;H) - exp 

(3.6) 

for any z from 0 to L
 
for x >2k,,; xL is where v,-. 0.47 L
 
The value of OrL = 0.8 L
 

EVALUATION OF WIND SPEED 

For the wind speed, u, a mean through thee ver
o thef plumeshou b e T 

t 
tical extent of the plume should be used. This 

would be from the height H - 2 a. through H + 

2 a. Of course, if 2 a is greater than H then the 
2 a,.

wind can be averaged from the ground to H a 

However, the "surface wind" value may be all that 

The surface wind is most applicableis available. underor low-level emissions, especiallyto surface 
stable conditions. 

PLOTS OF CONCENTRATIONS 
AGAINST DISTANCE 

To gain maximum insight into a diffusion prob

lem it is often desirable to plot centerline concen

trations against distance downwind. A convenient 

procedure is to determine the ground-level center

line concentrations for a number of downwind dis

tances and plot these values on log-log graph paper. 
one may estimate con-By connecting the points, 

distancescentrations for intermediate downwind 
(see problem 6). 

ACCURACY OF ESTIMATES 

Because of a multitude of scientific and techni
cal limitations the diffusion c'omputation method 
presented in this manual may provide best estimates 
but not infallible predictions. In the unstable and 
stable cases, severalfold errors in estimate of a. 
can occur for the longer travel distances. In some 
cases the a. may be expected to be correct within a 
factor of 2, however. These are: (1) all stabilities 
for distance of travel out to a few hundred meters; 

(2) neutral to moderately unstable conditions for 

distances out to a few kilometers; and (3) unstable 
conditions in the lower 1000 meters of the atmos
phere with a marked inversion above for distances 
out to 10 km or more. Uncertainties in the esti

mates of a, are in general less than those of a.. 

The ground-level centerline concentrations for these 

uthmates1, 
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Figure 3-4. Variations inconcentration in the vertical beneath amore stable layer. 

three cases (where a. can be expected to be within PLOTTING GROUND-LEVEL 
a factor of 2) should be correct within a factor of 3, CONCENTRATION ISOPLETHS 
including errors in a, and u. The relative confidence 
in the ,r's (in decreasing order) is indicated by the Often one wishes to determine the locations 

heavy lines and dashed lines in Figures 3-2 and 3-3. 	 where concentrations equal or exceed a given mag
nitude. First, the axial position of the plume must 

Estimates of H, the effective height of the plume, be determined by the mean wind direction. For 
may be in error because of uncertainties in the esti- plotting isopleths of ground-level concentrations, 
mation of AH, the plume rise. Also, for problems the relationship between ground-level centerline 
that require estimates of concentration at a specific concentrations and ground-level off-axis concentra
point, the difficulty of determining the mean wind tions can be used: 
over a given time interval and consequently the r 1 2 
location of the x-axis can cause considerable un- (x,y,0;H) _ e1(y.7certainty. 	 XX (x,0,0;H)2(37 

The y coordinate of a particular isopleth from the 
GRAPHS FOR ESTIMATES OF DIFFUSION x-axis can be determined at each downwind dis

tance, x. Suppose that one wishes to know the 
To avoid repetitious computations, Figure 3-5 off-axis distance to the 10 g m 3 isopleth at an x 

(A through F) gives relative ground-level concen- of 600 m, under stability type B, where the ground
trations times wind speed (x u/Q) against down- level centerline concentration at this distance is 

-
wind distances for various effective heights of emis- 2.9 x 103 g m- 1.
 
sion and limits to the vertical mixing for each sta- [_-_i( y\ 21 (x,y,0;H)

bility class (1 figure for each stability). Computa- exp T2I J =x 

x (x,O,0;H)
 
tions were made from Eq. (3.3), (3.4), and (3.5).
 

-
Estimates of actual concentrations may be deter- 10 0345 
mined by multiplying ordinate values by Q/u. 2.9 x 10- 3 
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From Table A-I A endix3) whenexp 
. .

146 
2 y 

1Y ."y0345,y/ 1, 

From Figure 3-2,.for stability B and x -600 m, v, 

- (1.46) (92) - 134 meters.- 92. Therefore y 
This is the distance of the 10- 8 isopleth from the 
x-axis at a downwind distance of 600 meters. 

This can also be determined from: 

y_2 In* X(x,0,0;H) 	 (3.8) 

L t (x,y,0;H)) 

The position corresponding to the downwind dis-
can then be plotted,tance 	 and off-axis distance 

been plotted, theAfter a number of points have 
concentration isopleth may be drawn (see problems 
8 and 26). Figures 3-6 and 3-7 give ground-level 

isopleths of Xu/Q for various stabilities for sources 
at H = 0 and H 100 meters. For example, to 
locate the 10-:' g M 3 isopleth resulting from a 

-ground-level source of 20 g sec ' under B stability 
-conditions with wind speed 2 m sec 1 , one must 

first determine the corresponding value of xu/Q since 
this is the quantity graphed in Figure 3-6. Xu/Q = 

10-' x 2/20 10- '. Therefore the Xu/Q isopleth 
in Figure 3-6B having a value of 10-' m7'corre-
sponds 	to a x isopleth with a value of 10' g m 

AREAS WITHIN ISOPLETHS 

Figure 3-8 gives areas within isopleths of ground

level concentration in terms of x u/Q for a ground-

level source for various stability categories (Gifford, 
For the exam-1962; Hilsmeier and Gifford, 1962). 

-ple just given, the area of the 10- ' g m 1isopleth 
-(10- 1 m x u/Q isopleth) is about 5 x 10, meters. 

CALCULATION OF MAXIMUM 
GROUND-LEVEL CONCENTRATIONS 

Figure 	3-9 gives the distance to the point of 
maximum concentration, x,,,,, and the relative maxi
mum 	 concentration, x u/Q,,,., as a function of 
effective height of emission and stability class 
(Martin, 1966). This figure was prepared from 
graphs 	of concentration versus distance, as in Fig
ure 3-5. The maximum concentration can be deter-
mined 	by finding x u/Q as a function of effective 
emission height and stability and multiplying by 
Q/u. In using Figure 	3-9, the user must keep in 
mind that the dispersion at higher levels may differ 
considerably from that 	determined by the a's and 
u.'s used here. As noted, however, since ay gener-
ally decreases with height and u increases with 

*"In" de.tes natural logarithms, i.e., to the base e. 

Estimates 

height, the product u a. c*will not change appreci
ably. The greater the effective height, the more 
likely it is that the stability may not be the same 
from the ground to this height. With the longer 
travel distances such as the points of maximum 
concentrations for stable conditions (Types E or 
F), the stability may change before the plume 
travels the entire distance. 

REVIEW OF ASSUMPTIONS 
The preceding has been based on these as

sumptions, which should be clearly understood: 

(i) Continuous emission from the source or 
emission times equal to or greater than travel times 
to the downwind position under consideration, so 
that diffusion in the direction of transport may be 
neglected. 

(ii) The material diffused is a stable gas or 
aerosol (less than 20 microns diameter) which re
mains suspended in the air over long periods of time. 

(iii) 	 The equation of continuity:
 
+00 +
 

Qf0 X u dy dz 	 (3.9)Q==j 
0 

is fulfilled, i.e., none of the material emitted is re
moved from the plume as it moves downwind and
there is complete reflection at the ground. 

(iv) 	 The mean wind direction specifies the 
speed representative ofx-axis, and a mean wind 


the diffusing layer is chosen.
 

(v) Except where specifically mentioned, the 
plume constituents are distributed normally in both 
the cross-wind and vertical directions. 

(vi) The a's given in Figures 3-2 and 3-3 repre
sent time periods of about 10 minutes. 
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Figure 3-8. Area within isopleths for a ground-level source :(from Hilsmeier and Gifford). 
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Chapter 4-. EFFECTIVE HEIGHT4 OF* EMISSION 
GENERALCONSIDERATIONS 

In most problems one must estimate the effec-
tive stack height, H, at which the plume becomes 
essentially level. Rarely will this height correspond 
to the physical height of the stack, h. If the plume 
is caught in the turbulent wake of the stack or of 
buildings in the vicinity of the stack, the effluent 
will be mixed rapidly downward toward the ground 
(aerodynamic downwa,3h). If the plume is emitted 
free of these turbulent zones, a number of emission 
factors and meteorological factors influence the rise 
of the plume. The emission factors are: velocity 
of the effluent at the top of the stack, v,; tempera-
ture of the effluent at the top of the stack, T,; and 
diameter of the stack opening, d. The meteorolog-
ical factors influencing plume rise are wind speed, 
u; temperature of the air, T,,; shear of the wind 
speed with height, du/dz; and atmospheric sta-
hility. No theory on plume rise takes into account 
all of these variables; even if such a theory were 
available, measurements of all of the parameters 
would seldom be available. Most of the equations 
that have been formulated for computing the ef-
fective height of emission are semi-empirical. For a 
recent review of equations for effective height of 
emission see Moses, Strom, and Carson (1964). 

Moses and Strom (1961), having compared ac-
tual and calculated plume heights by means of six 
plume rise equations, report "There is no one for-
mula which is outstanding in all respects." The 
formulas of Davidson-Bryant (1949), Holland 
(1953), Bosanquet-Carey-Halton (1950), and Bo-
sanquet (1957) all give generally satisfactory re-
suits in the test situations. The experiments con-
ducted by Moses and Strom involved plume rise 
from a stack of less than 0.5 meier diameter, stack 
gas exit velocities less than 15 m sec-', and effluent 
temperature not more than 35C higher than that 
of the ambient air. 

The equation of Holland was developed with 
experimental data from larger sources than those 
of Moses and Strom (stack diameters from 1.7 to 
4.3 meters and stack temperatures from 82 to 
204'C); Holland's equation is used in the solution 
of the problems given in this workbook. This equa
tion frequently underestimates the effective height 
of emission; therefore its use often provides a slight
"safety" factor. 

Holland's equation is: 

v. d 2.68 x T.+ T- d) (4.1) 
( T. 

where: 
AH - the rise of the plume above the stack, m 

Effective Height 

v;.a . .. k gas exit velocity, m sec 

d -the inide stack diameter, m 
u - Wind speed, m sec- 1 

p - atmospheric pressure, mb 
T. - stack gas temperature, OK 
T. = air temperature, °K 

and 2.68 x 10 is a constant havingunits of mb 
m-1. 

Holland (1953) suggests that a value between 
1.1 and 1.2 times the AH from the equation should 
be used for unstable conditions; a value between 
0.8 and 0.9 times the AH from the equation should 
be used for stable conditions. 

Since the plume rise from a stack occurs over 
some distance downwind, Eq. (4.1) should not be 
applied within the first few hundred meters of the 
stack. 

EFFECTIVE HEIGHT OF EMISSION AND 
MAXIMUM CONCENTRATION 

If the effective heights of emission were the 
same under all atmospheric conditions, the highest 
ground-level concentrations from a given source 
would occur with the lightest winds. Generally, 

however, emission conditions are such that the ef
fective stack height is an inverse function of wind 
speed as indicated in Eq. (4.1). The maximum 
ground-level concentration occurs at some inter
mediate wind speed, at which a balance is reached 
between the dilution due to wind speed and the 
effect erf height of emission. This critical wind speed 
will vary with stability. In order to determine the 
critical wind speed, the effective stack height as a 
function of wind speed should first be determined. 
The maximum concentration for each wind speed 
and stability can then be calculated from Figure 
3-9 as a function of effective height of emission 
and stability. When the maximum concentration 
as a function of wind speed is plotted on log-log 
graph paper, curves can be drawn for each stability 
class; the critical wind speed corresponds to the 
point of highest maximum concentration on the 
curve (see problem 14). 

ESTIMATES OF REQUIRED STACK HEIGHTS 

Estimates of the stack height required to pro
duce concentrotions below a given value may ;e 
made through the use of Figure 3-9 by obtaining 
solutions for various wind speeds. Use of this figure 
considers maximum concentrations at any distance 
from the source. 

In some situations high concentrations upon the 
property of the emitter are of little concern, but 
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maximum concentrations beyond , the property line least twice its height and extends downwind 5 to 10 
are of the utmost importance. For first approxima- times its height. Building the stack 2.5 times the 
tions it can be assumed that the maximum concen- height of the highest building adjacent to the stack 
tration occurs where VfW- u5 H and that at this usually overcomes the effects of building turbulence 
distance the u's are related to the maximum con- (Hawkins and Nonhebel, 1955). Ensuring that the 
centration by: exit velocity of the stack gas is more than 1.5 times 

the wind speed will usually prevent downwash inQ _ 0.117 Q
Qe x1(4.2) the wake of the stack. Most of the knowledge about 

Su e , u X, (4.) the turbulent wakes around stacks and buildings 

Knowing the source strength, Q, and the concen- has been gained through wind tunnel studies (Sher
tration not to be exceeded X,,,- one can determine lock and Lesher, 1954; Strom, 1955-1956; Strom, 
the necessary a,. u. for a given wind speed. Figure et al, 1957; and Halitsky, 1962). By use of models 
4-1 shows u, a. as a function of distance for the of building shapes and stacks, one may determine 

The value of a. a. and a the wind speeds required to cause downwash forvarious stability classes. 

design distance, Xd (the distance beyond which x is various wind directions. With a wind tunnel the
 
less than some pie-determined value), will deter- meteorological variables most easily accounted for
 
mine a point on this graph yielding a stability class are wind speed and wind direction (by rotation of
 
or point between classes. The cr for this stability the model within the tunnel). The emission factors
 
(or point between stabilities) can then be deter- that may be considered are the size and shape of
 

mined from Figure 3-3. The required effective stack the plant building; the shape, height, and diameter
 
height for this wind speed can then be approxi- of the stack; the amount of emission; and the stack

a. (see problem 15). Since Eq. gas velocity.
=Fmated by H .

(4.2) is an approximation, the resulting height Through wind tunnel studies, the critical wind 
should be used with Eq. (3.3) to ensure that the speeds that will cause downwash from various di
maximum concentration is sufficiently low. If rections can be determined for a given set of plant 
enough is known about the proposed source to factors. The average number of hours of downwash 
allow use of an equation for effective height of per year can then be calculated by determining the 
emission, the relation between AH and u can be frequency of wind speeds greater than the critical 
determined. The physical stack height required at speeds for each direction (Sherlock and Lesher, 
the wind speed for which H was determined is H - 1954) if climatological data representative of the 
.1H. The same procedure, starting with the deter- site are available. 
inination of a, a., must be used with other wind Maximvm downwash about a rectangular struc
speeds to determine the maximum required physical ture occurs when the direction of the wind is at an 
stack height (see problem 16). angle of 45 degrees from the major axis of the struc

ture; minimum downwash occurs with wind flow 
EFFECT OF EVAPORATIVE COOLING parallel to the major axis of the structure (Sherlock

and Lesher, 1954). 
to absorb cer- Halitsky (1961, 1963) has shown that the efu-

When effluent gases are washed 
oftain constituents prior to emission, the gases are ent rom flush ei s o l at fu 

ent from flush openirgs on flat roofs frequentlycooled and become saturated with water vapor. 
Upon release of the gases from the absorption tower, flows in a direction opposite to that of the free 

further cooling due to contact with cold surfaces atmospheric wind, owing to counter-flow along the 
of ductwork or stack is likely. This cooling causes roof in the turbulent wake above the building. In 
condensation of water d:oplets in the gas stream. addition to the effect of aerodynamic downwash 
Upon release of the gases from the stack, the water upon the release of air pollutants from stacks and 
droplets evaporate, withdrawing the latent heat of buildings, one must also consider the effects of aero

dynamic downwash when exposing meteorologicalvaporization from the air and cooling the plume. 
The resulting negative buoyancy reduces the effec- instruments near or upon buildings. 
tive stack height (Scorer, 1959). Where the pollution is emitted from a vent or 

opening on a building and is immediately influ-
EFFECT OF AERODYNAMIC DOWNWASH enced by the turbulent wake of the building, the 

pollution is rapidly distributed within this turbu-
The influence of mechanical turbulence around lent wake. To account for mixing in the turbulent 

a building or stack can significantly alter the ef- wake, one may assume binormal distributions of 
fective stack height. This is especially true with concentrations at the source, with horizontal and 
high winds, when the beneficial effect of high stack- vertical standard deviations of ao and a.,. The 
gas velocity is at a minimum and the plume is standard deviations are related to the width and 
emitted nearly horizontally. The region of disturbed height of the building, for example, letting 4.3'e.. 
flow surrounds an isolated building, generally to at equal the width of the building and 2.15 a,. equal 
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the height. Values other than 4.3 and 2.15 can be 
used. When these values are used 97 % of the dis-
tribution is included within these limits. Virtual 
distances x, and x, can be found such that at x, 
i) ,,.land at. x,. if. 10... These x's will differ 
with stability. Equalions applicable to point sources 
can thtea li, used. determining ,,, as a function of 
X I x, 11l ,,. as a function of x -t x'. 
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Chapter, 5- SPECIAL TOPICS 

CONCENTRATIONS IN AN INVERSION 
BREAK-UP FUMIGATION 

A surface-based inversion may be eliminated by 
the upward transfer of sensible heat from the 
ground surface when that surface is warmer than 
the overlying air. This situation occurs when the 
ground is being warmed by solar radiation or when 
air flows from a cold to a relatively warm surface. 
In either situation pollutants previously emitted 
above the surface into the stable layer will be mixed 
vertically when they are reached by the thermal 
eddies, and ground-level concentrations can increase. 
This process, called "fumigation" was described by 
Hewson and Gill (1944) and Hewson (1945). Equa-
tions for estimating concentrations with these con-
ditions have been given by Holland (1953), Hew-
son (1955), Gifford (1960a), Bierly and Hewson 
(1962), and Pooler (1965). 

To estimate ground-level concentrations under 
inversion break-up fumigations, one assumes that 
the plume was initially emitted into a stable layer. 
Therefore, , and a. characteristic of stable condi-
tions must be selected for the particular distance 
of concern. An equation for the ground-level con
centration when the inversion has been eliminated 
to a height h, is: 

x' (x,y,O;H) -

Q [ f 
V exp (-0.5 pt ) dpi 

a'/v u h, 

-(H /h, 

wherep215 

and ar is discussed below.__ 

Values for the integral in brackets can be found in 
most statistical tables. For example, see pages 273
276, Burington (1953). This' factor accounts for 
the portion of the plume that is mixed downward. 
If the inversion is eliminated up to the effective 
stack height, half of the plume is presumed to be 
mixed downward, the other half remaining in the 
stable air above. Eq. (5.1) can be approximated 
when the fumigation concentration is near its 
maximum by: 

y_1Xr (xy,_;H) - Q. 1 (Y 
1 exp t 2 arr 

(5.2) 

h - H + 2 -h + AH + 2 a, (5.3) 

Specid TopIc 

A difficulty is encountered in estimating a rea
sonable value for the horizontal dispersion since in 
mixing the stable plume through a vertical depth 
some additional horizontal spreading occurs (see 
problem 12). If this spreading is ignored and the 
a, for stable conditions used, the probable result 
would be estimated concentrations higher than ac
tual concentrations. Or, using an approximation 
suggested by Bierly and Hewson (1962) that the 
edge of the plume spreads outward with an angle 
of 150, the aF for the inversion break-up fumigation 
equals the , for stable conditions plus one-eighth 
the effective height of emission. The origin of this 
concept can be seen in Figure 5-1 and the following 
equation, where the edge of the plume is the point 
at which the concentration falls to 1/10 that at the 
centerline (at a distance of 2.15 ay from the plume 
center). 

