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PREFACE

Air pollution technology is a relatively new field, with most of
the major advances in analysis and control having been made during the
past decadg. Hence, many people in the environmental engineering field
who are not directly concerned with air pollution have only limited
knowledge in this area. An extensive introduction has therefore been
included with this paper to provide some general background information
on this topic. This will allow those less knowlédgeable in the air
pollution field to better understand the work presented here.

The opinions, conclusions, and récommendations expressed in this
report are those of the author only and in no way reflect the policies

or judgements of Enviromment Canada.



ENVIRONMENTAL ASSESSMENT OF THE ATIR POLLUTANT
| EMISSIONS FROM THE MANITOBA HYDRO THERMAL

GENERATING STATION AT BRANDON, MANITOBA

1. INTRODUCTION

The practical assessment of an industrial air pollution problem is
usually carried out in four major stages. These are: 1) source evalua-
tion, 2) reéeptor evaluation, 3) dispersion analyses, and 4) abatement
and control recommendations. These steps are briefly discussed below
in order to give the reader an overview of the basic approach used in
the Brandon evaluation. A more in-depth discussion of those fundamentals

of each area applicablé to the Brandon study then follows.

1.1 GENERAL APPROACH TO AIR POLLUTION ASSESSMENTS
1.1.1 Source Evaluation
The first step in evaluating an air pollution problem is an accurate

assessment of the source or sources involved. This should include spec~—

ification of the source parameters such as type and nature of pollutants,
pollutant output rates, and the heights, temperatures, speeds, and

volumes of the gas emissions.



1.1.2 Receptor Evaluation

The second step of the assessment is a receptor evaluation, wherein
are specified those circumstances under which the pollutants could cause
a problem. The receptor evaluation should also determine whether the
effects of the air pollutants are likely to be dependent upon other

variables, such as temperature, humidity, or time of day.

1.1.3 Dispersion Analyses

The third step involves the compilation and use of pertinent mete-
orological data in conjunction with the source information to arrive at
a reasonable estimate of the dispersion patterns of the airborne effluents.
The most suitable techniques now available for the quantitative approxi-
mation of air pollution problems emphasize ordinary, continuous stack
emissions over relatively uncomplicated terrain. It must therefore be
emphasized that dispersion calculations based on these techniques can
only provide a first approximation in the analysis of a given situation.

The case of the worst conceivable conditions is usually considered
first to determine whether any problem can possibly exist. A simple
first approximation of this case is the calculation of ﬁhe downwind
pollutant concentrétion aséuming the source to be a ground level under
very stable atmospheric conditions (i.e. in a deep surface temperature
inversion). If this first calculation does not indicate a problem
situation, it can usually Be assumed that no air pollution problem is
ever likely to develop from the given source. If, however, the first
estimate indicates potential trouble, then simulation of the stack

effect is necessary. This is accomplished by calculating several cases



which include a stack height term,.to determine whether the maximum ground
level concentrations are within an acceptable range. These estimates may
be based first on the actual stack height alone, without any allowance

for the buoyancy and momentum of the plume. Should these calculations
yield results that are acceptable by a wide margin, and if there is no
evidence that the source is subject to unusual terrain or meteorological
conditions, no problem ‘should exist. This is particularly true where it
is certain that the plume wiil remain well above sensitive receptbrs

under inversion conditions.

Failure of the last step to produce acceptably low concentration
estimates necessitates the incorporation of more detailed computations
into the étudy. This involves thevuse of terms to account for the
buoyancy and momentum of the actual stack plume to obtain effective stack
heights, with subsequently lower estimates of the maximum ground level
concentrations. Where such refiﬁed estimates are required, it is usually
necessary to calculate fairly complete ground level concentration patterns,
in order to define values for sensitive receptor areas and to determine
the probable frequency of occurrence of adverse air quality conditioms.

A first approximation can be based on general meteorological data for
the given area and consideration of peculiarities of the locality. The
probable effects of terrain and nearby elevated structures should also
be taken into account when the assessment has reached this degree of
sophistication.

Wind tunnel and/or tracer studies simulating the anticipated effluent

behaviour are normally considered for air pollution studies only when
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the desired information cannot be determined by the previously outlined
methods. Such sophisticated assessments are generally more expensive
.than calculated estimates and meteorological studies by about one order

of magnitude.

1.1.4 Abatement and Control Recommendations

The final step in the analysis of an industrial air pollution problem
concerns the recommendation of'préventive or corrective measures which
will ensure compliance of the pollutant source with regulatory air emission
limits. The control 6f atmospheric emissions from a proéess may be effected
by anyvof fhree general methods. These are: 1) process change, 2) fuel
change, and 3) installation of control equipment.

A process change can be either a modification of the operating
procedures for an existing process or the substitution of a completely
differeﬁt process. In some cases the least expensive control is achieved
by completely abandoning the old process and replacing it with a new, o

less polluting process. A portion of the costs incurred in renovating

an operation may Be offset by any increased production and/or recovery
of material.

"For maﬁy operations the ideal solution to air emission problems is
a change to a less poliuting fuelf If, for example, a thermal power
plgnt is emitting large quantities of sulfur dioxide and fly ash, con-
version to natural gas may be cheaper than installing the necessary
control equipment to reduce the pollutant emissions to acceptable levels.
Fuel switching based upon meteorological or air pollution forecasts is

practised in some areas as a means of reducing the air pollution load



at critical times (1). Many control agencies allow power plants to
operate on residual oil during certain times of the year when pollution
potential is low. .Some large power utilities convert to a more expensive,
but lower sulfur coal when a high air pollution potential is forecast,
e.g. during stagnation conditions.

The third option is the removal of specific air contaminants from
the exhaust ga;es by incorpdrating control equipment into the process
stream. This method of reducing the pollutant emissions is required
in a great number of situations where sufficient emission reduction can~
not be obtained by a fuel or process change, necessitating the reduction
of pollutant levgls in the exhaust gases pfior tq their release to the
atmosphere. The equipment for the pollutant removal system includes
all hoods, ducting, fans, controls, and disposal or recovery systems
that might be necessary. Maximum efficienéy and economy are achieved
by engineering the entire system as a unit. Many systems operate at
less than maximum efficiency because a portion of the system was designed

or adapted without consideration of the other portioms (2).

1.1.5 Summary

Clearly, the decision to opt for one or more of the control measures
previously described is based on a compromise between meeting the require-
ments of regulatory air emission standards and the economics of doing so.
Furthermore, consideration must also bé given to future changes in the
governing parameters, e.g. changes in the availability of a chosen fuel

or future increased restrictions on air pollutant emissions.



1.2 AIR POLLUTANT EMISSIONS FROM THERMAL GENFRATING STATIONS
1.2.1 Introduction

Thermal generating stations rank third in their contribution to
air pollution in the United States. These powér plants emit approxi-
mately 25Z of the particulates, 46% of the sulfur oxides, and 25% of the
nitrogen oxides in the United States. They are relatively minor contrib-
utors of carbon monoxide and hydrocarbons (3). 1In Canada utilities and
power generation account for only 9.72 of the particulates, 6.7% of the
sulfur oxides, and 13.07% of the nitrogen oxides emitted into the atmos-
phere. Carbon monoxide and hydrocarbon emissions from these sources
are relativély small in Canada, tdtaling only < 0.05% and 0.1%, respec-
tively, of the total emissions for Canada of these contaminants (4).

It can readily be seen from the above figures that power plants contri-
bute a much smaller portion of the air pollution load in Canada than in
the United States,

Power plants were recognized early to be sources of concentrated
air pollutants, mainlf because they are relatively few in number in
comparison with other sources such as automobiles. Initially sulfur
dioxide and particulate emissions were the items of primary éoncern,
but more recently nitrogeh oxide emissions have been given some consid-
eration (2,3).

The different types of thermal power plants and their related air
pollutant emissions are discussed in the section which follows. (Although
the operation of nuclear power plants involves the production of heat

to drive turbo-electric generators, the term 'thermal power plants" as



used in this discussion refers only to those power plants which rely
on the combustion of fossil fuels (coal, oil, and natural gas) for

heat).

1.2.2 Sources of Electrical Power

Electrical power utilities may be classified according to the energy
source used for the generation of electricity. The three major types of
power utilities are thefmal, hydroeiectric, and nuclear, in order of
decreasing generating capacity in the United States. Current and pro-
jected distributions of electrical energy sources are given in Table l.1.
The figures in Table 1.1 indicate a large forecast increase in the use of
nuclear energy, favourediby the anticipated development of breéder
reactors, but the absolﬁte growth in the generating capacity of fossil
fuel plants will exceed that for nuclear plants. Hydroelectric sources
are very limited in their growth potential,van unfortunate situation in

view of the fact that they are virtually air pollution-free

1.2.3 Types of Fossil Fuel Power Plants

Thermal generating stations may be further classified according to
the type of fossil fuel or fuels utilized. The major energy sources
are coal, oil, and natufal gas, ag shown in Table 1.2. The data given
show a forecast increase &n all three éategories. No dramatic change
is indicated in the percentage use of each fuel type with the exception
of the recent shift from the use of oil to natural gas.

Practically all use of fossil fuels for electrical power generation

involves the production of steam to drive turbo-electric generators,



Gas turbines are being used to a limited degree for handling peak operating
loads, but they are not expected to represent a significant fraction of

the total power generating capacity in the future (3). Tables 1.1 and

1.2 predict a continued increase in fossil fuel use for power generation,
and hence without a corresponding reduction in combustion product emissions
from thermal generating stations, the air pollution contribution of these

plants will also continue to increase.

1.2.4 Thermal Power Plant Construction and Operation
1.2.4.1 Boiler Construction and Capacity

Most thermal power installations utilize relatively large furnace
boilers capable of producing several hundred thousand bounds of steam per
hour per unit.

A boiler consists basically of a burner, firebox, heat exchanger, and
a means of creating and directing a flow of gases through the unit. All
combustion equipment of this type includes these essentials. Most also
include some auxiliary systems, the number and complexity of which increase
with the size of the units. Larger combustion eqﬁipment often includes
flame safety devices, soot blowers, air preheaters, economizers, super-
heaters, fuel heaters, and automatic flue gas analyzers.

The boiler units used in power plants are typically 20 to 30 feet
square by 80 to 100 feet in height. A typical coal-fired unit is shown
in Figure 1.1. Variations in design deal primarily with the type and
location of the coal-firing equipment. Figure 1.2 shows a typical oil or
natural gas fired boiler. The same unit ﬁay be uséd to burn fuel oil,

natural gas, or both simultaneocusly.
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TABLE 1.1

ANNUAL ELECTRIC UTILITY GENERATION IN THE UNITED STATES (3)

Power Source 1947 1965 1980
9 % 9 2 B %
10 kw-hr | total | 10 kw-hr| total 10" kw-hr | total
Hydro 85 33 181 17 350 13
Nuclear - - 4| 0.4 | 4s8-723 | 16-26
Fossil Fuel 173 67 872 83 | 1941-1676 | 71-61
TOTAL ;;g .188 1057 100 2739 100
TABLE 1.2
ANNUAL USE OF FOSSIL FUELS IN ELECTRIC
POWER GENERATION IN THE UNITED STATES (3)
Fossil Fuel 1947 | 1965 1980
-lOl;5 Btu toial 1015 Btu toﬁal lO15 Btu tofal
Coal 2.1 70 | 6.0 67 | 11.1-13.4 | 74-78
011 0.5 17. 0.6 7 0.9 6-5
Natural Gas 0,4. 13 2.4 26 3.0 20-17
TOTAL 3.0 100 9.0 100 | 15.0-17.3 | 100
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Figure 1.1. Coal fired steam generator,

vertically fired (3).

Power plant furnace boilers (commonly referred to as steam generators),
produce from 50,000 to 5,000,000 pounds of high-pressure, superheated
steam per hour, at up to 2500 psig and lOQOOF. A typical medium-sized
power planf steam generator consumes 2,500,000 cubic feet of natural gas

per hour or 450 barrels of fuel oil per hour, exhausting about 700,000
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‘scfm of combustion products and producing all the steam required to drive

a 310 megawatt turboelectric generator (2).
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1.2.4.2 Basic Boiler Operation

The conventional steam generator unit shown in Figure 1.2 is equipped
with the fuil line of auxiliary boiler systems, including an air preheater,
0oil heater, economizer, superheaters, and other equipment. Air, usually’
preheated; is fofced into the furnace by large blowers. The pressuré
Qithin the furnace is near atmospheric. As much heat as possible is
extracted from the combustion products in order to maximize the thermal
efficiency of the units, with stack temperatures as low as 225°F normally
being maintained. Condensation and the resultant boiler tube corrosion are
the major deterrents to lower power plant temperatures. When exhaust gas
temperatures approach the dew point, condensatidn and visible stack plumes
are encountered.

Steam generators operate with thermal efficiencies of about 90 percent
(2), and their operating variablés are more carefully controlled than those
of any other type of combustion equipment. One of the most important
factors is the excess air rate. Any air supplied in excess of the theor-
etical requirement causes a thermal loss, but the firebox oxygen concentra-
tion must nevertheless be high enough to provide near perfect combustion.
Power plant operators hold excess air rates during fuel oil firing as low
as feasible by providing strong mixing cdnditions and optimum fuel oil
atomization at the burner. Dﬁring gas firing, excess air rates are about
10% above theoretical requirements.. When fuel oil is burned, the excess
air is usually held below %5%. Attempts have been made to operate with
excess air at rates as low asllz (approximately 0.27% oxygen) with oil
firing; the benefits from this practice are reduced corrosion, less air

contaminants, and increased thermal efficiencies (2).
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1.2.4.3 Soot Blowing

The burning>of fuels with measurable ash content is accompanied by
the deposit of some solids, including both carbon and inorganic ash, onto
the heat transfer surfaces in the combustion equipment. In order to main-
tain adequate heat transfer rates, these deposits must be removed period-
ically. Common practice is to remove these deposits with jets of air or
steam while the combustion equipment is in operation. The boiler of a
large power plant is normally equipped with from 8 to 15 soot blowers
which perform this fﬁnctibn. The removed particulates are éntrained in
the combustion gases, and thus the particulate concentrations in the
exhaust stream are éonsiderably higher dufing soot blowing periods‘than
during normal operation,

Whenever residual fuel qils or solid fuels are burned in large steam
generators, tube cleaning is usually carried out at least once during
evefy 24 hours of operation. When clean natural gas fuels are burned,
the same boiler can be operated indefinitely without socot blowing, except
possibly for the air preheater. In fact, the burning of natural gas grad-
ually removes materials deposited during oil or coal firing. Many highly
integrated power planté are equipped with automatic soot blowers which
operate at 2~ to 4-hour intervals, Many oldgr installations use manual
soot blowing equipment which makes Fhe operation time-consuming, with
comparatively longer intervals between blowings (usually one blowing per
24 hours of plant operation). In addition, the use of manual soot blowing
equipment results in the emission of larger and more concentrated particu-

lates during blowing than are encountered with automated systems (2).
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1.2.5 Types of Pollutants
The air pollution contribution of thermal power plants is comprised
mainly of particulates, sulfur oxides, and nitrogen oxides. As noted
earlier, electric power plants in the United States are responsible for
about half of the sulfur dioxide, one fourth of the nitrogen oxides, and
one fourth of the particulate air contaminants discharged into the afmos—
phere annually (3). Carbon monoxide, hydrbgarbons, and aldehydes are
also emitted by thermal power plants, but the quantities of these pollutants
are relativély low in cémparison with those mentioned above.
Combustion-generated air contaminants fall into three categories: 1)
carbon and the unburned and partially oxidized organic materials resulting
from incomplete combustion, 2) sulfur oxides and ash directly attributable

to fuel composition, and 3) nitrogen oxides formed at firebox temperatures

from oxygen and nitrogen in the air. Products from incomplete combustion

can usually be minimized through proper operation of modern burner equip-
ment. Sulfur and ash emissions are governed by the fuel makeup. Nitrogen
oxide concentrations are mainly functions of firebox design and operating

temperatures.

1.2.5.1 Fly Ash

Fly ash is comprised of the incombustible portions of fuéls which are
too small to settle out in the combustion chamber of a furnace and escape
suspended in the high-velocity exhaust stream. Fly ash is usually nonhomo-
geneous and is normally made up of a large number of widely occurring
inorganic compounds found in the minefal matter‘of the earth's crust. In

suspension burning, as occurs in furnaces fired with pulverized coal, the
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high temperature often fuses the ash into rough, solid or hollow spheres
called cenospheres. Fly ash from the burning of fossil fuels will often
S contain unburned carbon if the combustion is incomplete.

The range of chemical characteristics typicél of fly ash from
various power plants using pulverized coal is shown in Table 1.3. For a
given thermal plant burning a relatively constant grade of coal from one
producing area, the range of chemical compositions of the fly ash will
likely be much narrower than that shown in Table 1.3. Fly ash has a
mass-median diameter of 15U, with 36%-40% being less than 10y in diameter
(5.

TABLE 1.3
TYPICAL RANGES OF CHEMICAL
COMPOSITION OF FLY ASH FROM

PULVERIZED COAL-FIRED PLANTS (5)

Range
Constituent % by wt.

Silica (SiOz) 34-8
Alumina (A1,0,) 17-31
Iron oxide (Fe203) | 6-26
Calcium oxide (Ca0) | 1-10
Magnesium oxide (MgO) 0.5-2
Sulfur trioxide (50,) 0.2-4
Loss on ignition (carbon) 1.5-20

The fly ash collected at large, efficient power plant boilers during

0il burning usually contains less than 107 carbon and other combustibles
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(2). Where oxidizable particulate concentrations are'excessive, the
problem can usually be traced to improper use of burner equipment, or
‘‘‘‘‘‘ an improper combination of fuel and combustion equipment.

The actual quantity of inorganic solid particulates in a power plant
exhaust stream is entirely dependent upon the characteristics of the fuel
being burned. Natural gas and other clean gaseous hydrocarbons contain

""" no measurable inorganic ash; the only ash present in the exhaust gases
from the combustion of such fuels is the small amount attributable to the
dust usually present to some degree in the air used for combustion. Low-
sulfur residual fuel oils contain very small amounts of ash, ranging from
'0.007 to 0.20 percent by weight. Residual oils, however, may contain up
to 0.1 percent (by weight) ash-forming materials, mostly in the form of
long~chain organo-metaliic compounds. The strong oxidation conditions
present in most fireboxes convert these materials to metallic oxides,

sulfates, and chlorides which show uﬁ in exhaust gases as finely divided

particulates (2). Even so, the combined ash and unburned particulates in

exhaust gases from gaseous and liquid fuel combustion are not likely to
exceed air emission standards. TFor example, the efficient burning of a
common heavey residualvoil of 0.17 ash results in c stack gas particulate
concentration of only 0.030 grains per scf (7 ug/ma) at 127 carbon dioxide,
as compared to the limiting value of 0.3 gfains ﬁer sef (70 ug/m®) spec-
ified by Rule 53b of the Los Angeles County Air Pollution Control District
(2), and Chapter 130 of the Clean Air Act cf Canada(6).

Fly ash is produced in much greater quantities in coal-fired power
plants than in oil or gas-fired plants. This is due to the relatively

high ash content of solid fuels. The typical ash content (% by weight)
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bf the solid fuels used in power plants ranges from 5% for lignite and
subbituminous coals to 157 for coke. Anthracite coal has a typical ash
content of 10% (5). 1In many cases the ﬁse of solid fuels necessitates

the provision of fly ash collectors to keep the final solids emissions
within the limits of local ordinances. ‘Pulverized coal-fired furnaces,

. for example, emit 507 to 80% of the ash fired in the coal in the form of
fine fly ash (5); henqe, all modern power plants of thié‘type are equipped

with high-efficiency dust collectors.

1.2.5.2 Smoke

Smoke comprises the submicron portion of the particulate emissions
from a combustion source. It is an aerosol which usually contains com-
paratively little particulate matter by weight, but by virtue of the
light-scattering properties of materials in tﬁe 0.3 to 0.5 Y range, it
obscures vision and may even appear to be an impenetrable mass. This
opacity makes dense smoke plumes undesirable in populated areas.

Smoke is produced when hydrocarbon fuels are burned in an oxygen-
deficient environment, resulting in the occurrence of carbon particles in
the combustion products. Poor fuel atmoization, inadequate mixing of
fuel and air, or a marked oxygen shortage ail promote increased carbon
concentrations in boiler exhaust gases, imparting to them a visible black-
ness. Black smoke is usually associated with the improper burning of
solid fuels and viscous, heavy-crack residual oils, although it is not
impossible to produce black smoke by burning gaseous fuels. Heavy,
carbonaceous accumulations in exhaust stacks, referred to as soot, are

attributable to the same cause as black smbke, i.e. poor combustion.
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White smoke, which includes visible emissions ranging from grey
through brown to white, can also be formed through the combustion of
fossil fuels, especially liquid types. White smoke (non-black smoke) is
attributable to finely divided particulates, usually liquid, in the gas
stream. These pollutants are most often formed by the vaporization of
hydrocarbons in the firebox, followed by condensation of droplets at 3009
to 500°F stack temperatures. The occurrence of white smoke is often caused
by excessive combustion air (cold firé) or loss of flame (gassing); Visible
contaminants can also exist with optimﬁm combustion and a minimum concen~
tration of oxidiéable materials, but this situation is normally limited
to large power plant boilers where there is measurable sulfur trioxide in
the exhaust stream.

Smoke and fly ash together comprise a source of large particle emissions
from power plants. During boiler operation, as discussed earlier, fine
particles of smoke and fly ash accumulate on boiler heating surfaces, and
subsequently flake off as aggIOmerates. These deposits retard heat transfer
to such an éxtent that within a few hours of operation they must be removed
by sootblowing. Most of the agglomerates removed by this process are coarse
and are readily collected in conventional collectors. Nevertheless, par-

ticulate emissions are greatly increased during sootblowing.

1;2.5.3 Sulfur Oxides

The sulfur oxides present in the exhaust gases ffom thermal power
plants are formed by the oxidafion of sulfur present in the fuel being
bﬁrned.‘ Most of the sulfur is converted to sulfur dioxide on‘combustion.

A small fraction, about 5% or less, is further oxidized to form sulfur
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trioxide. Where the fuel is coal or residual 0il, a small amount of the
sulfur (0.2%-47) remains in the ash as sulfates (5).

As stated earlier, the quantities of sulfur oxides produced by a
combustion source are a function of the sulfur content of the fuel. The
coals utilized in power plants contain anywhere from 0.5% to 2% sulfur
(5). Anthracite coals have a tyﬁical sulfur content of 0.5% by weight.
Lignite, subbituminous, and low volatile bituminous coals contain about
1% sulfur. Medium- and high-volatile bituminous coals average about 2%
sulfur (5). In liquid hydrocarbon fuels sulfur occurs in concentrations
ranging from a trace to more than 5% by weight (2). Distillate oils
normally have less than 0.3% sulfur, tﬁough some may contain as much as
17 sulfur. Heavy residual oils usually contain much more sulfur than
disfillates; most residual oils contain over 1% sulfur by weight, With a
typical value of about 1.6% (2). .Natural gas fuels contain only a trace
of sulfur.

Despite the comparatively small amount of sulfur trioxide produced
during fossil fuel combustion, its presence is very iImportant. Sulfur
trioxide is highly reactive and extremely hygroscopic in comparison with
SOZ' It‘drastically raises the dew point of flue gas and hence is a major
cause of the visible plume created by bufning high-sulfur fuels in large
power plant boilers. Furthermore, SO3 readily forms sulfuric acid mist
with atmospheric moistﬁre, résulting in possible acid damage to vegetation
and property in downwind areas (2,5).

The main mechanism of SO3 formation is the oxidation of SOZ’ cata~

lyzed by the iron oxides formed on the various metal surfaces within the
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boiler unit. The method of firing and the type of fuel also affect the
production of 803; low quantities of fly ash, moderate amounts of excess
air, and high-sulfur fuels all favour high SO3 concentrations in flue
gases (2,5). 1In oil-fired systems, for example, the ash content is
relatively small, whereas the sulfur content of a residual oil is of the
same order of magnituae as that in coal; consequently, the role of sulfur
is accentuated in oil-fired systems.. The 803 content of the exhaust
stream incréases with the sulfur content of the oil, the flame temperature,
the rate of firing, and the amount of excess air (2,5).