2.15 a, (stable) + H tan 150 

,r- 2.15 

a,, (stable) + H/8 (5.4) 
A Gaussian distribution in the horizontal is as
sumed. 

2r BOUNDARY OF 
--- . - STABLE PLUME 

/ - S 

"". .. . - . 

hm-H+2O H 

2 H 

Oy H tan 15I 

_ 

2.15 cy(FUMIGATION) 

Figure 51. Diagram showing assumed height, h, and( , 
during fumigation, for use in equation (5.2). 

Eq. (5.4) should not be applied near the stack, 
for if the inversion has been eliminated to a height 
sufficient to include the entire plume, the emission 
is taking place under unstable not stable conditions. 
Therefore, the nearest downwind distance to be 

estimate of fumigation concenconsidered for an 
trations must be great enough, based on the time 

reqvired to eliminate the inversion, that this por
tion of the plume was initially emitted into stable 
air. This distance is x - ut., where u is the mean 
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wind in the stable layer and t. is the time required 
,to eliminate the inversion from h, the physical' 
height of the stack to h, (Eq. 5.3). 

t. is dependent upon both the strength of t 
inversion and the rate of heating at the surface. 
Pooler (1965) has derived an expression for esti-
mating this time: 

(h +h,P, ci, 80 	 2(5.5)R 8z ( -h) 


where t.-	 time required for the mixing layer to 
develop from the top of the stack to the 
top of the plume, sec 

Pa ambient air density, g W -3 

c= specific heat of air at constant pressure, 
cal g1 K7 

RR net rate of sensible heating of an air 
-column by solar radiation, cal m sec 

e8:=vertical potential temperature gradient,1' 
8.aTp-L

1
OK m - T " r (the adiabatic lapse 
rate) 81z________ 

h==	height of base of the inversion sufficient 
to be above the plume, m 

h - physical height of the stack, m 

Note that h, -h is the thickness of the layer to be 

heated and 	(h + hi) is the average height of the 

layer. Although R depends on season, and cloud 
cover and varies continuously with time, Pooler has 

-2
used a value of 67 cal m sec- 1 as an average for 
fumigation. 

Hewson (1945) also suggested a method of esti-
mating the time required to eliminate an inversion 
to a height z by use of an equation of Taylor's 
(1915, p. 8): 

t -4K 	 (5.6)
4 K 

where: t = time required to eliminate the inver-
sion to height z, sec 

z - height to which the inversion has been 
eliminated, m 

K-eddy diffusivity for heat, m' UC-

Rewriting to compare with Eq. (5.5), 

t- h 2 - h' 	 (5.7) 
4K 

Hewson (1945) has suggested a value of 3 m se~ 
for K. 

PLUME TRAPPING 


Plume trapping occurs when the plume is 
trapped between the ground surface and a stable 


so 

layer aloft. Bierly and Hewson (1962) have sug
g6ested the use of an equation that accounts for the 
multiple eddy reflections from both the ground and 

the stable layer: 
x(x,0z;H) Q
 
x 2 u cr,,. I 

exH 2--, . A 

.2,
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!2../
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4 e
 

N
z
 
z+H-2 NL
 

+G , /,
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- + N 

1(z+H+2 NL(.
 
-exp- - a
 

where L is the height of the stable layer and J - 3 

or 4 is sufficient to include the important reflec
tions. A good approximation of this lengthy equa
tion can be made by assuming no effect of the stable 
layer until a. - 0.47 L (see Chapter 3). It is as
sumed that at this distance, XL, the stable layer 
begins to affect the vertical distribution so that at 
the downwind distance, 2 xl,, uniform vertical mix
ing has taken place and the following equation can 
be used: 

x (x,y,z;H) - Q exp y 
~V2_ , Lu 2 

(5.9) 

For distances between XL and 2 xL the best approxi
mation to the ground-level centerline concentration 
is that read from a straight line drawn between the 
concentrations for points XL and 2 XL on a log-log 

plot of ground-level centerline concentration as a 
function of distance. 

CONCENTRATIONS AT GROUND LEVEL 
COMPARED TO CONCENTRATIONS AT THE 
LEVEL OF EFFECTIVE STACK HEIGHT 
FROM ELEVATED CONTINUOUS S U'CES 

There are several interesting relationships be
tween ground-level concentrations and concentra
tions at the level of the plume centerline. One of 
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these is at the distance of maximum concentration 
at the ground. As a rough approximation the maxi-
mum ground-level concentration occurs at the dis-

1 
tance where u H. This approximation isa. _ 

much better for unstable conditions than for stable 
conditions. With this approximation, the ratio of 
concentration at plume centerline to that at the 
ground is: 

__..-II +2exp1. -+2 ( H 
X(x, 0,H) 2 2]
X(x,0,0) exp I H)21(5.1 

_____2 

- 1.0 + exp - 0.5 (2 V2) 
. 

' . exp - 0.5 (V2) 
( 1.0 + 0.0182) 

S 2 1+0directly 
0.368 

1.38 

This calculation indicates that at the distance 
of maximum ground-level concentration the concen
tration at plume centerline is greater by about 
one-third. 

It is also of interest to determine the relation-
ship between ,.and H such that the -,ncentration 
at ground-level at a given distance from the source 
is the same as the concentration at plume level, 
This condition should occur where: 

1 H 
' 

[.
1xp(H 1 1 2H )] 

2\p 2- [ 2\ j 
The value H/u2 1.10 satisfies this expression,= 

=which can be written as u, 0.91 H (see problem 
10). 

TOTAL DOSAGE FROM A FINITE RELEASE 

The total dosage, which is the integration of 
concentration over the time of passage of a plume 
or puff, can be obtained from: 

1DT(~,;)--QT ex y!
DT (x,y,0;H) as x - 2u 

-exp 
( 2 1 (5.10) 

where DT - total dosage, g sec m- 1 

and QT total release, g 


2 

= 

The 4's should be representative of the time 
period over which the release takes place, and care 
should be taken to consider the x-axis along the 
trajectory or path of the plume or puff travel. Large 
errors can easily occur if the path is not known 
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accurately. The estimate of this path is usually in
creasingly -difficult with shorter release times. Dv:, 
can also be given in curie sec m-' if Qr is in curies. 

CROSSWIND-INTEGRATED CONCENTRATION 

The ground-level crosswind-integrated concen
tration is often of interest. For a continuous ele
vated source this concentration is determined from 

- 1 toEq. (3.2) integrated with respect to y from(Gifford 1960a) giving: 

2aQ 
In diffusion experiments the ground-level cross
wind-integrated concentration is often determined 
at particular downwind distances from a crosswind 
line or arc of sampling measurements made at this 
distance. When the source strength, Q,and average
wind speed, u, are known, o, can be estimated in

even though no measurements were made 
in the vertical. If any of the tracer is lost through 
reaction or deposition, the resulting a. from such 
estimates will not represent the vertical dispersion
(be problem 18). 

ESTIMATION OF CONCENTRATIONS FOR 
SAMPLING TIMES LONGER THAN A 
FEW MINUTES 

Concentrations directly downwind from a source 
decrease with sampling time mainly because of a 
larger u, due to increased meander of wind direction. 
Stewart, Gale, and Crooks (1958) reported that 
this decrease in concentration follows a one-fifth 
power law with the saimpling time for sampling 
periods from about 3 mrnutes to about half an hour. 
Cramer (1959) indicates that this same power law 
applies for sampling times from 3 seconds to 10 
minutes. Both of these studies were based on ob
servations taken near the height of release. Gifford 
(1960b) indicates that ratios of peak to mean con
centrations are much higher than those given by
the above power law where observi, tions of concen
trations are made at heights consderably different 
from the height of release or considerably removed 

rom the plume axis. He also ir 'icates that for 
increasing distances from an elevated source, the 

ratios of peak to average concentrations observed 
at ground level approach unity. Singer (1961) and 
Singer, et al. (1963) show that ratios of peak to 
mean concentrations depend also on the stability 
of the atmosphere and the type of terrain that the 
plume is passing over. Nonhebel (1960) reports 
that Meade deduced a relation between calculated 
concentrations at ground level and the sampling 
time from "a study of published data on lateral and 
vertical diffusion coefficients in steady winds," 
T7hese relations are shown in Table 5-1. 
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iIHTabIi-'t-,WARIATION OF CALCULATED CONCENTRATION,, ,.2,Q [.. 
-WITH SAMPLING TIME X. x I 

-V-,r 16Y'su, 

Calculated Concentration 2.03Q [
Sampling Time to 3-minute Concentration - . exp 

- ifrUX2 
.1mint ei 1.00 r " . . :,s o}r . . . .. . . , . 

15mnuts0.82Q 

-1 Q 2.55QI hour 0 . Ai"= . , x L u x 

hours 0.51 L 6 (5.14) 

24 hours 0.36 depending upon whether a stable layer aloft is af
fecting the distribution. 

This table indicates a power relation with time: The estimation of x for a particular direction 
x c t'' 17. Note that these estimates were based and downwind distance can be accomplished by 
upon published dispersion coefficients rather than choosing a representative wind speed for each speed 
upon sampling results. Information in the refer- class and solving the appropriate equation (5.13 or 
ences cited indicates that effects of sampling time 5.14) for all wind speed classes and stabilities. Note 
are exceedingly complex. If it is necessary to esti- that a SSW wind affects a receptor to the NNE 
mate concentrations from a single source for the of a source. One obtains the average concentration 
time intervals greater than a few minutes, the best for a given direction and distance by summing all 
estimate apparently can be obtained from: the concentrations and weighting each one accord

(_tk )" to its frequency for the particular stability andping 

Xk. . (5.12) wind speed class. If desired, a different effectiveX 
height of emission can be used for various wind 

where .. is the desired concentration estimate for speeds. The average concentration can be expressed 
the sampling time, t.; ,\k isthe concentration esti- by: 
mat, for the shorter sampling time, tk, (probably 2Qf2 (,S,)2 
about 10 minutes); and p should be between 0.17 x (x,O) - Q f ( 2.,x 
and 0.2. Eq. (5.12) probably would applied S N 0-.UN 16be V2" 5
most appropriately to sampling times less than 2 
hours (see problem 19). , (5.15) 

ESTIMATION OF SEASONAL OR ANNUAL 
AVERAGE CONCENTRATIONS AT A where f (e, S, N) is the frequency during the period 
RECEPTOR FROM A SINGLE POLLUTANT of interest that the wind is from the direc

for the stability condition, S, andSOURCE tion 0,wind speed class N. 

For a source that emits at a constant rate from 

v.s is the vertical dispersion parameter evaluated
hour to hour and day to day, estimates of seasonal 

at the distance x for the stability condition S. 
or annual average concentrations can be made for 
any distance in any direction if stability wind "rose" uN is the representative wind speed for class N. 
data are available for the period under study. A Hu is the effective height of release for the wind 
wind rose gives the frequency of occurrence for speed UN. 

each wind direction (usually to 16 points) and wind 
speed class (9 classes in standard Weather Bureau Where stability wind rose information cannot be 

use) for the period under consideration (from 1 obtained, a first-order approximation may be made 

month to 10 years). A stability wind rose gives the of seasonal or annual average concentrations by 
same type of information for each stability class, using the appropriate wind rose in the same man

ner, and assuming the neutral stability class, D, 
If the wind directions are taken to 16 points and only. 

it is assumed that the wind directions within each
 
sector are distributed randomly over a period of a METEOROLOGICAL CONDITIONS
 
month or a season, it can further be assumed that ASSOCIATED WITH MAXIMUM
 
the effluent is uniformly distributed in the hori- GROUND-LEVEL CONCENTRATIONS
 
zontal within the sector (Holland, 1953, p. 540).
 
The appropriate equation for average concentration 1. For prouaid-level sources maximum concentra.
 
is then either: tiozs occur with stable conditions.
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For elevated sources maximum "instantaneous"2. 
unstable conditionsconcentrations occur with 

when portions of the plume that have undergone 
little dispersion are brought to the ground. 
These occur close to the point of emission (on 
the order of 1 to 3 stack heights). These con-

are usually of little general interestcentrations 
because of their very short duration; they can-
not be estimated from the material presented in 
this workbook. 

concentrations3. 	 For elevated sources maximum with a few minutes occur 
for 	time periods of 

the concentra-
unstable conditions; although 
tions fluctuate considerably under these condi-

tios, the concentrations averaged over a few 
minutes are still high compared to those found 
under other conditions. The distance of this 

the stackmaximum concentration occurs near 
(from 1 to 5 stack heights downwind) and the 
concentration drops off rapidly downwind with 
increasing distance. 

concentrations4. 	 For elevated sources maximum 
for time periods of about half an hour can occur 
with fumigation conditions when an unstable 
layer increases vertically to mix downward a 
plume previously discharged within a stable 
layer. With small AH, the fumigation can occur 
close to the source but will be of relatively short 
duration. For large AH, the fumigation will 
occur some distance from the stack (perhaps 30 
to 40 kin), but can persist for a longer time 
interval. Concentrations considerably lower than 

with fumigations, but of sig
those associated 

with neutral or unstablenificance can occur 
conditions when the dispersion upward is se
verely limited by the existence of a more stable 
layer above the plume, for example, an inversion. 

5. 	 Under stable conditions the maximum concen

trations at ground-level from elevated sources 
are less than those occurring under unstable 
conditions and occur at greater distances from 
the source. However, the difference between 
maximum ground-level concentrations for stable 
and unstable conditions is only a factor of 2 
for effective heights of 25 meters and a factor 
of 5 for H of 75 m. Because the maximum 
occurs at greater distances, concentrations that 
are below the maximum but still significant can 
occur over large areas. This becomes increas-
ingly significant if emissions are coming from 
more than one source. 

CONCENTRATIONS AT A RECEPTOR POINT 
FROM SEVERAL SOURCES 

Sometimes, especially for multiple sources, it is 
convenient to consider the receptor as being at the 
origin of the diffusion coordinate system. The 
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can then be worxe outsource-receptor geometry 
merely by drawing or visualizing an x-axis oriented 

the receptor and determining theupwind from 
crosswind distances of each source in relation to this 

the conx-axis. As pointed out by Gifford (1959), 
centration at (0, 0, 0) from a source at (x, y, H) 
on a coordinate system with the x-axis oriented up. 
wind is the same as the concentration at (x, y, 0) 
from a source at (0, 0, H) on a coordniate system 
with the x-axis downwind (Figure 5-2). The total
concentration is then given by summing the indi
vidual contributions from each source (se problem 
20). 
20). 

SOURC
 
UPWIND 

RECEPTOR
 
1010#0) 

y 

SOURCE 

DOWNWIND(Y 

Figure 5.2. Comparison of source-oriented and receptor. 
oriented coordinate systems. 

It is often difficult to determine the atmos
pheric conditions of wind direction, wind speed, and 
stability that will result in the maximum combined 
concentrations from two or more sources; drawing 
iscpleths of concentration for various wind speeds 
and stabilities and orienting these according to 
wind direction is one approach. 

AREA SOURCES 
In dealing with diffusion of air pollutants in 

areas having large numbers of sources, e.g., as in 
urban areas, there may be too many sources of most 
atmospheric contaminants to consider each source 
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individually. Often an approximation can be made.'b1 
by combining all of the emissions in a given area 
and treating this area as a source having an initial 
horizontal standard deviation, a ,. A virtual dis
tance, x, can then be found that will give this 
standard deviation. This is just the distance that 
will yield the appropriate value for a. from Figure 
3-2. Values of x, will vary with stability. Then 
equations for point sources may be used, determin-ing a,, as a function of x + x,, a slight variation of\.) 

the suggestion by Holland (1953). This procedure 
treats the area source as a cross-wind line source 
with a normal distribution, a fairly good approxi-
mation for the distribution across ax area source. 
The initial standard deviation for a square area 
source can be approximated by a,, "Zs/4.3, where 
s is the length of a side of the area (see problem 
22). 

If the emissions within an area are from varying 
effective stack heights, the variation may be ap-
proximated by using a a,. Thus H would be the 
mean effective height of release and ao the standard 
deviation of the initial vertical distribution of 
sources. A virtual distance, x,, can be found, and 
point source equations used for estimating concen-trations, determining a. as a function of x + x.. 

TOPOGRAPHY 

Under conditions of irregular topography the 
direct application of a standard dispersion equation 
iu often invalid. In some situations the best one 
may be able to do without the benefit of in situ 
experiments is to estimate the upper limit of the 
concentrations likely to occur. 

For example, to calculate concentrations on a 
hillside downwind from and facing the source and 
at about the effective source height, the equation 
for concentrations at ground-level from a ground-
level source (Eq. 3.4) will yield the highest ex-
pected concentrations. This would closely approxi-
mate the situation under stable conditions, when 
the pollutant plume would be most likely to en-
counter the hillside. Under unstable conditions the 
flow is more likely to rise over the hill (see problem 

With downslope flow when the receptor is at a 
lower elevation than the source, a likely assumption 
is that the flow parallels the slope; i.e., no allow-
ance is made for the difference between ground-
level elevations at the source and at the receptor. 

Where a steep ridge or bluff restricts the hori-zontal dispersion, the flow is likely to be parallel 

to such a bluff. An assumption of complete reflec
tion at the bluff, similar to eddy reflection at the 
ground from an elevated source, is in order. This 
may be accomplished by using: 

Q s.(... ,,,y\ 3l 
x(x,0H-). , . xp . 

tGr. I Lt i\ ;,i 

;'(2By l 
+ 	 . -j,- | ixp' [.4

1,. ,- / 

5.16)(.6 

B is the distance from the x-axis to the restrict
ing bluff, and the positive y axis is defined to be in 
the direction of the bluff. 

The restriction of horizontal dispersion by valley 
sides is somewhat analogous to restriction of the 
vertical dispersion by a stable layer aloft. When 
the a. becomes great enough, the concentrations 

can be assumed to be uniform across the width of 
the valley and the concentration calculated accord
ing to the following equation, where in this case Y 
is the width of the valley. 

2Q exp 2- 5.17) 
X- V . y u P (.7 

LINE SOURCES 

Concentrations downwind of a continuously 
emitting infinite line source, when the wind direc
tion is normal to the line, can be expressed by 
rewriting equation (12) p. 154 of Sutton (1932): 

2q [ 1 H)i 
X(x,y,O;H) - exp T 1

. 

(5.18) 
Here q is the source strength per unit distance, 
for example, g sec, m -. Note that the horizontal 
dispersion parameter, u, does not appear in this 
equation, since it is assumed that lateral dispersion 
from one segment of the line is compensated by dis
persion in the opposite direction from adjacent 
segments. Also y does not appear, since concentra
tion at a given x is the same for any value of y 
(see problem 23). 