The 803 content of flue gases is commonly measured by the acid deW
point, which lies between 140° and 360°F, depending on the 803 concentra-
tion. The dew point has been shown to increase with the sulfur content

of the fuel, the water vapour of the flue gases, and the amount of excess

air (2,5).

1.2.5.4 Nitrogen Oxides

Nitrogen oxides, mainly nitric oxide (NO) and nitrogen dioxide (NOZ)’
are formed in every combustion process when atmospheric nitrogen and oxygen
are heated to a high temperéture in a flame. The rapid transfer of com-
bustion heat effectéd\in-most furnaces prevents these products from decom-
posing back to nitrogen and oxygen, and the nitrogen oxides are thus fixed
in the exhaust gases.

NOX (nitrogen oxide) concentrétions have been.shdwn to be functions
of flame and firebox temperature, flame location and direction, firebox
design, and excess air rate (2,5). The highest concentrations are found

" in the exhaust gases of the largest combustion sources, e.g. steam power
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plants, which are operated at high furnace temperatures (> 3200°F).
NOX concentrations from these sources range from 400-1000 ppm as NO2
(2,5).

Nitrogen oxide emissions cah be reduced by ﬁniformly distributing
the combustion process witﬁin the furnace; This minimizes the formation
of ho; spots and tﬁe subsequent formation of NO from overheating.

Mills et al. (1961) established a general relationship between NOX
emissions and groés heat input for a wide variety of combustion equipment,
including large power plant steam generators (2). The daté collected for
both oil and gas~fired units plotted as straight lines on log-~log coor-
dinates, despite wide differences in firebox design, excess air, and flame
temperature over the range of equipment tested. Figure 1.3 is a plot of
tﬁe data compiled by Mills, and shows lower NOX levels thén-the equivalent
Btu gas firing; the literature indicates varying reports as to whether oil
or gas produces the greatest NOX emissions (2,5,7).

.Within the limits of the curves given in Figure 1.3, the NOy emissions
from almost any -0il or gas combustion source can be estimated. When com—~
bustion air is preheated, as is common practice in most large power plants,

preheat must be added to the gross Btu input value.

1.2.5.5 Carbon Oxides
The stoichiometric burning of carbon iﬁ air produces a dry flue gas

of about 21% CO. and 79% nitrogen, by volume. Since most fuels contain

2

hydrogen, however, the resulting flue gas is a mixture of COZ’ water

vapour, and nitrogen.



~-22-

10,000

I I ] I
LEGEND:
NOy=NO+NO, (CALCULATED AS NO5)
BTU INPUT INCLUDES GROSS HEAT lﬁ
1.000)— THE FUEL+-HEAT CONTAINED IN THE
! PREHEATED COMBUSTION AIR.

THIS GRAPH APPLIES ONLY TO COM-
BUSTION PROCESSES TAKING PLACE AT
OR NEAR ONE ATMOSPHERE OF ABSOLUTE
muw._ PRESSURE.

AVERAGE RATE OF NOy EMISSION PER UNIT, Ib/hr

! L1

109 108 107 108 109

AVERAGE RATE OF HEAT INPUT TO A UNIT IN A
GIVEN CLASS OF COMBUSTION EQUIPMENT, Btu/hr

Figure 1.3. Estimation of average unit

NQX emissions from similar pieces of
combustion equipment (Mills et al.,

1961) (2).

Stationary fuel burners emit no carbon monoxide (CO) if combustion

is at maximum efficiency. Since carbon monoxide is a fuel itself with a
heat value of 4347 Btu/lb, it should be burned in the furnace if it does
form. CO is usually pfoduced where carbon is burning in an 6xygen—defi—

cient environment. Even if the total oxygén supply is sufficient, or even
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excessive, poor mixing of the fuel and air may result in CO formation.
From an air pollution standpoint, however, CO emissions from large
stationary furnaces, including power plant boilers,>are rarely a problem
(5); because the losses in efficiency which accomﬁany significant CO
emissions are economically unacceptable to a plant owner, such emissions

will normally elicit prompt corrective measures to optimize combustion.

1.2.6 Pollution Characteristics of Thermal Power Plants

The preceding discussion of pollutant types emphasized the depend-
ence of power plant emissions upon the fuel burned and the furnace design.
For purposes of comparison a summary of average emission values based on
fuel type is given in Table 1.4. The emission characteristics of each
type of poﬁer plant are now discussed in detail. It is important to
remember that the values given in Table 1.4 are averages only, and that
wide deviations from these values may be expected in specific cases.
The assumptions made in calculatigg the values in Table 1.4 are referenced
below:

Bituminous coal: ash = 10% (55

sulfur = 2% (5)

gross heating value = 26.2 x 106 Btu/ton (1)

Anthracite coal: ash = 10% (5)
sulfur = 0.5% (5)

gross heating value = 25.4 x-lO6 Btu/ton (1)



—04—

Assumed Fuel Specifications (continued)

No. 6 fuel o0il: sulfur = 1.6% (2)

ff}ﬁg;f gross heating value = 150,000 Btu/U.S. gallon (9)

Natural gas: gross heating value = 1054 Btu/cu fr (8)

Legend to subscripts used in Table 1.4:
a - expressed as nitrogen dioxide (N02)

b

expressed as methand (CH4)

¢ - without flyash reinjection

Q
1

based on average sulfur content of natural gas of 2000 grains
per lO6 cu ft (7)

. e = tangentially-fired furnace units

1.2.6.1 Gas-Fired Power Plants

Gas-fired equipment generally produces a minimum of air pollution,
although poor burning conditions may sometimes result in small but object-
ionable emissions of carbon monoxide, organic gases, and vapors. Solid

particulate pollutants are produced with gaseous fuels only in two sit-'

uations: 1) when combustion air supply to a high temperature zone is
deliberately br inadvertently restricted, resulting in dense black smoke
formation, and 2) when the fuel gas contains residual solids, which, if
incombustible, will be emitted in solid form. The occurrence of these
conditions is relatively low in modern gas-fired power plants, and average
particulate emissions are only 15 lbs/lO6 cu ft of gas fired (7).

Unburned gas losses are normally negligible with virtually all of the
gas burners and appliances used in modern power plants. This is a result

of the rigid test requirements set by the American Gas Association (5).



TABLE 1.4

AVERAGE AIR POLLUTANT EMISSIONS FROM POWER PLANTS (7)

TYPE OF PLANT PARTICULATES SULFUR NITROGEN CARBON HYDROCARBONSb
- OXIDES OXIDESa MONOXIDE
| Coal-Fired
Pulverized Bituminous
general 6.11 2.90 0.687 0.038 0.011
wet bottom 4.96é 2,90 1.14 C.OBS 0.011
dry bottom 6.49 2.90 0.687 0.038 ’ 0.011
cyclone 0.76 2.90 2.10 0.038 0.011
Pulverized Anthracite
dry bottomc 6.70 0.76 0.71 0.039 0.0012
0il-Fired 0.053 1.70 0.70 0.020 0.013
0.33
Gas-Fired 0.0142 0.00057d 0.57 0.016 0.00095

All values expressed as ''lbs species/lO6 Btu gross heat input'.

See preceding page for legend to subscripts.

~
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The trace quantities of sulfur in natural gas result in only very
small quantities of SOy and SO3 when gas is burned. These.emissions
depend on the sulfur content of the gas, and average about 0.6 1b
SOX/lO6 cu ft of gas burned (7).

Nitrogen oxides are unavoidable and their levels depend on the
combustion parameters discussed earlier, i.e. flame characteristics and
firebox design. Typical NOy emissions from gas-fired power plants‘are

about 600 1b (as NO,) per,106 cu ft of natural gas burned (7).

1.2.6.2 0il-Fired Power Plants

Most of the ash .and sulfur in fuel oil may be assumed to be emitted
as pollutants from an oil-fired furnacef Ash in fuel o0il ranges from
0.007 to 0.020% by weight in low-sulfur fuel oils to 0.1% in some
residual fuel oils. This produces average particulate emissions of
8 1b per 1000 U.S. gallons fired (7). Even at 0.1% ash, the burning of
fuel o0il only produces a stack gds concentration of 0.030 grains of ash
per scf at 127 CO2, well below most control standards (2,6).

Sulfur content in fuel oils averages about 1.6% in residual oils,
and less than.O.BZ in distillate fuel oils (2). A fuel oil containing
1.6% sulfur by weight will yield about 250 1b of S0p and 3.2 1b of S04
per 1000 U.S. gallons fired (7).

One of the greatest causes of air pollution from oil burning is
overloading, i.e. firing in excess of the design firing rate. Systems
which have been chronically neglected often become gradually overloaded
becaﬁse of growing heat requirements and also because of more urgent

plant problems taking precedence over heat loadings.
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Impingement of an oil flame on a cool solid surface can partially
quench the flame and cause incompleté combustion, accompanied by the
release of hydrogen, hydrocarbons, carbon monoxide, and scot. This
again can be the result of overloading, which may cause the flame
envelope to become larger than that for which the combustion chamber
was designed.

Acid smuts form by agglomeration of smoke particles on the inside
surfaces of chimneys, especially when uninsulated or poorly designed
chimneys are operated at low loads or below 275°F. This eventually forms
a heavy layer, highly acidifiéd by adsorption of the sulfur oxides
present. When there is an increase in flue gas temperature or velocity,
the deposits flake off and are carried out of the chimneys as large flakes
and are deposited nearby.

Nitrogen oxide emissions are again~unavpidable with oil burners, and
are determined by combustion teﬁperature and excess air. Average NOx
emissions from oil-fired power plants are about 105 1b NO, (as NO2) per

1000 U.S. gallons of fuel oil burned (7).

1.2.6.3 Coal—Fired Power Plants

Coal, of the three basic fossil fuels used in power plants, contains
the largest amounts of ash; hence coal-fired plants produce the greatest
quantities of particuiate pollutants. Most coal-fired power plants are
of the pulverized coal type. The coal is pulverized to a median size of
50 4 to permit rapid combustion, and is burned using an air suspension
technique. The ash content of fhe commonly used coals ranges from 5%

in lignite and subbituminous coals to 107 in anthracite and bituminous
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coals (5). Pulverized coal furnaces characteristically emit about 50%

to 80% of the ash fired in the coal, in the form of fine fly ashj; this

is equivalent to roughly 50-160 1bs of fly ash per ton of coal burned (7).
Increasingly widespread enforcement of air pollution control regulations
has caused most users of solid fuels to iﬁstall dust collectors to control
these emissions (5). The collection efficiencies of these units vary from
40;75% for cyclones to 80-99.57% for electrostatic precipitators when used
in conjunction with pulverized coal-fired furnaces (5).

Sulfur dioxide emissions are again governed by the sulfur content of
the fuel. Coals contain anywhere from 0.5% sulfur in anthracite varieties
to 2+% din bitﬁminoﬁs types.(5). Nearly all of the sulfur in pulverized
coal appears as S0y or SO4 in the flue gases of coal-fired plants, giving
rise to emissions of about 19-76 1bs of sulfur oxides per ton of coal
fired (7). Attempts to reduce sulfur oxidé emiséions by coal desulfuri-
zation and stack gas scrubbing have thus far proven to be uneconomical
(5). The most successful economic "solution" to this problem so far has
been the use of tall stacks (5).

Nitrogen oxide emiséions from pulverized coal furnaces range from
18 to 55 1bs/ton of coal burned (7). Cyclone furnaces produce the highest
NO, emissions, possibly due to the raﬁid cooling effect of the cyclone
walls (5).

Excellent mixing and burning cohditions in pulvérized coal-fired
furnaces result in almost complete combustion of volatile matter and
produce very low hydrocarbon emissions, comparable to those of oil—fired

furnaces. These emissions vary from 0.03-0.3 1b per ton of coal fired,
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with bituminous coals producing the greater amounts (7). Carbon monoxide
emissions are likewise very low for this type of furnace, typically about

1 1b of CO per ton of coal burned (7).

1.3 AIR SAMPLING
1.3.1 Source Sampling
Source sampling is one of the major methods commonly used in
evaluating an air pollution source. The object of source sampling is to
obtain as accurate a sample as possible, of the material being emitted
to the atmosphére, at a minimum cost. The three bésic requirements in
source sampling are that the material collected be representative of that
entering the atmosphere,. that the sample accurately represent the total
effluent, and that the sampling procedure used be economically justifiable.
‘A source test may be conducted for any of the following reasons:
1) to obtain data concerning the émiSSions for.an'emission inventory or
to identify a predominant source in a givem area, 2) to detérmine comr.
pliance of a source with air pollution reguiations, 3) to gather infor-—
mation which will enable selection of appropriate control equipment, or
4) to determine the efficiency of control equipment installed to reduce

emissions.

1.3.1.1 Gas Flow Measurement

Gas flow measurement is a very important part.of source testing.
The volume of gaseous effluent from a sourcelmust be determined in order
to compute the total mass loading to the atmosphere. Measurement of the

flow through the sampling train is needed to determine the volume of the
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gas sample containing the pollutants of interest. Many of the sampling
devices used for source testing have associated gas flow indicators;

these must be continually checked and calibrated.

Measurement of gas flows is often accomplished by measuring the
pressures associated with them. Several commonly used pressure measure-
ments for gas systems are shown in Figure 1.4. Total gaseous effluent is

usually calculated using the continuity equation:

R Q = AV

[}

where Q flow at the specified temperature, pressure, and humidity
conditions,

A = cross—sectional area of the gas flow,

V = velocity of effluent gas averaged over the area of the flow

cross-section.
The cross—-sectional area, A, is usually measured, V is determined by the
test, and Q is then calculated as shown. The average effluent vélocity,

V, is determined by measuring the velocity at several points, in the center

of equal duct areas, and then averaging the results. Traverses are made

along two diameters at right angles to each other as shown in Figure 1.5.

Rectangular ducts are similarly divided into the necessary number of equal
| .

areas and traversed lengthwise and widthwise as shown in Figure 1.6.

Velocity measurements are usually made with devices called pitot-static

tubes. Two commonly used types of pitot tubes are illustrated in Figure
1.7. The standard type requires no calibration but may plug easily in
some situations; the opposite is true of the S-type tube. The velocity:

pressure of the flowing gas is read at each traverse point and the
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Static pressure
Py

Total pressure
Py

Velocity pressure
P, = P - Py

/ Restriction

Pressure drop
Lp

Figure 1.4, Common pressure measurements

for gas flow systems (l).
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Figure 1.5. Traverse points for circular

duct divided into three equal areas (1).

A-1 A-2 A-3 A-4
o} o] [o] (o]
B-1 B-2 B-3 B-4
o [} [o] (o]
C-1 c-2 c.3 C-4
(o} (o] (o] (o]

Figure 1.6. Traverse points for rectangular

duct divided into twelve equal areas (1).




~33-

associated gas velocity is calculated from the equation:

1
V = 420.5 (PV/p)2

I

where V = velocity (meters/minute)

av]
i

velocity pressure (millimeters of mercury)

il

gas density (kg/cubic meter)
The velocities for all traverse points are then averaged to give the
average gas velocity. ' '

Gas flow in the sampling train itself must be measured to determine
the sample volume. This volume is used to combute the pollutant
" concentration of the sample in micrograms per cubic ﬁeter. Some
sampling trains contain built-in flow meters, all of which must be

calibrated to ensure accurate test readings.

1.3.1.2 Sample Collection:

A typical sampling train is shown in Figure 1.8. Some systems
may combine the components shown, but these constitute the minimum
number of compoﬁents for a sampiing train. Extreme care must be taken
to ensure that no leaks occur in the train and that the components are
identical for both calibration and testing. 1In addition, the pumps used
must.be oilless and leakproof to avoid céntamination or biasing of the
vsample. Operating curves are normally prepared prior to source testing.
These include: 1) velocity versus velocity pressure at various temp-
eratures, 2) probe tip velocity versus flow meter readings at various
temperatures, .and 3) flow meter calibration curves.(flow versus pressure

drop).
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Figure 1.7. Standard and 'S'-type pitot tubes (1).
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Figure 1.8. Sampling train (1).
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Gaseous sample collection may be accomplished by any of several
devices, including: 1) Orsat analyzers, 2) absorption systems, 3)
adsorption systems, 4) bubblers, 5) reagent tubes, 6) condensers, and
7) traps. Continuous analyzers, which are seeing increased use in
modern practice include: 1) infrared analyzers, 2) flame ionization
detectors, 3) mass spectrometers, and 4) calorimetric éystems.

Particulate sampling systems all effect a separation of the
aerosol from the gas stream, sometimés using several types of collectors
in series; In any of these systems the probe itself removes some
particulate matter before the carrying gas reaches the first collection
device, so the probe must be cleaned and the weight of the material
added to that collected in the remainder of the sampling train.
Particulate collectors include wet and dry impingers, filters, and
electrostatic precipitators. Care must be taken when sampling for
particulate matter to ensure that the same fldw velocity is maintained
in the probe tip as exists in the adjacent gas stream (isokinetic
sampling). Inertial effects of the particulates will produce erroneously
high or low values for the particulate load if the probe velocity is
less or greater, respectively, than the effluent stream velocity.

Care should also be exercised when sampling for condensable aerosols.
Somé separating systemé, such as wet impingers, may remove condensables
from the gas stream, while others, such as electrostatic precipitatoré,
will not. Of similar concern are possible reactions within the sampling
train, with the resultant formation of precipitates or aerosols not

normally found when the stack gases are vented directly to the atmosphere.
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For example, SO3 and other gaseous products . may react in a water-filled
impinger to form particulate matter not truly representative of normal

503 release.

Combustion processes, such as fuel burning at power plants, neces-
sitate the measurementof(xblevels in the stack gases during particulate
sampling. Emission standards often require that combustion stack gases

be reported relative to either 12Y% COy or 50% excess air (1). This

adjustment to standard COy or excess air values normalizes the emission
base. In addition, emission standards require that the loadings be
based on weight per standard cubic volume of air, normally at 20°C and

760 mm Hg.

1.3.2 Ambient Air Sampling

Ambient air sampling is used primarily to determine the severity of
an air pollution problem through air-quality determinations at one or more
receptor points. As is the case with source sampling, the complexity of
the sampling system used is dependent upon the objectives of the test,

the accuracy required, and the costs of labor and equipment. Relatively

simple equipment is usually sufficient for determining background levels,
pollution trends, odor levels, or local source nuisances; more elaborate
systems are required for complete air quality evaluations, regulation

control, legal action, operation of alert networks, and evaluation of in-

plant equipment (1).

Ambient air quality may also be investigated by evaluating receptor
effects such as metal corrosion, vegetation markings, and paint discolor-
ation. These effects can be correlated with ambient air pollutant

concentrations to give rough estimates of air quality.
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1.3.2.1 Operation of Ambient Air Sampling Systems

The sampling train for ambient air testing is very similar to that
used for source sampling, consisting of an inlet system, collection
device, air flow measurement system, and an air mover. The inlet system
brings air to a collection device where the pollutant is either analyzed,
concentrated, or fixed (stabilized) for subsequent analysis. The vplume
of air sampled, corrected to a fixed Eempérature and pressure, is
determined with the flow measurement system, while an air mover draws the
air through}the sampling train. Figuré 1.9 illustrates a typical ambient

air sampling system, and lists the more common types of equipment used.

1.3.2.2 Sampling Parameters'

There are three basic sampling parameters which must be evaluated
at the outset of an ambient sampling program. ‘These are: 1) instrument
adequacy, 2) instrument location, and 3) site evaluation. Each of these
factors may influence the bias of results by yielding a range of concen-
trations which may not be representative of the pollutant sampled. The
sampling systems must be calibrated and sufficiently sensitive at the
anticipated pollutant concentrations. Then the equipment must be located
such that the results are not coﬁsistently high 6r low. The use of.
several instruments or repeated samplings at different locations may be
used tb obtain average values. Finally, the measurements must be taken
so as to best characterize the site conditions. This is an important
coﬁsideration where emissions from the sampling site area vary cyclically

or seasonally.
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Air In

[ Inlet system Glass, plastic, metal tubing

Impinger, bubbler, wetted column
Cold trap

Collection Plastic bag, glass bottle
Filtration, adsorption

device Electrostatic or thermal
precipitation

‘ Direct measurement device

' Dry, wet test meter
Calibrated orifice, gas flowmeter
Air flow Liquid burette, spirometer
measurement Limiting orifice
. Rotameter, anemometer
Cooling effect, thermocouple

Electric, battery pump

Water, steam, air, gas aspirator
Squeeze bulb, hand pump
Automobile vacuum system

Air mover

Air Out

Figure 1.9. Typical ambient

air sampling system (1).
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1.3.2.3 Minimization of Sampling Error

Once again, steps should be taken to minimize sampling errors in
order to maintain the integrity of the test results. Inlet tubes should
Be as short as possible and made of inert materials in order to minimize
the reaction and sorption of pollutants with the inlet system. Inlet
tubes should also be cleaned periodically to avoid interference from
accumulated dirt and céndensed water wvapor.

The most commonly used collection devices are impingers, bubblers,
and wetted columns, wherein a chemical solution is used to fix or stabilize
the pollutant for subsequent analysis. These systéms all require careful
control of air flow rates which are limited by the reaction rate of the
pollutant with the solution. Too high a flow rate will prevent complete
fixing.of the pollutant, or may even carry solution droplets from the
collector, introducing a negative error into the test results. Inter-
fering substances are also a source of error and must sometimes be removed
from the inlet stream prior to absorption éf the pollutant.

Air flow measuring devices must be calibrated and tested in order to
provide accurate air flow measurements needed to determine pollutant con-
centrations.

Finally, the volume rate of air flow should be kept constant to
provide accurate readings, and the a;r leaving the sampling train should.

not be exhausted close to or directly upwind of the inlet.

1.4 ANALYSIS OF AIR POLLUTANTS
Once an air pollutant has been collected or fixed by sampling, it

must be analyzed. The analytical method used depends upon the type and
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concentration of both the pollutant and any interfering substances
present. Other considerations are: 1) the stability of reagents and
reagent products, 2) the speed of chemical reactions, 3) temperature
coefficients, 4) facility of calibration,‘and 5) the degree of simplicity,
specificity, precision, and accuracy of the test method. The various
methods commonly used to analyze emissions‘frgm thermal power plants are

summarized below.

1.4.1 Analysis of Gaseous Pollutants
1.4.1.1 Sulfur Dioxide

Sulfur dioxide may be analyzed either by wet chemical or physical
(spectrographic or spectroscopic) methéds. kThe wet chemical methods vary
in sensitivity, but are in the low range Qf‘13—525 ug/m3 509 (0.005-0.2 ppm)
found in ambient aif (1). The West-Gaeke method is most specific for-
sulfur dioxide; the analysis is colorimetric, and entails the absorption
of 80y in Na,HgCl,, followed by color development with p~rosaniline hydro-
chloride. These methods which involve an oxidizing agent, eg) the
hydrogen peroxide methods, arelleast specific because other oxidizable
ﬁaterials in the air will be determined as sulfur dioxide.

Other wet chemical methods for SOZ analysis are the hydrogen peroxide,
iodine, fuchsin, iodine-thiosulfate, and barium sulfate methods. These
involve either the oxidation or absorption of S80o by a chemical reagent,
followed by a colorimetric or titrimetric analysis of the reagent products.
The concentration of sulfur dioxide is based upon stoichiometric relation-~
ships, and the volume of air sampled, corrected to a standard temperature

and pressure. When monitoring and calibration procedures are properly
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carried out, the total error involved is about + 10% below 260 ug/m3
SOp; accuracy increases up to 2620 ug/m? (1 ppm) S0, (1).

Sulfur dioxide can also be analyzed by spectrographic or spectro-
scopic methods which have the advantages of speed and low air volume
requirements. These methods include mass spectrometry, flame photometry,
infrared analysis, and atomic absorbtion analysis. Mass spectrometry
involves the use of electron bombardment to ionize an air sample; the
fragments of the sample components aré then separaﬁed according to their
mass/charge ratio. The current density, as measured By a detector, is
proportional to the number of particles in-eacﬁ relevant class of com-

ponents.

‘Infrared absorption analysis is based on the amount of infrared radiation
(2-15 u) absorbed by a gas sample. This absorption is characteristic of
a given compound and may be used to identify it.

Atomic absorption is based on the measurement of light absorbed at
the wavelength of a resonance line by the unexcited atoms of an element;
emitted radiation, brought about by a transition from the ground state to
a higher energy level, is a méasure ofvthe number of atoms of the element
present in the gas sample.

Air samples analyzed by flame photometry must be in solution and
sprayed into a fléme under carefully controlled conditions. The flame
excites samples with low excitation potentials; radiation from the flame
is then isolated and determined by a suitable photosensitive device.

This radiation is characteristic of the atoms sprayed into the flame.
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1.4.1.2 Nitrogen Oxides

Wet chemical techniques for the analysis of nitrogen oxides include
the Griess-Ilosvay, Saltzman, and phenoldisulfonic acid methods. The
first two methods involve the oxidation of nitrogen oxide (NO) with
KMnO,, followed by volumetric analysis of the‘combined NO, by reaction
with sulfanilic acid, acetic acid, and a naphthyl amine. The third
method is colorimetric, and involves- the formétion of a yellow nitrate

of phenoldisulfonic acid by reaction with the NO, in the sample (1).

The spectrographic and spectroscopic methods of physical analysis
previously discussed are also applicable to determinations of nitrogen

oxides.

1.4.2 Analysis of Particulate Pollutants

Particulate pollutants‘may be analyzed by any of several gravi-
metric or optical techmiques, the choice of which is dependent upon
the sampling method and the degree of anaiysis required. Filtration

of the gases being sampled will normally suffice if the objective is

to determine the weight of particulate matter present; subsequent
chemical analysis of the particulates is also possible. If however,

it is desired to determine particle size distribution or other physical
characteristics, the inertial sampler, electrostatic colléctor, greased

slide, or photometric methods should be considered.

1.4.2.1 Filtration Techniques
These methods involve the removal of particulate matter from the
gas flow sampled using paper or glass filters. . The simplest method is

to dry the trapped particulates at constant temperature and weigh the
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material. More definitive analysis of the filteredbparticulates is
possible by determining the organic and inorganic fractions and/cr .
the water~-soluble and benzeae—soluble components. The organic fraction
may be further anaiyzed for carcinogenic compounds; the water-soluble
fraction may be analyzed for sulfate, nitrate, or chloride pollutants.
An alternate method of measuring the filtered particulate matter
involves determining‘the light reflectcd from or transmitted through
the filter medium after filtration. Either of these two measurements
may be related to the soiling characteristics of the sampled air. The

filtered solids may then be identified by microscopic examination.

1.4.2.2 1Inertial, Electrostatic, and Photometric Techniques

Inertial separators may be used to differentiate particles according
to siae, in the range of 0.5-50 Y. These devices rely on the tendency
of large particles to maintain their criginal direction when the carrier
gas changes its direction; this tendency is used to bring about the
impingement of the particles on prepared surfaces. The slits or jets
through which the airstream passes can be made brogressively smaller,
with consequeﬁt retention of correspondingly smaller particles. The
particles captured at the various stages are counted and sized micro-
scopically.

Electrostatic methods are used for special sampling for small
quantities of dusts, and are most effective on particles less than 10 u
in size. These techniques involve the charging of the dust with ions,
followed b& the collection of the_ionized particles on an oppositely

charged surface. The particles may then be examined microscopically or
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imbedded on an electron microscope grid for identification.

Photometric analysis involves measurement of the amount of light from
a beam scattered by particles in the 0.3-10 U size range. The amount of
scattered light is roughly proportional to the projected particle surface

area.

1.5 DETRIMENTAL EFFECTS OF POWER PLANT EMISSIONS

The possible adverse effects of air emissions upon receptors are an
important ramification of thermal poﬁer plant operations. It is these
effects which can render the emissions of an air pbllution problem and
therefore necessitate receptor evaluations. |

The three major pollutants eﬁitted_by power plants, oxides of nitrogen
and sulfur, and patticulates, are reviewed below in terms of their detri-
mental effects upon‘huﬁan health, Vegetation,'property, and the aesthetic

quality of the atmosphere.

1.5.1 Sulfur Oxides

Emissions of sulfur oxides may cause vegetation damage, adverse health
effects, visibility reduction, corrosion of materials, and unpleasant odors.
The extent of these effects is, of course, dependent upon the duration and
intensity of the emissions to which receptors are exposed.

Gaseous oxides of sulfur are significant mainly because of their
toxicity. Both SO2 and SO3 can produce illness and lung injury, even at
low concentrations of 5 to 10 ppm. These oxides also act as irritants to
the eyes and respiratqry system in concentrations as low as 5 ppm (2).

Individuals already suffering from pulmonary diseases such as asthma or
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bronghitis are much more susceptible to inhaled sulfur oxide irritants,
experienéing coughing and constriction of lung airways at doses which
would normally have no noticeaﬁle effects upon healthy individuals (3).

In addition, further narrowing of airways caused by inhaled irritants in
patients who already have constricted airways may_have more serious conse-
quences than it would have in healthy persons. It has not been ?rovén
conclusively that sufficient eprsufe to sulfur oxide pollutants can

cause lung diseases such as chronic bronchitis or emphyzema, but epide-
miological studies have shown that it promotes.or aggravates these condi-
tions (3).

Chronic vegetation damage by sulfur oxides is characterized by
distinctive yellowing of leaf tissue (chlorosis), resulting from exposure
to relative low concentrations of a few.tenths of a ppm over long periods
of time (3). The typical symptom of acute injury from sulfur dioxide is
a white to tan bleaching of leaf tissues, sometimes accompanied by the
dééth of celis or tissues. This injury extends right through the leaf
from one surface to the other. The susceptibility of plants to sulfur
oxide damage varies with the species: alfalfa, barley, cotton and lettuce
are among the most sensitive plants, while gladiolus, corn, citrus, and
oak are among the most resistant. In foggy or misty weather, 802 and SO3
emissions may form acid droplets which settle on leaves. As these droplets
dehydrate with time, the acid becomes sufficiently concentrated to burn
leaf tissues and cause small discrete spots, usually confined to the

upper. surfaces of the leaves (3).
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The combination of sulfur oxide emissions with atmospheric moisture
to form acid aerosols also results in property damage. These aerosols
canvproduce extensive corrosion of metal surfaces and accelerated deteri-
oration of fabrics and painted surfaces (2).

The presence of sulfur dioxide in photochemical smog reactions
enhances the formation of visibility-reducing aerosols. In addition,
sulfur trioxide condenses readily in humid weather to further obscure
visibility.

Sulfur dioxide emissions have the added nuisance value of a sharp

pungent odor and taste,

1.5.2 Nitrogen Oxides

The air pollution effects of nitrogen oxides include photochemical
reactions, adverse health effects, vegetation damage, and atmospheric
coloration. The most significant of these‘are the photochemical effects,
induced by the sunlight-initiated reactions between certain hydrocarbons
and oxides of nitrogen. Upon absorbing energy from sunlight, nitrogen
dioxide undergoes several reactions, depending on the wavelength of the
light. The near-ultraviolet wavelengths are the most effective in pro-
ducing atomic oxygen from nitrogen dioxide; this oxygen reacts with a
number of organic compounds to produce photochemical smog. Vegetation
damage can result from only a few hours exposure to peroxyacetyl nitrate, -
an important photochemical product, at concentrations as low as 0.05 ppm
(3). The vegetation effects include reduced growth and fruit yield, and
glazing or metallic silvering of the lower leaf surfaces accompanied by

a tendancy for the affected leaves to dry out and die. Photochemical
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smog also producés eye, nose, and throat irritations, and causes noticeable
reduction of visibility and accelerated aging (cracking) of rubber products.

In the absence of photochemical smog, oxides of nitrogen can produce
deleterious effects by themselves. It has been found‘that plant growth
can be reduced by as much as 357 after several weeks exposure to NOX
concentrations of only é'few tenths of a ppm, with no acute symptoms on
the leaves (3).

Nitrogen oxide is much less foxic than the dioxide form, acting as an
asphyxiant only when in concentrations great enough to reduce the normal
oxygen supply from the air. Nitrogen dioxide, on the other hand, can
produce lung injury and edema after 8 hours exposure at about 10 ppm, and
fatal lung damage after 8 hours at 20-30 ppm (2).

Nitrogen dioxide is an aesthetic problem in high concentrations because
of its reddish-brown color and sharp odor, but these concentrations are
not normally éncountered in power plant emissions.

Nitrogen dioxide is thus seen to be a highly undesirable air pollutant.
Nitrogen‘oxideAis-also uﬁdesirable because of its ability to produce the

dioxide atmospheric by oxidation.

1.5.3 Particulates

The air pollution effects of particulate emissions are dependent ﬁpon
particle size as well as concentratioﬁ. Particles in the 0;1 to 1.0 u
range result in visible plumes, reduced visibility, and possible health
effects due to deposition in the lungs. Particles greater than 10 i in
size are undesirable mainly because of their soiling characteristics as

dustfall (3).
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Aerosol particles are important sources of irritant materials, not
only because of the nature of the particles, but also because of their
ability_to adsorb other contaminants on their surfaces. This property of
particulates enhances the toxic effects of sulfur dioxide and sulfur
trioxide pollutants by allowing them to come into contact with the inner
surfaces of the lungs‘and mucous membténes in mﬁch greater concentrations
than would otherwise be possible;  In the absence of particulates, very
little inhaled SO2 penetrates beyond the larynx due tb its high solubility
and rapid removal from inspired air in the large conducting airways (2,3).

Particﬁlate emiséions are also associated with reduction of visibility
and the soiling of materials. Visibility is reduced both through the
obscuration of light by the interfering particles and by the refraction
and scattering of light by smaller particles (< 1.0 Y). Maximum reduction
of visibility is caused‘b& 0.7 u particles, and increases with the partic-
loading of the emissions. Soiling is attributable mainly to particles
greater than 10 i which are déposited on exposed surfaces. This is simply
a nuisance effect as it applies to property, but soiling may also interfere
V %ith normal photosynthesis in plants dué to reduced light reaching the

leaves (2,3).

1.5.4 Summary

It has been“demonstrated in the precedihg discussion that the effects
of pollutants are very much dependent upon the length of exposure, the
type and concentration of the contaminants, and the nature of the receptors
themselves. Dué éonsideration must therefore Bé,giveh to the nature of the

source (emission rates, operating patterns), the efficiency of control
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equipment used, and the dispersive effects of atmospheric diffusion when
attempting to forecast the possible effects of pollutant emissions upon

a receptor or receptor area.

1.6 AIR POLLUTION METEOROLOGY

The fﬁndamental method of predicting the concentrations of air
pollutants downwind from emission sources is dispersion analysis. This
analysis involves the compilation and use of pertinent meteorological
and source data to estimate the dispersion patterns of air emissions.
The first part of this section examines the basic meteorological phenomena
which affect the transport and dilution of air contaminants; the second

part deals with the fundamentals of dispersion analyses.

1.6.1 Meteorélogical Aspects of Air Pollution

The three major factors governing the dispersion of atmospheric
pollutants are.air temperature, wind, and topography. It is these
determinants which give rise to the motions of the atmosphere which effect
the'vertical and horizontal mixing of gaseous effluents with the surrounding
air. |
1.6.1.1 Temperature Lapse Rate and Vertical Stability

Buoyancy effects are the basic cause of vertical mixing throughout
the depth of the lower atmosphere, and are attributable to the vertical
temperature gradients of the atmospheric layers.

The rate at which the air temperature decreases with height is known
as the "lapse rate of temperatﬁre":

Yo = -dT/dz
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where z = vertical coordinate, T = temperature, and Ye = lapse rate (1).
The rate at which a parcel of dry air will cool if raised adiabatically
is 1.0°%C per 100 meters; this is referred to as the 'dry adiabatic lapse
rate'", Yd. It is the magnitude of the environmental lapse rate, Ye’ I
relative to the adiabatic lapse rate, Yd’ which determines how rapidly
contaminants may diffuse through and become diluted by the layers of the
atmosphere.

If the environmental lapse rate of an air 1ayer‘is greater than
adiabatic, i.e. superadiabatic, a parcel of air lifted through that layer
will cool at a slower réte than its environﬁent and will develop a positive
buoyancy.' This positive buoyancy tends to raise the aif parcel even further
from its initial pdsition, increasing fhe buoyant force. Similarly, the
temperature of an air parcel lowered through this layer will not increase
as rapidly as that of the surrounding air, resulting in a negative buoyant
force on the air parcel. This downward force causes further downward
displacement of the air parcel, with a corresponding increase in negative
buoyancy. Superadiabatic lapse rates thus promote vertical mixing and
result in high atmospheric diffusion rates. Layers of the atmosphere
exhibiting this characteristic are said to'be unstable with respect to
vertical displacements.

If an atmospheric. layer has a lapse rate equal to the dry adiabatic
rate of cooling (lOC/IQO m), vertical displacements within it produce no
buoyant forces. Such a layer is said to have neutral stability, and since
vertical motions within it -are unopposed by buoyant forces, diffusion rates

within this layer are high, though not as high as in unstable layers.
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A third situation arises when the atmospheric lapse rate is less
than adiabatic, or subadiabatic. In this case a parcel of air raised
adiabatically through the air layer will cool faster than the surrounding
air and will develop a negative buoyancy. This force acts on the parcel
in the opposite direction of the original displacement and will tend to
return the air parcel to its original position. Similarly, a downward
displacement of the air parcel will produce a positive buoyancy. Thus an
air layer with a sﬁbédiabatic lapse rate is stable with respect to vertical -
displacements, opposing all vertical mixing motions. In such a thermally
stable layer diffusion rates will be small due to the restoring buoyant
forces opposing vertical motions. Of particular interest is the inversion
condition in wﬁich the atmospheric lapse rate is negative, i.e. where the
temperature actually increases with height. This represents the most
stable atmospheric configuration. _Vértical mixing is so greatly suppressed

in inversion layers that in most cases the vertical transfers of pollution

by eddy diffusion are effectively halted. This results in higher local

concentrations of atmospheric pollutants due to greatly reduced dispersion
rates.
Figure 1.10 illustrates the comparative thermal stability of atmos-

pheric layers as a function of their lapse rates.

1.6.1.2 Wind Effects on Pollutant Dispersion

Horizontal air motions and topography are the main determinants
affecting the horizontal transport and diffusion of pollutants. The most
important effect of horizoﬁtal air movements is to introduce unpolluted

air into a source area, while simultaneously removing an equal volume of
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polluted air on the downwind side of the area. This reduces the pollutant
concentration in the air layer over the source area. For any given wind
speed and time interval, with a given atmospheric mixing height (determined
by temperature lapse rates), there is a prescribed volume of air into
which the sources of an area inject contaminants. Doubling the wind speed
doubles the volume, while halving the pollutant concentration. The blanket
of polluted air over the source area is usually able to widen under the
influence of horizontal eddy diffusion; this additional dilution, however,
is normally considered to be secondary relative to that provided by the
bulk horizontal transport of new air past the source area. Vertical mixing
of the pollutants would be governed by the lapse rates of the atmospheric
layers over the area. Unstable conditions would éllow vigorous vertical
diffusion as discussed earlier; a low, strong inversion over theAsource
érea, however, Wopld place an upper limit on eddy diffusion, preventing
contaminants introduced below tﬁe inversion layer from penetrating verti-

cally beyond the sub-inversion layer.

1.6.1.3 Topography

The previous descriptions of horizontal and vertical air flow fields
were greatly simplified for illustrative purposes. The unwarranted assump-
tions were made that the contaminants being transported were not removed
or altered either chemically or mechanically. Such is nbt the case, how-
ever, as demonstrated in earlier discussions of photochemical and other
atmospheric reactions involving air pollutants. Furthermore, local
terrain usually imparts significant diurnal fluctuations to air motions

and places a variety of constraints upon them. This complicates the
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horizontal and vertical air motionms, necessitating the consideration of
topographical effects in évaluating the dispersion patterné of aif pol-
lutants.

The most obvious effect of terrain upon horizontal air movements is
the steering and channeling of the air flow. The degree to which this
occurs depends upon the stability or instability of the atmospheric layers
involved. 1If, for example, the layer of air covering the terrain has an
unstable lapse rate, air enéountering a mountain will find it much easier
to move up and over the obstacle than to change its direction horizontally;
this is due to the positive buoyant forces caused by positive vertical
-displacements under unstable conditioms. A very stable layer, on the
other hand, would oppose movement of the air over the mountain; in this
qase.the obstac1é>w0uld redirect the air flow horizontally.

Terrain also»plays a patt in determining the rate at which fresh air
is introduced over a source area. Winds usually exhibit a diurnal fluctu-
ation caused by differences in the heating and cooling of different terrain
surfaces. The greater the temperature differential between the surfaces,
the greater will be the convection regime set up in the air over them, and
the greater will be the induced air flow. The greatest diurnal variations
in ventilation occur over coastlines, with ground level sea-breezes (winds
directed from the sea toward land) being set up during the day, and off-
shore land-breezes being set up at night. Diurnal variations also occur
over valley-mountain regimes due to alternate heating and cooling of moun—
tain slopes. This thermal contrast results in up—valley and up-slope air

flows during the day, and down-valley and dbwn—slope winds during the night.
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It is important to realize that in areas where the large scale
pressure patterns induce only a weak flow, it is these diurnal wind
fiuctuations which provide whatever horizontal ventilatiqn an area
receives. Furthermore, each locality, with its own unique topographical
characteristics, has its own varying potential for receiving clean air,

depending on both general wind conditions and locally generated winds.

1.6.2 Atmospheric Dispersion of Staék Effluents

The analysis of plume behaviour in the atmosphere comprises the
major method used to predict pollufant concentrétions downwind of con-
tinuous point sources. This subject will be dealt with extensively in
the literature search section of this paper, but is presented here by way
of introduction.

Figure 1.11 shows the instantaneous and time-averaged boundaries of
a pollutant plume. The méan concentration of pollutants within any verti-
cal cross section approximates a Gaussian (normal) distribution (1,11).
Since the amount‘of contaminant material passing through any vertical cross
section atvany moment equals the emission rate of the source, the area
under the Gaussian curve mﬁst remain constant downstream. This results in
reduced mean concentrations downstream as shown in Figure 1.11.

Plume behaviour is sensitive to the combined effects of sunlight,
temperature structure, and wind movements. Plumes are normally categorized
accordingbto the stability of the atmosphere above and below the stack
height. The five basic types (fanning, coning, lofting, fumigating, and
looping) are illustratgd in Figure 1.12. 1In the figure, stability above

the stack decreases from left to right; stability below stack height
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decreases from top to bottom. Coning plumes are most probable under
strong winds, or under overcast skies when surface heating is moderate.
A fanning is most often observed under strong inversion conditions,
usually just before sunrise after a calm, clear night. After sunrise
the lower temperature structure is altered by surface heating and the

" plume begins to fumigate. If the sun is bright and the winds light, the

plume will then tend towards looping behavior (1).

Time — averaged iimits

/’——

Mean
concentration

Figure 1.11. Instantaneous and time-averaged limits
of a pollutant plume, showing cross sections of the

Gaussian distribution of mean concentration (1).

The most common approach to modeling the plume from a continuous
point source is to assume'Gaussian behaviour, as mentioned earlier. This
assumption implies that each contaminant particle exhibits random motion
through continuous time and space, independent of any other particles
present (1). When the plume is not constrained, the double normal proba-
bility (Gaussian) surface can be used to approximate the rando diffﬁsion
of the contaminants in the plume. The concentration of these contaminants

at a downwind point (x,y,z) can be described by the equation:
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| | 2. 2 2, 2
X (x,5,2) = (Q/21T0yOZ~U) exp ((-y /20y ) + (-1(z-H) /20Z )

where Q = pollutant emission rate
H = stack height, or éffective source height above the ground
U = mean wind speed
6x = diffusive function in the x-direction (mean Wind.direction)
oy = diffusive function in the y—direction (crosswind)
Oz = diffusive function in the é—directioh (verticai)‘

Reflection of polluténts from the ground surface is accounted for by
including the contribution from an imaginary "mirror image" source and
plume at a distance H below the surface, and adding the two equations -
that given above plus another identical except for the replacement of H

by -H. The result after addition is the "Gaussian plume model":

. 2 . 2
X(X ,y ’ Z) = ———Q—"— exp —y eXP _ (Z_H) + exp - (z+}])
' 2m0 ¢ U 2 _ 2 o
y z 2ﬂy 2gz 202

Here x enters functioﬁally since 0y»and Gz are both increasing functions
of the downwind distance, x. |

.The elements of the Gaussian plume, as related to the above equation,
are illustrated in Figure 1.13 below. Because the actual plume meanders
within the envelope described by the figure and the model equation, the
model describes the'time—averaged concentrations in the plume. The . e
averaging time is typically about 10 minutes (1).

The Gaussian plume model has the advantages of modest data require—
ments and being simple enough to use in manual calculations. It fails

to give a realistic indication of plume behavior, however, when the
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Figure 1.13. Schematic diagram of the Gaussian plume from
a continuous elevated point source. Origin of coordinates
is at the base of the stack. Crosswind diffusion exceeds

vertical diffusion at downwind distance x Vertical

o 1 ’
exceeds crosswind at downwind distance x2 in the case

depicted (1).

.surrounding terrain is complex or when meteorological conditions are
changing over short periods of time (an hour or less).

When a plume leaves a stack with significant momentum and/or buoyancy,
due respectively to a rapid exit wvelocity and excess temperature relative
to the ambient air, a correction must be made for the additional rise of
the plume before calculations with analytical models produce feasonable
results.‘ Two of thé many blume rise equations which have been proposed
are the Davidson-Bryant and Briggs formulae. The Davidson-Bryant equation

is empiricaliy derived; it is given below:
sa= 2 v /ot @+ @r/r))
st st _ s

where AH = adjustﬁent to stack height (m)
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r = inside radius of stack (m)
VSt = stack exit velocity (m/sec)
U = mean wind speed at stack height (m/sec)
AT = (stack gas temperature) - (ambient air temperature)
°k
TS = stack gas temperature (OK)

The term involving Vs represents the allowance for plume momentum, while
the term (AT/TS) allows for buoyancy.
The Briggs formula represents a theoretically based plume rise

equation; the equation is given as:

M = 2.6(FP/US)1/3

where Fp = gVSrZ(AT/TS), and the stability parameter makiﬁg allowance
for the thermal structure of the atmosphere is s = (g/T)(36/3z). Here
g is the acceleration due to gravity (m/secz), and 0 is the potential

temperature of the ambient air. Potential temperature is given as:

6 = T(1000/p)"* %88

. : o
absolute air temperature ( K)

where T

P air pressure
The plume rise may be related to downstream distance x for neutral
conditions where s = 0, and the theoretical plume rise would be infinite.

The relationship is given'as:

1/3
AH = 2.0(F_x2/0%)
x P .
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The éffectivé maximum rise will be néar AHmaX = 103(FP/U3). The Briggs
forumlae appear to be the most reliable over a wide range of conditions,
although they require a temperature sounéing whenever the lower atmos-
phere is not neutral;

All of the equations presented for the Gaussian plume model and the
Davidson—Br?antAand Briggs plume rise formulae were abstracted from
reference (1). These and other dispersion equations will be discussed

further in the literature search.

1.6.3 Doﬁnwash and Aerodynamic Effects

Plume»distortion may result from a low exit velocity, from buildings
near the stéck, and  from terrain irregularities. The conditions which
promote such distortion are discussed below.

Aerodynamic effeéts at the lee of a stack produce eddies and a region
of reduced pressure that draws the effluenf déwn along the side of the
stack. ‘This phenomenon is known as "downwash''. The beneficial effect of
a significant exit velocity is primarily to prevent this downwash from
occurring. Figure 1.14é illustrates stack‘downwash; Figure 1.14b shows
the effect of exit velocities great enough to prevent this‘phenomenon.
Aerodynamic problems of this type are well suited to wind tunnel modeling,
and it has been found in such studies that a VS/u ratio of 1.0 is marginal
Witﬁ respect to stack downwash, where VS is the.stack gas exit velocity
and u is the mean wind speed at the top of the stack (11).

A study of wind speed climatology of a proposed stack location will
permit the choice of a stack exit velocity which will insure against downf

wash for any desired fraction of time.
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Figure 1.14. Stack aerodynamics: a) downwash resulting
from a relatively low exit velocity (VS/u < 1); b) down-
wash prevented by a sufficiently large exit velocity

(Vs/u >2). (1D).

The presence of buildings and irregular terrain can influence wind
behavior for considerable distances and therefofe affect plume behavior.
When a large building is situated in the vicinity of a conventional stack,
the plume becomes distorted even if it does not contact the building.

This effect occurs because the plume is carried in an airstream that
accommodates itself to the shape of the building. If the airflow is
disturbed locally, that porﬁion of the plume which penetrates the dis-
turbed flow region will also become distorted (11,20).