Concentrations from infinite line sources when 
the wind is not perpendicular to the line can be 
approximated. !f the angle between the wind direc
tion and line source is 0, the equation for concen
tration downwind of the line source is: 

X(x,y,O;H) - 2 q [_1,(H)1sin 0\/ . u eP~~ - V'2

(5.19) 
This equation should not be used where o is less 
than 45*. 
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When estimating concentrations from finite line 
sources, one must account for "edge effects" caused 
by the end of the line source. These effects will of 
course extend to greater cross-wind distances as 
the distance from the source increases. For concen-
trations from a finite line source oriented cross-
wind, define the x-axis in the direction of the mean 
wind and passing through the receptor of interest. 
The limits of the linc source can be defined as ex-
tending from y,to y2 where y,is less than y,. The 
equation for concentration (from Sutton's (1932) 
equation (11), p. 154), is: 

2 q [ 1- - 21 
x (x,0,O;H) - - a' U- exp, 2 a, 

~involvingx, ) ' 

ps 

exp (--0.5 pl) dp (5.20) 
"2 


fthan 

where p, , y, 
ay or 

The value of the integral can be determined from 
tabulations given in most statistical tables (for ex-
ample, see Burrington (1953), pp. 273-276; also see 
problem 24). 

INSTANTANEOUS SOURCES 
Thus far we have considered only sources that 

were emitting continuously or for time periods equal 

to or greater than the travel times from the source 

to the point of interest. Cases of instantaneous re-

lease, as from an explosion, or short-term releases 

on the order of seconds, are often of practical con
cern. To determine concentrations at any position 
downwind, one must consider the time interval 
after the time of release and diffusion in the down

wind direction as well as lateral and vertical diffu-
sion. Of considerable importance, but very difficult, 
is the determination of the path or trajectory of 
the "puff." This is most important if concentra-
tions are to be determined at specific points. Deter-
mining the trajectory is of less importance if knowl
edge of the magnitude of the concentrations for 
particular downwind distances or travel times is 
required without the need to know exactly at what 
points these concentrations occur. Rewriting Sut-
ton's (1932) equation (13), p. 155, results in an 
equation that may be used for estimates of concen-
tration downwind from a release from height, H: 

(xyO;H) 2 	 QT [ 
C2 Cgexp -a--aQrY 


x-ut exp -TablesL 2 \u,/ 

exp [ I
2 

z 
y 

1 
-(5.21) 


(The numerical value of (2)" / 2 is 15.76.) 
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The symbols have the usual mealjmg, wiiz me, 
important exceptions that QT reprAents the total1 
mass of the release and the u's are not those eal
uated with respect to the dispersion of a continuous 
source at a fixed point in space. 

In Eq. (5.21) the o's refer to dispersion sta
tistics following the motion of the expanding puff. 
The cr, is the standard deviation of the concentra
tion distribution in the puff in the downwind direc
tion, and t is the time after release. Note that 
there is no dilution in the downwind direction by 
wind speed. The speed of the wind mainly serves 

to give the downwind 	position of the center of the 
puff, as shown by examination of the exponential 

or,. Wind speed may influence the dis
persion indirectly because the dispersion parameters 
a, a, and a, may be functions of wind speed. The 
a,'s and u,'s for an instantaneous source are less 

those for a few minutes given in Figure 3-2 and 

3-3. Slade (1965) has suggested values for a a, 
and a, for quasi-instantaneous sources. These are 
given in Table 5-2. The problem remains to make 

Much less is known of diffubest estimates of a,,. 
sion in the downwind direction than is known of 
lateral and vertical dispersion. In general one should 
expect the a, value 	 to be about the same as a1. 
Initial dimensions of 	the puff, i.e., from an explo
sion, may be approximated by finding a virtual 
distance to give the appropriate initial standarddeviation for each direction. Then Cr,will be deter

x - x,, as a function of- a,mined as a function of 
mi nd as a function of x + x,. 

x + x,, and v. as a function of x + x,. 

Table 5-2 ESTIMATION OF DISPERSION PARAMETERS FOR 
QUASI.INSTANTANEOUS SOURCLi (FROM SLADE, 1965) 

x = 100 m x = 4km 

C Ci C Cr 

Unstable 10 15 300 220 
Neutral 4 3.8 120 50 

Very Stable 1.3 0.75 35 7 
-

REFERENCES
 

Bierly, E. W., and E. W. Hewson, 1962: Some re
strictive meteorological conditions to be con

sidered in the design of stacks. J. Appl. Mete

orol., 1, 3, 383-390. 

Handbook of MathematicalBurington, R. S., 1953: 
and Formulas. Sandusky, Ohio, Hand

book Publishers, 296 pp. 

Cramer, H. E., 1959: Engineering estimates of 
atmospheric dispersal capacity. Amer. Ind.Hyg. 
Assoc. J., 20, 3, 183-189. 



F. A., 1959: Computation of pollution Nonhebel, G., 1960: Recommendations on heightsGifford, 
Int. J. Air Poll, 2, 109-' for new industrial chimneys. J. Inst. Fuel, 33,f(imseveral sources. 

110. '479-513. 

(ilTod. F. A.. 19601: Atmospheric dispersion cal. 
cula!ions using the generalized Gaussian plume 
model. Nuclear Safety, 2, 2, 56-59, 67-68. 

Peak to average concentra-Gilflord, F. A., 1960b: 
tion ratios according to a fluctuating plume dis-

Int. J. Air Poll., 3, 4, 253-260.persion model. 

Hewson, E. W., and G. C. Gill, 1944: Meteorolog-
ical investigations in Columbia River Valley 
near Trail, B. C., pp 23-228 in Report submitted 
to the Trail Smelter Arbitral Tribunal by R. S. 
Dean and R. E. Swain, Bur. of Mines Bull 453, 
Washington, Govt. Print. Off., 304 pp. 

Hewson, E. W., 1945: The meteorological control 
of atmospheric pollution by heavy industry. 
Quart. J. R. Meteorol. Soc., 71, 266-282. 

Hewson, E. W., 1955: Stack heights required to 
minimize ground concentrations. Trans. ASME 
77, 1163-1172. 

Holland, J. Z., 1953: A meteorological survey of 

the Oak Ridge area, p. 540. Atomic Energy 

Comm., Report ORO-99, Washington, D. C., 
584 pp. 

Pooler, F., 1965: Potential dispersion of )lumim 

from large power plants. PHS Publ. No. 999. 
AP-16, 1965. 13 pp. 

The relation between peak andSinger, I. A., 1961: J. Air Poll. Cont. Assoc.,mean concentrations. me, 3 n6J34 
11,336-341. 

Singer, I. A., K. Imai, and R. G. Del Campos, 1963: 
Peak to mean pollutant concentration ratios for 
various terrain and vegetation cover. J. Air Poll. 
Cont. Assoc., 13, 40-42. 

Slade, D. H., 1965: Dispersion estimates from pol
lutant releases of a few seconds to 8 hours in 
duration. Unpublished Weather Bureau Report. 
Aug. 1965. 

Stewart, N. G., H. J. Gale, and R. N. Crooks, 1958: 
The atmospheric diffusion of gases discharged 

from the chimney of theHarwellReactorBEPO. 
Int. J. Air Poll., 1, 87-102. 

Sutton, 0. G., 1932: A theory of eddy diffusion in 

the atmosphere. Proc. Roy. Soc. London, A, 
135, 143-165. 

Taylor, G. I., 1915: Eddy motion in the atmos
phere. Phil. Trans. Roy. Soc., A, 215, 1-26. 

ATMOSPHHUIC DISPERSION ESTIMATEI 

3-68 



Chapter 6-RELATION TO OTHER DIFFUSION EQUATIONS 

Most other widely used diffusion equations are NOTE: Calder wrote the equation for the con. 
variant forms of the ones presented here. With re- centration at (x, y, z) from a ground-level source. 
spect to ground-level concentrations from an ele- For Eq. (6.3) it is assumed that the concentration 
vated source (Eq. 3.2): at ground level from an elevated source is the same 

Q 1 as the concentraton at an elevated point from a 
x (xy,O;H) - - exp ----- ground-level source. 

H )$ITable 6-1 lists the expressions used in these 
exp 2 (...) equations that are equivalent to a, and a. (con

p(3.2) tinuous source) in this paper. 
Other well-known equations can be compared: 

Bosanquet and Pearson (1936): Table 6-1 EXPRESSIONS EQUIVALENT TO a, AND o. IN 
VARIOUS DIFFUSION EQUATIONS.Q r 1 

x (x,y,O;H)-ep 
V~rwp x3u L Equation a'. 

x exp (6.1) Bosanquet and Pearson qx VT'p x 

where p and q are dimensionless diffusion coeffl- 2-n 2-n 
cients. Sutton 1 1 2 
Sutton (1947): X/2C, x -- 'FCx

2 Q rx 1- "kf k~ 
x (x,y,O;H) - Q ' u exp Calderk V v.C C.-2u v.x 

. C (6.2) 
where n is a dimensionless constant and C, and C. REFERENCES 
are diffusion coefficients in m"/ 2. 

Calder (1952): Bosanquet, C. H., and J. L. Pearson, 1936: The 
Q u e ' u spread of smoke and gases from chimneys.

2x (x,y,0;H) - 2 k 2 a vx exp k v x Trans. Faraday Soc., 32, 1249-1263. 

Calder, K. L., 1952: Some recent British work on
 
a (6.3) the problem of diffusion in the lower atmos

phere, 787-792 in Air Pollution, Proc. U. S.
 
where a - -!!- the ratio of horizontal eddy velocity Tech. Conf. Air Poll., New York, McGraw-Hill,


847 pp. 
to vertical eddy velocity, k is von Karman's con-

The problem of diffusion instant approximately equal to 0.4, and v. -_ k u
uthe 

Sutton, 0. G., 1947: 
H. lower atmosphere. Quart. J. Roy. Met Soc., 

where z. is a roughness parameter, m. In (-j) 73, 257-281. 
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a 7- EXAMPLE PROBLEMS 

The following 26 example problems and their 
solutions illustrate the application of most of the 
techniques and equations presented in this workbook. book.exp 

PROBLEM 1: It is estimated that a burning 
dump emits 3 g sec-' of oxides of nitrogen. 
What is the concentration of oxides of nitrogen, 
averaged over approximately 10 minutes, from 

distance ofthis source directly downwind at a 
3 km on an overcast night with wind speed of 
7 m sec-'? Assume this dump to be a point 
ground-level source with no effective rise. 

SOLUTION: Overcast conditions with a wind 
speed of 7 m sec- l indicate that stability clas D 
is most applicable (Statement, bottom of Table 
3-1). For x 3 km and stability D, a, - 190 m 
from Figure 3-2 and a.u 65 m from Figure 3-3. 
Eq. (3.4) for estimation of concentrations di-
rectly downwind (y - 0) from a ground-level 
source is applicable: 

193
X (x,0,0;0) 
as u 190 (65)V0 ,1 7 7 

1.1 	x 10- 1g m- of oxides of nitrogen. 
-

PROBLEM 2: It is eptimated that 80 g sec 1 of 
sulfur dioxide is being emitted from a petroleum 
refinery from an average effective height of 60 
meters. At 0800 on an overcast winter morning 

-

with the surface wind 6 m sec ',what is the 
ground-level concentration directly downwind 
from the refinery at a distance of 500 meters? 

For overcast conditions, D class sta-SOLUTION: 
bility applies. With D stability at x - 500 m, 
c - 36 m, a.= 18.5 m. Using Eq. (3.3): 

X(x,0,0;H) - -, exp -- y jj 
80 

7r 36 (18.5) 6 exp (-0.5 (60/18.5) ] 

6.37 x 103 exp -0.5 (3.24)1 

The exponential is solved using Table A-1 (Ap-
pendix 3). 
- 6.37 x 10-' (5.25 x 10-a) 

-
x- 3.3 x105gm-1 of SO, 


PROBLEM 3: Under the conditions of problem 
2, what is the concentration at the same dis-
tance downwind but at a distance 50 meters 
from the x-axis? That is: x (500, 50, 0; 60) - ? 

SOLUTION: Using Eq. (3.2):Q exp -- L- l 
X(x,y,0;H) - Q 

H\'K1l(

e. -at 

Example Problems 

All but the exponential involving y has been. 
found in the preceding problem. Therefore; 
X(600,650, 0; 60) -- 3.3 x 10' , 

[-0.5 (50/36)11 

3.3 x10- (0.381) 

= 1.3 x 10-a g m' of SO2 

plant bums 10 tons per
iningrPROBLEM 4: A 
hour of coal containing 3 percent sulfur; the
 

single stack. On a
effluent isreleased from a 

sunny summer afternoon the wind at 10 meters
 
above ground is 4 m sec' from the northeast. 
The morning radiosonde taken at a nearby 
Weather Bureau station has inidicated that a 
frontal inversion aloft will limit the vertical 
mixing to 1500 meters. The 1200-meter wind is 
from 300 at 5 m sec-1. The effective height of 
emission is 150 meters. From Figure 3-9, what 
is the distance to the maximum ground-level 
concentration and what is the concentration at 
this point? 

SOLUTION: To determine the source strength, 
the amount of sulfur burned is: 10 tons hr-' x 
2000 lb ton-' x 0.03 sulfur - 600 lb sulfur hr'. 

com-Sulfur has a molecular weight of 32 and 
bines with 0, with a molecular weight of 32; 
therefore for every mass unit of sulfur burned, 
there result two mass units of SO,. 

64 (molecular weight of SO2)
 
Q 2 m
 

32 (molecularweight of sulfur)
 
-
600 lb hr1 (453.6 g lb-I) 

-X 3600 sec hr ' 

-- 151 g sec ' of SO, 

summer afternoon the insolationOn a sunny 
should be strong. From Table 3-1, strong inso

lation and 4m sec- 1winds yield class-B stability. 
From Figure 3-9, the distance to the point of 
maximum concentration is 1 km for class-B sta
bility and effective height of 150 meters. From 
Figure 3-3 at this distance a. - 110 m. This is 
much less than 0.47 L. Therefore, at this dis
tance, the limit of mixing of 1500 meters will 
not affect the ground-level concentration. From 
Figure 3-9, the maximum %,;/Qfor B stability 
and this effective height of 150 m is 7.5 x 10-. 

Q 7.5 x10O x 151 
X- q1,,6 u 4 

.Xu 


-2.8 x 10 g m-1 of SO, 

For the power plant in problem 4,PROBLEM 5: 
what distance does the maximum ground
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Table 7-1 CALCULATION OF CONCENTRATIONS FORlevel concentration occur and what is this con-

centration on an overcast day with wind speed VARIOUS DISTANCES (PROBLEM 6)
 
4 m se-'? 

SOLUTION: On an overcast day the stability Ia m m5 UP- H gm-s 
From Figure 3-9 for D sta

class would be D. 
-

bility and H of 150 m, the distance to the point 0.3 4 52 30 5.0 3.73 x10 2.9 x109 
of maximum ground-level concentration is 5.6 0.5 4 83 51 2.94 1.33 x10-' 3.8 x I0" 

.
km,and the maximum xu/Q is 3.0 x 10 0.8 4 129 85 1.77 0.209 2.3 x1" 
" 3.0 x 0-x 151 1.0 4 157 110 1.36 0.397 2.8x 10 

Xas 4 2.0 4 295 230 0.65 0.810 1.4 x10-4 
-
- 1.1 x 104g m-' 3.0 4 425 365 0.41 0.919 7.1 x10-' 

5.5 4.5 720 705 0.21 0.978 2.1 x10"PROBLEM 6: 'For the conditions given in prob- 
lem 4, draw a graph of ground-level centerline x, u, ai L, Xt 

km msec m m gm-1sulfur dioxide concentration with distance from 

100 meters to 100 km. Use log-log graph paper. 11.0 4.5 1300 1500 6.9 x10"
 

SOLUTION: The frontal inversion limits the mix- 30 4.5 3000 1500 3.0 XIV 
ing to L = 1500 meters. The distance at which 
a, - 0.47 L = 705 m is xi, 5.5 km. At dis- 100 4.5 8200 1500 1.1 x 10-1 

tances less than this, Eq. (3.3) is used to calcu
late concentrations: PROBLEM 7: For the conditions given in prob

lem 4, draw a graph of ground-level concentra2Q) 

x (x,0,0;H) - exp Ition versus crosswind distance at a downwind 

7rv, as u - 2- -"1 distance of Ikm. 
At distance equal to or greater than 2 xL,which SOLUTION: From problem 4 the ground-level

"
 is 11 km,Eq. (3.5) is used: centerline concentration at 1 km is 2.8 x 10 
Q g m-. To determine the concentrations at dis

-tances y from the x-axis, the ground-level cen
'Lu terline concentration must be multiplied by the 

Solutions for the equations are given in Table
 
7-1. The values of concentration are plotted factor exp -

1)against distance in Figure 7-1. 
Ir - 157 meters at x - 1 km. Values for this 

I7VT~f -computation are given in Table 7-2. 
7-2 DETERMINATION OF CROSSWIND 

-- .r CONCENTRATIONS (PROBLEM 7) 
-Table 

Y' Y exp -- Y X (x,y,O) 

Ji- 100 0.64 0.815 2.3x 10
1200 : 1.27 0.446 1.3 xI 

±r 300 1.91 0.161 4.5 x 10

.7±:400 2.55 3.87 x10-' 1.1 X10-6 
±500 3.18 6.37 x10-' 1.8 X10-4 

Ira These concentrations are plotted InFigure 7.2. 

J PROBLEM 8: For the conditions given in prob. 
lem 4, determine the position of the 10- g w-' 

lei •ground level isopleth, and determine its area. 

0110M1111 ISTANCI I SOLUTION: From the solution to problem 6, the 
graph (Figure 7-1) shows that the 10-' g m-' 

Figure 7-1. Concentration as a function of downwind isopleth intersects the x-axis at approximately 
distancri (Problem 6). x - 350 meters and x - 8.6 kilometers. 
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distance (Problem 7).Figure 7-2. ConcentrationU/ as a function of crosswind 

The values necessary to determine the isopleth 
half widths, y, are given in Table 7-3. 

Table 7-3 DETERMINATION OF ISOPLETH WIDTHS 

(PROBLEM 8) 
x, u X (centerline), x (iSOpleth) y , 

km m g m-a X (centerline) m 

0.5 83 3.8 x10--s 0.263 1.64 136 
0.8 129 2.3 x10-' 4.35 x10-' 2.50 323 
1.0 157 2.8 x10-' 3.53 x10-2 2.59 407 
2.0 295 1.4 x10-' 7.14 x10-' 2.30 679 

3.0 425 7.1 x10-' 1.42 x10-1 1.98 842 
4.0 540 4.0 x10-a 0.250 1.67 902 
5.0 670 2.4 x10-+ 0.417 1.32 884 

6.0 780 1.8x 10-1 0.556 1.08 842
7.0 890 1.4 x10-11 0.714 0.82 730 
7.0 80 1.4 X10-1, 0.714 0.82 730 
8.0 980 1.1x 10-a+ 0.909 0.44 432 

The orientation of the x-axis will be toward 
225" close to the'source, curving more toward 
210' to 215' azimuth at greater distances be
cause of the change of wind direction with 
height. The isopleth is shown in Figure 7-3. 

Since the isopleth approximates an ellipse, the 
area may be estimated by 7r ab where a is the 
semimajor axis and b is the semiminor axis. 

8600-350 4125 m 
a- 2 

b - 902 


A (ml) -7 (4125) (902)

x.1 mlChapter 


- 11.7 x 10m 

or A - 11.7 km' 

(--- 1. 0 ) 

Example Problems 

. f . .. , . . ... .... . I . I. . . 