Figure 1.15 shows the characteristic flow zones around a sharp-edged
cﬁbiéal building with one wall normal to the wind direction. The main

characteristic of the flow disturbance is the highly turbulent wake.

Within the upwind portion of the wake, adjacent to the ground and lee




-63—

walls and the roof of the building lies a roughly ellipsoidal region
called a cavity. Flow in the cavity isﬁtorroidal, moving in the direction
of the background flow in the outer portion, and opposite to the back-
ground flow in the inner portion. Ca&ity dimensions are governed bj
changes in building shape and orientation of the wind, but the gross
dimensions of the displacement zone and wake for sharp-edged buildings
appear to be a fﬁnction primarily of the frontal area normal to the wind

flow.
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Figure 1.15. Mean flow around a cubical buiiding (11).

A plume which lies above the displacement zone and wake will not
be affected by the presence of the building. Those plumes which éome
into contact with the region of disturbed flow, however, will be affected
as shown in Figures 1.16, l.i7, and 1.18. Plume intersection with the
wake prbduces more rapid doﬁnward diffusion due to the increased turbu-

lence. 1If the plume centerline falls in the vicinity of the cavity
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boundary, the plume will descend rapidly in the lee of the building,

producing high ground level concentrations in the cavity.

Figure 1.16. Aerodynamic effects on plume

dispersion, stack located upwind of building 11).

Building-supported tall stacks are more effective in clearing the
" wake than upwind stacks of the same height, as shown in Figure 1.17.
Stacks of medium height will clear the cavity, while short stacks result

in thorough mixing of the effluent within the cavity, producing a high
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concentration. The gas subsequently diffuses through the cavity boundary
and is carried through the wake boundary into the background flow, finally
producing concentration distributions resembling those from a point source

located on the ground upwind of the building.

(a)

Figure 1.17. Aeordynamic effects on plume dispersion,

stack located on top of building (11).

The ideal location for a tall stack is at the downwind end of the

.cavity. A shorter stack will result in buffeting of the plume by wake
gusts, and a very short stack Will result in very pronounced downwash
effects, as shown in Figure 1.18. 1In no case will the cavity be con-
taminated, but the short stack will produce high ground—level concen-—

trations in the wake.
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(a)

Figure 1.18. Aerodynamic effects on plume dispersion,

stack located downwind of building (11).

The third major source of plume distortion is natural terrain
irregularities, eg. valleys and hills. Figure 1.19 illustratés two
cases of plume dispersion in a deep valley with a cross wind. With the
-wind direction from high ground towards the center of the valley (section
"a'"), the stack is in the cavity and the plume may be broughf quickly to
ground level by the aerodynamic eddies. The effluent.becomes thoroughly
diffused before passing downwind. Turbulence is high and tﬁe plume is

distributed vertically through much of the valley depth.
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Figure 1.19. Plume dispersion in a deep valley

with a crosswind (11).

In the second case (section '"b'"), the stack is upwind of the valley
side. The plume is thus deflected along with the airstream up over the

edge of the hill; this may produce high concentrations on the higher

ground.

Figure 1.20 shows 'a stack in a valley with the wind along the axis
of the valley. 1In this case, dispersibn tends to occur fairly normally
until the plume is confined by the vélley walls. This results in an
abrupt increase in concentrations along the walls as more and more of the

of the available valley volume is filled with stack effluent.
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VALLEY LOCATION ("WIND ALONG AXIS")

Figure 1.20. Plume dispersion in a deep

valley with a parallel wind (11).

If both the stack and land formations are very high, aerodynamic-
ally-generated air motions may be modified by vertical stability effects
as illustrated in Figures 1.21 and 1.22. Figure 1.21 shows a plume being

carried over a tall hill under unstable conditions. Figure 1.22 shows

the ppssible diversion of the air flow and the plume around the hill under
_stable conditions, where plumes tend to follow terrain contours and resist being
forced over obstacles (11). Unfortunately little or no quantitative data
are‘available‘concerning the impingement concentrations résulting when

such plumes contact the obstructing landform.
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Figure 1.21. Plume dispersion near very large

obstacles - unstable atmosphere (11).

s L

Figure 1.22, Plume dispersion near very large

obstacles - stable atmosphere (11).
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1.7 AIR POLLUTION ABATEMENT AND CONTROL
1.7.1 Air Fmission Standards and Regulations

The abatement and control of air pollution are usually initiated by
the governmental imposition of limits on air emissions from sources.

Such regulations quantitatively specify the allowable emissions from
stacks, chimneys, and vents. In addition, limits may be placed on the
quantity or quality of fuel or raw material to be used, on the design or
size of the equipment or process in which it may be used, on the heights
of stacks, éhimneys, and vents, on the location of sites from which
emissions are permitted or prohibited, or on the times when emissions are
or are not permitted. Regulations usually also prescribe the acceptable
methods of test or measurement to be used for air quality determinations.

Stack emission limits may be either subjectiﬁe or objective. Sub-
jective limits may be based upon the visual appearance of an emission
(eg. color, opacity) or its odor. The most common form of subjective
limit is that which regulates the optical demsity (opacity) of a stack
plume.

Objective limits fall into one of two categories: those which limit
the emission of a specific contaminant irrespective of the type of source;
and those which limit the emissions of a specific contaminant from a
specific process or type of equipment. Air pollution standards may
specify the same emission limit for all sources, or they may vary the
allowable emission according to the size or capacity of the source.
Emission limits may absolute, i.e. they may specify a mass of pollutant

per unit of time; or they may be stated in relative terms, i.e. they may
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specify an allowable mass of pollutant per unit mass of fuel burned,

material processed, product produced, or per unit of heat released in

a furnace. Emission limits for gaseous pollutants are normally stated

in volumetric rather than gravimetric terms.

In this case the limits

are usually stated as a mass of pollutant per unit volume of effluent

or per unit volume of ambient air.

Since effluent volume is a function

of gas temperature and pressure and the amount of diluting air present,
volumes must be reduced to their equivalent at a specified temperature,
pressure, and percent dilution air.

Dilution is usually expressed as

percent excess air or percent carbon dioxide in the flue gas in the case

of fuel combustion.

Air emission standards may apply either to new installations only,

existing installations only, or to all installations. In many cases

new installations are required to comply with more stringent regulations

than existing installations.

Table 1.5 lists the air quality objectives for the Province of

Manitoba. Table 1.6 lists the air quality objectives promulgated by

" the Canadian Department of the Environment.

MANITOBA AIR QUALITY OBJECTIVES (89)

TABLE 1.5

Air contaminant

Maximum acceptable

Maximum desirable

Sulfur dioxide
Nitrogen dioxide

Suspended particulate
matter

900 ug/m® (0.34 ppm)
1-hr avg concentration

380 ug/m® (0.14 ppm)
1-hr avg concentration

120 ug/m?
24-hr avg concentration

450 ug/m® (0.17 ppm)
1-hr avg concentration

190 ug/m® (0.07 ppm)
1-hr avg concentration

100 pg/m®
24-hr avg concentration
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TABLE 1.6

Air contaminant

Maximum acceptable
level

Maximum desirable
level

Sulfur dioxide

Suspended particulate
matter

Carbon monoxide

Nitrogen dioxide

60 ug/m® (0.02 ppm)
Annual arithmetic mean
300 pg/m® (o0.11 ppm)
Average concentration
over a 24 h period

900 ug/m® (0.34 ppm)
Average concentration
over a 1 h period

70 ug/m®
Annual geometric mean

- 120 ug/m®

Average concentration
over a 24 h period

15 mg/m® (13 ppm)
Average concentration
over a 8 h period

35 mg/m® (30 ppm)
Average concentration
over a 1 h period

100 ug/m? (.053 ppm)

Annual arithmetic mean

200 ug/m® (.106 ppm)
Average concentration
over a 24 h period

400 ug/m® (.213 ppm)
Average concentration
over a 1 h period

30 ug/m® (0.01 ppm)
Annual arithmetic mean
150 ug/m® (0.06 ppm)
Average concentration
over a 24 h period

450 ug/m® (0.17 ppm)
Average concentration
over a 1 h period

60 ug/m®
Annual geometric . mean

6 mg/m® (5 ppm)
Average concentration
over a 8 h period

15 mg/m® (13 ppm)
Average concentration

over a 1 h period

60 ug/m® (.032 ppm)
Annual_arithmetic mean

All megsurements of air quality are corrected to a reference temper-
ature of 25°C and to a reference pressure of 760 millimeters of mercury.
Average concentrations are arithmetic averages.
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1.7.2 Alternatives in Control

Air pollutant emissions can be contfolled by modifying the contrib-
uting process, by changing the fuel used at the source, or by installing
air pollution control equipment. An obvious fourth alternative is not
to have any pollutant sources in the first place, or to have fewer of
them. This latter‘method of control manifests itself through zoning
regulations and the establishment of air—qﬁality control regions, within
which the number and type of pollutant sources are restricted. The
following discussion, however, will be 1imitedlto the first three alterna-
tivés as they apply to the three major pollutants emitted by thermal

'power plants i.e. sulfur dioxide, nitrogen oxides, and particulates.

1.7.2.1 Control of Sulfur Dioxide
The major alternatives for the control of sulfur dioxide emissions
from power plants are: 1) the use of low sulfur fuels, 2) stack gas

scrubbing to remove SO

99 3) fluidized-bed combustion, and 4) tall stacks

to promote effluent dispersion.

Low sulfur fuels, when available and ecqnomical to use, can be
utilized either full time or in a fuel switching program to reduce SO2
emissions. Fuel switching may be used where supplies of low-sulfur fuels
are insufficient to support their full time use. These approaches, and
the use of tall staéks, are c;nsidered to have only intermediate term
applications due to the shortage of low-sulfur fuels and increasingly
more stringent air quality requirements (13).

Due to the increasing consumption of fuels bearing relatively large

amounts of sulfur, stack gas cleaning has gained increased importance in
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controlling SO2 emissions. The 802 removal systems are of two basic
types: those which recover the SO2 in a useful form and those which
result in the formation of a solid or liquid waste. The latter methods,
often referred to as throwaway methods, may convert an air pollution
problem to a wéter—pollution or solid-waste disﬁosal problem, while
recovery processes necessitate the marketing of a chemical product.l
Both the throwaway and recovery—;ethods can be carried out in either
wet or dry systems. Dry removal systems do not usually require stack
gas reheating, while wet systems normally do. = In some cases, dry-removal
systems can also remove particulate matter. Wet systems caﬁ usually
remove particulates and sulfur dioxide simultaneously.

Figurev1.23'summarizeS-the existing technologies for SO2 removal.
Six of these have gained somevdégreebof user acceptance in the United
States (14). Thses are: |

1) wet lime/limestone scrubbing

2) alkali scrubbing without regéneration

3) alkali scrubbing with calcium regeneration

4) alkali scrubbing with thermal regeneration

5) magnesium oxide scrubbing

6) catalytic oxidation.
All of the above processes, except catalytic oxidation, employ a wet
scrubber. Catalytic oxidation is difficult to retrofit as it is a high-

-temperature process; the other processes can usually be added on to an

existing system easily.
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Figure 1.23. Technologies for the

removal of 802 from stack gas (14).
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The major problem aséociated with the SOz.scrubbing systems is the
demonstration of continuous, long-term reliability. Other problems of
stack gas cleaningitechnology are stack gas reheating, sludge disposal
for throwaway systems, marketing of by-products for recovery systems,
and the availability of approbriate grades of limestone and lime.

Removal efficienqies for available SO2 removal systems range from
70-907% (14), but poor s?stem reliability and associated down time result
in lower overall efficiencies.

Fluidized-bed combustion, though still in the experimental stages,
has been demonstrated to be a potentially efficient and economically
attractive process for steam and power generation. In a fluidized-bed
combustor, crushed coallis burned in a dense air suspension of gfanular
crushed limestone or dolomite. The crushed limestone is fed continuously
to the bed where it calcines and reacts with sulfur oxides (SO2 and SO3)
to fqrm ca%cium sulfate. This.process results in gregtly reduced emissions
of sulfur oxide pollutants, and in many cases greatly reduced NOX and

fine particulate emissions (15).

1.7.2.2 Control of Nitrogen Oxides

The formation of nitrogen oxides increases with increased excess air,
flame temperature, fuel nitrogen content, and time at temperature. It is
thereforé necessary to control these variables in order to lower NOX
emissiéns from stationary combustion sources (16).

There.are five major approaches to reducing NOx emissions from power
stations. These are:

1) lowering combustion temperature
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2) use of low excess air combustion

3) stack gas treatment to remove NOX from flue gases

4) flue gas recirculation

5) catalytic decomposition of NOx (13).

Carrying out the combustion process af a lower temperature suppresses
the high temperature reaction of atmospheric nitrogen and oxygen that
forms nitrogen oxides. Several approaches can be utilizéd to effect this
reduction of combustion temperature. One solution is to reduce the firing
rate, but this may nof alwéys be compatible with the ioad demands of the
power ﬁlant (17).

Staged‘combustion offers another method of reducing NOX emissions.
Thié consists of firing all of the fuel with substoichiometric quanti-
ties of primary éir in the first stage and injecting secondary air in
the second stage to comblete burnout of the fuel. In the first stage,

NO formation is limited by the unavailability of oxygen. Removal of heat
between stages reduces the temperatures achieved when excess air is

added in the second stége, thereby kinetically limiting NO formation.

NOx reductions as high as 907 have been achieved by combining this
technique with low overall excess air firing in large gas-fired power
plantsb(18).

Burner configuration also affects NOX emissions. Cyclone furnaces,
for example, which are chéracterized by high tufbulence, result in high
levels of NOX emissions in coal-fired plants. Tangential firing, on the
other hand, results in NOX reductions as great as 602. In tangential

firing, the furnace itself actsas the burner, which results in a more

o
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spread out flame front and correspondingly lower peak flame temperatures
(18).

Lower flame temperatures ére also a basis for considering fluidized
bed combustion for low NOX emissioﬁ boilers. This technique, previously
discussed with reference to 502 control, is characterized by high heat
transfer rates which allow low average combustor bed temperatures of
1500-1800°F to be maintained. The qxidation of chemically bound nitrogen
in fhe fuel,.however, may result in NOx emissions ex;eeding those formed
by the fixation of atmospheric nitrogen in»conventional combustion (18).

Flue gas recirculation to the combustion zone has the principal
effect of lowering peak flamé temperature. The oxygen concentration is
also lowered. Both of tﬁese factors favo; reduced NOX formation; reduc-
tions of 35% on oil and 60% on gas firing have been achieved with 30%
gas recirculation (15,16,18).

NOX formation increases as excess air is increaéed with all fuels,
making low excess air firing desirable interms of controlling emissions.
However, other factors which must be considered in establishing minimum
excess air levels in a given application are emissions of CO, smoke and
solid combustibles, and flame stability. Furnace slagging is an additional
consideration for coal-fired plants. Operating at 10% higher excess air
than the established minimum will_usually increase NOx emissions by 20%
for all fuels (16).

Utilities burning natural gas have been the most sﬁccessful in
reducing NOX emissions, with oil-fired plants next, and coal-fired plants

last. This results from the_greatef facility of limiting excess air
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and flame temperatdre with gas and oil. It is a greét deai more
difficult to reduce flame temperature and excess air in coal-fired
plants because of the secondary effects mentioned above. 1In addition,
coal, as well as oil, contains chemically bound nitrogen which oxidizes
to form additional NOX; this reaction is mdre difficult to suppress
than atmospheric nitrogen fixation (13).

The remaining alternatives for NOx control are stack gas treatment
and catalytiq decomposition of NOX, both of which have ﬁet with little
success in power plant applicatidns. The probiems of removing NOx from

stack gases are similar to those of removing SO, and SO i.e. the

2 3’
concentrations are low (gp to 1000 ppm or possibly higher), the flue
gas quantities are very large, and the presence of other constituents
in the gas complicates the problem. Presently'no proven process is
currently available which can effect substantial removai of NOX from
combustion stack gases. Cataiytic decomposition of NOx at elevated
temperatures has been achieved in laboratories, but conversion of this
procéss to an industrial scale is complicated by the constituents of

power plant flue gases (ash and sulfur oxides), which may inactivate or

poison the catalyst, even after the stack gases have been scrubbed (13).

17.2.3 Control of Particulate Emissions

The prevailing method for removal of particulates from flue gas in
coal-fired power plants is the installation of eiectrostatic precipitators
on the flue gas exit side of the air preheater. However, results from the
commercial operation of these units have not been successful iﬁ all

applications, despite the simplicity of the concept and the theorectically
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attaiﬁable removal efficiencies. Many problems have been due to the
failures of parts of the precipitators or of associaﬁed equipment,
e.g. wire breakages (13). Other problems include optimizing power
inﬁut and collection efficiency. Design efficienéies for electrostatic
precipitators range from 99.0—99.8%, depending on operating conditions
a17). A schematic diagram‘of ah-eiectrostatic precipitator is shown

in Figure 1.24.

Baghouse filters have only been used for demonstration and test
purposes on thermal power plants. Even though baghouses are recognized
as being potentially very effective in particulate removal and may be
able to operate at elevated temperatures, they have not yet shown the
long-term reliability and availability required for ﬁoweriplants without
incurring excessive maintenence costs (13).

A third alternati?e to particulate control is the use of wet
scrubbers. . These are now gaining increased acceptance by the power
industry. By incorporating a high éﬁergy wet scrubber stage in a SO

2

scrubbing system, both flyash and 802 can be removed simultaneously (13).
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Figure 1.24. Schematjic diagram of an

electrostatic precipitator (19).
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2. LITERATURE REVIEW

The analysis of plume behaviour in the atmosphere comprises the major
méthod used to predict>the contributions of continuous point sources to
doﬁnwind pollutant concentrations. The literature pertaining to the
various aspects of plume analysis has been réviéﬁed extensively and is

discussed in this section.

2.1 ‘PLUME RISE EQUATIONS

Plume rise, the rise of a continuous emission of gaseous effluent
abo&e its source height, is often the most influential single factor
affecting the effluent concentratién at ground level. Ironically, its
prediction is subject to more controversy than other factors contributing
to the dispersion of effluents.

'Severél equations,.both empirical and theoretical, have been proposed
to account for the.plume rise induced by plume buoyancy and/or plume
ﬁomentum. This plume rise is added to the physical stack height to
obtain the effective height of emission, required in order to obtain
reasonable results with analytical dispersion models. Six of the more
noteworthy plume rise equationé in the literafure are compared below.
Most authors use their oﬁn notation in presenting their formulae. To
facilitate comparison of these equations, a uniform set of symbols has
Abeen adopted for use in this paper. These symbols are based upon the
notation used by Strom (20), Moses et al. (21), and Briggs (32), and

are listed in Appendix 8.1.
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2,1.1 Davidson—Bryant‘Plume Rise Equation (1949)

Davidson's formula (23) is based upon wind tunnel data compiled by
Bryant (23). Any consistent system of units may. be used in the Davidson-
Bryant equation: | |

Ah=E-1.u(d)l+£ (é D
u T :

s

Davidson stated that the facfor'(Vé/u)l'4 is in fair agreement with
Bryant's experiﬁental data on plume risé due to momentum. To account for
rise due to buoyancy, Davidson proposed the use of the multiplying
factor, (1 + (AT/Tg)). He further indicated that this formula should be
applied to "stacks of moderate or great height", but he failed to define

these terms.

2.1.2 Bosanquet, Carey, and Haltoﬁ Plume Rise Equation (1950)
Bosanquet, Carey, and Halton (24) published their technique for
éalculating plume rise in a paper on estimating dust deposition from
stacks. This technique has experienéed extensive use for gas plume
analysis. It was developed theoretically and utilizes some fundamental
experimental constants of diffusion. In the procedufe by Bosanquet
et al. momentum rise and buoyancy rise are calculated separately as
functions of downwind distance and are added to yield the total plume
rise. These calculations are based on a neutral atmosphere.

The momentum rise,'AhV, is given by:

: _ Ahv
Ah = Ahv 11 - 0.8 max (2.2)

V .
max X
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when x > 2AhV (x is measured downwind of stack)
max ’
| _ 4.77 ——
and ‘Ahvmax T T+ 0.43 u/V (VQ,, Vg/w

The buoyancy rise, Ahb; is given by:

6.37 g Q, ATy z

b u3T1

ux

and , ' X S, .- —
3.57 vQ_ V
Vi S

. L ' '
when u2 > (ATlg/T1)'(Qv1/VS)2, and where the values of X and Z are

related by the curve giVen:in Figure 2.1:

8
6 P ]
A
yARS ///’///
: //
0 , L ‘ :
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» X .

Figure 2.1. Z as a function of X for use in the,

buoyancy rise équations of Bosanquet et al. (20,24).

(2.3)

(2.4)

(2.5)
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The preceding equations by Bosanquet et al. (24) are valid in any
consistent units. Total rise is given by:-

Ah = Ahv + Ahb (2.6)

Bosanquet et al. state that the above equations for plume rise in
é neutral atmosphere may be applied to cher stability classes for
short downwind distances as used in dust deposition calculations.

BoSanquet et al. also give the following equation for maximum

plume rise in a stable atmosphere:

vQ_V Q. ATy
_ 4.77 . Vi S8 V1 2 _2__
Ah =TT 053 oIV S *6.37 g {In (3% + 3 2)}
' -8 u'Ty .
(2.7)
2 ' : \)
u T, s T; ’
= — . —— - 0. — = + .
where J G ( 0.43 /g(de/dz) 0.28 2 BT } 1 (2.8)
V] S '

This gives a limit to the previous equations for this atmospheric

condition. Consistent units must be used.

2.1.3 Holland Plume Rise Equation (1953)

Holland (255 used photographs of plumes at three power stations
near Oak Ridge, Tennessee to modify the momentum rise relationship
given by Rupp, Beall, Bornwasser, and Joﬁnson (26). Rupp et al. gave
the height of rise of a chimney effluent with buoyance as:

v

1 _8S ' .
Ah = 1.5 —d (2.9)

This formula was based on wind-tunnel experiments with ammonium
chloride as a tracer. Holland added to this equation a term for buoy-

ancy rise based on the plume obsérvations, giving the following
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empirical plume rise formula for neutral stability:
1.5v.d+3x10%0¢
: s h

Ah = " (2.10)

where Ah and d are in feet, u aﬁd VS in mph, and Qh in calories per
. second.

Holland's field data cover a range of stability,conditions and
indiéate that plume height increases with instability. Holland suggests
that stability be taken into account by adding 10-20% to the plgme
rise determined with the above equation for unstablg conditions, and
by subtracting the same amount for stable (inversion) conditions.

Strom (20) and Moses et al. (21) note that Qh may be evaluated in
terms of other effluent variables with the following equation wherein
consistent units must be ﬁsed: _ |

Q = Q cp.AT' (2.11)

Hawkins and Nonhebel (27)‘found that the rise obtained with
Holland's formulabwas not the maximum rise but rather the rise occurring
at a downwind distance equal to two or three stack heights. Holland,

however, makes no mention of this point in (25).

2.1.4 Bosanquet Plume Rise Equation (1957)

Moses et al. (21) note that the Beaver Committee in England applied
the plume rise formula of Bosanquet, Carey, and Halton (24) to stack
data and found that it gave too high a thermal rise for large plants.
Bosanquet was asked to reexamine his origihal.calculations; he later

published the revised technique (28) described below.
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Bosanquet, again basing his development on certain fundamental
principles of the dilution of a gas plume in the atmosphere, gave a
theoretical formula for plume rise which included the-effects of relative

~motion of plume_and surrounding atmosphere as well as ambient atmospheric
turbulence. These effects are introduced with dilution coefficients.

The equations presented by Bosanquet are based on the assumption of

equal values for the dilution cogfficients; therefore only one coefficient
is given in the equations below. (Bosanquet demonstrated in his discussion
that the plume rise is relatively insensitive to inequalitieé of the
coefficients.) All of the following equations were developed for a

neutral atmosphere, with the exception of the last equation which applies
to a stable atmosphere.

Bosanquet gave the following plume rise formula for an effluent

with a density less than that of the ambient &dir:

f

o 1
. 0.615 XO2
- ' y _ o
Ah = Au fI(X ) + fH(XO) ; (2.12)
1
Vsl +0.57|%
u
\ J
where gQ AT
A= 2 5 A4l 7’ (2.13)
21 C” Tiu
t+t (2.14)
.X' —_— ___..._.__9.
A
o - iQ (2.15)
o A




4 VsTl‘
tO = 3 gAT1 (2.16)
_X
t= (2.17)

The above equations must be used with consistent units.