~ SOUICI 
...... scuic 

j+ 

/ A.-,,-

Figure 7-3. Location of the IO"gm-' ground-level iso
pleth (Problem 8). 

PROBLEM 9: For the conditions given in problem 
4, determine the profile of concentration with 
height from ground level to z = 450 meters at 

x - 1 kin, y = 0 meters, and draw a graph of 
concentration against height above ground. 

SOLUTION: Eq. (3.1) is used to solve this prob
lem. The exponential involving y is equal to 1. 
At x= kIkm, a, = 157 m, a,= 110 m. (From 

problem 4). 

Q _ 151 3.5 x 10-1 g m- 1 
27r a, a. u 27r 157 (110) 4 
Values for the estimation of x(Z) are given in 

Table 7-4. 
PROBLEM 10: For the conditions given in prob

lem 4, determine the distance at which the 
ground-level centerline concentration equals the 
centerline concentration at 150 meters above 
ground. Verify by computation of x (x,0,0) 
and x (x,0,150). 

cone entra-SOLUTION: The distance at which 

tions at the ground and at plume height are 
u, - 0.91 H (Seeequal should occur where 

5). For B stability and H - 150 m, 
, - 0.91 (150) - 136 m occurs at x - 1.2 km. 

At this distance 0, - 181 m. 
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Table 74 DETERMINATION OF CONCENTRATIONS FOR - 4.88 x 10-' exp I- % (1.10)'1 

VARIOUS HEIGHTS (PROBLEM 9) - 4.88 x 10-' (0.546) 
-
S. C. d. e. f. -2.7 x 10-' g m 

, r,l],,. 2. X(x,150),- exp[T . 

0-1.36 0.397 1.36 0.397 0.794 2.78 x10'- +Ii ( z- H1
 
30-1.09 0.552 1.64 0.261 0.813 2.85x 10-'l a J\s
 
60 -0.82 0.714 1.91 0.161 0.875 3.06x 10

-
90-0.55 0.860 2.18 0.0929 0.952 3.34x 107- - 151 [ 1 0 \ 
120--0427 0,964 2.45 0.0497 1.014 3.55 x 1- 2,181 (136) 4 (exP -_2" ,i,,., 

150 0.0 1.0 2.73 0.0241 1.024 3.58x l1-'30)I
 
180 0.27 0.964 3.00 1.11 x 10-' 0.975 3.41 x 10-' + exp 2 136
 
210 0.55 0.860 3.27 4.77 x 10-:1 0.865 3.03 x 10-'
 
240 0.82 0.714 3.54 1.90 x10- 0.716 2.51 x10--' - .4x1-r10+ep( 1 )2
270 1.09 0.552 0.553 -2.44x exp I3.82 6.78 x 10-' 1.94 x 10-' 10-' O-. 1. (2.21)I 
300 1.36 0.397 4.09 2.33 x10-, 0.397 1.39x10-' - 2.44 x10-4(1.0 + 8.70 x10-)
330 1.64 0.261 4.36 7.45 x 10-' 0.261 9.14 x 10-5 - 2.44 x 10-' (1.087 
360 1.91 0.161 4.64 2.11 x 10-i 0.161 5.64 x 10-' - 2.4 x 10-' (1.87 

3390 2.18 0.0929 4.91 5.82 x 10-' 0.093 3.26 x 10-' - 2.7 x 10-' g m 
420 2.45 0.0497 5.18 1.49 x 1-- 0.050 1.75 x 10-5 PROBLEM 11: For the power plant in problem 4, 
450 2.73 0.0241 5.45 3.55 x 10-. 0.024 8.40 x 10-' what will the maximum ground-level concentra-

These values are plotted InFigure 7-4. tion be beneath the plume centerline and at 
what distance will it occur on a clear night with 

5oo I wind speed 4 m see-1? 

SOLUTION: A clear night with wind speed 4 m 
-
sec 'indicates E stability conditions. From Fig

00 ure 3-9, the maximum concentration should 
occur at a distance of 13 km,and the maximum 
xu/Q is 1.7 x 10-6 

3=O XMAN - ×u X Q 1.7 x 10- x 151 
V u 4
 

= '1 -6.4 x 10- 1,g M -3 of O,
 

2 0 
PROBLEM 12: For the sitiation in problem 11,

what would the fumigation concentration be the 
next morning at this point (x = 13 km) when 

1.0- 'superadiabatic lapse rates extend to include 
most of the plume and it is assumed that wind 

- speed and direction remain unchanged? 
10 I4SOLUTION: " The concentration during fumigaairO V 210 310 tion conditions is given by Eq. (5.2) with the 

CONCENTRATION, I M-I exponential involving y equal to 1.in this prob-
Figtre 7-4. Concentration as afunction of height (Prob- lem. Q

lem 9). xr (x,O,O;H) V._V27r uu a,p h, 

Verifying: For the stable conditions, which were assumed 
S(X.O.O) - exp fto be classE, atx-13km, a, -520 i., and 

IW0 2 a,,, a - 90 m. Using Eq. (5.3) to solve for h:0,U 


151 eI( 150 hh --H + 2 v, - 150 + 2 (90) - 330 m.
S 151 [ 12 (101From the horizontal spreading suggested by Eq.181~ x ~ 136'" (5.4): 
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- -  

err " ,, (stable) + H/8 - 520 + 19- 539, 
151 

X (3ical
24
-"r (539) 330 

8.5 x 10- g m-3of SOS 

Note that the fumigation concentrations under 
these conditions are about 1.3 times the maxi-
mum ground-level concentrations that occurred 
during the night (problem 11). 

PROBLEM 13: An air sampling station is located 
at an azimuth of 2030 from a cement plant at a 
distance of 1500 meters. The cement plant re-
leases fine particulates (less than 15 microns 
diameter) at the rate of 750 pounds per hour 
from a 30-meter stack. What is the contribution 
from the cement plant to the total suspended 
particulate concentration at the sampling sta-

1tion when the wind is from 30' at 3 m sec- on 
a clear day in the late fall at 1600? 

SOLUTION: For this season and time of day the 
C class stability should apply. Since the sam-
pling station is off the plume axis, the x and y 
distances can be calculated: 

x - 1500 cos 70 - 1489 

y =1500 sin 70=- 183 

The source strength is: 
1 f -Q -- r-'x 0126g sec- i9. e
750lb 


Q = 750 lb hr x 0.126 lb hr-


At this distance, 1489 m, for stability C, w, --
150 m, .=- 87. The contribution to the conceu-
tration can be calculated from Eq. (3.2): 

X (xyO;) - ex [_ L (_- ITable 
7T U, u 2 

2 a. 

94.5 exp 


- 50 (87) 3 , (13 


0 ( 30 

exp, -0.5 .87 )J 


94.5 

1.23 x 10p 

exp [-0.5 (0.345)' 


- 7.68 x 10-' (0.475) (0.943) 


- 3.4 x 10 g m 

PROBLEM 14: A proposed source is to emit 72 g 
-sec of SO, from a stack 30 meters high with 

a diameter of 1.5 meters. The effluent gases are 
emitted at a temperature of 250*F (394'K) 
with an exit velocity of 13 m sec-1 . Plot on log-
Ivt paper a graph of maximum ground-level 

Example Problems 

conentration as a function of wind speed for 
stability classes B and D. Determine the crit

wind speed for these stabilities, i.e., the 
wind speed that results in the highest concen
trations. Assume that the design atmospheric 

pressure is 970 mb and the design ambient air 
temperature is 20'C (293°K). 

SOLUTION: Using Holland's effective stack 
height equation: 

A- - v. d 1.5 + 2.68 T1V pT.T
 
u T,
 

13 (1.5)
 
- 1 . 1.5 + 2.68 x 10-2 (970) 

_394-293 


394
 
19. 
9 1.5+ 2.6 1.5 
u 1 394 

19.5 [1.5 + 2.6 (0.256) 1.51 
u 

19.5
 
- [1.5 + 1.0]
 

19.5 	(2.5)
 
u
 

-	 48.8 

The effective stack heights for various wind 

speeds and stabilities are summarized in Table 
7-5. 

7-5 EFFECTIVE STACK HEIGIUTS (PROBLEM 14) 
Class D Class B 

M see-$ m m m m
 

m--0.5,h+183c+h 	 5 

0.5 97.6 127.6 112.2 142.2 

78.8 	 86.11.0 48.8 	 56.1 

1.5 32.6 62.6 37.5 67.5 

2 24.4 54.4 28.1 58.1 
3 16.3 46.3 18.7 48.7 

5 9.8 39.8 11.3 41.3 

7 7.0 37.0 8.0 38.0 

10 4.9 34.9 

20 2.4 32.4 

By use of the appropriate height, H, the maxl. 
mum concentration for each wind speed and 
stability can be determined by obtaining the 
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maximum xu/Q as a function of H and stability 
from Figure 3-9 and multiplying by the appro-priate Q/u. The computations are iummarized 

in Table 7-6, and plotted in Figure 7-5. 
3 I 	 r-
2 

-

104-

* 

le • ! ! I I I I ! l 
°0.5 1 2 3 4 5 1 10 20 

WIN seED,. ,-, 

Figure 7-5. Maximum concentration as a function of 
wind speed (Problem 14). 

AS AFUNCTION OF
MAXIMUM 	 CONCENTRATIONTable 7-6 


WIND SPEED (PROBLEM 14) 


Stability u, H, xu/Ofx, Q/u, Xmaz, 

Class msec-' m m-2 gM-' g rn-s 


B 0.5 142.2 8.0x 10-' 144 1.15x 10-8 

- 72 1.44 x 10-' 

1.0 86.1 2.0 x 10

1.5 67.5 3.1 x 10-' 48 1.49 x 10-'*-
2 58.1 4.1 x 10-' 36 1.48 x 10-a 
3 48.7 5.7 x 10-5 24 1.37 x 10-2 
5 41.3 7.8 x 10-' 14.4 1.12 x 10-1 
7 3 .0 8.7 x 10-' 10.3 8.96 x 10-' 

P 0.5 121.6 4.4 x 10-" 144 6.34 x 10-' 
1.0 	 71.8 1.42x10 ' 72 1.02 x 10-1 

-1.5 6.!.6 2.47x0 48 1.19 x 10-' 
2 54.4 3.5 x 10-' 36 1.26 x 10-'-
3 46.3 5.1 x 10-' 24 1.22 x 10-' 
5 39.8 7.3 x 10-' 14.4 1.05 x 10-' 
7 37.0 8.2 x 10-" 10.3 8.45 x 10-' 

10 34.9 9.4 x 10-1 7.2 6.77 x 10-' 
20 32.4 1.1 x 10-' 3.6 3.96x 10-' 

The wind speeds that give the highest maximum 

concentrations for each stability are, from Fig-
ure 7-5' B 1.5, D 2.0. 

PROBLEM 15: A proposed pulp processing plant 

is expected to emit ton per day of hydrogen 
sulfide from a single stack. The company prop-
erty extends a minimum of 1500 meters from 
the proposed location. The nearest receptor 

50 

is a small town of 500 inhabitants 1700 meters 
northeast of the plant. Plant managers have
decided that it is desirable to maintain 

concentrations below 20 ppb (parts per billion 
2 9 

by volume), or approximately . x 10 g m ', 
for any period greater than 30 minutes. Wind 
direction frequencies indicate that winds blow 
from the proposed location toward this town 
between 	10 and 15 per cent of the time. What 
height stack should be erected? It is assumed 
that a design wind speed of 2 m sec-l will be 
sufficient, since the effective stack rise will be 

-quite great with winds less than 2 m sec7 . 
Other than this stipulation, assume that the 
physical stack height and effective stack height 
are the same, to incorporate a slight safety 
factor. 

SOLUTION: The source strength is: 

Q.. 1000 lb day- x453.6 g lb-' -5.25 g see" 

86,400 sec day- -
From Eq. (4.2): 

0.117 Q 0.117 (5.25) 
' 	 X-U (2.9 x 10) 2
 

- 1.06 x10' m'
 

At a design distance of 1500 meters (the limit 
of company property), ay a. - 1.06 x 10' gives 
a point from Figure 4-1 about 0.2 from Class C 
to Class D along the line x - 1500 m. From 
Figure 3-3, a, - 80 for this stability.H 	 - V 'r, 113 meters 

PROBLEM 16: In problem 15 assume that the 
stack diameter is to be 8 ft, the temperature of 
the effluent 2500 F, and the stack gas velocity 

-45 ft sec '. From Holland's equation for effec
tive stack height and the method used in prob
lem 15, determine the physical stack height 
required to satisfy the conditions in problem 15. 
In estimating AH, use T, - 68'F and p - 920 
mb. 

SOLUTION: First determine the relation between 
AH and u from Holland's equation. 

v. - 45 ft sec' - 13.7 m sec'
 
d-8ft-2.44m
 

T. - 250 °F - 121 0C -394 0K 
T,-- 68°F-==20°C -- 2930 K 

p-	 920 mb 
-AH- v.d 1.6 + 2.68 x 10 p TT, d 

13.7 (2.44) 

-	 1 (4 1.5 + 2.68 x 10-' (920) 
u I 

394-293 1 
44 )394 	 (2 . 
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A [1.+ (2.46) 0.256 (2.44)]
-- 'U 

. (J*

w3. (1.5 + 1.54) 


102AH 	 -

The relation between , u,and u is: 

0.117 Q 0.117 (5.25) 2.12 x 10_ 
Xd U 2.9 x 10-5 u u 

The required computations using Figure 4-1 are 
iummarized in Table 7-7: 

Table 	7-7 REQUIRED PHYSICAL STACK HEIGHT AS A 
FUNCTION OF WIND SPEED (PROBLEM 16) 

Stability to H'= h 
u, AHl ,r,r, Give cr, g. at a, V2 ,', H'-AH, 

nsee-' m mI 1500 m m m m 

0.5 204 4.24 x10' 0.9 from Ato B 190 269 65 
1.0 102 2.12 x104 0.6 from Bto C 120 170 68 
1.5 68 1.41 x 104 0.9 from Bto C 96 136 68 
2.0 51 1.06x 10 0.2 from Cto D 76 108 57 
2.5 41 8.48x 10 0.4 from Cto D 64 91 50 
3.0 34 7.06x103 0.6 fromCtoD 56 79 45 
5.0 	 20 4.24 x10, D 42 60 40 
7.0 	 15 3.03 x10' 0.5 from Dto E 34 48 33 

10.0 	 10 2.12 x1P E 28 40 30 
15.0 7 1.41 x10" 0.5 from Eto F 23 33 26 

The required physical height is68 melers. 

PROBLEM 17: A dispersion study is being made 
over relatively open terrain with fluorescent 
particles whose size yields 1.8 %1010 particles 
per gram of tracer. Sampling is by membrane 

-filters through which 9 x 10 3ma of air is drawn 
each minute. A study involving a 1-hour release, 
which can be considered from ground-level, is to 
take place during conditions forecast to be 
slightly unstable with winds 5 m sec'. It is 
desirable to obtain a particle count of at least 
20 particles upon membrane filters located at 
ground-level 2.0 km from, the plume centerline 
on the sampling arc 8 km from the source. What 
should the total release be, in grams, for this 
run? 

SOLUTION: The total dosage at the sampler is 
determined by the total sample in grams divided 
by the sampling rate: 

20 particles 
1.8 x 1010 particles g-

Example Problems 

90 m min" 
9x 10' m' rain" 

1200 
" 16.2 x 10?
 

D- 7.41z 10" g sec m-*
 
The total dosage is given in g sec r-8 from
 

Dr (xy,0;0) -[ QT exp ( ) 

7r Ucy . 

where QT is the total release in grams. 
Therefore QT = 7r U vy as Dr 

1p - 
exp 2 1-

For slightly unstable conditions (Class C) at 
• - 8 kin, a,, - 690 m, a. - 310 m; y - 2000 m, 

1u - 5 sec 

QT - r5 (690) 310 (7.41x0 ) 

exp - 690 
24.9
 

" exp [-0.5 (2.90)']
 
24.9 

1.49 x 10
QT-1670g
 
No correction has been made for the facts that 
the release is for 1 hour and the standard devia
tions represent time periods of 3 to 15 minutes. 

PROBLEM 18: A release of 2 kg of fluorescent 
particles is made based on the results of the
computation in problem 17. The conditions are 
class C stability and wind speed 5 m sec-'. The 
crosswind-integrated ground-level dosage along 
the 8-kn arc is determined from the samplers 
along this arc to be 8.2 x 10- 1g sec m-'. What 
is the effective a. for this run? 

SOLUTION: The crosswind-integrated dosage is 
given by: 

D 1 - 2 QT
 
V2r a. u
 

Since the source is at ground-level, the expo
nential has a value of 1. Solving for a,: 

2 QT 
f -

Vi' Dow, u 
2 (2000) 

V2r 	(0.82) 5 

4000 
10.28 

u,-	 3 89 m 
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PROBLEM 19: At a point directly downwind 
from a ground-level source the 3- to 15-minute"o 

-
concentration is estimated to be 3.4 x 10 9)g 
m-'. What would you estimate the 2-hour con-
centratic'n to be at this point, assuming no, 
change iii stebility or wind velocity? 

SOLUTION: Using Eq. (5.12) and letting k - 3 
rain, s- 2 hours, and p = 0.2 : ' 

X0 o120(3.4 x 10-o 

-3
3. 0 - 1.6 x 10-' g m 

Letting k 1 min, s- 2 hours, and p -0.17 , 

( 0 o. 3.4 x 10-a 	 4 
X hour 120/ 

(3.4 x 10) 
-
3.4 x 10- 1 = 2.4 x 10-' g m ' 

1.42 

The 2-hour concentration is estimated to be 
-
-
 3 g M-a.between 1.6 x 103and 2.4 x 10 

are shown as20: Two sources of SOPROBLEM 
points A and B in Figure 7-6. Op a sunny 
suiruier afternoon the surface wind isfrom 60' 
at 6 in sec-,. Source A is a power plant einitting 
1450 g sec-' SO, from two stacks vhose ,hysical 
height is 120 meters and whose All, from H'jl-
land's equation, is aH (m) = 538 (: I_: ,")/u 
(m sec- ). Source B isa refinery emitting 126 g 
sec-' SO, from an effective height of 60 meters. 
The wind measured at 160 meters on a nearby 

-TV tower is from 700 at 8.5 m sec . Assuming 
that the mean direction of travel of both plumes 
is 245", and there are no other sources of SO,, 
what is the concentration of SO,, at the receptor
shown in the figure? 

SOLUTION: Calculate the effective height of 
Source A using the observed wind speed at 160
meters.[ 

538
aH- -5 63.3 

HA- 120 + 63 = 183 r-

QA "- 1450 g see- , 

H, - 60 m 


-Q1 - 126 g sec 1 


For a sunny summer afternoon with wind speed 


6 msec-', the stability class to bo expected is C. 

The equation to be used is Eq. (3.2): 


52. 

j '4 i u.,t
.4 k"a 

-

Th* "" 
,
 

, 4 

Figure 7-6. Locations of sources and receptor (Problem
20). 

x(x,y,0;H) - exp 

[ I 	 O
2ep 	 _H 

For Source A, x - 24.6 kin, y - 8.4 km 
- 1810 mn, u, =ff 1120 in, u -- 8.5 in sec" m1450 

XA - 110 exp [-0.5 
701810 (1120) 8.5 

840 	 8 2 

exp -0.5
 
1 exp 1120
 

1450
 
- 5.42 x 107 exp [-0.5 (4.64)21 

exp [-0.5 (0.164)2 ] 

- 2.67 x 10-8) (2.11 x 10-6) (0.987) 

-
X "5.6 x 10-' g m 
For Source B, x - 13.0 kin, y - 4.0 kin. 
so  1050 m, a.- 640 m, u - 7.0 m sec- 1 

126 r__0.5 (4000 N2 
X8 - 1050 (640) 7 e-p 1050 J 

. 0 6x 

exp [-0.5 ( 	 640 

126
 

1.48 x 10 exp 1-0.5 (3.81)11 
exp [-0.5 (0.0938)2 ] 

-	 8.5 x 10-" (7.04 x 10-') (0.996) 
-Xs - 6.0 x 10-0 g m 

X -XA x, - 0.56 x 1" + 6.0 x 10 
-6.6 x 10-9 g m -3 
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PROBLEM 21: A stack 15 meters high emits 3 g (It may actually be more unstable, since this is 
see-' of a particular air pollutant. The sur- in a built-up area.) To allow for the area source, 
rounding terrain is relatively flat except for a let a,, - 1524/4.3 - 354. For class E the vir. 
rounded hill about 3 km to the northeast whose tual distance, x, - 8.5 km. For x - 1524 m, 
crest extends 15 meters above the stack top. a- 28.5. For x + x, -10,024 m, e, = 410 m. 
What is the highest 3- to 15-minute concentra- Q
tion of this pollutant that can be expected on x - exp 
the facing slope of the hill on a clear night when Yas U 2 a 
the wind is blowing directly from the stack 6 exp _ ( 20 
toward the hill at 4 m sec-'? Assume that AH -= i410 (28.5) 2.5 2-K
is less than 15 m. How much does the wind - 6.54 x10-6(0.783) 
have to shift so that concentrations at this point .-.4x 10-g m-0 3 
drop below 10- 1 g m-'? 

SOLUTION: A clear night with 4 m sec -l indi- PROBLEM 23: An estimate is required of the 
cates class E stability. Eq. (3.4) for ground- total hydrocarbon concentration 300 meters 
level concentrations from a ground-level source downwind of an expre.way at 1730 on an over
is most applicable (See Chapter 5). At 3 ki cast day with wind speed 4 m sec'. The ex
for class E, = 140 m, a. - 43 m. pressway runs north-south and the wind is from 

the west. The measured traffic flow is 8000 
Q 3 vehicles per hour during this rush hour, and the 

X - 7r -cuU z 140 (43)4 average speed of the vehicles is 40 miles per 

X - 3.97 x 10-'g m-3 hour. At this speed the average vehicle is ex
pected to emit 2 x 10- 2 g sec, of total hydro-

To determine the crosswind distance from the carbons. 
plume centerline to produce a concentration of SOLUTION: The expressway may be considered 
1,- g m- Eq. (3.8) is used: as a continuous infinite line source. To obtain 

y xn(x,0,0) 1/2 a source strength q in grams sec-1 m-', the num
y- 2In (xO) I ber of vehicles per meter of highway must be

X (xy,0) or calculated and multiplied by the emission per 

2 In 3.97 x 10-- 1 / vehicle. 
10-1 (140) Vehicles/meter = 

-- (2 In 397)1/ 2 140 Flow (vehicles hour ) 
- (2 x 5.98)1/2 140 Average speed (miles hour-') 1600 (m mile-i) 
-3.46 x 140 - 8000 _ 
- 3446.4 x 100 -1.25 x 10-1 (vehicles m-')- 484 m. 40x 1600 

tan 0 - 484 _ 0.1614 q - 1.25 x 10-' (vehicles m- 1) x 2 x 10-
2
 

-

3000 (g sec-' vehicle ) 

q - 2.5 x 10-3(g sec-' m-n)o- 9.20 
Under overcast conditions with wind speed 4 m

A wind shift of 9.20 is required to reduce the sec' stability class D applies. Under D, at x 
concentration to 10- 1g m- 1. 300 meters, a. - 12 m. From Eq. (5.18): 

PROBLEM 22: An inventory of SO, emissions • 2q 
has been conducted in an urban area by square x (300,0,0;0) 
areas, 5000 ft (1524 meters) on a side. The V2w u, u 
emissions from one such area are estimated to 2 (2.5 x 10-") 
be 6 g sec-' for the entire area. This square is 2.507 (12) 4 
composed of residences and a few small com
mercial establishments. What is the concentra- - 4.2 x 10-i g m' of total hydrocarbons. 
tion resulting from this area at the center of the PROBLEM 24: A line of burning agricultural 
adjacent square to the north when the wind is waste can be considered a finite line source 150 
blowing from the south on a thinly overcast m long. It is estimated that the total emission 
night with the wind at 2.5 m sec'? The average of organics is at a rate of 90 g sec-'. What is the 
effective stack height of these sources is assumed 3- to 15-minute concentration of organics at a 
to be 20 meters. distance of 400 m directly downwind from the 

SOLUTION: A thinly overcast night with wind center of the line when the wind is blowing at 
speed 2.5 m sec' indicates stability of class E. 3 m see' perpendicular to the line? Assume 
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that it Is 1600 on a sunny fall afternoon. What 
is the concentration directly downwind from one 
end of the source? 

SOLUTION: Late afternoon at this time of year 
-


implies slight insolation, which with 3 m sec 1 
winds yields stability class C. For C stability 
at x =- 400 m, , - 45 m, a,- 26 m. 

-
q- 90 - 0.6 g sec-' m 
150 

Eq. (5.20) is appropriate. 
1 0 

ps 
2q


x/2" - u0; 
fpi( .5p) dp 


-75 y 5 
p- -1.67, ps 

-+1,67 
l . 

2 (0.6) [I 1 
;x (4OY,0,0;0) - 20.' 

v 2, (26)3 V 
J1.67 

esp (-0.5 p2) dp 

- 6.14 x 10-a (0.91) 

-5.6 x 10-3g m-3 

For a point downwind of one of the ends of the 
line: 

y 150 +For 
[p1-0, p5- - 150-+3.33 

-+3.33 

x (400,0.0;0) -	 6.14 x 10-1 
0xy 


exp (-0.5 pa) dp 

-6. 4x 10-' (0.4995) 

- 3. x 103 g M-1 

PROBLEM 25: A core melt-down of a power re-
actor that has been operating for over a year 
occurs i t 0200, releaning 1.5 x 106 curies of 
activity (1 second after the accident) into the 
atmosphere of the containment vessel. Ibis 
total activity can be expected to decay according 

t , 
to ( )-o0.It is estimated0 that about 5.3 x 10'~XA 

curies of this activity isdue to iodine-131, which 
has a half-life of 8.04 days. The reactor building 
is hemi pherically shaped with a radius of 20 
meters. /ssume the leak rate of the building is 
0.1% di y'. 

The accident has occurred on a relatively clear 
1night with wind speed 2.5 m sec . What i3 the 

concentration in the air 3 kilometers directly 
downwind from the source at 0400 due to all 

due to iodine-131?radioactive material? 

SOLUTION: Source strength - leak rate x ac
tivity (corrected for decay) 

Leak rate 0.001 day'
 
86400 sec day-'
 

- 1.157 x 10-8 sec-l 

Source strength 	of ail products 

Qi ,(z, 1.157 x 10- (1.5 ilO')!r(curies sec7-) 
t (sec)l -0.2
(sec) 

t)(.4x1-0.2 
I. 

To determine decay of materials with the hall
t . life given, multiply by exp (-063 wheret 

is time and L ishalf-life. 

Source strength 	of 111. 
) 
 0 x 

-0.693__t 

Q,(curies sec	 - 1.157 x (5.3 10') exp
 

For 1,j L - 6.95 x 10' 	sec 

Q,- 6.13 x 10-'exp -0.693 t 
( 	 6.95 x 105 / 

" a clear night with wind speed 2.5 m sec , 
class F applies. Approximate the spreading at 
the reactor shell by 2.15 ao = 2.15 ao -= the 
radius of the shell - 20 m o = &o -= 9.3 m. 
The virtual distances to account for this are: 
- 250 m, x. - 560 m. 

At x - 3000 m. 	x + x= 3250n, =1- l0 m. 

x+x,-3560 m,v,- 29m. 

X (x,0,0;0) = 	 Q
Tcry as U 100 (29) 2.5 

- 4.4 x 10- 5 Q 

For concentration at 0400, 3000 m downwind 
due to all radioactivity, t - 7200 seconds. 
XA - 4.4 x 10-' (1.74 x 10-a) (7200) - 0.2 

- 7.66 x 10-1 (0.17) 

-1.3 x10-,curies m-3 

The concentration at 0400, 3000 m downwind 
due to I'llis: 

X1 - 4.4 x 10- (6.13 x 10') exp [--0.997 x 10-' 
(7200)] 
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2.7 x 10 	 (1.0) Thit decay of 1"! isinsig-

.nilicant for 2 hours 

xt . 2.7 x 10-0 curies m-' * 	 ' 

PROBLEM 26: A spill estimated at 2.9 x 10" 
grams of unsymmetrical dimethyl hydrazine 
occurs at 0300 on a clear night while a rocket 
is being fueed. A circular area 60 meters in 
diameter built around the launch pad is revetted 
into squares 20 feet on a side to confine to as 
small an area as possible any spilled toxic liquids. 
In this spill only one such 20- by 20-foot area is 
involved. At the current wind speed of 2 m 
see-', it is estimated that the evaporation rate 
will be 1100 g see-'. The wind direction is pre
dicted to be from 3100 -- 150 for the next hour. 
Table 7-8 gives the emergency tolerance limits 
for UDMH vapor. 

Table 7-8 	 EMERGENCY TOLERANCE LIMITS FOR UDMH 
VAPOR VERSUS EXPO, :URE TIME 

Time, 
minutes 

Emergency Tolerance 
Limits, g M-3 

-_________________ 

5 1.2 x 10-' 

15 8.6 x 10-2 

30 4.9 x 10-2 

60 2.5 x 10- ' 

What area should be evacuated? 

SOLUTION: From Table 3-1, the stability class 
is determined to be Class F. This is not a point 
source but a small area source. Allowing 4.3 uo 
to equal the width of the wetted area, 6.1 meters 
(20 feet), r,,, = 1.4 meters. In attempting to 
determine the virtual distance, x, it is found to 
be less than 100 meters, and will be approxi
mated by 40 meters. The release will take: 

2.9 x 10" g 2.64 x 103 sec - 44 min. 
-1.1 x 103 g sec	 n 

Therefore the conceitration for an exposure 
time of 1 hour (2.5 x 10- 2 g m-') is of main 
concern. 

con-The equation or calculation of downwind 
centrations is Eq. (3.4): 

Q wby 
X(x,0,0;0) 7 U where a, is a function 

of y +,u,
+f- x. 

Values of the parameters and of Xare given in 
Table 7-9. 
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Table 7-9 bETEOMINATION OF CONCENTRATION AS A 

FUNCTION OF DISTANCE (PROBLEM 26) 

X + , U 
3m 	 gmkm 	 m km 

0.11 2.3 0.14 5.5 13.9 
0.3 5.6 0.34 12.5 2.5 
0.6 9.7 0.64 22 8.2 x10- 1 

3 27 3.04 93 7.0 x10-2 
" 6 37 6,04 175 2.7 x10
 

10 47 10.04 275 1.4 x10-2
 

These values of x are graphed as a function of x 
in Figure 7-7. The downwind concentration 
drops below the critical value of 2.5 x 10-

2 at a 
distance of 6.5 km. 

100 _:. - "- __

_ . - . 

I --

a 100 	 -

= 

Z 

_,ff 

N 
-, i0 

_7--__ 

10.0 
.1 10 

DISTANCE, km 

Figure 7.7. Concentration of UDMH as a function of down
wind distance (Problem 26). 

Calculated widths within a given isopleth are 
summarized in Table 7-;0. 

The maximum width of the area encompassed 

an isopleth is about 140 meters from the 
downwind position. Since the wind direction is 
expected 	to be from 310" -t15°,the sector at an 
azimuth of 1150 to 1450 plus a 140-meter rectan

gle on either side should be evacuated. 
See Figure 7-8. 
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Table 7.10 DETERMINATION OF WIDTHS WITHIN
4OPETS 6) LOCATION'Of",WOBEM 

kin
km 

km;
k m m 

m'x (centerline),
i 

IwrLLrI~ iuur-SPILL~ 
ceiie,x(isopleth) y. .y,-

X(centerlne) •' m' 
-.. ;: 'i y 

0.1 0.14 5.5 13.9 1.8 x10- :I 3.55 20 -

0.5 0.54 19 I. 2.27x IO-i 2.75 52.; 

1.0 1.04' 35 3.6 x 10-' 6.94 x10"- 2.31 80 L 

2.0 ^204 66 1.3 x10-' 1.92 x10-' 1.82 120, 

3.0 3.04 93 7.0 IO- 1 3.57 x10-1 1.44 , AREA TE 

4.0' 4.04 120 4.8 x10-' 5.20 x10- 1.14 137 

5.0 .5.04 149 3.5 x 10-' 7.14 x10- 0.82 122. 

6.0 6.04, 175 -2.7x10- 2 9.26xlr ' 0!39. 68 . .. 

145* 
SCALE# km" 

0 I 2* 

Figure 1-8. Possible positions of the 2.5 X 10-' g m4, 
isopleth and the evacuation area (Problem 26). : , 

-. i i b 9Ii. .. ..DIMM,.C ,1, 
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Appendix- Is,ABBREVIATIONS AMD SYMBOS 

Abbreviations
Abbreviations 

,cal calorie 
g gram, 
'K. degrees Kelvin 
n meter 


mb milibar 

sec second 


Symbols 

a 	 ratio of horizontal eddy velocity to vertical 
eddy velocity 

cs, 	 specific heat at constant pressuremenwd 

C, 	 Sutton horizontal dispersion parameter 
C. Sutton vertical dispersion parameter 
d inside stack diameter at stack top 
DT (x,y,O;H) Total dosage 
e 2.7183, the base of natural logarithms 
f (o,S,N) frequency of wind direction for a given

stability and wind speed class 
h physical stack height 
h, height of the base of an inversion 
H effective height of emission 
H,, 	effective height of emission for a particular

wind speed 
k von Karman's constant, approximately equal

to 0.4to 	e0.ydH 

K 	 eddy diffusivityto
L two uses: 1. the height of an air layer that is 

relatively stable compared to the 
layer beneath it; a lid 

2. 	 the half-life of a radioactive 
material 

n Sutton's exponent 
N an index for wind speed class 
p 	 three uses: 1. Bosanquet's horizontal disper-

sion parameter. 
2. 	 atmospheric pressure 
3. 	 a dummy variable in the equa-

tion for a Gaussian distribution. 
q 	 two uses: 1. Bosanquct's vertical dispersion 

parameter 
2. 	 emission rate per length of a line 

source 

Q emission rate of a source 
QT total emission during an entire release 
R net rate of sensible heating of an air column 

by solar radiation 
H the length of the edge of a square area sourceS 	 an index for stability 

tk 	 a short time period 

t. 	 time required for the m layer to develop 

~plume...... 	 L'*
from the top of the stack to the top of thje 

.t 	a time period 
T. 	 ambient air temperature 
T . 
 stack gas temperature at stack top
 
u wind speed
 
U.N a mean wind speed for the wind speed class N. 
V horizontal eddy velocity 
v. 	stack gas velocity at the stack top 
v. a velocity used by Calder 
w' vertical eddy velocity 
x distance downwind in the direction of the mean wind 
Xd design distance, a particular downwind dis. 

tance used for design purposes 
x, the distance at which ,.- 0.47L 
x, a virtual distance so that a.(x.) equals the ini. 

tial standard deviation, a.. 
xy a virtual distance so that a (x,) equals the ini. 

tial standard deviation, vyo 
x. 	a virtual distance so that a. (x.) equals the ini. 

tial standard deviation, e.o 
y crosswind distance 
z height above ground level 
z, roughness parameter
80 the rate of change of potential temperature 
Bz" with height 

the rise of the plume centerline above the stack 

toP
 
( two uses: 1. wind direction azimuth or sector
 

2. potential temperature 
r 3.1416 

PA ambient air density 
9A the standard deviation of azimuth (wind direc. 

tion) as determined from a wind vane or bi
directional vane 

upv the standard deviation of wind elevation angle
 
as 0Jetermined from a bi-directional vane
 

e, the standard deviation in the dowiwind direc
tion of a puff concentration distrioution 

e 1 , an initial downwind standard deviation 
u, the standard deviation in the crosswind direc

tion of the plume concentration distribution 
v,J an initial crosswind standard deviation

the vertical of the¢, 	the standard deviation intevrialfth 
plume concentration distribution 

a,, an effective a. equal to 0.8 L 
. an initial vertical standard deviation 

¢,U 	 the vertical standard deviation of the plume
concentration at a 	particular downwind dis.
 
tance for the stability, S. 