Bosaﬁquet has preéented tables’ of fI(X') and fII(Xé)’ where the -
quantities of X' and Xg are calculated from the stack and meteorological
measurements. Tables 2.1 and 2.2 are taken directly from Bosanquet's
paper (26).. Thé plume rise may be determined using these tables and
Equation 2.12. For valﬁes of X'-and Xé outside the limits of Tables

2.1 and 2.2, Bosanquet gives the following expressions:

In X' - 0.12
3/4

~when. X' is very large: fI(X')

1.054 x X!

when X' is very small: fI(X')
when Xé is very large: fII(Xé) = 1,311 Xé% -4 1n’Xé -1
~ when Xé is very small: fII(Xg) - =0.527 Xé3/4
Bosanquet recommended that the dilution coefficient, C, be given the
value 0.13. He also placed a limit on plume rise by not exceeding the
value of Ah at t + t, = 200 seconds. |

For a non-buoyant plume subject to momentum rise only, the maximum

plume rise is given by:

o
| 2Q,,Ys| 1311 - 0.615
S : B L (2.18)
et | {(Vs/u) + 0.57]
‘ CTu : '

when VS/u‘>V0.5. For small values of.Vs/u,
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TABLE 2.

1

VALUES OF fI(X) FOR USE IN EQUATION 2.12, BOSANQUET (28)

VALUES OF fI(X)

X8 m | X gm | X g x| x 50 | ox og@| x
0.0010 0.0059 0.010 0.0323 0.10 0.170 1.0 0.767 10 2.33 ' 100 4.50 1,000 6.79
0.0012 0.0067 0.012 0.0370 0.12 0.193 1.2 0.852 12 2.49 120 4.68 1,200 6.97
0.0014 0.0075 0.014 0.0414 0.14 0.215 1.4 0.930 14 2.64 140 4.83 1,400 7.13
0.0016 0.0083 0.016 0.0456.7 0.16 0.235 1.6 1.00 16 2.75 160 4.97 1,600 7.26
1.0018 0.0091 0.018 0.0497 0.18 0.255 1.8 1.07 18 2.86 180 5.08 1,800 7.38
0.0020 0.0098 0.020 0.537 0.20 0.274 2.0 1.13 20 2.95 200 5.19 2,000‘ 7.48
0.0025 0.0116 0.025 0.0632 |- 0.25 0.319 2.5 1.27 25 .3.16 250 5.41 2,500 7.71
0.0030 0.0133 0.030 0.0721 0.30 0.360 3.0 1.39 30 3.33 300 5.59 3,000 7.89
0.0035 0.0149 0.035 0.0806 0.35 0.398 3.5 1.50 35 3.48 350 5.74 3,500 8.04
0.0040 0.0164 0.040 0.0887 0.40 01434 4.0 1.59 40 3.61 400 5.88 4,000 8.18
0.0045 0.0179 0.045 0.0965 0.45 0.469 4.5 1.68 45 3.72 450 5.99 4,500 8.29
0.0050 0.0194 0.050 0.104 0.50 0.501 5.0 1.76 50 3.82 ) 500 6.10 5,000 8.40
0.0060 0.0222 0.060 0.119 0.60 0.562 6.0 1.90 60 4.00 600 6.28 6,000 8.58
0.0070 0.0249 0.070 0.132 0.70 0.619 7.0 2.03 70 4.15 700 6.43 7,000 8.74
0.0080 0.0274 0.080 0.145 0.80 0.617 8.0 2.14 80 4.28 800 6.57 8,000 8.97
0.0090 0.0299 0.090 v0.158 0.90 0.720 9.0 2.24‘ 90. 4.40 900 6.69 9,000 8.99
0.0100 0.0323 0.100 0.170 1.00 0.767 10.0 2.33 (100 4.50 1,000 6.79 10,000 9.09

TABLE 2.2
VALUES OF £,.(X ) FOR USE IN EQUATION 2.12, BOSANQUET (28)
VALUES OF fII(xo),

X fII(Xo) X fli(xo) X fII(Xo) X fII(XO) X fII(XO) X fII(Xo) X fII(Xo)
0.0010 -0.0028 0.010 -0.0}38 0.10 =0.044 1.0 0.155 10 1.99 100 2.9 1,000 37.0
0.0012 -0.0032 0.012 -0.0156]| 0.12 -0.045 1.2 0.212 120 2.28 120 11.1 4§ 1,200 40.9
0.0014 -0.0036 0.014 f0.0172 0.14 -0.046 1.4 0.269 14 2.58 140 12.2 1,400 44,5
0.0016 -0.0039 9.016( -0.0186] 0.16 -0.046 1.6 0.380 |16 2.88 160 13.2 1,600 47.8
0.0018 -0.0043 0.018v —0.0200 0.18 ~-0.045 1.8 0.325 18 3.15 180 14.1 1,800 50.9
0.0020 -0.0046 0.020 -0.0213| 0.20 -0.043 2.0. 0.43 20 3.41 200 15.0 2,000 53.8
0.0025 =0.0054 0.025 -0.0242} 0.25 -0.037 2,5 0.56 25 4.01 250 17.1 2,500 60.6
0.0030 -~0.0061 { 0.030 -0.0268] P.30 -0.030 3.0 0.69 30 4.56 300 19.0 3,000 66.8
0.0035 ~-0.0068 | 0.035 -0.0291) 0.35 -0.020 3.5 0.80 35‘ 5.07 350 20.7 3,500 72.4
0.0040 -0.0075 0.040 -0.0312} 0.40 -0.010 4.0 0.91 40 5.54 400 22.3 4,000 77.7
0.0045 -0.0081 0.045 -0.0331} 0.45 0.002 4.5 1.02 45 6.00 450 23.9 4,500 82.6
0.0050 -0.0087 0.050 -0.0347( 0.50 0,014 5.0 1.12 50 6.43 500 25.3 5,000 87.4
'0.0060 -0.0099 0.060 -~0.0375| 0.60 0.041 6.0 1.32 60 7.24 600 28.0 6,000 96.1
0.0070 -0.0110 0.070 -0.040 0.70 0.068 7.0 1.50 70 7.98 700 30.5 7,000 104.1
0.0080 -0.0120 0.080 -0.042 0.80 0.096 8.0 1.67 80 8.68 800 32.8 8,000 111.6
0.0090 -0.0129 0.090 -0.043 0.90 0.125 9.0 1.84 90 9.33 900 35.0 9,000 118.6
0.0100 -0.0138 0.100 -0.044 1.09, 0.155 10.0 1.99 {100 9.95 1,000 27.0 10,000 125.3
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2
2Q, V, . |
_ 3 v_|?
Ahmax _'——~j;———— x 0.9 |2 (2.19)
' CT %u v '

The two equations yield the same  result when VS/u = 0.48. Equations
2,18 and 2.19 are approximate empirical solutions of the differential
equations for plume growth, and according to Bosanquet, are within 1%
of the exact solution found by numerical integration.

The maximum rise of a buoyant plume in a stable atmosphere is
found from Equatioq 2.12, using the following expression for t + tys
or a value of 200 seconds, whichever is smaller:

27 |2

2(ds/dz) (2.20)

t+t = 1.527
o

where d6/dz is the gradient of potential temperature in degrees Kelvin

per meter.

‘2.1.5 Lucas, Moore, and Spurr Plume Rise Equation (1963)

The plume rise formula of Lucas, Moore, and Spurr (29) was developed
on the basis of eXtensive plume rise measurementslfrom two moderately
large power plants using neutral buoyancy balloons as tracers. Strom (20)
cites otﬁer studies of the Lucas et al. equation using data from other
power plants; these studies confirmed the equation in regard to its
functional form. . Values of the numerical constant in the formula have
been obtained for various plants.. The formula gives maximum plume rise

as follows:

L
aQ
Ah - __h
max u

(2.21)
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where Ah max is in feet? Qh in calories/second, and‘u in meters/second.
(1 MW = 9.96 x 103 calories/second). o is dimensional and will,
therefore, change with units. Lucas et al. found values of 150 and 190
for o at the two plants under néutral conditions. Maximum.plume rise
was largely achieved at a downwind distance of 3,600 feet. This value
is supported by‘stﬁdies at other power plants.

The value of o is found to Vary'ﬁith stack height, stack diameter,
exit velocity, and atmospheric stability. A-tentative expression for
tﬁe effect qf stack height is given by Lucas (30):

o = 135 + 0.067 h_ » (2.22)

This is considered to apply in the height range 160-400 feet,
It is to be noted that the Lucas, Moore, and Spurr formula does not

take into account the contribution to plume rise due to momentum.

2.1.6 Briggs Plume Rise Equations (1965)
| " Briggs (31) used dimensional analysis fo develop several plume rise
equations for both stable and neutral air under calm or windy conditions.
Numerical constants were evaluated with test data from various published
sources. Briggs assumes wind speed, plume buoyancy, heat emission rate,
and atmospheric stability to be the dominant‘parameters in his analyses
onitting momentum rise as a negligble.. |

The early stage of plume.rise, where dependence on downwind distance
is significant, is given by:

1/3x2/3

u

Ah = (2.0F ) ' ' : (2.23)
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8Q, »
where = EE__BE (2.24)
pa
An appropriate value for F is given by:
gATVSd2
T = ———-————_ATS (2.25)

when the stack gas has an average molecular weight and heat capacity

" similar to that of air.

9.1.7 Briggs Plume Rise Equations (1969).

In 1969, Briggs (32) published a critical review of the plume rise
observations and forﬁulas in the literature. The discussion included
the development of.a relatively simple theoretical model which Briggs
compareélwith other models. Briggs found the inverse wind speed relation,
Ahxu—;, to be generally valid for the rise of a hot plume at a fixed
distance downwind in near-neutral conditions. Nine formulas of thié type
were compared with data from sixtegn different sources, and the best agree-

1/3){2/3)/u, modified by

ment was obtained using the "2/3 law'", Ah = (1.6F
the assumption that a ceiiing height is reached at a downwind distance of
ten stack heights. The "2/3 law" of plume rise is so called because it
states that the rise is proportional to the two-thirds power of distance
downwind. The term ¥ is proportional to the heat emission. For conditions
of uniform atmospheric stratification, Briggs found that buoyant plumes
‘follow the "2/3 law" until a ceiling height of 2.9(F/us)l/3 is approached,
where "s" is the restoring acceleration‘per unit vertical displacement

in a stable atmosphere; s = (g/T) (d0/dz), where d6/dz = dT/dz + 5.4°F/

1,000 ft, i.e. the potential temperature gradient of ambient air



- 93—_

(atmospheric lapse rate). For calm conditions, the formula Ah = 5.0F%
‘s_3/8 was found tb be in excellent agreement with a wide range of data.
Formulas of a similar type were recommended for nonbuoyant plumes on the
basis .0f much more limited data.

Briggs (32) developed his simplified theory of plume rise based on
assﬁmptions common to most of the theories; i.e. treating the stack as a
'point source, treating the plﬁme as being neariy vertical or nearly
horizontal (thus avoiding thé complicated bending-over stage), neglecting
_wind shear, assuming the wind speed to be constant, and assuming that
either thevinitial veftical momentﬁm or the buoyancy dominates the rise.
(In the case where vertical momentum domiﬁates the plume is called a jet,
and theBuoyancy flux parameter F is set equal to zero. Most hot plumes,
on the other hand, are dominated by buoyancy, and the initial'vertical
méﬁentum flux,‘given by fhe term Fm,is neglected).

. Briggs (32) éives approximations for plume rise into stable air,
.‘developed from thé simplified theory, as shown in Table 2.3. 1In the calm
case, Equation 2.26 gives the height at wﬁich buoyancy goes to zero. The
plumé will penetrate a ground-based inversion or a stable layer if the
preceding formulas predict a rise higher than the top of the stable air.
If the air is neutrally stratified above this level, a buoyant plume will
continue to rise since it still has some buoyancy. A jet will fall back
‘and levei off near ﬁhe'top of fhe stable air because it becomes negatively
buoyant as it rises.

Briggs' equations for unstable and neutral conditions are given in

Table 2,4,




- 94 -

TABLE 2.3

PLUME RISE INTO STABLE AIR, BRIGGS (32)

For rise into stable air:
Y ~-3/8 . ' .

(2.26) Ah = 5.0F"s buoyant plume, vertical (calm conditions)

(7 1/3
(2.27) Ah = 2.4 GEJ buoyant. plume, bent-over (windy)
(2.28) Ah = 4 [2? jet, vertical

1/3

T -1/6 -

(2.29) - Ah = 1.5 " s jet, bent-over

The buoyancy flux parameter, F, is given in Equations 2.24 and 2.25.

The momentum flux parameter, Fm, is given by:

p

P 2 2
Fm =5 VS T (2.29a)

TABLE 2.4

PLUME RISE IN UNSTABLE AIR, BRIGGS (32)

First stage of rise:

(2;30) Ah = 1.8Fl/3u—1x2/3. buoyant plume, wind

(2.31) Ah = 2.3Fm1/3u—2/3x1/3 jet, wind
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For the buoyant plume in neutral conditions, the first stage of
rise is given by Equation 2.30 up to the distance, x*, at which atmos-
pheric turbulence begins to dominate entrainment. The complete plume
rise is given by Equafion 2,30 when x < x%, and by the following

equation when x > x%:

2 2
_ 1/3 -1_,2/3 |2 , 16 x _ 11 (x 4 x
Ah‘— 1.8F " 7"u "x* 5 +-§§-X* + 7;—(X*] [1 + 5 X*J (2.32)

Briggs gives the following formulas as conservative approximations of

x*:

6/5)
x* = 0.52 (28 p2/5y, 3/5 (2.33)
. ft .
(for h_ < 1,000 ft.)
6/5
x% = 33 [ﬁ§9§l—i— #2/> (2.34)
L

(for hS > 1,000 ft.)

Briggs cautions that Equation 2.32 should not be applied beyond x = 5x%,

since very few data go beyond this distance. He then suggests a rule

i

of thumb for sources > 20 MW heat emission at full load, whereby

Equation 2.32 can be approximated by the "2/3 law", Equation 2.30, up
to a distance 6f 10 stack heights, beyond which further plume rise is
neglected, i.e.:

1/3u—1x2/3

Ah = 1.8F (x < 10n) (2.35)

1/3u-2~ /3

Ah = 1.8F on)*> (x> 10n) (2.36)
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For sources < 20 MW heat emission, Equation 2.30 gives a conservative
approximation of Equation 2.32 up to a distance of x = 3x*, The rise

at this distance is considered to be the final rise, i.e.:

An = 1.87Y 357 (32123 (2.37)
Finally, Briggs optimizes Equations 2.30; 2.32, 2.35, 2.36, and 2.37
for the best fit to the data covered by his survey (32). This was
accomplished by dividing these formulas by 1.09; readjustment of the
constants in the previously given equations is indicated by primes on
the equation numbers., Table 2.5 summarizes Briggs' optimized equations
and the range of their‘applicability.
| Equations 2.30',2.32',2.35" and 2.36'are»also recommended for the
mean rise in unstable conditions, élfhough larger fluctuations about the
mean center line should be expected. N0~enhancement of plume rise over
that of a single plume was found when two stacks in close vicinity were
operating in neutral conditionms.
In stable stratification, Equation 2.30' holds to a distance

1
e

x = 2.4 us °, beyond which the plume levels off at about

(2.38)

us

1/3
Ah = 2.9 LEJ

Briggs notes that even though Equation 2.32' is the best of the
dozén or so formulas eyaluated, the average plume‘rise at a given plant
may deviate from the»value given by Equation 2.32' by % 10% if the site
is flat and uniform and by £ 40% if a substantial terrain step or a large
body of water is nearby. He also states thét ﬁofmal variations in the
intensity of turbulence at plume héights at a typical site cause x* to

vary by about £ 20% on the average, with corresponding variations in Ah.




TABLE 2.5

OPTIMIZED PLUME RISE EQUATIONS, BRIGGS (32)

Eqn. No.

4T
s

Plume Rise Formula Range of Appliéability
2.30' " Ah = 1.6F1/3u_1xz/3 ~ buoyant plume, wind
- neutral stratification
x-< x* '
2 -2
2 16 x , 11({x\°|{, , 4 x
2.32" Ah = 1.6]5‘1/3u_1x*2/3 5 + 25 x* 5(X*] Ll + 5 x*] - buoyant plume, wind
- neutral stratification
5x% > x > x*
6/5
2.33 x% = 0.52[38S | p2/5, 3/5 50 f£t. < hg < 1,000 ft.
: £ 6/5 s _
t
6/5
2.34 xk = 33(8eC " |p2/3 : - : h_ > 1,000 ft.
» £e6/3 s

8Q,
2.24 F = ¢ ot

Pa

ATV d?
5 95 - golvy (continued on page

_16_



TABLE 2.5 (CONTINUED)

OPTIMIZED PLUME RISE EQUATIONS, BRIGGS (32)

Eqn. No. Plume Rise Formula ' . Range of Applicability

l/Bu_lxz/3 -~ heat emission > 20 MW

(fossil fuel plants)
x <. 10 hs

2.35" Ah = 1.6F

- neutral stratification
(good working approximation
to Equation 2.21")

2.36" AR = 1.6F1/3u‘1(10hs)2/3 - heat emission > 20 MW

(fossil fuel plants)
x > 10h
s
- neutral stratification
(good working approximation
to Equation 2.21'")

2.30'  an 1/3 -1 2/3

1.6F - heat emission < 20 MW
x S 3x*

- neutral stratification

2.37" Ah = 1.6F1/3u—1(3x*)2/3 ~ heat emission < 20 MW
X > 3x*
- neutral stratification

- 86 -
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2.1.8 Comparison of Plume Rise_Equations

There are over 30 plume rise formulas in the literature, and new .
ones appear at the rate of about two per year (32). All require
empirical determination of one or more constants, and some formulas
Vare totally empirieal. HoWever, the plume rises predicted by various
formulas may differ by a factor of 10 or greater (32). This is
attributable‘to the differing types of analysis, data selectien, and
data weighting used by various investigators.

Comparison of the plume rise equations presented earlier show that
they differ in functional ferm. Hence good agreement for one application
is not likely to be found for another. Strom (20) points out the danger
of extending the application of a procedure to ranges outside of those
of the field data on whieh it is based or outside of the field examples
used to show its accuracy in fhe case of the theoretically derived
forms. Thomas et al. (33) illustrated this point by applying the
Holland and Lucas et al. formulas in determining ground-level concentra-
tions. Substantial egreement was found for power plants of less than
400 MW capacity, but disaéreement iﬁcreaeed with power plant capacity
for larger plants. The Holland equation, developed on using data from
A smaller plants, gave overly conservative plume rise values, while the
Lucas et al. formula, based on recent data from large power plants (20),
yielded much more accurate estimates.

Another exemple is found in the case of low-buoyancy plumes. The
formulas of Briggs (31) and Lucas et al. do not include momentum rise.
They must therefore not be applied to cases where there is substantial

momentum rise in relation to buoyancy rise. This condition may exist
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where the gas effluent temperature is relatively low (20). Selection
of a plume rise formula for a given problem should therefore be based,
at least in part, upon the data used in developing the formula.

The choice of a plume rise formula is further complicated by the
fact that thé leveling off of a plume is brought about in different
ways by different meteorological conditions, and thus no one equation
applies to all cases (34).

VThe plume rise formulas previously given are compared below with
the purpéée of qualif&ing the selection of the plume rise forﬁula used
in this reéearch. They have been grouped accordiﬁg to their performance

in estimating actual plume rise:

The formulas of Bosanquet et al. and Lucas, Moore, and Spurr (29)
have bofh been found to overestimate plume rise (20, 21, 32, 36), while
those of Davidson (23), Holland (25), Bosanquet (28), and Briggs (31)
tend to give predictions which are low (20, 21, 32, 35, 36).

The formula of Bosanquet et al. (24) tends to give an excessive
buoyancy rise for large plants (20, 21). Thomas, Carpenter and Colbaugh
(36) also found that this formula induces aAlarge_scatter of plume
center lines as compared with observed values.

The formula of Lucas, Moore, and Spurr (29) includes both a transi-
tional and a final-rise stage, and gives better agreement with the data
than the Holland formula (32). When the empirical stack height factor
by Lucas (30) is applied to Equation 2.21, the agreement is considerably
improved (32). Briggs (32), however, advises caution in applying the

Lucas et al. formula to plants with heat emission < 10 MW (eg. the
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Manitoba Hydro plant at Branden) because it predicts continued plume
rise to almost 1 km. downwind, regardless of source size. In addition,
Moses, Strom, and Carson (21) note that the Lucas et al. formula does
not fake into account the contribution dqe to momentum. Thomas et al.
(36) also found that this formuia has a tendancy to overestimate plume
fise and induces a moderate scatter in the predicted plume center lines.

Briggs (32) points out that the Davidson-Bryant prediction of
Ahmu—l'4_does not fit most of the data and is.therefore invalid for most
sources. In most cases, AhOCu—1 is the best elementary wind speed vs.
plume rise relation.n Furthermore, Davidsoan formula is physically over-
simplified in that the buoyancy term (AT/TS) does not take into considere*
tion the total heat emission or the effect of gravity, without which
buoyancy would not'exiSt. The main weakness of Equation 2.21 is that
it is based on data obtained only seven stack diameters downwind, and
often greatly underestimates observed rises, as demonstrated by Briggs
(32), Moses and Strom (35), aﬁd Thomas et al. (36).

The Holland formula (25) has had extensive use but is known .to
give very conservative estimates of plume.rise,'lower than those given
by most formulas (20, 21, 32, 35). Furthermore, Holland's equation is
completely empirical and does not allow for the effect of distance of
measurement on plume rise as do the formulas of Lucas et al. (29) and
Briggs (32); consequently Holland's formula gives poorer agreement with
the &ata. The Holland formula also shows a particularly high percentage
of scatter, aceording to Briggs (32).

Bosaﬁquet'S»formula (28) underestimates plume rise at large values

of x/LH.e. x/L > 103) as shown by Briggs (32). Moses and Strom (21)
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also found Bosanquet's rise predictions'to be too low. Moses, Strom,
and Carson (21),h§wever, found that Bosanquet's formula yields
excessive rise values when modified by Stumke's correction factor K.
Moses and Strom (35) cite Bosanquet's questionable assumption of a
constant diffusion coefficient equal to 0.13 for all meteorqlogical
conditions; this assumption.fails to account for possible differences
between horizontal and vertical diffusion rates.

Briggs' first equation (31) showed substantial agreement over the
wide range of data examined, but these data do not include the more
recent large power plants. Briggs' first equation underestimates plume
rise at large values of x/L (> 104), the nondimensional downwind distance
used by Briggs in a later work (32).

Briggs' Equation 2.30 (the "2/3 law'") is a transitional rise
formula, and agrees With the data as well as the Lucas modification (30)
of the_Lucas et al. (29) formula. Equation 2.32, which includes both
a transitional-rise stage (where plume rise is influenced mainly by plume
momentum and self-induced, turbulent mixing with the air), and s final
rise stage (where entrainment is dominated by atmospheric turbulence),
gives both improved numerical agreement and much less percentage of
scatter than Equation 2.30 (32). TheAfit to observed plume center lines
can ﬁe even further optimized by dividing thfough by 1.09, yielding
Equation 2.32'. Of the formulas examined, Briggs' Equation 2.32' gives
the best results, and is the one recommended for buoyant plumes in

neutral and near-neutral conditioms (32).
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2.2 DOWNWASH AND AERODYNAMIC EFFECTS

The influence of ﬁechanical turbulence around a building or stack
can significantly alter the effective stack height through its effect
on plume rise. This is especially true with high winds, Whén the
beneficial effect of high stack gas velocity is minimized and the plume

is emitted nearly horizontally.

2.2.1 Staék Downwash

Downwash of the plume into the low-pressure region in the wake of
@ stack can occur if the exit velocity is too low relative to the wind
speed. 1In addition, if the stack is toé low, the plume can be caught
in the wake of associated buildings, where it will produce high ground -
level concentrations of the effluent.

Sherlock and Stalker (37) studied the phenomenon of stack downwash
in a wind tunnel. Their results are summarized in Figure 2.2. This
chart shows the relation between wind veiocity and stack effluent velo-
city and stack effluent velocity and the occurrence of downwash. This
chart indicates that downwash will be minimized if Vs/u > 175, where VS
is the exit velocity and u is the average wind speed at the top of.the
stack. Briggs (32) confirms the results of Sherlock and Stalker by
demonstrating their consistency with elementary theoretical considera-—
tions: when Vs/u > 1.8, the upward momentum of the stack gases should
overcome the downwash pressure gradient produced by wind blowing around
the stack; when VS/u < 0.8, the effluent can be drawn down into the

lower pressure region across the entire back of the chimney.
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Figure 2.2. Critical relations between wind speed and

stack-gas velocity in the control of downwash (37).

Briggs (32) further states that if the plume is very buoyant, the
buoyancy forces are sufficient to counteract some of the adverse pressure
forces and the preceding criterion for VS could be relaxed. He cites
the need for quantitative data on the effect of plume buoyancy on the
abatement of downwash, noting that buoyancy was not a significant factor
in the Sherlock and Stalker experiments.

— Nonhebel (38) recommends that VS be at least 20 ~ 25 ft/sec for
small plants (heat emission < 106 cal/sec) and that VS be about 50 - 60

ft/sec for larger plants (heat emission > 107 cal/sec). Larger effluent
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velocities are not necessary since such high winds occur very rarely;
furthermore, much higher velocities may be detremental to the rise of
a buoyant plume due to more rapid entrainment of ambient air into the
plume (32).

Scorer (39) reports that when stack gas velocity must be low,
downwash may be prevented by placing a horizontal disk, about one stack
diameter in breadth, around the rim of the chimney top.

Briggs (32) has shown that an‘effluent emitted vertically from a
stack can rise due to its momentum or can be brought downward by the low
pressure in the wake of the stack. In a later paper (70), Briggs accounts
for the aerodynamic effect of the stack with an adjustment to the effec-
tive stack height given by 2(Vs/u - 1.5)D, where VS is the stack exit
velocity, u is the wind speed, and D is the stack diameter. The critical
ratio is Vs/u = 1.5, as given by Sherlock and Stalker (37). A value of
VS/u greater than 1.5 produces an incfease in effective stack height,
while Vs/u < 1.5 reduces the effective stack height. The adjusted stack

height, accounting for stack aerodynamics is given by:

h' = hS + 2(VS/u - 1.5)D (2.38a)

2.2.2 Building Downwash and Terrain Downwash

The region of disturbed flow surrounding an isolated building
generally extends upwards to at least twice its height and downwind 5
to 10 times its height (22). Hawkins and Nonhebel (26) proposed, as a
general rule, that chimneys should be at least 2% times the height of

adjacent buildings, but in a factory or built-up area with many high
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buildings, or in a valley, or where the ground is uneven, it is highly
desirable to ensure by means of a wind-tunnel test that the stack is

of sufficient height to avoid building downwash. If such a stack is
designed with sufficient effluent velocity to avoid stack downwash,

the plume is normally carried above the region of downflow in the wake
of the building. If the stack height or effluent velocity is slightly
lower, in high winds the plume will be caught in the downflow and be
efficiently mixed to the ground by the increased turbulence in the wake
of the building. If the stack is less than twice the building height,
at least part of the plume is likely to be caught in the cavity of air
circulating in the lee of the building, bringing high concentrations of
effluent to the ground near the building and possible into thé building
(32). Figure 2.3 illustrates the advantage of using a stack height of
2% times the height of the surrounding buildings; it also demonstrates
the advantage of constructing a stack on the side of the building down-

wind of the prevailing wind, where the air is still rising.

TURBULENT WAKE

Figure 2.3. Flow past a typical power plant (32)

The stack vs. building height factor of 2.5 is still only a rough

rule, because the air-flow pattern around a building depends on the
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particular shape of the building and on the wind direction (32).
Througﬁ wind tunnel studies, the critical wind speeds that will cause
donwwash from various directioﬁs can be determined for a given set of
plan£ factors (size and shépe of building; shape, height, and diameter
of stack; emission rate; exit velocity). Sherlock and Lesher 40)
demonstrated the use of climatological data for determining the average
number of hours of downwash per year for a given site. Sherlock and
Lesher (40) also showed that maximum downwash about a rectangular
structure occurs when the direction of thw wind is at an angle of 45
degrees from the major axis of the structure; minimum downwash occﬁrs
with the wind flow parallel to the major axis of the structure.

Briggs (70) defines three regions of building influence on the
flow regime around a structure: 1) z > hb + 1.5 Lb, 2) hb + 0.5 Lb_i
z < hb + 1.5 Lb’ and 3) z < hb + 0.5 Lb’ where Lb is equal to the lesser
of the building height, hb’ or the building width normal to the wind

direction, w These regions are shown in Figure 2.3a. If h' (as

b
defined in Equation 2.38a) is greater thén hb + 1.5 Lb’ the plume will
not be affected by the flow around the building. In this case h", the
effective stack height after building aerodynamics are accounted for, is
set equal to h'.

If h' falls within region 2, the flow disturbance will exert a
definite influence on dispersion. In this case the stack effluent is
not necessarily trapped within the turbulent cavity zone, but the plume

will be drawn down by the flow, thus reducing the effective stack height.

Briggs accounts for this by further adjustment of the effective stack
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height as follows:

h" = 2h' - (hb + 1.5 Lb) ' (2.38b)

If the effluent is released into region 3, the emissions will
concentrate within the cavity. Briggs gives the concentration within

the cavity for u > 5m sec as:

y = = (2.38¢)

where K is typically 1-1.5. For lower wind speeds Equation 2.38c is
invalid since the cavity does not develop fully at wind speeds less

than 5 m/sec. The ground level concentration downwind of the cavity

is determined by applying one of two equations for reducing the effective
stack height:

if h' >h: h"=2h' - (B + 1.51,) (2.38d)

if h' < hb: h" = h' - 1.5 Lb (2.38e)

If the value of h" determined for region 2 or region 3 is less than
Lb/2, the plume is treated as a ground source with an initial cross-
2

sectional area A = Lb . Ifn"> Lb/2, the plume remains an elevated

source.

. . k TURBULENT WAKE
hy+15L, 7ok N \_.
- P t @ \\\ \.
—_— hb v hb+ 0.5 Lh
i

Figure 2.3a. Regions of building influence on flow regime (70).

No specific rules can be given about the effect of terrain features,

partly because of the great variety of possibilities (32). Problems of
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this nature can only be solved by wind tunnel modeling or on-site

observations. Modeling is usually the best method. (21, 32, 41).

2.3 ATMOSPHERIC DISPERSION EQUATIONS
2.3.1 Introduction

The preceding discussions provided a qualitative description of plume
behaviour and presented several mathematical formulations for calculating
the effective height of a stack. This section outlines the fundamentals
5f estimating plume dispersion in the atmosphere.

The two basic parameters of atmospheric flow important in the short-
term dispersion of stack gases from a continuous source are 1) the wind
speed, and 2) the thermal and mechanical turbulence characteristics of
the flow (11,22). An increase in wind speed has the direct effect of
introducing the effluent gases from a céntinuous source into a greater
volume of air per unit time interval, thus reducing the concentration.
The wind turbulence serves to spread the effluent normal to the mean
direction of transport, mixing it witﬁ ambient air from the surroundings.

The complexity of the variables involved in diffusion is such that
no rigorous mathematical solution to dispersion problems has yet been
developed. It has been found, however, that a statistical representation
of the problem is often satisfactory if the governing parameters are
chosen carefully. Particular’attention must be paid to time and distance
scales to ensure that they are not extended to such a degree that the
dispersion conditions change significantly (11).

Once again, to facilitate comparison of the formulations which

follow, a uniform set of symbols has been adopted. These symbols are
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based upon the notation used by the American Society of Mechanical
Engineers (11), Strom (20), and Turner (22), and are listed in Appendix

8.2.

2.3.2 Bosanquet and Pearson Diffusion Equation (1936)
One of the first equ?tions to be applied to specific problems of
gas plume diffusion was that of Bosanquet and Pearson (42). The Boéanquet
and Pearson formulatrion is bésed on eddy diffusion theory, and neglects
the comparatively small effects of kinetic diffusion and Brownian motion.
Bosanquet and Pearson (42) commencé their development of a point
source diffusion equation by solving for an elevated line source. The
source is assumed to be at a height h above the ground, emitting a mass
Q of some pollutant per unit time, with 2 constant wind velocity u at
all points. The ground-level concentration produced by this source is

given by:

X(x,y,0) = 5%; exp{— gij (2.39)

where p is a numerical constant. ¥(x,y,0) is a maximum when x = h/p;
when x >> h/p, the exponential term becomes unity, and ¥ decreases in-
versely with increasing distance.

Bosanquet and Pearson (42) then extend their solution for the elevated
line source to the point source case, taking into account the additional
factor of lateral diffusion. Solutions are given for estimating annual
average and short term concentrations.

The annual average concentration due to a point source of strength Q

and height h is given by:
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x = =2 exp(— pix} (2.40)

'where u is the mean wind velocity and a® is the fraction of the year
during which the wind direction falls within an arc 0. The mean value
of "a" is 1/2m, and the variation of "a" with direction can be obtained
from meteorological records.

For determining short termAconcentrations, Bosanquet and Pearson (42)
specify an effective sampling period of the order of a few‘minutes to an
hour, i.e. a period during which the mean wind direction is not likely to
change appreciably. ¢ is given as the standard deviation referred to a
vertical plane through the mean axis of the cloud,' and is proportional
to the downwind distance, x. In the case of gas emission, the mass m

over a unit area of the earth's surface at a distance x downwind and a

lateral distance y relative to the mean path of the plume is given by:

Q 2
m = ————— exp|~- _ZTZ ' (2.41)
V21 ou 20

0 is related to downwind distance with a numerical constant q as follows:
0 = gx (2.42)

Substitution for 0 in Equation 2.41 gives m in terms of downwind distance:

2
m = —Q exp|- }’2 5 (2.43)
V2T qux 2q97x

This value of m is then substituted for Q in Equation 2.39 to give the

ground level concentration due to a continuous point source:
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Q 2 h |
X(XQY,O) = T 75— exp _]yZ[_y—] exp [_ —.} (2-44)
V2T pqxzu ax px

The concentration is at a maximum whep y = o, and decreases to zero when
y >> 0.

Bosanquet and Pearson (42) use a siﬁilar development for the case
of dust with a free falling speed of f, emitted from a point source.

The ground level concentration is given by:

. yf/pu
ofir® :
x(x,y,0) = exp —1/2[—1] exp[— L] (2.45)

. £
/7 pax * o)

Bosanquet and Pearspn (42) discuss éeveral empirical methods for
determining the values of p and q, including smoke cloud observations
and measurements of atmospheric ‘eddy viscosity. An average value of
p = 0.005 is given, with possible variations by a factor of at least 3
in either direction. Th{s corresponds to the occurrence of the maximum

ground level concentration, allowing for lateral diffusion, at a down-

wind distance of ten stack heights. A mean value of q = 0.08 is given,
based on experiments with balloons. Bosanquet and Pearson give the
relationship‘q =2 p for plumes with roughly circular cross-sections,

i.e. where 0 is the same in the horizontal and vertical directions. In

reference to Equation 2.45, the value of f for a 20 micron diameter coal

particle in air is 1.5 cu/sec (42).
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2.3.3. Sutton's Diffusion Equations (1947)

Reference to Sutton's original text (43) will reveal his use of the
physiéal source height, hs’ in his diffusion equations, instead of the
more accurate effective source height, he, used in the discussion which
follows. 1In his paper, Sutton makes the unwarranted assumption that
there is no significant rising of gas plumes because of their own buoy-
ancy. He further 'states that such plumes attain ambient air temperature
after travelling only a short distance downwind and that any errors
introduced by neglecting plume rise are not likely to be serious. Tﬁe
literature on plume rise reviewed in section 2.1 proves that Sutton's
assumptions regarding the significance of plume rise in diffusion analyses
are‘invalid. Since the maximum ground level concentration produced by
a dispersing gas plume is inversely proportional to the square of the
stack height (or more accﬁrately: effective stack height) as shown by
Sutton (43) in Equation 2,50, it is evident that even a relatively small
increase in the effective height of emission will in fact result in a
significant reduction of the maximum ground level concentration. There-
fore, in order to present a more valid representation of Sutton's diffusion
equations, the author has followed the example of Strom (22) in substi-
tuting he for hS in the discussion of Sutton's paper.

Sutton's diffusion equatidn for elevated point sources (43) is
based on the approximate theory of eddy diffusion developed by Sutton
for chemical warfare purposes (43), Sutton gives the following formula
for gas concentration at any location downwind of a continuous point

source:
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2 — .
Q exp(-y /Cyzx2 n) (z—he)2 (z+he)2
X@y,2) = pa P|T Zam| T e®|T 5o (2.46)
mC_C_ux C ™x : C x
y z : z J z

where the variables are used with consistent units. Sutton assumes the
ground to be an inert surface which does not absorb or capture the
diffusing gas, and therefore allows for complete reflection of the plume
by the plane z = o. The effect of plume reflection is given by the second
exponential term of Equation 2.46. At ground level (z=0), Equation 2.46

reduces to:

2
2 h
2 1
Xx(x,y,0) = —————$L§:;:exp - 'y2 + e2 (2.47)
7C_C ux X C C
y z v z

Where the concentration is to be calculated along the centerline of the

plume, Equation 2.46 may be further simplified to:

2
2 he '
X(x,0,0) = —20 — oxpl e (2.48)
mC_C uz2 n C 2x2 n
vz z

Equation 2.48 can be differentiated with respect to the downwind distance
X to give the point of maximum ground-level concentration along the plume

centerline. The resulting expression is:

Xmax =3 (2.49)
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The corresponding maximum ground-level concentration at y=0, X=X is

given by:

Xmax = 2 2 Eé (2i50)

eTruhe y

This equation shows that the maximum ground-level concentration varies
inversely with the square of the plume height. Sutton (43) notes that
Equation 2.50 is independent of the turbulence index, n.

For negligible ground effect (valid for‘relatively large values‘of
he), maximum gas concentration at a given x occurs on the axis of the
plume, a horizontal line through the virtual source at Z=he’ y=0, in the
direction of the mean wind. Strom (20) gives the following expression

for axial concentration based on Sutton's equation (43):

=0 2.51
Xaxial ﬂCyCZuXZ_n (2.51)
Axial concentration is the greatest at the source; it is infinite for
the point source assumed in the above equations. In all cases, the
concentration varies inversely with the wind speéd.
The quantities Cy and Cz are virtual diffusion coefficients for the

crosswind (y) and vertical (z) directions, respectively, with values

given by:

—=\1-n

n 2
c? = 4 v (2.52)

y (1—n)(2—n)un u2
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() 1-n

n 02
c?- 4V v (2.53)

z (1—n)(2—n)un u2

The quantity n is a dimensionless number between 0 and 1, related to the
diffﬁsing power of the turbulence. In the development of Equation 2. 46
it is assumed that the wind speed and diffusion coefficients are constant
with height, even though a gradient of Wind speed is needed to produce

mechanical turbulence over flat ground (22). Since these parameters

usually do vary with height in the real atmosphere, however, specific
values must be chosen. For axial concentrations, values of u,»Cy, and Cz
at plume level are appropriate (22). For computing ground-level concen-
trations, mean values over the height of the stack may be used (43).

The value of n can be determined by measuring the vertical transfer
of momentum as indicated by the wind shear near the surface (43), but
this is a difficult procedure according to Strom (20). Sutton (43) gives

an alternate method of obtaining n by relating it to the mean wind velo-

city profile using the following power law:

n

u = ul(z/zl)z_n (2.54)

where u is the wind velocity at elevation z and u, is the velocity at

_ 1
the reference level zg-

Sutton's relationship for the diffusion coefficients in terms of
turbulence characteristics (43) are given in Equations 2.52 and 2.53.
These equations show that Cy énd CZ depend primarily upon the value of

n and the magnitude of the '"gustiness factors" v'z/u2 and’w'z/u2 and

only slightly upon u, the mean wind speed. Due to the extreme variability
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of the gustiness factors, it is difficult to choose repreéentative mean
values for Cy and Cz (43). Therefore, the practice in field experiments
has been to determine the coefficients from.measurements of conceﬂtration
distribution by applying Equation 2.46. Sutton (43) gives surface values
of.Cy and CZ taken to agree with data obtained at Porton, England;these
values, listed in Table 2.6, are based on conditions of small lapse rate,
with gustiness appropriate_to winds over relatively smooth, rolling
terrain and u=5m/sec. The diffusion coefficients were determined for a

3-minute sampling period.

TABLE 2.6
VALUES OF DIFFUSION COEFFICIENTS ADOPTED

FOR EQUATIONS 2.38 TO 2.44, SUTTON (43).

HEIGRT OF SOURCE ABOVE GROUND (m) | g?z 572 .

@) @'

0 ' 0.21 | 0.12

10 : 0.21 | 0.12

25 1 0.12 | 0.12

50 1 0.10 | 0.10

75 : 0.09 0.09

100 , 0.07 | 0.07

Nea? the ground CY tends to be greater than Cz due to the suppression
of the vertical component of the turbulence, but with an increase in
elevation turbulence becomes more nearly isotropic (22). Sutton (43)
gives equal values of Cy and Cz for heights greater than or equal to

25 meters, as shown in Table 2.6. Suttton also gives values of n, u, and
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w'/u for various atmospheric lapse rates, but no observational data are

quoted to support them.

2.3.4 Gaussian Diffusion Equations

Many widely-used dispersion equations are based on the concept that
the concentration distribution of a dispersing plume or cloud is Gaussian.
Most of the practical dispersion formulations are comprised of the Gauss-
ian, or normal distribution function, plus an expression for the mean-
square particle diffusion (44). During recent years these formulas have
undergone considefable reviéion, primarily due to the results of experi-
mental measurements by Hay and Pasquill (45,49), Cramer (46,47,48),
Pasquill (50), Gifford (51,52), Carpenter et al. (53), and Montgomery
et al. (54). Several of the better-known formulas and their modifications
applicable to continuous elevated point sources are presented in the sub-

sequent sections.

2.3.4.1 Gaussian Form of Sutton's Diffusion Equation

The Gaussian.diffusion equation is based on the assumption that the
spread of a plume can be represented by a Gaussian distribution in both
the horizontal and vertical planes, with standard deviations of the plume
concentration distribution given by Oy and Oz respectively. Further
assumptions include (22,44): a meaﬁ wind velocity, u, with the mean
direction specifying the x-axis and the mean wind speed representative of
the diffusing layer chosenj;a uniform pollutant emissibn rate, Q; total
reflection of the plume at the earth's surface, i.e. no reaction or
deposition of pollutants at the surfacejand values of Gy and Oz repre-

sentative of approximately 10-minute sampling periods.
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The Gaussian form of Sutton's diffusion equation (43) is easily
obtained by substituting Oy and Oz for Sutton's parameters in Equation

2.46. The resulting equation is:

N A :
z=h z+h
+ exp|-%

x(x,y,2) = 3_%; exp _1/2[6&] exp |-
y z y ‘

(2.55)

where Gy and Oz are related to Sutton's parameters as given in Equations

2.56 and 2.57 by Turner (22):

o =L ¢ x(Zm/2 (2.56)
y /3 y

g =L ¢ x(Z)/2 (2.57)
zZ /i zZ

Equation 2.55 is valid where diffusion in the x-direction (direction of

plume travel) can be neglected. This assumption can be made if the release

is continuous or if the durétion of release is equal to or greater than

the travel time (x/u) from the source to the location of interest (22).
For concentrations calculated at ground level, i.e. z=0, Equation

2.55 simplifies to:

2
h .
x(x,y,0) = ——m% ~ exp —%[—L} exp "1/2[’_e (2.58)
vy z y {2

™~

For ground-level concentrations alopg the plume centerline (y=0), Equation

2.58 reduces to:
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(h
=—Q Y 3
X(x,0,0) = —— o G °XP|75|= (2.59)
y z L z
Strom (20) points out that when Equations 2.56 and 2.57 are applied
to field concentration data, the values of n for the two equations may
differ. When Oy and Gz have the same functional form with respect to
downwind distance, the maximum ground-level concentration on the plume
centerline is given by:
(o}

- 20 =z
xmax(x,0,0) = 25 v (2.60)
1Teuhe v

The empirical coefficients Oy and Oz are evaluated in terms of the
downwind distance, x. Values for these parameters are discussed in section

2.3.5.

2.3.4.2 Concentrations During Inversion Break-Up Fumigations

A ground-based inversion may be dissipated by the upward transfer

of sensible heat from the ground surface when the ground 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 e

surface. In either case, pollutants previously emitted above the surface

into the stable inversion layer will be mixed rapidly downward to the
ground when they are reached by the thermal eddies of the unstable layer
developing upward from the ground (22,44). This process, referred to as
"fumigation" by Hewson and Gill (55), commonly occurs in the morning

after a night.of marked stability, and may produce high ground-level
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concentrations for a period on the order of ome-half to two hours,
depending on the season and local conditions (20,44).

Equations for estimating concentrations under fumigation conditions
- have been given by Holland (25), Hewson (56), Gifford (51), Bierly and
Hewson (57), and Pooler (58).

Holland's equation for concentration along the plume centerline

during fumigation, Xg» is given by (25):

Q
Xu(x,0,2) = (2.61)
F /T cyuhix(z"“) /2

This equation is obtained by integrating Equation 2.46 (Sutton's diffusion
equation) with respect to z from 0 to ® and distributing the result uni-
formly over the layer depth, hi’ which at the onset of fumigation is equal
to the effective source height,_he. The values of Cy’ u, and n should be
those appropriate to the inversion prior to fumigation (20).

Hewson (56) bases his fumigation equgtion on the assumption that the
inversion plume before break-up has the form of a pie-shaped wedge of 5°
includea angle and constant thickness. During fumigation the plume is
treated as diffusing downward uniformly throughout a volume determined by
the plume dimensions before break-up. Hewson gives the following equation
for estimating the ground-level concentration during fumigation (56):

36Q

ﬂuhe(x1+xz) (2.62)

X(XI+X2 9090) =

X, Q, u, and he are defined as they were for Equation 2.46, and x; and x»
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are the downwind distances to two locations between which the concentration
is desired. For the concentration at a location x, (x1+x2) is replaced by
2x, giving the result:

18Q
Tuh X
e

X(x,0,0) = (2.63)

Gifford's formula for the fumigation condition (51) is simply the

Gaussian equivalent of Holland's formula (Equation 2.61), using the

P . . ‘ (] (2—1‘1)/2
standard deviation Oy in place of Sutton's parameters Cy and x .
Gifford's equation for the fumigation concentration, Xg» at y=0, is
given by:

Xp = ——— (2.64)
VT o_uh, : :
y i

where hi is the height of the base of the inversion.

The equation given by Bierly and Hewson (57) is based on the assump-
tion that the plume is initially emitted into the inversion layer. There-
fore, values of Oy and GZ characteristic of stable condtions must be
selected for the downwind distance being examined. Bierly and Hewson
give the following equation for the ground-level concentration when the

inversion has been eliminated to a height hi:

P 2
Q exp (-0.5 p™) dp 2
Xg (%,7,0) = —I= 21 exp|-%|—L-| | (2.65)
V2T 0 u h, y
Vg i F
hi - he
where P = 5 .
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The factor given by the integral in Equation 2.65 accounts for the portioﬁ
of the plume that is mixed downward. If the inversion is eliminated up to
the effective stack height, half of the plume is considered to be mixed
downward, while the other half remains in the stable air above. Turner
(22) gives the following approximation to Equation 2.65 when the fumiga-

tion concentration is near its maximum:

O .
Xp (%,7,0) = : exp|-% | (2.66)
V2T u Gthi : Vg

where h, =h + 20 : (2.67)
i e z

Turner (22) points out the difficulty encountered in estimating é
reasonable value for the horizontal dispersion during fumigation. This
is due to the additional horizontal spréading which occurs when the stable
plume is mixed through the vertical depth hi' Neglect of this spreading
while using the Gy for the stable conditions tends to produée estimated
concentrations higher than those actually observed. This effect may be
compensated for by using an approximation for GYF given by Bierly and
Hewson (57). Bierly and Hewson assume that the edge of the plume is
defined by the point at which_the concentration equals one-tenth of the
centerline concentration (i.e. at a distance of 2.150y from the plume
axis). It is further assumed that the edge of the plume spreads outward

at an angle of 15°. The resulting approximation for © s .
YF is given by:

2.15 + h tan 15°

G = — y(stable) (2.68)

Ip 2.15
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A Gaussian distribution in the horizontal is assumed as shown in Figure

2.4.