Appendix 1 



the angle'between the, wind direction and 
line source 
concentrationcl
roswind-integrated concentration 

a ground-level concentration for design pur 

break-up fumigition concentration 
t'untventritdio n eantart over a munpling time, 
ti 
maximum ground-level centerline concentra-
tion with respect to downwind distance 

ii.i mion 


r
 x. concentration measured overa sampling t 
t.
 

x relative concentration 

xu relative concentration normalized for wind 
Q speed 
x (x,y,z;H) conve4nlrttion i. the Iint (x, y, z) 

frou an elevael ,ource with efTective 
height, H. 

x(z,O) the long-term average concentration at 
distance x, for a direction 0 from a source. 
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Apwndix 2: CIIAHACTERISTICS OF THE 
GAUSSIAN DISTRIBUTION 

The Gaussian or normal distribution can be de-
picted by the bellshaped curve shown in Figure A-1.The equation for the ordinate value of this curve is: 

1f 
exp(-4.5U

0--:U- exp x__- x '] (A.1)
Figure A-2 gives the ordinate value at any distance 
from the center of the distribution (which occurs 
at x). This information is also given in Table A-1. 
Figure A-3 gives the area under the Gaussian curve 
from - to a particular value of p where p -

X-X 
~exp 

1.0

0.9 

0.6
 

0.4
 

0.3
0.4 

0.2 

0.1
 

0.0
-3 -2 -1 

This area is found from Eq. (A.2): 

p 

At ) 

pl) dp (A.2)
Figure A-4 gives the area under the Gaussian 

curve from -p to +p. This can be found from Eq.
(A.3): 

+P 

Area (-p to +p) 
f

(.-.0.5 p') dp , (A.3) 

0 

Figure A.I. The Gaussian distribution curve.
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41 
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2 I=tii i di if1,,lll 

0.0 0.2 0.4 0.6 0,8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

Figure A-2. Ordinate values of the Gaussian distribution. 
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At III 
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fP exp (-0.5 p2) dp 

Figure A-3. Area under the Gaussian distribution curve from -- to p. 
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Appendix 3: SOLUTIONS TO EXPONENTIALS 

Expressions of the form exp 1-0.5 All where 
A is H/a. or y/a, frequently must be evaluated. 
Table A-I gives B as a function of A where B - exp 
[-0.5 A21. The sign and digits to the right of the 
E are to be considered as an exponent of 10. For 
example, if A is 3.51, B is given as 2.11E - 03 
which means 2.11 z 10- 3 
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Table A-i SOLUTiONS TO EXPONENTIALS B - exp [--0.5A-I
 
The notation 2.16 E-1 means 2.16 x 10-1
 

O.nO 0.01 0.02 o.o3 0.04 0.05 0.06 0,07 0.08 0.09
 

0.00 1.OOE 0 1.00E 0 1O.OE -1 10.00! -1 9,99! -1 9.99E -1 999E -1 	 9.96 -1 O - 9Z96E -1 
0.10 9.q5E -1 9.9E -1 9.91E -1 9.92E -1 9.9OE -1 QeSQE -1 97,7E -1 9.06E -1 9.6E -1 9.52! -1
 
0.20 ,.8nE -1 Q.7TE -1 9,76E -1 9.74E -1 11,72E -1 9.69E -1 9.67E -1 9,64E -1 9062E .1 9,59E a1
 
0.30 9.5AE -1 9.53E -1 9.SfE -1 Q.47! -1 9,44E -1 9.41E -1 9,37E -1 9,34E -1 9301 .1 9.2TE -1 
0.40 9.2 E ,11F -1 9.14E -1 9,12E -1 Q.OME -1 9.04E -1 9.00E -1 8.95! -1 891E -1 1.3?! -1
 

0.50 8.811 -1 F.78E -1 8,74E -1 ".69E -1 4.64E -1 8.60E -1 8.55E -1 	 8.50E -1 8*4.5 .1 840! .1
 

0.60 m.3sL -1 Q.30! -1 8.25E -1 ",2E -1 4,15E -1 8,10E -1 8.04E -1 7.99E -1 7,94E -1 7088[ .1 
0970" 7.8iE -1 7.77F -1 7.72E -1 7.66E -1 f.61E -1 7,55E -1 7.49E -1 7,44E -1 7.36E .1 7.32E -1 
000 7.2AE -1 ?.ZOE -1 7.1%E -1 ?.09E -1 r.n3E -1 6*97E -1 6.91E -1 6,85E -1 6.79E .1 6.73E -1 

0.90 6.67E -1 6.ALE -1 6,59E -1 6.49E -1 6.44E -1 6.37E -1 6.31E -1 	 6.25E -1 6.19E .1 6.13E -1
 

1.00 6.0"E -1 A.01E -1 5.94E -1 5.88E -1 5.R2E -1 S,76E -1 5.70E -1 	 5.64E -1 S55E .1 5.52! .1
 
1.10 5.4 4E -1 5.40E -1 5.34E -1 b,28E -1 5.2ZE -1 5.16E -1 5.10E .1 	 5.04E -1 4.99E .1 4,93E .1
 

1.20 4.87E -1 4.R1F -1 4.7-E -t 4.69! -1 '.64E -1 4,58E -1 4.52E .1 4,46E -1 4.41E .1 4,35[ -1
 

1.30 4.30E -1 4.24E -1 4.19E -1 4.I3E -1 4.04E -1 4.02E -1 3.97E -1 3.91E -1 386! -1 3.1E a1
 
1.40 J.7SE -1 3.7ou -1 3.65E -1 3.60E -1 3.5SE -1 3.50E -1 3.45E -1 	 3.39E -1 3.35E 1 3*30! 1
 

1.50 3.29 .1 3.2n0 -1 3.1cE -1 3,10E -1 3.06E -1 3,01E .1 2.96E -1 2.92E -1 2.87E .1 2.83E a1 
1.60 2.78E -1 2,74C -1 2,69E -1 2.65E -1 Z.61E -1 2,56E -1 2.52E -1 2.48E -1 2.44E .1 2040!.1
 
1.70 2,3AE -1 2.32E -1 2,2PE -1 2.24E -1 2,20E -3 2,16E -1 2.13E .1 2.09E -1 2.05E .1 2o02! .1
 
1.80 I.QAE -1 1.9E -1 1,91E -1 1.87E -1 1.84E -1 l.81E -1 1.77E -1 	 1.74E -1 171E -1 1*68E a1
 
1.90 1.69C -1 1.61E -1 1.SPE -1 1.55E -1 1.52E -1 1.49E -1 1.47E -1 	 1.44E -1 1.41E -1 1*38 -1
 

2.00 1.39E -1 1.33E -1 1.3-E -1 1,27E -1 1,2S! -1 1922F -1 1,20E -1. 	 1.17E -1 1,15E -1 1,13E a1
 

2.10 1.1nE .1 1.08E -1 1.06E -1 1.04E -1 1.01E -1 9,91E -2 9,70E .2 	 q.50E -2 9.29! ..2 9p09! w2
 
2.20 8.89E -2 R.70F -2 8.51E -2 8,32E -2 k.14E -2 7.96E -2 7,78E -2 7.60E -2 7.43E .2 7,27E .2
 

2*30 7.10E -2 A.94E -2 6.7PE -2 6.62E -2 6.47E -2 6.32E -2 6.17E -2 6.03E -2 5.89E -2 5*75! -2
 
2.40 5.61E -2 5.48E -2 5.3qE -2 5.22E -2 %.1nE -2 4997E -2 4.85E -2 	 4.73E -2 4.62E -2 4.51! -2
 

7

* 	 2.50 4.3oE -2 4,29E -2 4,LQE -2 4,07E -Z $.97E -2 3,87E -2 3, 8E .2 3.68E -2 3959E .2 3949E .2
 

10 2.60 3.41E -2 3,32E -2 3.23E -2 3,15E .2 3.07E -2 2.99F -2 2.91E -2 2.83! -2 2,76E .2 2.661 .2
 

2.70 	 ZAIE -2 2.54E -2 2.4vE -2 2.41E -2 2.34E -2 2.28E -2 2.22E -2 2.16E -2 2.10E -2 2.04! -2
 
1,63E -2 1.58! -2 1,4E .2
 

r 2.80 1.QPE -2 1,93E -2 1.88C -2 1.82E -2 1.77E -2 1.72F -2 1,67E -2 

7,90 L.4,E -2 1,45F -2 1.41L -2 1.37E -2 1.33E -2 1.29F -Z 1.25E .2 	 1.22E -2 1,18E .2 1.15E .2.
 

1.05! -2 1.02E -2 q,55! -3 9.55E -3 9926E -3 8.98E -3 8,71E -3 8.45E -33.00 1.11L -2 1.08! -2 
3.10 8.11E -3 7.94E -3 7.7nE -3 7,46E -3 7.21E -3 7.0OE -3 6.79E -3 	 6.58E -3 6.37E .3 6o17E v3
 
3.20 5.AE -3 5,79F -3 5.60E -3 5.43E -3 t.25E .3 5.09E .3 4.92E .3 	 4.77E -3 4.61! .3 4,46E .3 
3.30 4.32E -3 4,18! -3 4.04E -3 3.91E -3 3,78E -3 3.66E -3 3,54E .3 	 3.42E -3 3,31E -3 3.20E -3
 

3.4n 3.09L -1 ?.99F -3 2,80E -3 Z,7gE -3 2.69! -3 2.60F -3 2.51E -3 	 2.43E -3 2.35E -3 227E w3 

3.50 2.10E -3 2.11E -3 2.04E -3 1.97E -3 1.90E -3 1.83F -3 1.77E -3 	 1.71E -3 1.65E -3 1.59E -3
 

3960 1.5E -3 1.48! -3 1.43E -1 1.38E -3 1.33E -3 1.28E -3 1.23E -3 1,19E -3 1.15E .3 1911E a3 

3,70 1.07! -3 1.03S -3 9 -4 9,53E -4 9.18E -4 8,84E -4 8,51E .4 8,20E -4 ?,89E .4 7.60! .4 

3.80 7.31E -4 7.05F -4 6.70E -4 6.53E -4 6,28- -4 6.04E -4 5.82E -4 	 5.60E -4 5.38E .4 5@18E .4
 
3.90 ..9AE -4 4.79E -4 4.61E -4 4.43E -4 4.26! -4 4,09E -4 3,93E -4 	 3.78E -4 3.63E -4 3,49E a4
 

' 4.00 3.3&E -4 3,22E -4 3.1'E -4 2,Q7E -4 2,8E -4 2,74E -4 2063E -4 2.53E .4 2,43E .4 2933E -4 

4.10 2.24E -4 2.15! -4 2.06! -4 1.98E -4 1.90! -4 1.82E -4 1.75E -4 1.68E -4 1.81! -4 1.541 w4 
4-20 1.4E -4 1.42E -4 1.36E -4 1.30! -4 1.25! -4 1.20! -4 1.15E -4 1.10E -4 1.05! .4 1.01! -4 
4,30 q.66E -5 9,25E -5 8986E -5 M.49E -5 8.13E -5 7.78E -5 7.45E -S 7,13E -5 6,83E .5 6.53E .5 

4.40 6.2SE -5 '.98! -5 5,72E -5 5,48E -5 5,'E -5 5.01E -5 4.79E .5 	 4.58E -5 4,38E .5 4.191 .5
 

01 4.50 4.01E -5 3.83E -5 3.66E -S 3,SOE -5 3.3c -5 3,20E -5 3.05E .5 2.92E .5 279E .5 2.66! .5
 
2
4.60 ,54E -5 2.43! -5 Z.32E -5 2.21E -5 2.I1E -5 2.02E -5 1,93E -5 	 1.84E -5 1.75E -5 19671E 5
 

4.70 1.60E -5 1.S2E -5 1.45E -5 1.39E -5 1.32E -5 1.26E -5 1,20E -5 	 1.15E -5 1.69E -5 1e041 .5
 
4.80 9.93E .6 9.46F -6" 9.02! -6 ,e59E-6 8.19E -b 7.80E -6 7.43E .6 	 7.O08E -6 6.74! .6 6,42E .6 
4.90 blXL -6 S.82! -6 5.54E -4 5928E -6 5.02E -6 4,78E -6 4.55E -6 	 4,33E -6 4.12E -6 3,9ZE 6
 



Table A-i (continued) SOLUTIONS TO EXPONENTIALS 

* -0.00 0.01 rj.ft2 0.03 0.04 0.05 0.06 0007 0.08 0.09
 
B
 

2
 
5000 3.71E -6 S5SE -6 3.37E -4 3.21E -6 3,05E -6 2.90E -6 2.76E -6 2.62E -6 949E .6 Ze37E -6
 
5.10 2,25E -6 2.14E -6 2.01 -6 1,93E -6 1,83E -6 1.74E -6 1.65E -6 1,575 -6 1,49E -6 1,42E -6
 
5.20 L.34E -6 1.28E -6 1.21E -4 1.15E -6 1.09E -6 1.04E -6 9.82E .7 9.32E -7 6,84E--? 1.33! .7 
S,30 ?.95E -7 7,54E .7 7.1SE -7 6.79E -7 6.4E .7 6.09E -7 5.77 -? 5,47E -7 5*lqE .7 4.91E .7 
S.40 4.64E -7 4,41E -7 4.1PE -7 3,96E -7 3.74E -7 3,55E -7 3,36E -7 3165 .7 3,01E .7 2,35E -7
 

Soso 2,70 -7 2.56E -7 2.47E -7 2.295 -7 2.17E .7 2,05E .7 1,94E -7 1.83E -7 1,73 -7 1.64E a7
 
5.60 l.5st -7 l.47E -7 1.39E -7 1.31E -7 1,24E -7 1.17E -7 1,115 .7 1.0SE -7 9,67E .8 9.32! =3 

57O 881E -8 8.32E -8 7*8E -q r,42E -8 7,01E -8 6.62E -8 6s255 -8 5.90E -8 557E w8 5*ZSE we 
5.80 4.94E -8 4,68E -8 4041E -R 4.16E -8 3.93E -8 370E -8 3,49E -8 3.29E .8 3011E .8 2.93E .8
 
5.90 2.765 -9 2.60E -8 2.45E -8 2.315 -8 2,14E -8 2.05E -8 1.94E -8 1.82E -8 1.725 .8 1.52E a$ 

6.00 1.52L -8 1.43E -8 1,3SE -A 1.27E -8 1.20E -8 1.13E -8 1.06E .8 9.98E -9 9.39E -9 8.545 mg
 
6.10 8.37E -9 7.82E -9 7.34E -1 6.92! -9 6.SE -9 6.12E -9 5.76! -9 5.41E -9 5o09E .9 ieoTA .9
 
6.20 4.50E -Q 4.23F -9 3.97E -9 3.73E -9 3o51E -9 3.29E -9 3,09E -9 2.91E -9 2.73! .9 256E ei 
6.30 Z.41E -9 2.26E -9 2.12E -9 1.99E -9 1,87E -9 1.75E _9 1.65E -9 1.55E -9 1*455 .9 1.36 m9
 
6.40 1.285 -9 1,20 -9 1.12E -q 1.05! -9 9087E-10 9,25E-10 8.67E-10 8.13E-10 7.62E.10 7,14EI 

6.50 G.60E-10 6.27E-10 5.8.5-10 5050E-10 5,16E-10 4.83E-10 4,52E-10 4.24E-10 3,97E-10 3,7EIO
 
6.60 3.42E-10 " 3.25E-10 3,05E-10 ZoSSE-10 2,67E-10 250E-10 2,34E-10 2,19E-10 Z,04E.10 1OV1E.10
 
6.70 1.70L-10 1067E-10 l1SS-10 1.46E-10 1.3?E-10 1,28E-10 1.19E-10 1.12E-10 1.04E.10 9074E.11
 
6.80 9.10E-11 R.505-Li 7.94E-11 7.425-11 6.93E-11 6947E-11 6,04E-11 5.645-11 5.275ll 4.925-11
 

690 4SE-11 4.29E-11 40'E-11 3973E-11 3.4eE-11 3.25E-11 3.03E-11 2.92E-11 2,63[o11 2,46511
 

7.00 2.2aE-11 2.14E-11 1.99E-11 1.86E-11 1.71E-11 1061E-11 1,5OE-11 1.40E-11 1,305.ll 1.22!.1
 
7.10 1.13E-11 1005E-11 9.81E-12 9.14E-12 8.51E-12 7o92E-12 7.38E-12 6.87E-12 6,395.12 59955.12
 
?20 554E-12 5,15E-12 4.79E-12 4.46E-12 415E-12 3086E-12 3.59E-12 3,34E-12 3,105E12 29889E12
 
7,30 2.*6E-12 4o49E-12 2o32E-12 2,5E.12 25OOE-12 1,86E-12 1,73E-12 1.60E-12 1,49E12 1*38Eo12
 

7.40 1.29E-12 1.19E-12 1.11E-12 1.03E512 9.55E-13 8.87E-13 8.23E-13 7.64E-13 7,09-13 66,5E,13
 

7.50 6.10E-13 S.66E-13 5.25E-13 '.87E13 4,52E-13 4919E-13 3.88E-13 3.605-13 3,34E.13 3,O9E13
 
7,60 2.875-13 2.66E-13 2.465-13 228E-13 2.11E-13 1.96E-13 1,81E-13 1.685-13 1,565.13 19445&13
 
7.70 L.34E-13 1.24E-13 1.14E-13 1906E-13 9.80E-14 900 7 E-14 8,39E-14 7,77E-14 7,195.14 6,651!14
 

7.80 6.15E-14 5.69E-14 5.26E-14 4.86E-14 4,50E-14 4.16E-14 3B4E-14 3.33E-14 3,ZE8514 3.04E14
 
1,495w4 1,37E14
7o 7.80E-14 2.59E-L4 2.39E-14 Z.21E-14 2.04E-14 1689E-14 1,74E-14 1.61E-14 


8.00 1.27E-14 1.17E-14 1.0E-14 9.96E-15 9,19E-15 8.48E-15 7.82E-15 7.225-15 6,665E15 6,141.15
 
3.10 5.66E-15 S.2E-15 4.81E-1 4.44E-15 4o09E-15 3o77E-15 3048E-15 3.20E-15 Z9S51S 27ZEIS
 
8s20 9.51E-15 Z.31E-LS Z.IE-15 1.965-15 ieOE15 1.66E-15 1.53E-15 1,415-1S 1,305IS 1,19OE5S
 
4.30 1.1'[E-15 1.01E-15 9.3CE-16 8.565-16 ?,47E-16 7.245-16 6.66E-16 6.13E-16 5,64E.16 5,13E16
 
5,40 4.7'E-16 4.38E-16 4.03E-16 3.705-16 3.40E-16 3.13E-16 2,87E-16 2,64E-16 Z43E-16 2,2316
 

8,50 2.04E-16 1.88E-16 1.73E-16 1.59E-16 1.46E-16 1.34E-16 1.23E-16 1.13E-16 1,03E-16 9.49E-17
 

8,60 8.71E-17 7.99E-17 7,33E-17 6.72E-17 6.17E-17 5066E-17 5.19E-17 4.76E-17 4,365.17 4,00.E17
 
so70 3.67E-17 3.365-17 3.0SE-17 Z482E-17 Z,59E-17 2.37E-17 217E.17 1.99E-17 1,82E17 1,57I17
 
ii0 1.51E-17 1,405.17 1928E-17 1917E-17 1,07E-17 9,83E-18 9,00E18 8.23E-18 7,535.18 6,8913e
 
8.90 6.31E-18 5.77E-18 5.2q5-1s 4.835-18 4,415-18 4904E-18 3.69E-18 3.375-18 3,08E18 2,521013 

900 i.5bE-18 2.36E-18 2.15E-18 1.97E-18 1,805-18 1.64E-1a 1.50E-18 1.37E-18 1,25E-18 1,1411
 
9:10 1.04E-18 9.52E-19 8.69E-19 t.93E-19 7.24E-19 6,61E-19 6.03E-19 S.SOE-19 5,025.19 4,555019
 
9,20 4,1AE-19 3,81E-19 3,47E-19 3,17E-19 Z.89E-19 2,635-19 2,40E-19 Z,195.19 1,991.19 1,25.19
 
9s30 1066E-19 1SIE-19 1.37E-19 1.25E-19 1014E-19 1.04E-19 9.46E-20 8.61E-20 1,45ZO 7,14E.0
 
9,40 6.50E-20 5.925-zo 5.3.5-20 4.90E-20 4,46E-20 4.06E-20 3.69E-20 3.36-20 3,OSEZO 20759.20
 

9,50 9.53E-20 Z30E-20 2.09E-20 1.90E-20 1,73E-20 1.57E-20 1,435-20 1,30E-20 1e,13520 1,OE2O
 

9.60 9.72E-21 8083E-91 8.02E-21 7.295-21 6,62E-21 6.015-Z1 5,46E-21 4,95E-21 4050E.21 4003521
 
-. 	 9.70 $.7nE-21 3*36E-i1 3OSE-21 2,77E-21 2,515.21 2,23E21 2.07E-21 1.875-21 1,7E021 1,545*21 

9980 1940E-21 1,275-21 1.155-21 1.04E-21 9943E-22 8055E-22 7,755-Z 70ZE-22 6,36EZ2 5.76t1Z 
9,90 5,225-22 4,73E522 4.28E-22 3,48E-22 3,51E-22 3,18E-22 2,88E-22 2,50E-22 Z,36E22 2.1)5.22 

http:2.1)5.22
http:2,515.21
http:4050E.21
http:20759.20
http:1,991.19
http:Z,195.19
http:5,025.19
http:7,535.18
http:1,405.17
http:4,365.17
http:5,64E.16
http:6,141.15
http:7,195.14
http:1,565.13
http:3,34E.13
http:59955.12
http:6,395.12
http:1,305.ll
http:9074E.11
http:1.04E.10
http:1OV1E.10
http:Z,04E.10
http:7.62E.10




AppeMWix 4v CONSTANT., CONVERSION
 
EQUATIONS, CONVERSION TABLES
 

Constants 

e  2.7183 1 - 0.3679 
e 

7r-3.1416 1
7r 

-0.3183 

27r - 6..28321 . 0.1592 
2. 