20 BOUNDARY OF
i mm s

'!' e "L e STABLE PLUME
,r’ °'z b 2 o’l 0"\\\
1 + ,Y i
AN 2159y, -
h;=H+20% H
15

2.15 Fy+ H ton 15°

o~ ————

i
|
|
A

[
215 Y (FUMIGATION)

Figure 2.4. Diagram showing assumed height, hi’ and

OY during fumigation;for use in Equation 2.66 (22).

Equation 2.68 should not be applied near the stack since the emis-
sion will be taking place under unstable not stable conditidns if the

inversion has been eliminated to a height sufficient to include the

entire plume (22). Therefore.the nearest downwind distance to be con-
sidered for an estimate of fumigation concentrations must be great enough,
based on the time required to eliminate the inversion, that the portion
of the plume considered was initially emitted into stable air. This dis-
tance is x=utm, where u is the mean wind speed in the stable layer and tm
is the time required to eliminate the inversion from hs’ the physical
stack height, to hi' The value of tm is dependent upon both the strength
of the inversion and the rate of heating at the surface. Pooler (58)

gives the following expression for estimating tm;
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p ¢ h + h,
-_a pob _ s i
tm R dz (hi hs){ z J (2.69)

The term (hi - he) is the thickness of the layer to Be heated and

(he + hi)/z is the average height of the layer (22). Although R is
dependent upon the season and cloud cover, Pooler (58) uses a value of
R = 67 cal/mz/sec as an average value for fumigation conditions.

Hewson (60) also gave a method for estimating tm:

t = (2.70)

Hewson suggests a value of 3 mz/sec for K, the eddy diffusivity for heat.

2.3.4.3 Limited Mixing

Limited mixing occurs when the plume is trapped between the ground
- surface and an elevated inversion layer. Bierly and Hewson (57) give the
following equation that accounts for the multiple eddy reflections from

both the ground and the stable layer aloft under trapping conditions:

(z-h )2 z+he 2
=t ~1 -1
X(x,0,2) = 5——lexp |-} + exp| i) ——
vy 2z z zZ
J
N=J| (z-h -2n1) 2 z+h ~2NL) 2
+ ) |exp|-4|—a o + exp|-h|———
- G
N=1 ! z zZ
L J
[ z-h_+2NL) z+h +2NL) ?
=1 =1z
+ exp 3| - + exp|- 5 | (2.71)
{ z { z
7
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where L is the height of the stable layer and J=3 or J=4 is sufficient
to include the important reflections. Turner (22)‘approximates Equation
2.71 by assuming that the concentration is not affected by the stable
layer until Oz = 0.47L. It is assumed that at this distance, Xrs the
stable layer begins to affect the vertical distribution so that at the
downwind distance ZXL, uniform vertical mixing has taken place and the

following equation can be used:

Q | y|?
X(x,5,2) = ———— exp|-L[-L (2.72)
/20, LU [Gy}

For distance between X and ZXL the best estimate to the ground level
centerline concentration is that read from a straight line drawn between
the concentrations at X and ZXL on a log-log plot of ground level center-

line concentration as a function of distance (22).

2.3.4.4 Effeéts of Extended Sampling Times on Concentration Estimates

Concentrations directly downwind from a source decrease with increased
sampling time mainly because of a larger GY due to increased meander of
wind direction (22). Several investigators have given relationships for
the variation of maximum mean concentration with sampling period, for
sampling periods ranging from a few minutes to an hour (20). These are
summarized in Table 2.7.

The relationships of Stewart et al.v(6l) and Cramer (48) are both
based on observations taken near the height of release. Nonhebel's
relationship is based upon published dispersion coefficients rather than

upon sampling results.
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TABLE 2.7
SUMMARY OF RELATIONSHIPS FOR VARIATION OF MAXIMUM

MEAN CONCENTRATION WITH SAMPLING PERIOD

Investigators Sampling Period Relationship for X¢ VS. tS

¢ .2
Stewart, Gale, and| 3 - 30 minutes Xy = Xy -
Crooks (61) ©2,

c -2
Cramer (48) 3 seconds - 10 minutes : Xy = X1 El

L2)

¢ y.1l7
Nonhebel (38) 3 minutes - 24 hours X = X L

2 1 t2J

Gifford (62) indicates that the ratios of peak to mean concentrations

are much higher than those given by the power laws in Table 2.7 where the

observations of concentrations are made at heights considerably different
from the height of release or considerably removed from the plume axis.
He also shows that for increasing distances from an elevated source, the
ratios of peak to average concentrations observed at ground level approach
unity.

Singer (63) and Singer, Imai, and Del Campo (64) have shown that
the ratios of peak to mean concentrations also depend on atmospheric
stability and the type of terrain beneath the plume. Singer et al. (64)

found reduced changes in peak concentration versus sampling period for
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Sampling times less than 5 minutes. They also found that increased
surface roughness reduces the effect of sampling period on peak concen—
trations.

Turner (22) notes that complexity of sampling time effects given in
the literature; and gives the following equation as the best estimate of
concentrations from a single source for time intérvals greater than a few

minutes:

£ )P
k
XS - Xk _t_ (2-73)
8)
where Xs_is the desired concentration for the sampling time, tys Xk is

the concentration for the shorter sampling time, tk’ (probably about 10
minutes); and p should be between 0.17 and 0.2. Equation 2.73 would be
most appropriate for sampling times less than 2 hours.

The curves of Figure 2.5 given by Briggs (65) show the approximate
ratios of peak or longer terﬁ ground concentrations to 30 minute average
ground concentrations. Briggs cautions that on infrequent occasions the

values of X might be twice as great as those computed using Figure 2.5,

2.3.4.5 Long-Term Average Concentrations
Estimates of seasonal or annual average concentrations can be made =
for any distance in any direction if stability wind '"rose" data are
available for the period under study, provided that the source emits at a
constant rate from hour to hour and day to day (22). A wind rose gives

the frequency of occurrence for each wind direction section (usually for

16 sectors of 22%° width) and wind speed class (9 classes in standard
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- Ratio of Maximum y |
relative to 30-min.

Figure 2.5. Maximum ¥ (relative to 30-minutes)

versus averaging time, Briggs (65).

meteorological tabulations) for the period under consideration. A

stability wind rose gives the same type of information for each stability

class.

In determining long term average concentrations it is assumed that
the wind directions within each sector are randomly distributed over a
period of a month or a season (22). It is further assumed that the

effluent is uniformly distributed horizontally within the sector (25).
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Gifford (51) gives the following equation for the long-term average

concentration at a given location:

h
X oy = 2Q(£/100) exp |4 O_e (2.74)
& . /ZI’O’ZU z)

where f is the frequency in percent per radian with which the wind blows

toward the chosen location. ~ A
Turner (22) gives two equations for the average concentration within
a 22%° wind direction sector, the latter (Equation 2.76) being applied

where an elevated stable layer affects the distribution. The equations

are as follows:

h
2
Xavg = —————il:;——— exp|-% EE (2.75)
X z
/70 2]
= Q
Xavg (2.76)
27x
Lufig&

X

avg for a particular direction and downwind distancebcan be estimated
by choosing a representative wind speed for each speed class and solving
the appropriate equation (2.75 or 2.76) for all wind sbeed classes and
stabilities. The resulting concentrations are weighted, each according
to its frequency for the particular stability and wind speed élass. The

weighted concentrations are then summed to yield the long-term average
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concentration for the chosen direction and distance. Different effective
stack heights may be used for various wind speeds. The average concentra-

-tion can be expressed by (22):

( )
2
L eN
Xavg - z Z 2Q£(6,5,N) expt-% < 2.77)
SN 5= o 21rx] z
U288 N 16 ) J

where £(0,S,N)

frequency during the period of interest that the wind is
from the direction 8, for the stability condition S, and
the wind speed N.

OzS = vertical dispersion parameter evaluated at the distance x

for the stability condition S.
uN = representative wind speed for class N.
heN = effective height of release for the wind speed Uy
Where stability wind rose information cannot be obtained, a first-

order approximation of seasonal or annual average concentrations may be

made by using the appropriate wind rose in the same manner given above,

and assuming the neutral stability class, D, only (22).

2.3.4.6 Multiple Sources

In cases where it is desired to determine the concentration at a
receptor point resulting from several sources, the normal procedure is to
éonsider the receptor as being at the origin of the diffusion coordinate
system. Sutton (43) and Gifford (66) have both shown that the concentration

at this point (0,0,0) due to a source at (x,y,he) on a coordinate system
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Figure 2.6. Comparison of source-oriented and

receptor-oriented coordinate systems (22).



- 133 -

with the x-axis oriented upwind is the same as the concentration at
(x,y,0) from a source at (0,0,he) on a coordinate system with the x-axis
oriented downwind. These two coordinate systems are compared in Figure
2.6. The total concentration at the receptor is thus obtained by summing
the individual contributions from each source (22,44).

Turner (22) points out the difficulty of determining the atmospheric
conditions of wind direction, wind speed, and stability which will result
in the maximum combined concentrations from two or more sources; he
recommends the draﬁing of concentration isobleths for various wind speeds
and stabilities and orienting these according to the wind direction as a

solution to this problem.

2.3.5 Comparison of Atmospheric Dispersion Equations

Bosanquet and Pearson (42) used dimensional analysis to develop a
theoretical formulation for calculating the spreading of a smoke plume
from a chimney. They have shown their results to agree reasonably well
with experimental data. The average value of the vertical diffusion
-coefficient, p=0.05, varies from experimental values by a maximum factor
of 3. The mean value of the horizontal diffusion coefficient, q, is given
as 0.08, as determined experimentally (42); for plumes of roughly circular
cross-section, the corresponding theoretical value of p is 0.057, which
agrees with the mean value of p given above.

Sutton's diffusion model (43) has been widely proven in practice.
The Wofk of Bosanquet and Pearson (42) discussed above has been shown to
be in general qualitative agreement with Sutton's equations, but Sutton's

expressions have the advantages of greater accuracy and a development
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based on both theoretical and empirical considerations (44). Sutton's
model should not be applied universally since it has only been verified
over a limited range of distance and meteorological conditions. Good
correlations between diffusion predictions by Sutton's model and act;al
downwind coﬁcentrations have been obtained for distances of the order of
several kilometers under neutral or unstable conditions (44). The theor-
etical concentrations are likely to be accurate within a factor of 2 over
flat terrain within about 10 km of the source, and within a factor of 5
at greater distances (43).

The Gaussian férm of Sutton's diffusion equation agrees well with
much of the presently available atmospheric data, and Gaussian plume models
(sections 2.3.4.1 to 2.3.4.6) have proven to be reasonably successful in
providing a practical mathematical descfiption of observed concentration
patterns (22,44). The Gaussian model has several advantages: 1) only two
dispersion parameters, Oy and Oz’ are required; 2) the Gaussian form of
the concentration equation is more flexible than Sutton's original express-
ion in that the standard deviations, Oy and OZ, are not restricted to a
power-law relationship with distance, as are Sutton's coefficients Cy and
CZ; 3) the results of most diffusion experiments are now being reported in
terms of the standard deviations of plume? spread, Oy, and Oz, required by
the Gaussian model. These advantages, combined with previous successful
applications of the Gaussian models to diffusion problems provide the

rationale for the use of the Gaussian equations in the evaluation presented

in this paper.
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2.4 ESTIMATION OF HORIZONTAL AND VERTICAL DIFFUSION COEFFICIENTS
2.4.1 Introduction

For practical use to be made of diffusion formulas numerical values
for the diffusion coefficients Oy and Qz must be determined. These
parameters depend on ground roughness, atmophseric stability and turbulence,
height above the ground, sampling time over which the concentration is to
be estimated, wind speed, and distance from the source (22). The results
‘of Various field-diffusion experiments have been given in diffusion para-
meter form by several authors. Among the better known investigations are
those of Hay and Pasquill (45,49), Cramer (46,47,48), Sutton (43), Pasquill

(50), and Gifford (51,52).

2.4.2 Sutton's Diffusion Coefficients (1947)

The diffusion coefficients used by Sutton have been discussed at
length in section 2.3.3. The quantities Qy and CZ are virtual diffusion
coefficients for the crosswind and vertical directions, respectively.

Their values are given by Equations 2.52 and 2.53. The turbulence index,

n, used in computing Cy and CZ, is a dimensionless number, varying from
almost zero for very turbulent air to an upper limit of unity for cond-~
itions of low turbulence.

The value of n can be:determined by measuring the vertical momentum
shear at the surface (43), but this is a difficult procedure (22). Sutton
gives an alternate method of determiningAn by relating it to the mean wind
velocity profile in terms of the power law given in Equation 2.54%.

Equations 2.52 and 2.53 also show the values of Cy and Cz to be

dependent upon the magnitude of the "gustiness factors" v'z/u2 and w'z/u2
. ’
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respectively. These factors are extremely variable, however, making the
choice of representative mean values for Cy and CZ difficult (43). The
practice in field experiments has therefore been to determine the coeffic-
ients Cy and CZ by applying Sutton's diffusion equation (Equation 2.46)

to measurements of concentration distribution.

2.4.3 Hay and Pasquill Diffusipn Coefficients
2.4.3.1 Hay and Pasquill (1957)

Hay and Pasquill (45,49) were two of the first investigators to relate
plume dispersion to wind direction fluctuations. Their first paper (45)
is based on a continuous source dispersion experiment carried out at
Porton Downs, England. This paper presents evidence that the vertical
distriBution of spreading particles from an elevated point source is
reléted to the standard deviation of the wind elevation angle, Oe’ at
the point of release. 1In thé experiment a continuous source of Lycopodium
spores was generated at 150 m above the ground an% sampled at downwind
distances of 100-500 m by a series of samplers suspended along the cable
of a'barrage balloon. Hay and Pasquill give the results of 10 trials,
each lasting approximately 30 minutes. It was found that Ge, measured
in degrees at the height of the source, was very similar to Oz, the standard
deviation of the vertical spread of particles, also measured in degrees,
to distances of 500 m. bThe ratio Oz/Oe varied from 0.94 to 1.25 in eight
of the trials; the other two trials yielded values outside this range as
a result of marked inhomogeneity in the turbulence. The average arc value

of GZ for slightly unstable to slight inverstion conditions was ~3,99,
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2.4.3.2 Hay and Pasquill (1959)

In a later paper published in 1959, Hay and Pasquill (49) presented
a method of estimating the lateral plume spread from measurements of
wind—difection fluctuations made with a suitably responsive wind vane.
In this case, a source height of 2 m and a sampling period of 3 minutes
were used. Lycopodium spores were again released continuously from a
mechanical dispenser, and samples of the resulting plume were collected
on small adhesive cylinders along an arc 100 m downwind of the source.
The basis of the experiment was thé theoretical expression for the spread

of serially released particles, given by Pasquill (68) as follows:

2

Y =v 2

2 for T > ¢t (2.78)
T,8

where v'i s~ variance of the lateral component of the eddy velocity, for

the time parameters T and s.

2
s=t/B s

averaging time of the variance v'

T = sampling time, equal to the duration of release of particles
(or to fhe duration of the sampling of the distribution of
particles)

B = ratio of the lagrangian time-scale of turbulence to the time-
scale deduced from(Eulerian) measurements of the turbulent
fluctuations at a fixed point.

Y = variance of the wind-direction fluctuation

t = time of travel of plume.

Hay and Pasquill (49) converted Equation 2.78 into angular form for small

angles:




02=02 (2.79)
p 0
TsS
where 062 = variance of wind direction for sampling time T and averaging
T,S
time s.
Opz = variance of bearings of the particles from the point of

release.
‘The ultimate goal of the Hay and Pasquill experiment (49) was to determine
the values of B (and therefore the values of the averaging time s) required
to satisfy Equation 2.79, thereby allowing the use of wind~direction
records for estimating plume diffusion..

The values of B for each of 8 trials were obtained by first evaluating
the standard deviation of the wind direétion record over the 3-minute
duration of release and for various averaging times, and then selecting
the averaging time s at which this standard deviation was equal to the
observed value of Gp. This gave s = t/B = x/uB, with x = 100 m and u the
mean wind speed during the time of reléase. The values of B obtained
range from 1.1 to 8.5, with a mean value_of about 4. Figure 2.7 demon-
strates the practical acceptability of a constant value of B equal to
the mean. The observed and computed values of Gp are compared; for R = 4
the two worst discrepancies are only 10% and 30%.

Hay and Pasquill (49) also examined the variation of ;he computed
value of cloud spread with downwind distance. A power-law relationship is
given:

o« x1 (2.80)
with q = -0.21 (for angular measure) corresponding to near-neutral condi~-

tions.
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- 140 -

2.4.4 Cramer Diffusion Coefficients (1957-1959)

In 1957, Cramer (46) published a set of three graPhS-Gy and Oz or
the concentration i; for distances up to 1.6 km could be determined
directly from a knowledge of the horizontal wind-direction standérd
deviation, Ge.' The curves in these graphs were based on data from the
Round Hill Field Station at the Massachusetts Institute of Technology and
from the Project Prairie Grass site at 0'Neill, Nebraska (46). A sulfur
dioxide tracer was used at both locations, with a source height of 0.5 in.
The tracer was sampled along semicircular ares at 50-800 m from the source,
1.5 m above the ground. Vertical concentration distributions were sampled
from 6-20 m towers along the 100 m arc.

A sampling period of 10 minutes was used in measuring both wind
fluctuations and ground-level tracer concehtrations downwind. An important
feature of these investigations was the use of fast-response instruments to
give accurate observations of the lateral and vertical wind fluctuations.

In 1958 and 1959, Cramer published several comprehensive studieé of
the variations in basic diffusion parameters in all thermal stratifications
(47,48), providing a method for estimating atmospheric dispersion using
direct meteorological indicators.

The revised graphs given‘by Cramer (48) allow the determination of
small-scale diffusion parameters using either wind records or atmospheric
stability measurements. These graphs are shown in Figures 2.8 to 2.10.

Cramer's stability classes are given in Tables 2.8 and 2.9.
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TABLE 2.8
SMALL-SCALE DISPERSAI, PARAMETERS FOR

VARIOUS THERMAL STRATIFICATIONS, CRAMER(48)

THERMAL, STRATIFICATION 0y (deg) o, (deg) ‘ b a
Extremely unstable 25 - 30 8 - 30 1.1 0.9
Moderately unstable 15 - 20 6 - 8 1.1 0.9
i Near-neutral 6 - 15 3-5 1.0 0.85
- Moderately stable | 5 - 15 2 -4 0.8% 0.8%
Extremely stable 2 ; 15 0 -2 0.6% 0.7%

(Entries marked with an asterisk apply strictly at travel distances of
the order of 0.5 miles and should not be used for appreciably longer

or shorter distances.)

Cramer (48) describes the distance dependence of Gy and Oz by two

simple power-law equations:

(2.81)

o, = Oex (2.82)

where Oe and Ge are in radians and a and b are constants, as given in

Table 2.8. Cramer limits the applicability of these equations to maximum
travel distances of the order of one mile in all stability conditions

except for extreme instability or stability.
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TABLE 2.9

VALUES OF THE STANDARD DEVIATIONS OF AZIMUTH ANGLE Ge

AND ELEVATION ANGLE Oe ASSOCIATED WITH THE THERMAL

STRATIFICATIONS OF FIGURES 2.8, 2.9, AND 2.10, CRAMER (48)

THERMAL STRATIFICATION Ge (deg) Oe (deg)
Extremely unstable 30 10
Near-neutral (rough surface) 15 5
Near-neutral (smooth surface) 6 : 2
Extremely stable 3 1
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Figure 2.8. Estimates of crossplume standard deviation of concentration
downwind from a coﬁtinuous elevated point source in various thermal
stratifications. Dashed lines indicate minimum values for area source.

Estimates refer to ten-minute sampling time. Cramer (48).
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Figure 2.9. Estimates of vertical standard deviation of concentration

downwind from a continuous elevated point source in various thermal

stabilities. Dashed lines indicate minimum values for area source.

Cramer (48).

Cramer states that the entries for 06 in stable stratifications

account for the long-term meandering frequently observed during inversions.

Exclusion of this factor would place an upper limit for Oe of = 4° for
extremely stable conditions. Cramer also cites the need for a satisfactory
empirical determination of the exponent p for continuous elevated sources

in the presence of extreme instability (48).
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Figure 2.10. Axial concentration downwind from a continuous elevated
point source in various thermal stratifications. Concentrations refer
to ten-minute sampling interval and are adjusted for ratio of unity

between emission rate and wind speed. Cramer (48).

The Oz estimates given in Figure 2.9 have been altered to conform,
at short and intermediate distances, to the rectilinear vertical spread
(p~1) anticipated for elevated sources (48).

Two sets of values are given for near-netural atmospheric conditions
to provide for differences in surface roughness. This factor is minimized
under other stability conditions, since in lapse (unstable) conditions,
mechanical turbulence associated with roughness elements is dominated by

convective turbulence; and in stable atmospheres, mechanical turbulence
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is rapidly damped with increasing height. fhe larger Uy and Oz values
for near-neutral conditions correspond to a rough surface, while the
smaller values correspond to a relatively flat surface with few obstruc-
tions (48).

Cramer (48) has also given a relationship between Oe and Oe based on

the Prairie Grass data. This is illustrated in Figure 2.11.

10+

k=J

o

ho)
54

b
cllllltlll!lllr"l
o 10 20 30

T, (deg)
Figure 2.11. Relationship between standard deviations of azimuth angle

Ty and elevation angle O, near ground level. Cramer (48).

The solid line is based on a regression anélysis of the Prairie
Grass measurements. These dafa indicate a Oe/Oe ratio of 0.33. This
?atio is larger at heights several hundred feet above ground level during
éxtremely unstable conditions; smailer values will usually be found at

these elevations for stable conditions.

2.4.5 Pasquill Diffusion Coefficients (1961)
On the basis of available data, including the Prairie Grass experiments

discussed in section 2.4.4, Pasquill (50) developed a simple system of
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estimating downwind effluent concentrations. Pasquill suggested that

both Oy and o, be estimated in accordance with the suggestions of Hay

and Pasquill (45,49). The Hay and Pasquill papers presented a method

of estimating both vertical and lateral cloud spread from measurements

of wind-direction fluctuations made with a suitable instrument. Pasquill
recognized that the data on vertical wind-direction fluctuation required
by this method were not generally available, and therefore suggested values
for the appropriate degree of vertical spreading which could be estimated
from stability considerations. He'also indicated how the lateral spreading
of the plume could be estimated from the range of the wind-direction

tracé for long (21 hr.) pollutant releases and suggested a series of wind-
direction-range values to be used in lieu of actual wind measurements

for short releases during steady wind-direction conditions. These
direction range values were related to the same estimates of stability

used to infer the vertical spreading.

Pasquill's curves for obtaining tentative estimates of vertical
spread, h, iﬁ the absence of wind fluctuation data, are given in Figure
2.12 for six categories of stability (in the surface layer) in open
country. Estimates of lateral spread, 0, for different stability classes
may also be obtained from Figure 2.12 for short releases (a few minutes).
Greater uncertainty in the data of Figure 2.12 is implied by the thinner
and broken lines for h and the addition of brackets to the numerical
values for 6.

No attempt is made by Pasquill to give statistical estimates of O

for longer releases; instead, Pasquill (50) gives the following rough
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Figure 2.12. Tentative estimates of vertical spread (h) and

lateral spread (8), Pasquill (50). fiens

estimates of 6 for a long release (C 1 hour) derived from routine wind-

direction traces:

x =0.1 km : 6 = difference between extreme maximum and minimum of trace
over period of release,
x = 100 km : 6 = difference between maximum and minimum "15-minute averages"

of wind direction.
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Pasquill's diffusion curves are accompanied by a table of stability
categories (50) which are specified qualitatively in terms of wind speed,
insolation, and cloud cover. These stability classes, used in selecting

the appropriate curves from Figure 2.11, are given in Table 2.10,

TABLE 2.10
RELATION OF PASQUILL STABILITY CATEGORIES

TO WEATHER CONDITIONS (50)

A — Extremely unstable conditions * D~—Neutral conditions*

B— Moderately unstable conditions E-—Slightly stable conditions
C--Slightly unstable conditions F— Moderately stable conditions
Nighttime conditions
. . . Thin overcast
Surface wind Daytime insolation or = Y% cloudi- =% cloudi-
speed, m/sec Strong Moderate Slight nesst ness
<2 A A-B B
2 A-B B C E F
4 B B-C C D E
6 C Cc-D D D D
>6 C D D D D

*Applicable to heavy overcast, day or night.
TThe degree of cloudiness is defined as that fraction of the sky above the local apparent
horizon that is covered by clouds. ) . .