V' - 2.5086 -1- - 0.3989 

2 
17--0.7979 

(2,03/ 2 15.75 

,onversion Equations and Tables 

T(0 C) - 5/9 (T(°F)- 32) 
-'T(OK) - T(°C) + 273.16 
T(°F) - (9/5 T(°C) ) + 32 

Appendix 4 

33-195 



CONVERSION FACTORS -.VELOCITY
 

DESIRED UNITS METERS FT FT KM MI (STAT) MNOTS MI...SAT

PER SEC PER SEC PER MIN PER HR PER MR 'PWR•OAY
 

GIVEN-UNITS
 

METERS 160000 3.2808 1.9685 3.6000 2.2369 1.9425 5.3686
 
PERSEC E 00 E00 E 02 E 00 E 00 E 00 £017-


FPT. 3,0480 1.0000 6.0000 1.0973 6.8182 5.9209 106364
 
PER SEC E-01 E 00 E 01 E 00 E-01 E-01 E 01
 

FT 5.0800 1.6667 1*0000 1.8288 1.1364 90681 2 .273*
 
PER-NIN E-03 E-O2 000 Ew02 E-02 .03 900
 

N .7778 9.1134 5.4681 1.0000 6,2137 53959 1,4913
 
PERHR .- 01 E-01 E 01 E 00 EmOl .'E- E 01
 

M (STAT) 4a4704 1o4667 868000 1.6093 100000 8:.69 261;00
 
PERIHR E-01 E 00 E 01 E 00 E 00 .01 E 01
 

KNOTS 5.1479 1.689 10134 1.8532 101516 1.0000 2o7637
 
EOl E 00 E02 00 E00 E:00 E ol
 

il(STAT) 1,8627 6.1111 3.6667 6.7056 4.1667 396i83 f.0000 
O PER DAY E-02 E-02 E 00 Ew02 E02 Ew02 A 00 

' TO CONVERT A VALUE FROM A GIVEN UNIT TO A DESIRED UNIT, MULTIPLY-THE GIVEN VALUE BY -THE FACTOR-OPPOSITZ!TIE GIVEN UNITS
 
%NO BENEATH THE DESIRED UNIT. NOTE THAT E-XX MEANS 10 TO THE -XX POWER.
 

m
 



-CONVERSION FACTORS - EISSION RATES 

6EESRED"UNITS GRAAN4S ]fY- /GRAM ;KG~;7 y N KG Z; i) iLBSx- 9 LB Los TONS" TNS~ -PER ,SEC . PER.MIN PER HOUR APERt;A
i-PER NIN i PER HOUR 1,PER .DAio.!P,. tJ i4 pER-.DAv
GIVEN UNITS 	 . .. 


GRAMS E 1 00006 
E'OOK 

.00 
EE 

0 396000 
E0-

8.6400; 
E 01V-

193228! 
Ev'00gv 

79366-, 1e908: 
E 02 'oy~ 

.3,9~53S 
EOS:>L-

9.5Z4OA 
!O 

GRAMS 
PPE N141N1 

1.6667 
E02" 

190000 
E 700'-" 

6@0000-
EOZ 

14400' 
E 00' 

2,2046-
E,,O3 ". 

1.322&" 
E,,0Y> 

3 17,4?t 
E.00.z, 

6613 9 
EmO, : 

15BT3. 
Eu,0S .. 

KGl l 2o77783- 1o6667 , 1o0000: 2.400"" 3o6744 220046!: 502911t 191023., 2,605p 

oEvoR-01 - E~ E 00 E'01" EeOV. .> E00. E 7010,:- Ee03 Eu0i 
KG 

DAY 
1.1574 
E02 

6*9444 
EwOI ' 

4.1667-' 
E,;02 

1.0000 
E00 -

1.5310' 

EiO3 
e18s9f 

Em02:. 
Z2046 

E,;00' -

4513O.k 

Eso: a 
1.025 

E-O@J3t. 

-
LBS 
 7*5 99 4.5359 2.7216' 6.5317 1.0000- 6.0000 1e4400 . 3 000,. ".ZO0 
ltlERMIN* Et0 E 062 E '01 E-02 E00. E 01~. 
 E At - EsotZ: 

-
LBS 	 . 1,26,0 705599; 4e5359 ' 1.0686&- 1666YT IsO000- Z.4000., S000 19,ZOO64 
,rIOt E46V01-~ E ;00' Em01V?, E~01' Ew02.-iO~ FElf.01& E.O4k Iu d. 

LBS 19
5 2499 31499 1.900 4S3s9' 6e9444; 4.1667 10OO00 29.@S3 50O000-
vPER*AY E.DA3 E-O;1 - EO;d EOtV. E-O47 E4O2; r. E 00,;. ' E-OS"U E"04 

TONS 2.500' 1.5126 900718- 2.17721- 3.3333 2.0000V 48000. 1 0000,, 29O00
PER HOUR L '>. E04'' E 02 - E E01 .. E.05 E040 . E 404'k E 0i1&.O. 


TONS 
 1.00400" 6.2999 3 799- 900719--l 1.38S917 8.3333.ol 
 20000 4.1667 10006k,.
PER DAY E 0"2- E 61- - E 02r o E 00.i-- E .01-> E O3t. E02so-. E O00-E '02 

TO CONVERT A VALUE FROM A GIVEN UNIT TO A DESIRED UNIT. MULTIPLY THE GIVEN VALUE BY THE FACTOR OPPOSITE THE GIVEN UNITS
AND BENEATH THE DESIRED UNIT. NOTE THAT E-XX:MEANS 10 .TO,THE5-XXPOWER.9 tx 

IL

http:8.3333.ol


CONVERSION FACTORS- LENGTH 

S:OSRuNIyS'NETER. 

GIVEN UNITS 

MEER .0000 

fC* -0 i 

1.000 

-MICROOtl 

.0000O 

rILONETEWWINC;,~ 

~1.000O ~30370 

'FOOT 

;T36ZBO8 

'YARD 

;i.1i.093& 

'4ILE(3TAT)' 

v.*2131,r 

MILEINAUT) 
J" 

*95 

1;tf0O0O. 
2E402 

V1O0Oo 
: E- o0 

I-.o 000 
E-04 

1-0o0 
fE405 

309370 
a;iEol1 

i'U28O8 
VEinO2 

1*0936 
if~ Ewn02 

0.213 
~e.S~'~~ 

Ss' 959 
6 

-:ROcA1.0000 

iEb6 

fILI~*Er0OO 

-11.0000 
~E44 

C1,01000 

k4rOO 

r) ~00 

000 

-V.00o0 

E 0 

i 1.*Ooi0000 

1"309370 

'".5 

i. ,3.370 

t"10,2808 

'.6 

Z3%2808 

i"r'-.9 3 6 

'Z0 

i 1-0936 

b'1T 

~'Ewl0 

e* 43? 

53 

t~e3959 

* ~2j54O~254Oi'25400 
4&'m2E00 S E"O4 

25O 
-:E.05 

I1.0oooo 
'Z.-0e it 

G**3333 
-02 

;z.778 
:'E0 

rke$773 
;0m5 

clA.-37O* 
~5, 

~A 
-

48' 0 
Eat0 

:3;.048o 
7*4E*01 

3.46roo 
:E;O5 

80 1.12000 E-140000 
-1.0E-,OJE00 

3*3333 
vlt-Ew01 

-p1.fi939
l'wE4 

ji.4-0 
t 0 

? 
4 

YAD -9i1440 
~EO1 

E9'-1440 
~ -E01 

:9.1440 
4E'05 

9.10 
E4O4 -

3%00 
VEOI 

30000 
l;E70O 

.>L1.0000~ .88 
1?E00 

4~4 
vE0*:'~Es!04 

41UML('StAT ~ EI-6093 
ff"03 

'P16093
f-E 05 

-6093
0E~9 

1.;6093
' 00 

E6'03360
:Et04 

:75e2BO0zE03 1*760~ ~100000'E4 03k~EO -i8,A 39KE0 

W NiLEINAUTI -118532
T'e 

V1'.532 
~03 E; 

1.8932 
'E, 09 

-183S2 1.i2962 t6*0802 
.';'0;E04#103-

E2.00267 
'03 3 

i11 
"-E.0 

14.p000 

TO CONVERT A VALUE FROW A GIVEN UNITiTO A -DESyOrED UNIT. 
AND BENEATw IMEADESIRED UNIT9.:z'eNOTE THAT.*EeXX MEANSIT10 

NL,TIPLY 1,HE GIVEN.,VALUE.-,,BY 
TO THE-f"XX POWER. 44 

THE.. ;FACTOR OP3I-TEjTHE GIV!~NT 
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CONVERSIEON FACTORS-- NAREA.. 

DESIEDETE UITS SOSO R' 0~CN SO INC 30 FOOT 4 ' -SQ'-ARD ~ CREt -- 5OA30~ ~ 6 
GIVEN UNITS M4ILE MILE 

E 00 e-06o,4 i.6,-0 1E5O00 1a0&4' O9i0' 3-O 10; 2E-OT
 
0- E E 04 E 03 E 01
E06 
 E 00 E.04 E.0? 5"O
 

sO 1060 1.0000'iooo
6, 1.O0 - 1.5500 I ,of64-,? 1.t~6"' .'?0d3.6; 209iii#P
1506 E-00 E 10 
 E09 E07 E,06 E,02 E,,01 E01 

SO CM-~ 10000 6ooo665 1.000h41.obo 9.166' 264ile .610 2- i1-i ' E.04 E-i0 E 00 EmOl 5.03 5.04 5.08 EelI E-111
sV -''. --
S NCH6.16 
 6.416+' 6.4016 1.0000 6.9 4k TTl7O1-0 1o59W 2.,410 1l,
E.f04 E-1O 
 E 00 E 00 E.03 E.04 E.07 E.O  E.10
 

"SO'FOi 9 903 9.2901 902903 l.4400 1O00000. 1.11 2.2957 3.51?0" 2.750.E.O2 E.08 
 E 02 E 02 E 00 E-O1 E.05 E.O8 
 E08
 

Sair RD,.. .. .IYA 6.61-3 s,6,13 8.93613 1.z960 - 9.0000" 1.o000o' 2 086 3.231'-i Z,64,.i 6"f
E-01 EO? E 03 E 03 E 00 E 00 E.04 E.OT 
 -07
 

ACRE 4.069 , 4.0"469 6.?272 4.356 04644 4.84 00'7 1.000O 1.562S3,s 1.1?se3-0E 03 EO3 E OT E 06 E 04 E 03 E 00 E03 E03 

Si TAT 205900 2 O5900 2.5900 4.1145 2.48718! 3. 07 6,4006 1.0000;" 7.5j '1'MILE E 06 E 00 10 E 09 E 07 E 06 E 02 E 00 E-O1 

SO+NAU5T s.434s
345 3i4345 5.3235 3 ; 969 4.1076 8,4869 : 1.0ILE E 06 E 00 ; ..ooo,E 10 E 09 E 07 E 06 E 02 E0 0 

TO ZONvERf A+VALUE 'FROM A tGIVEN UNIT -TO A DESIRED UNITO MULTIPLY THE -GIVEN VAtUEtl6y- THE FACTOR- PPOd'-TE++i4Ei GIVEN UffITS +AND BENEATH THE DESIRED ,UNIT. 
 NOTE THAT E-X)t MEANS 10 TO THE -XX POWER.
 

*,,SI "'
 

-a 



d

.CONVERICN. VACTj 

5TOFY hI 75 Cu TI~bt- jtT v
-.- Y 'CFn~wnt AuSA~ CJ~AT U3~'i-j52Ju::7$GLIO
 

- .GfVEN UNTTS 
 MILE MILE 3U'NCE
 

t:OU METEn 
 19'30-tll 99 
314 '6."056? 7-&'.-Fo Er, Er 
 .EOl E-10 E-10 E04 
 E-03 E02 

E-n3 E 01 E-n2 E-13
E 00 

E-13 E 01 E-06 E-O1
 

" - C"' E"O2v L F f. 44 E-04 E-15 E-15 -0 E-O -o 
 EfO 3 

" 
 -.OZE 01
q E C3 E ')O E-O0 E-1 E 02 E 05 E 00
 
I- :t4TLE 
 0tel' 
 E0l 
 EO0 E0 i E £06 
 12
 

OUICE E-O2 E O0 E-03 
 E-15 E-15 E-00 B-09 E.03
 

N t. ef-. T. . O' 0 c-0 E V 
' O A75oT 9 5000 420 63.'270 6 8j08 I 0 0023200S2 5O00'e E OZ E 01
-64? 65 -- 9 E;WgO7 2 E o 

-C,,5E-077 E-07 E0T £0O0 E0"s.'6n 
..
 E0 E. E-11 E-13 E-13 E 02 E-06
7UNIT 20
 

TOCOVETA AL"FRM"A GVEN JI
Oio AO-DESREO UN~I'T *'1OLTTPI r TIE'!GIVEM
A4D BENEATj THEDSIRED U NOT" r,.IAE-XX MEAES 10 TO TEIE -XX CVACUE .YT'IE 'FACTOR OPPSITIE TME:Gf [EN UNI'S.
1OER.
 



CONVERSION FACTORS w MASS 

OESIRED.UNITS GRA MICROGRAM KTLOGRAM METRIC TON SHORT TON LONG TON GRAIN OUNCE LB (AVOP) 

GIVEN UNITS 

GRAM 1.0000 1000000. 1.0000 160000 1.1023 9o8421 15432 5*5274 2.2046 
E '0 E 06' E-O E-006 - E,, . E 01 . E,,2 . E"O3 

MICROGRAM 100000- 1.0000 10000 1.0000 1e1023 903421 1.5432 $,5274 2.2046 

E"06 E 00 E-09 E-12- E02-t E-13. E-05,_ ESOU& E0O9 

KILOGRAM. 1,0000 - 1.0000 1.0000 1.0000 1*1023 9e.421 1.5432 ,eS24M 2,2046
E 03 - E 09 E O0 E-03 E,03- E-04, E 04 E 01- E.O0 

METRIC TON 1'0000- 1.0000 1.0000 10000 1.1023 996421 195432 Se5274 22046
 
E06 E 12 E 03 E 00 E-0E-I E00. E 04 E03
 

SHORT TON 90718 9.0718 900718 9.0718 1.0000 899286 1.4000 3,ZOOO 2.0000 
E 05 E It E 02 E-01 E 00 E-01-- E O_'. E 04.. E 03._ 

LONG ToNq 1.0160 1.0160 160160 1.0160 1.1200 1.0000 1.5680 3 l0 2,2400
E 06 E 12 E 03 E O0 E O0 E 001. E07.- E 04. E 03. 

GRAIN . 6,4799 6@4799 6.4799 6o4799 7.1428 6e3775 1.0000 2,2357 1,4286 
E-02-- E 04 E-OS E-08 EmO E-08- E 00 Em03 Ew04' 

OUNCE ' 2,8349 2o8349- 2o8349 2,8349 39'250 297902 493750 1,0000 6. 500 
aAVDPl E 01 E 07 E-02 E-O5 EOS E-OS E 02 E 00 E-02 

LB (AvbPl 45359, 405399 4o5359 4,5359 500000 4.0443 7,0000 1,6000 1,0000
 
E 02- E 08 E-01 E-04 Ea04 E-O! E 03 E 01 E. 0
 

TO CONVERT A VALUE FROM A GIVEN UNIT TO A DESIRED UNIT* MULTIPLY THE GIVEN VALUE BY THE FACTOR OPPOSITE THE GIVEN UNITS 
AND BENEATH THE-DESIRED UNIT. -NOTE THAT EoXx MEANS 10 TO THE -XX POWER. - . ., 
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CONVERSION FACTORS , FLOW
 
: - DDESIREDUNITS CU YETER .. CU METER LITER LITER LITER CU FT. CU FT CU F . CU C 

.'PERSEC'> PER HR PER SEC - PER 4IN PER HR PER AFE- PED MN n arm 
GIVEN UNITS .
 

CU METER i.0000 3.6000 9.9997 5,9998 3.5999 3*5314 2@1189 .1.2713 14Odrou
;PER SEC EO0 E03 .E02 .. E 04 7-E06 - E 01 .0-EO3 EO - E06 

CUI'METER 2,7778 1.0000 2.7777 
 1.6666 9,9997 9.8096 598857 5,5314 2.7778
PER HR .E-?O4 E01 -E 01 'E 02 -. Eo03 .E-01 -E 01 _E02 

LITER 3910000 1.0000 3.6000 3e5315 2.1189 1.2714 1.0000
3.6001 6.0000

V,1 PER SEC E,03 E.O2 .>-EOE03
-EO0 -E 03 E00 0E02'EO0 


'E 03 i. E- 03 

LITER 1,6667 o 690002 1.6667 1,0000 690000 5,8859 3,0315 ".1189 1,6667
4Z .PERMIN v~f,!05 go.02 *, -02 -'E 00 *E0 E0410 1 0E0 

LITER 27779 1.0000 2.7778 1,6667 180000 9.8098 508859 3,5315 2,779

PER MR .1,07 E- 4
EE03 
 E02 '1 00 -E:06 .m04 .- ,O.E,01
0w2 


CU FT 2,8317 100194 2.8316 1.6990 1,0194 1,0000 6.0000 3.6000 2'8317
tPER SEC +102 E.02 E101 103 1 05 E~ E !,EO03 . 04100 101 


FTECU ,7195 ,e16990 4.7194- 2,8316 1.6990 1,6667 1.0000 6,0000 497195
 
PEI -04 E700 E-01 -EO01 1 03' E0 E00 -_EE01 12 

CU FT -708658 . 28317 7,8656 4e7194 2e8316 2,7778 1,6667 1,0000 Te86:be

j ZOiPER MR r;E,06 E 02 1E-03 lEOl --E 01 --.Ew04 .0 2 E 0
 

CU CM 4.0000 3.6000 -99997 5.9998 3,5999 305314 2,1189 1,2713 1,0000 
. PER SEC .- _-Ew06 1.E,03 E-04 :Pang nn fln L-. -n,' - AM 

0 
TO CONVERT A VALUE FROM A GIVEN UNIT TO A DESIRED UNIT, MULTIPLY THE GIVEN VALUE BY THE FACTOR OPPOSITE THE GIVEN
 
AND BENEATW THE DESIRED UNIT. NOTE THAT E-XX MEANS 10 TO THE -XX POWER.
 

7- '4
] 



CONVERSION FACTORS a CONCENTRATION.-DENSITY
 

DESIRED UNITS GRA1 PER ''MG PER MICROGRAM MICROGRAM GRAIN-PER OUNCE PER 
LB PER GRAM PER LB PER
CU METER CU METER PER CU M 
PER LITER CU FT CU FT rJ.FT . Ct FTo4 CUqMETER ,
GIVEN UNITS
 

GRAM PER 100000 1.0000 100000 1.0000 4e3700 
 909815 692428- 2Z8317 2*2046

CU METER E 00 E 03 
 E 06 E 03 E-01 E-04. EMOS, E-02.' - E-03 

MG PER 100000 1.0000 160000 1.0000 4,3700 9.9885 6.2428- 9,8317 2.2046

CU METER E-03 E 00 E 03 E 00 
 Eo04 E-07 EmOS EmO5, E-6O
 

MICROGRAM 1.0000 1.0000 1.0000 10000 4,3700 9.9885 
 6o2428 2,2317
2.2046

PER CU M E-06 E-03 E 00 E-03 EmO7 E-10 
 Eill EmOl' E-O0
 

MICROGRAM 909997 9.9997 9.9997 1.0000 4e3699 9.9883 6s242? 
 d.8316 2.2046

PER LITER E-04 E-01 E 02 E 0O E-04 E-07 E-O 
 E-OS. E-06
 

GRAIN PER 2.2883 2.2a83 2.2883 2.2884 1.0000 2.2857 1,4286 6,4799 5,Y449

CU FT E 00 E 03 E 06 E 03 E 0O E-03 EwD4 E-O E03
 

OUNCE.PER 100011 
 1.0011 1.0011 1.0012' 493750 1.0000 62500 9e8349 2,207Z

CU FT E 03 E 06 E 09 E 06 
 E 02 E O0 E-02 E01 E O0
 

LB-PER 
 1.6018 1.6018 1.6018 1.6019 7,0000 1.6000 100000 4,5359 3,5314
CU FT E 04 E 07 E tO E 07 E 03 E 01 E O0 E!0Z E 01
 

GRAM PER 3,5314 3.5314 3,5314 3,5315 1,5432 3,5274 2e2046 1,0000 
 7,7855

CU FT E 01 E 04 
 E 07 E 04 E 01 E-02 Em03 E0. E02
 

LB PER 4,5359 4,5359 4,5359 
 4.5360 1*9822 4,5307 2.8317. L,2844_ -1,0000
 
CU METER E 02 E 05 E 08 
 E 05 E 02" E-01 EOZ E 01 . E 00 

TO CONVERT A VALUE FROM A GIVEN UNIT TO A DESIRED UNIT. MULTIPLY THE GIVEN VALUE BY THE FACTOR OPPOSITE THE GIVEN UNITS
AND BENEATH THE DFSIRED UNIT. NOTE TWAT E-XX MEANS 10 TO THE -XX POWER*
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CONVERSION FACTORS - DEPOSITION RATF (SHORT TON *STATe MILE)
 
DESIRED UNITS GM PER SO KG PER SO MG PER SO TON PER SO OZ PER 'so LB-PER GM PER SO qG PER SO
 

M PER MO KM PER MO CM PER MO MI PER MO FT PER MO ACRE PERMOFTtPER MOZ*IN-PER MO
 
GIVEN UNITS
 

614 PERSO .0000 1.0000 .0000 2.0550 3.2771 8.218 92903 6e,516

M PER MO E 00 E 03 E,0i EO0 
 E-03 EO0 -E!02 E'E.o0
 

•KGPER SO 1o0000 
 1o0000 1.0000 2.8550 3.2771 8.9218 .9e2903 N4916
 
KM PER MO E*03 E-00 E£w04 E03 EuO6 'Ev03 IeOS E_4, 

PERi- r.OOOO 

.Cm PER MO E01 ' E04 E00 e"01 E,2 E.01 Eu01 00
 
MG .SO .00 1.00 .8550 3.2771 8,9218 9.2903 6,4,516 

50Ew-O26 -3.5026 -3.5026 1.'O00 '1.1478 3.1250 -3,294i 242598 
PER'MO 01 t02 EMIE;02 E'O0 E03 Ec-OO ;E,,O .E.O1 

OZ PER,SO .0oOL '3;0O51s 3.0515 I.O 1.0000 20225 20'8349 ;19968?

FT PER MO 171)E~5 E£01 E£-02 E 00 *E.03 U-E01 E>2
 

-LB PER110 1 208 .1208 3.2000 a363 1.00 ,1D10?21
 
ACRE PERMO EmOl EE02 E-02 E01 E,04 .,E'00 ''EO .!-AE
 

MPER0 MO KEo £ 0 -£1 'EE -E0 J~q2
E02 

, G R SO 10764 1.0764 1-0764 %30731 -35274 9.96033 :;-1.0000 !6.9 44
 

~ IN PER MO E'O0 E 0 E EEOO£00"Eu03 .00-EiOt ;KE.Ol .- i;4E20 

.01 --EE E0
 
TO CONVERT-A VALUE FROM A GIVEN UN!T
-TO 
 A DESIRED UNIT. MULTIPLY THE GIVEN VALUE BY THE FACTOR OPPOSITE THE GVENZUTS:. 

N AND BENEATN THE DESIRED UNIT. NOTE THAT EXX MEANS 10 TO THE uXX-P0WER.: .... , -.!:- i;-;' , 




CONVERSION FACTORS ._jPRESSURE'
 

DE31RED UNITS MILLIBAR" BAR' .JS-~v.I~r~Ewu~ MM-',MERCUYINJIERWUY 
PER SC CM PER SO CN PER SO IN
 

GIVEN UNITS ' .
 

MILLIBAR 1 1* 9.0492 1.1,9< 7.50+.0000 l.0O 1.4504. O.9530+. 
E 00 E.03 E.04 E 03 E"03 E"02 5e.O1 EOZ 

MR 10000. 10000' 9.S,69 1.o00d 1.0197., 1.4504: ?.0O4e ..9530.
 
E 03 E 00 E-01 E 06 E00 E 01 E OZ E'01 '
 

- 4 34ATMOSPHERE 1.0i3 1.O 1.0000 1.0133'.0+00.Oz;- 1*0332 i. io 1921 ++4ca 
E 03 E 00 E 00 E 06 E 00 E 01 E 02 E 01.
 

140000" 1.0000 9, 692-' 1.0000-1 10197? 1,*s04 ?0O06'e'. ,S9.
 
PER SO CM E"03 E-06 E.OT E 00 E-06 Ew-O5 ;.04 EO5
 

v +. + A:+ ...
++*++. -P-


KG I.049*47g4 160000), T?Si*.0~ 9.i0tl' 1.4223>1 .99
 
PERSOCM 502 1 E-O. E 05 E 00 E 01 E02 E01
 

LBS 6147 +4 6,*g97 48046. S.647 .7.0307+- 1.0000 . 5*1?1sfi a.03+0 
PER SO IN E 01 E-02 E-0 E 0 E0OZ E 00 E 0 EO0 

,
MN MERCURY 1.333' 1.332" 1.35 1.3i32 1,3 95C - 1a933TL-' 1.0000.-- Ss0370 ,;_
 
E 00 E-03 E-03 E OS E"03 E-02 00 E02
 

IN MERCURY 3.3864 3.384 3.3421 3os.641 3.432'. 9.5Zs 2.5400, l.OOO0
 
E 01 E02 -02 E 04 E.02 E-01 E 01 E 00
 

TO CONVERT A VALUE FROM A-GIVEN UNIT -TO A DESIRED UNIT. MULTIPLY THE6IVPN VALUEiBY THE FACTOR OPPOSITEiTHE GIVE04OlITS
 
AND'SENEATH THE DESIRED UNIT. NOTE THAT E-XX MEANS 10 TO THE -XX POWER.
 

U. 



CONVERSION FACTORS - TIME.1 

MONTH (28) MONTH (30) MONTH (31) YEAR 365: YEAR(366)'
DESIRED UNITS SECOND MINUTE HOUR WEEK 


GIVEN- UNI TS

'; 2.6764 6
-1536_ o
sECOND 1,0000 "00 6O480 ' Z "1- .J .;YZU 
£03 E 06 -06 106 E:0- . 07100 E01 EOS 

- 0000 C-'080 '"-4"0320 C43200 -460 ?5.6 570MINUTE 1'6667 1.0000 
E 00 E 01 E 04 E 0044 E 04 E:05 05 

E-02 

7 67200 1 1-? r-Oo va.?.600 8,78407I2000HOUR 217778 1,6667 10000 i6800 
E 0 e03 1:03E 02 £02E-04 102 000 E 02 

1.6534 9.9206 5.9524 1j-'000 4 1eboooo z4 5 4.4286 1. A463 SaR206
WEEK E 01 E-01
E-06 EOS 1.03 E 00 E 00 E 00 E 00 


O1.000 1 0714 44I.l0 i-A.3036 ,3071.81336 2.4802 8-OC-5600
M H sein 

00 E100 0Ol
E01


0 )n E-07 EO5 E-03 E-01 00 

130) i'580 .341 1.388ii9 fei.333 9;313 4460000 j-'1-90333 ~A.9'2A 1.220
"blaTH 

E.0110 EO E O 01E-07 1.O5 E-03 E-01 E-O 

Z 2681 i':9,0323 -9.6774 ' lbOOO, &.7;. 100
MONTH 31) 3.736 170?3 1034 
'U -07 1.05 1.03 1-01 1.01 1.01. 1 00 1 2
 

oo 10a, 
'T, f4 16 '- *T 101 

6192 jrA.493Z a.0 1.0YEAR (3651 3 a71 1.92 146 *,7 <.72 

1.02 1t 00 E'-'00
Enos 1-06 En04 E-02 1-,02 1-02' 

1's1384 7.509816724.49YEA (36 i12.8974 
 0-
E02 1.02 o.01
E-06 E04 E-02 E-02 

A GIVEN'UNIT TO A DESIRED UNITv MULTIPLY THE GIVEN.-VALUE BY aT NzfACTOR OPlSkT jNE GIVEN- UNIT3 

-E-08 


TO CONVERT A VALUE'FRO# 
f--AND§BENEATHK THEiOE1SIRDPUNI:.T. NOTE THAT E-XX MEANS 10-TO THE -XX POWER.
 

http:7.509816724.49


CoNvERS1Ci1 FPACTOD - WE
 

OFSIRF UMITS *ATT XILOwATr "aF.GATr CAL (CTJT) dTU BTU J3ULES ABS WATT 
(ABS) ELECT.
(INT) Ill) (TNT) PER SEC PER 414
GIV tNTT- - , .. .. .. .. PIER HR PER SEC HORSEPOWER

wATT 11Onn I [Julio 1*0000 2,33RO 5*6857 J64114 i0oooz b40,i 7otINiT) 6i-0 E-06 E-'% E-02 
 E 00 E o0 E 00 Eu03
 

KIC OiWAT' 
 L..onon toouo 1.0no0 2.sI.a8 3.4114 1.0002
.0.6857 
 1.01O2. 1*3407
cINT) F -)3 E 0) F-03 E 12 E 01 E 03 E 03 E 03 E00

%EGAwATT 1.0000 1.00!0 
 1.0000 2.3480 D.6857 
 '4114 1.0002 1.0002 1,3407
tINT) E _06 E _o F oo E 05 E 04 E 06 E 06 E 06 E 03 

CAI uINT) 4,1876 4.18r6 4,R17S 1.00on1 ",3810 1,4286 4,1884 4,1684 5,6143PER SEC E 0 E-,03 E-n6 E o E-01 E 01 E 00 E 00 E.03
 

BTU 1.7588 1075"B 1.7588 4,2n00 1.0000 6.0000 197591
PER'%1N F al 'E-0z 1.7591 2,3581
E-05 E UO E O0 
 E 01 E 01 E01 E-02
 

BTU 2.9313 2,Q313 2.9313 7.nOn 1.6667 1,0000 2.9319 2.9319 3,9301

PER 14R E-n11 E-04 E-o7 E-9? E-02 E 00 E-01 
 E-01 Em04 

JOuLES ABS 909Q81 9,99151 9.9981 2,3'I5 bo6846 3e4108 1.0000 1.0000 1,3405

PER SEC E-01 E-04 E-07 E-Ol E-02 E-O3E 00 E 00 E 00 


D~~~k 'n -_' 

WATT IAS) 9.9QR1 9*99"L 9.9981 2.3075 be6846 3.4108 1.0000 1.0000 
 13.3405
 
E-01 E-04 E-07 E-O1 
 E-O2. E 00 E 00 E 00 
 E03
 

-it 

ELECT-. 7.45. 7.45x6 7.4586 
 109l11 4.2407 2,5444 704600 7.4600 10000
ORSEPOWER E 02 E-O1 
 E-04 E n2 E 01 E 03 E 02 E 02 ! 00
 

TOCONVI.RT A VAU-FR. AGIVEN.UII 
T3 A DESTREt UNIT. MULTIPLY THE GIVEN VALUE UY THE FACTOR OPPOSITE THE GIVENUNITS
 
AND BENFATA T4E DFSTRED"UNIT. NOTt T,4T E-XX M*FA4IS 10 TO TIE -XX POWER.
 

amO
 

http:TOCONVI.RT


CONVERSION FACTORS. E.% 

DESIRED UNITS ERG 

-ZGIVEN UNITS 

ERG 1.0000 
.E-O0 

. O.. ..-

DyNE-Cm 

10000 
-E.00 

ABS JOULE 

1oooo 
.E-07 

CAL (INT) 

2.3884 
E-08 

CAL (15) 

2.3892 
..E"808 

INT KW-HR 

2,7773 
.E14 

ABS-Ky'-R 

2.7778 
E-14 

5TU 

Emil 

DYNE-CM 

ABS JOULE 
s 

100000 
E 00 

1.0000 
E. 7 

1.0000 
E 0 

160000 
E 07o7 

1.0000 
ET07 

1.0000 
E 00 

2,3884 
EvO8 

23884 
EO 

2,3892 
E-0S 

2.3892 
E-01 

2.7773 
E-14 

2.7773 
E-07 

2,7776 
E..14 

2.7778 
E.07 

i 

94781 
E-ll 

-

9.471 
E.04 

CAL (INT) 
t, 

4.1868 
E 07 

4e1868 
E7 

4.1868 
E O0 

160000 
E 0E 

1.0003 
O0 

1.1628 
E-06 

1.1630 
Ew06 

3.9613 
Ew03 

00 CAL (1S) 4o,1855 
E-07 

4o1855 
-E o? 

4.1855 
E 00 

9,9968 
E-01 

160000 
E O0 

1.1624 
E-06 

1.1626 
E-06 

3.9671 
E,,03 

NT KWHR 3,6007 
.E13 

3.6007 
.. E 13 

3.6007 
E 06 

8.6000 
E OS 

$.6027 
E 05 

1000'0 
E O0 

1.0002 
E O0 

341ZZ3 
E03 

ASS KW-HR 3.6000 
J3 

3.6000 
E 13 

3@6000 
E 06 

8e5984 
E5 

8,6011 
E 05 

9.9981 
E-01 

10000 
E O0 

3,i.41Z1 
E 03 

BTU 1.0551 
Ef10 

1.0551 
E l 

1.0551 
n~ns 

25200 2,5208 
A2in-do 

2.9302 2.9307 i;oooo 

. 

TO CONVERT A VALUE FROM A GIVEN UNIT TO A DESIRED UNIT. MULTIPLY THE GIVEN ViLUE By THE'FACTOR OPPOSiTE THE IN 
"N ' E E T H E 1 E N T . T H -if E 

AND BENEATH THE DESIRED UNIT, NOTE THAT E-XX MEANS 10 TO THE *XX POWl. 

UNITS-
NI S 

-00 



CONVE;*SION FACTORS.,, ENERGY.PER UNIT AREA
 

DESIRED UNITS LANGLEY CAL (15)
S0PERCM 

BTU 
PER. SO FT 

INT KW-HR 
PER SO M 

ABS JOULES 
PER SQ CM 

GIVEN UNITS ---

LANGLEY 100000 
E.O0 

100000 
EO0 

3.6855 
E O0 

191624 
EaO2 

4.155 
E 00 

CAL (ISI 1,0000 100000 3.6355 11624 4.1655
 
fPER., SO CM: E 00 E 00 E 00 E-&2 E 00
 

STU 2,7133 297133 1.0000 3.1540 1,1357
 
PERiS0 F-T E-01 E-0l E 00 E-03 E 0
 

INT KW-HR 6,6029 606029 3.1706 1.0000 396007
 
PER .SO4 E 01 E 01 E 02 E 00 E'02
 

ASS JOULES 2*3892 2".3892 868054 .2*7772 1,0000 
'PER;Sd,CM E-Ol E-OI Eol E-O3 E 00 

TO CONVERT A VALUE FROM A GIVEN UNIT TO A DESIRED UNIT. MULTIPLY THE GIVEN VALU'E BY THE FACTOR OPPOSITE 
THE GIVEN UNITS
 

AND BENEATH THE DESIRED UNIT. NOTE THAT E-XX MEANS 10 TO THE -XX POWER*
 

oo£ 



CONVERSION FACTORS - POWER PER UNIT AREA (CAL ARE 15 DEG) 

DESIRED UNITS CAL PER SO CAL PER SO LANGLEY 
 BTU SO 

N PER SEC CM PER MIN PER MIN CM PER DAy FT PER MIN-FT PER DAY PER 50 C"
 

CAL PER .SO TU PER-S 1PER5ABS.ATT.'
 

GIVEN UNITS
 

CAL PER 50 180000 6.0000 6.0000 8.6400 
 2.2113 3.1843.. 4.155

:N PERSEC E-00 Ew003 
 E 00 Ew02 E 01 - E.04
 

CAL PER SO 1,666? 1.0000 1.0000 1.4400 3,6855 5.3? 6g5
CM-PERMIN E.02 E O0 E 00 
 E 03 E 00 E 03 E-O2
 

LANGLEY 1.666? 1.0000 1.00001 104400 3.6a55 5.3071 6eT58.

PEWMIN E0 E!0 00 
 E 03 E,00 E£0131 E
 

r
CAL PER 50 191574 6*9444 6.9444 1,0000 205594 3,6855 408443
 
CM-PER-0AY _ErOl EPR04 -f04 E 00 Ew03 E 00 E-65.
 

STU PER 50 4,5222 2.7133 297133 3,9072 1'0000 
 1*4400 1o8928

T PER, NIN .01 EEE"O1 EwI E 02 E O0 E 03 E02 

STU PER 30 3.1404 18843 1.8843 27133 699445 19000 103144
FT PER DAY E- .E04 E04 Em01 E-04 E 00 E-05
 

ABSATT?- 2389z L4335 1,4335 2.0643 5,2i33 76079 1.0000
PERSoCN E 03 E,0. E 01, £[04 E 01 E- 0-

TO CONVERT AVALUE FROMfArGIVEN UNIT TO.A DESIRED UNIT 
MULTIPLY THE GIVEN VALUE -BY THE-FACTOR:: OPPOSITE TE GIVEN UNIT
AND BENEATH THE DESIRED'UNIT0-- NOTE THAT EXX MEANS 10 TO THE *XX POWER.
 

LIa 

ch 

I 