"Strong" insolation in Table 2.10 refers to sunny midday conditions in
midsummer in England, and "slight' insolation refers to similar conditions
in midwinter. '"Night" refers to the period from one hour before sunset

to one hour after dawn. The neutral category D should also be assumed,

_irrespective of wind speed, for overcast conditions during day or night,

and for any sky conditions during the hour preceding or following night
! as defined above. The D (1) curve should be followed to the top of the
| dry adiabatic layer; thereafter, in subadiabatic conditions, the D (2)

curve or a curve parallel to it should be followed (50).
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2.4.6 Gifford Modification of Pasquill's Diffusion Coefficients (1961)
As pointed out by Pasquill (50) and Gifford (52), the values of
plume height (h) and width (6) described by Pasquill can be expfessed in
terms of the diffusion coefficients Gy and Oz for use with the Grussian
plume models given in section 2.3.4. Gifford performed this conversion

and presented the resuiting curves shown in Figures 2.13 and 2.14.
Gifford (52) used the following expressions for h and 6 in terms oy and

Oz to carry out the conversion:

h = 2.1502 (2.83)
tan (8/2) = 2.15 Gy/x (2.84)

where the plume height, h, and the angular plume width, 6 (in radius)
are defined by the plume boundaries such that the concentration at the
edge of the plume equals 10% of its axial concentration, as given by
Pasquill (SQ).

Gifford (52) estimates effluent dispersion by estimating both Oy

and Oz from the appropriate curves representing the various thermal

stability values as specified by Pasquill in Table 2.10.

2.4.7 Comparison of Diffusion Coefficients

Ultimately it is degired to relate diffusion parameters to objeqtive
meteorological measurements. This is necessary in order to allow the
direct utilization of meteorological data to estimate atmospheric diffusion

without further laborious and expensive diffusion experiments.
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Figure 2.13. Standard deviation of the lateral concentration distribution,

Oy, as a function of travel distance from a continuous source, Gifford (52).
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Sutton (43) has given values of n,u, and w'/u for various atmos-
pheric lapse rates. He does not, however, present any observational data
to substantiate them. Furthermore, Barad and Hauger (67) have shown that
the slopes of the Cy versus x and Cz versus x curves cannot be obtained
.from the wind profiles as claimed by Sutton. Slade (44) states that
there has been growing recognition of this deficiency in dealing with many ~Lifff

practical problems. Barad and Hauger (67) also showed that in many cases

the values of n are not the same for the y and z directions, i.e. ny#nz.
This necessitates the awkward use of four variable diffusion parameters
12,2 42,2 . - .

V' /uy w'/ul ny, and nz) in obtaining an adequate fit of measured
diffusion data to Sutton's diffusion equation.

The Hay and Pasquill method (45) for determining vertical diffusion
coefficients has the obvious shortcoming of requiring extensive wind-
direction fluctuation measurements. Such measurements are not generally

available in meteorological records, thereby reducing the facility of

using the Hay and Pasquill techniques.

Cramer (48) and Pasquill (50) have both presented good working

methods for obtaining the diffusion parameters Oy and Oz from routine

meteorological wind records, a marked improvement over the Sutton (43)
and Hay and Pasquill (45,49) methods. 1In spite of the fact that Cramer's

figures are based on ground-level measurements of ground-level sources,

they appear to be consistent with observations reported for elevated
sources (48,61,69). Cramer predicts that the values of effluent concen-
trations calculated using Figures 2.8 to 2.10 should be within a factor

of 2 of the actual observed values.
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Pasquill (50), however, has improved upon the work of Hay and
Pasquill even further by providing a set of specified stability classes,
related to wind speed, insolation, and cloud cover, and a corresponding
set of stability curves from which the vertical and horizontal plume
spread may be estimated. This method greatly facilitates the estimation
of atmospheric dispersion where wind-fluctuation data are not readily
available.

Finally, Gifford (52) expressed Pasquill's coefficients h and © in
terms of the dispersion coefficients, Gy and Oz, used in the Gaussian
plume model, and converted Pasquill's curves to the Gaussian form. The
use of Oy and Gz’ rather than 6 and h, is desirable in view of their
expression of the standard deviations of the plume concentration distribu-
tion, and in view of their increasing widespread use in summarizing
atmospheric dispersion data (51,52).

In the unstable, and stable cases, errors up to an order of magnitude
in estimatihg Gz can occur for the longer trével distances. In many cases,
however, the Gz values obtained from the Gifford curves may be expected‘
to be correct within a factor of 2. These cases 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 atmosphere with a
marked inversion above for distances out to 10 km or more (22). Uncertain-
ties in the estimates of Oy are generally less than those of Gz. The
ground-level cenferline concentrations for these three cases (where Oz can
be expected to be within a factor of 2) should be correct within a factor

of 3, including errors in Gy and u.
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The Pasquill-Gifford curves given in Figures 2.13 and 2.14 thus
represent the best currently available method of estimating Gy and Gz

- and will be used in the dispersion analysis of this paper.
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3. RESEARCH OBJECTIVES AND BACKGROUND INFORMATION

3.1 RESEARCH OBJECTIVES
The operation of a coal-fired power ‘plant results in the release
of particulate and gaseous contaminants into the atmosphere. The
purpose of this study was to prepare a primary environmental assessment
of the air pollutant emissions from the Manitqba Hydro thermal generating

station at Brandon, Manitoba.

3.2 BACKGROUND INFORMATION
3.2.1 Description of Receptor Area
3.2.1.1 Land Use and Population

The area surrounding Brandon Generating Station is primarily agri-
cultural farmland except for the city.of Brandon which is situated
approximately 1% miles due west of the power plant. |

Brandon is located on the Assiniboine River, approximately 130
miles west of Winnipeg, and is bounded by N49°49113" and N49052'18"
latitude and W99°54'57" and w99°59 14" longitude. The city has a popu-
lation of 31,150 (71) and serves as the regionél agricultural center for
about 180,000 people.

Commercial and indusfrial enterprises include several feed mi%ls,
mean packing plants, dairies and farm equipment and supply dealerships.
The Simplot Chemical Company has a multimillion dollar fertilizer plant
located just east of Brandon and the Canadian Department of Agriculture
operates an experimental farm and research station in the northwest

corner of the city (72).
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3.2.1.2 Terrain

The terrain in the Brandon area is relatively flat, rising very
gradually from an elevation of 1175 ft. (above mean sea level) in the
northeast corner of the city near the Assiniboine River to an elevation
of approximately 1300 ft. at the southwest city limits. The river flows
from west to east through the Brandon area.

Ground elevation varies from about 1200 to 1250 ft. in the East
End section of Brandon, adjacent to the east city limits, and drops to
1179 ft.vat the Brandon Generating Station. This is equivalent to an
average ground slope between the power plant and the city of 36 ft./
mile, or about 0.7%. The average east-west ground slope across the city
is slightly‘less than one-half of this value, 0.32%.

The ground surface in the area surrounding Brandon is primarily
cleared farmland with the exception of wooded areas along the banks of
the Assiniboine River énd widely-scattered stands of trees, many of the
latter serving és ﬁiﬁdbreaks for farm homes.

The only prominent terrain feature in the area is a relatively steep
slope which runs along the north city limits. This slope reaches a maxi-
mum grade of roughly 30%, with an average grade.of about 15%. The slope
varies from about 160 to 500 ft. in width, and flattens out one-third of
a mile east of the east city limits.

A map of the Brandon area showing the Brandon Generéting Station,

contours, and wooded areas is given in Figure 3.1.
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3.2.1.3 Climatology

The Brandon study area has a continental climate‘typical of Manitoba
and Saskatchewan (74). This is characterized by relatively long cool
summers and precipitation throughout the year (75). The average mean
daily temperature is 17.4°C during the summer months (June, July, and
August), and -15.9°C during the winter (December, January, and February).
The mean annual number of days with frost is 207. Measurable precipita-
tion occurs an average of 8 days per month during the‘year; mean annual
precipitation is compriséd13f34.57 centimeters of rain and 124.71
centimeters of énow (76).

The Brandon area experiences prevailing westerly winds from July
to Mérch, and prevailing easterly winds during the balance of the year
(77). Detailed wind data for Brandon are given in Appendix 8.4.3.

Munn et al. (74) give climatological estimates of‘inversion frequen-
cies for Manitoba? based on data from the Canadian network of rawinsonde
stations and the Canadian tower network. These values are listed in
Table 3.1. They are applicable to the Brandon area and indicate that
inversions occur on most nights, especially during the summer, with
lapse conditions developing during the day. The annual mean maximum
mixing height in the Brandon area is about 1000 m (78). Because the
underlying surface is relatively uniform, there are few local effects.
The most serious pollution potential occurs in autumn and winter when a

stagnant continental arctic airmass lies over the region.
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TABLE 3.1
CLIMATOLOGICAL ESTIMATES OF INVERSION

FREQUENCIES FOR MANITOBA (74)

Inversion Frequency (%)
SEASON Day Night
Winter 30% 55
Spring 5 60
Summer 5 70%
Autumn 20% 50

*Estimated from tower data

3.2.2 Description of Brandon Generating Station
3.2.2.1 Location

Brandon Generating Station is located 1.14 miles east of the Brandon
city limits, 750 ff. southeast of the Assiniboine River. The approximate
map coordinates of the station are N49050'41",VW99053'22". Grade eleva-

tion at the site is 1179'-0".

3.2.2.2 Function and Operating Pattern

Brandon Generating Station supplements and complements the hydro-
electric generating capability of Manitoba Hydro's power system. The
station is required to operate, as dictated by local requirements and
hydraulic capability, at times of peak power demand on the system, at
times of low inflows to reservoirs, and at times when it is prudent to

‘increase the rate of storage in the reservoirs. The operating pattern
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of Brandon Generating Station may therefore vary from zero or intermittent
output to continuous operation at high loads over several ménths.

The maximum monthly power output at the Brandon plant usually occurs
during the month of January, with an average gross generation of approxi-
mately 80,000,000 kilowatt-hours. Power generation is at a minimum
during the summer months with typical gross outputs of 2-5 million
kilowatt-hours per month. Monthly gross power generation figures for

Brandon Generating Station are given in Appendix 8.3.1.

3.2.2.3 Boiler Equipment and Fuel

Five high pressure steamAgenerators comprise the main boiler equip-
ment at the Brandon station. Units 1,2,3 and 4 were designed and con-
struétéd by Combustion Engineering—Superheaﬁer_Limited and commissioned
during 1957 and 1958. All four units are natural circulation water tube
boilers with tangentially-fired furnaces as illustrated in. Figure 3.2,
Each unit has a maximum continuous rating‘of 325,000 1bs/hr of steam at
625 psig and 825°F measured at the superheater outlet. Lignite, o0il, and
natural gas may be burned in all four units.

Boiler Unit No. 5 was designed and constructed by Babcock-Wilcox/
Goldie-McCullough Limited and commissioned in November 1969. It has the
same circulation and firing characteristics as Units 1-4. Unit No. 5
has a maximum continuous rating of 875,000 lbs/hr of steam at 1250 psig
and 950°F measured at the superheater outlet. It is presently equipped
to burned lignite and oil.

Each of the five power boilers provides steam to drive its own

turbo-generator. The turbo-generators on Units No. 1-4 and Unit No. 5
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Temperature measurement locations:

1. Flue gas leaving air preheater
2. Flue gas leaving boiler
3. Air entering forced-draft fan
4. Air leaving air preheater
T 5. Steam temperature

e
|G

—

COMBUSTION ENGINEERING-SUPERHEATER LTD.

MONTREAL

TYPE VU 40 § STEAM GENERATOR
FOR
THE MANITOBA HYDRO ELECTRIC BOARD

BRANDON, RANITO3A

CONSULTING ENOCINEERS—H.Q ACRES 8 CO, LYD,
32%,000 L83 STEAM FER HOUR 673 PSL (DESION) 823 P SLICPERATING)

[
<3 {i

Figure 3.2. Steam generator. Units No. 1,2,3 and 4 (79).
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have maximum continuous ratings of 33,000 kw and 105,000 kw, respectively,
for a total generating capacity of 237,000 kilowatts. Detailed performance
data for all five boilers and the main auxiliary systems are given in
Appendix 8.3.2.

A low pressure hot water heating boiler rated at 16.5 x 106 Btu/hr
may be fired with natural gas at 20 MCF maximum or with No. 2 fuel oil
at 115 IGPH maximum by means of a horizontal rotary cup combination
burner. This boiler provides heat for the plant when there is no power
generation.
| Saskatchewan Beinfait lignité, the primary fuel, is pulverized
before burning. No. 2 fuel oil is used for ignition, light-off, flame
stabilization and standby heating purposes. Natural gas, when it is
economically available, may also be used in Units 1-4 for light-off,
flame stabilization, standby heating and full load purposes; gas may
also be burned simultaneously with lignite in any proportion. Typical
analyses of the fuels used at Brandon Generating Station are given in
Appendix 8.3.3. The maximum firing rates for Units 1-5 and the auxiliary
heating boiler are given in Appendices 8.3.4 and 8.3.5, respectively.
Fuel consumption tabulations for the years i970—1974 are given in

Appendix 8.3.6.

3.2.2.4 Superheater Blow-Off and Blow-Down Tank

In order to prevent overheating of the superheaters when the main
steam supplies to the turbines are valved off (i.e. at boiler startup
and shutdown) a flow of steam of 30,000 1bs/hr for each 33 MW boiler and

about 45,000 1bs/hr for the 105 MW boiler is permitted to flow through
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them to the atmosphere. The blow-off time may be about one hour if the
boiler is warm or three hours if the boilér is cold.

All condensate and boiler system drainage is collected in‘a.blow—
down tank. Units No. 1 and No. 2 share a common blow-down tank as do
Units No. 3 and No. 4; Unit No. 5 employs a tank of its own. The
condensate is emptied from the blow-down tank into the station drains
and is discharged into the Assiniboine River. Since the high pressure
drainage entering the blow-down tank expands and partially evaporates,
the flash steam blows to atmosphere via a vent line. A total of 7,000

1bs/hr of flash steam may be vented to the atmosphere in this manner.

3.2.2.5 Soot Blowers

Soot blowers are used to remové slag and ash deposits from the
furance walls, tube banks, air heaters and dust collectors in order to
maintain a clean heating surface with maximum heat transfer capability.
Steam generators No. 1-4 (33 MW units) are equipped with a total of 18
soot blowers each and No. 5 (105 MW unit) is equipped with 67.

The soot blowing schedule depends upon the loading, operating
conditions, and the fuel used. When any of Units 1-4 is operating at full
load, a 2-hour blowing cycle, using 10,000 lbs/hr of steam, is required
every 4 hours. The total amount is limitéd to a maximum of 20,000 lbs/
hr of steam. Unit No. 5 operatingat full load requires a 3-hour blowing
cycle, using 10,000 1lbs/hr of steam, every 8 hours.

A 15-minute blowing cycle every 4 hours, using 8,00Q 1bs/hr of

stea, is required for the dust collectors.
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The steam used in soot blowing is discharged to the atmosphere

along with the flue gases.

3.2,2.6 Pollution Control Equipment

Flyash emissions are controlled by inertial type cyclone dust
collectors. The collectors are designed to handle approximately 75%
by weight of the particulate matter in the combustion products. The
remaining 257 (estimated quantity) is retained in thé boilers and
collected in the ash hoppers. The dry ash from the ash hoppers and
dust collectors is periodically sluiced to an ash lagoon along with the
wet ash from the boiler wet bottom. An analysis of the lignite ash is
given in Appendix 8.3.7.

The dust collectors én Units No. 1-3 are rated at 197,000 cfm each
at 340°F and 2.5" water gauge pressure drop; design efficiency of these
units is 79% when normal lignite is being burned. The cyclone separators
have been removed from Unit No. 4.

Unit No. 5 is equipped with two dust collectors with a total capacity
of 423,000 cfm at 305°F and 2.5" water gauge pressure drop. These
collectors have a design efficiency of 79% when burning normal lignite.

Performance data for the dust collectors are given in Appendix
8.3.8.

Sulfur dioxide and NOX emissions from Brandon Generating Station

are uncontrolled.
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3.2.2.7 Chimneys

Flue gases are emitted to the atmosphere via three reinforced
concrete chimneys. Units No. 1-4 are served by two 250 ft. (76.2 m)
stacks with a top inside liner diameter of 13' -0' (3.96 m). Unit
No; 5 is served by one 350 ft (106.6 m) stack with a top inside linér
diameter of 12' -0' (3.66 m). The two shorter stacks, Chimneys 1S and
2N, operate at temperatures of 295% to 3750F (1450C to 19OOC); the
tall stack, Chimney 3, éperates at 250°F to 350°F (120°¢ to 17500),
with a typical operating temperature of about 300°F (lSOOC).

Stack gas exit velocities at ﬁaximum rating are 17.1 m/sec for

Chimneys 1S and 2N and 25.4 m/sec for Chimney 3.
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4. METHOD

The methodologybused in this assessment is baéically that described
in section 1.1 of the introduction. It is comprised of the following:
1) source evaluation, 2) receptor evaluation, 3) dispersion calculations,
and 4) abatement and control recommendations. The methods used in the
first three analyses are described in this section; abatement and control

recommendations are given in section 7.

4.1 ESTIMATES OF STACK EMISSIONS

Sulfur dioxide and particulate emission rates for selected operating
loads were estimated by performing a maﬁerials balance of the combustion
products versus the flyash retained in the boilers and dust collectors.
Emissions of nitrogen oxides (NOX) were estimated using the emission
factors published by the United States Environmental Protection Agency
(7).

Operating loads were selected on the basis of the fuel consumption
data (Appendix 8.3.6) in order to be representative of the monthly
variations in load demand. Mean monthly emission rates for the three
months of maximum power generation were computed for use in the dispersion
calculations. Emissions at full load conditions were also computed for
use in determining the '"worst case'" ground-level concentrations.

Emission calculations were based upon the following assumptions:

1. fuel and ash analyses as given in Appendices 8.3.3 and 8.3.7,

respectively.
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2. amount of ash retained in boilers and collected in the ash hoppers
equal to 25% by weight of the ash in the combustion products.

3. amount of particulate matter going to dust collectors equal to 75%

. by weight of the ash in tﬁe combustion products.
4. collection of efficiency of dust collectors equal to 70%.
5. retention of sulfape in ash as given by lignite ash analysis,
| Appendix 8.3.7.
6. particle size distribution of particuléte emissions as given by
cyclone efficiency curves and performance data, Appendix 8.3.8.

7. sulfur emitted as SOZ'

4.2 ANALYSIS OF METEOROLOGICAL DATA

Monthly wind roses for the three months of maximum power generation
were constructed from the Brandon wind frequency data (Appendix 8.4.1).
Each wind rose provides a graphic representation of the monthly mean
percent frequencies and wind speeds of winds from each of the 16 major

compass directions. ' The orientations of the radial bar lines on the wind

roses indicate the directions from which the wind is blowing. The per-

cent frequency of a given wind direction is indicated by the length of
the corresponding bar line; the mean wind speed for the given direction

is denoted at the end of the bar line. The frequency of calms is given ' s

in the central circle of each rose.
Monthly mean maximum mixing heights for Brandon were extrapolated
from mixing heights for The Pas, Manitoba (Appendix 8.4.3). The extra-

polated values were used in the limited mixing calculationms.
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The frequency of nocturnal ground-based inversions was determined
by analyzing the surface and 950 mb temperature data for Shilo, Manitoba

published by the Canadian Department of Transport (80).

4;3 DISPERSION ANALYSES

Dispersion analyses were performed to determine the ground-level
concentrations of SOZ’ NO%‘and suspended particulates downwind of the
Brandon Generating Station during each ofvthe three months of maximum
power generation. One-hour concentrations under unlimited mixing, limited
mixing and fumigation conditions were calculated for monthly mean and
maximum emission rates. Monthly mean ground—lével concentrations were
also computed.

Unlimited mixing calculationé were based on the Gaussian diffusion
equation (22) and the Pasquill-Gifford diffusion coefficients (50,52).
Calculations were performed with the aid of the Environment Canada Multiple
Source Computer Program (81).

Limited mixing and fumigation calculations were based on Turner's
simplifications of the Bierly and Hewson equations (22,57).

Monthly mean ground-level concentrations were computed using Turner's
eqﬁation for long~term average concentrations (22) and the National
Oceanic and Atmospheric Administration (NOAA) multiple source computer
model (82).

" Plume rise and downwash calculatiéns were based on the equations

given by Briggs (32,70). Downwash effects were considered first to yield

preliminary stack heights. Plume rise effects were then calcﬁlated,
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using the preliminary stack height in place of the physical stack
height terms, yielding effective stack heights. Briggs' plume rise
equations have been incorporated into both multiple source computer
programs.
The following assumptions were made in performing the plume rise,
downwash, and dispersion analyses:
1. mean_wind speeds and wind frequency distributions as given by
Brandon wind frequency data (77), Appendix 8.4.1.
2. stability classes based on mean monthly wind speeds, calculated
insolation (83) and Pasquill's stability categories.
3, operating parameﬁers as given in Appendix 8.3;2
4. mean ambient temperatures as given in temperature data (76),

Appendix 8.4.2.
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5. RESULTS

The results of the Brandon Generating Station air pollution study are
presented below in tabular and graphic forms. They have been divided
into two sections: 1) meteorological analyses, and 2) ground-level

concentrations.

5.1 METEOROLOGICAIL ANALYSES
5.1.1 Wind Roses
Monthly wind roses for December, January and February are presented

in Figures 5.1, 5.2 and 5.3, respectively.

5.1.2 Inversion Frequencies

TABLE 5.1
FREQUENCY OF NOCTURNAL INVERSTONS

SHILO, MANITOBA

MONTH FREQUENCY
December 52%
January - 617%

February_ 687
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5.2 GROUND-LEVEL CONCENTRATIONS
5:2.1 Unlimited Mixing - Critical Wind Speed

Maximum ground-level SO2 concentrations (unlimited mixing) are
plotted in Figure 5.4 for several values of surface windspeed, u.
The critical windspeed, U s with respect to the ultimate maximum
ground-level concentration is shown to be 11.0 m/sec. This is also the
critical windsbeed for the ultimate maximum ground-level NOX and

suspended particulaté concentrations.

5.2.2 Monthly Mean Maximum Ground-Level Concentrations

Table 5.2 lists the monthly mean maximum l-hour SO 1-hour NOX

2’
and 24-hour suspended particulate gfound—level concentrations for
unlimited and limited mixing conditions. These are based on the

monthly mean emission rates (Table 8.18), windspeeds (Table 8.20),

mixing heights (Figure 8.4) and ambient temperatures (Table 8.15), and

class C stability (Table 2.10).

5.2.3 Ultimate Maximum Ground-Level Concentrations

Table 5.3 lists the maximum l-hour SOZ’ 1-hour NOX and 24-hour
suspended particulate ground-level concentrations for unlimited and
limited mixing conditions and maximum emission rates. These are based
on the critical windspeed for unlimited mixing, the mean winter wind-
speed (December, January and February), the mean daily maximum temp-
erature for the warmest winter month (Table 8.15) and class C stability

(Table 2.10).
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TABLE 5.2

MONTHLY MEAN MAXIMUM GROUND-LEVEL CONCENTRATIONS

S0

NO

SUSPENDED PARTICULATES

X
1-hour concentration l-hour concentration 24-hour concentration
(ug/m?) (ug/m?) (ug/m?)
MONTH
unlimited | 1indited unlimited | 1imited unlimited | limited
mixing mixing mixing mixing mixing mixing
December 39 50 124 - 157 72 91
January 41 47 129 147 74 85
February 26 16 82 52 48 30

=9LT-



TABLE 5.3

ULTIMATE MAXIMUM GROUND-LEVEL CONCENTRATIONS

(MAXIMUM EMISSION RATE)

MAXIMUM CONCENTRATION (g/m®)

u = u.,, = 11.0 m/sec u=u-= 4.5 m/sec
POLLUTANT
unlimited limited mixing unlimited limited mixing
THERE 11=200m | 1=277m | L=400m || ™*"& |1 _200m | 1=277m | 1=400m
S07 285 197 97 43 217 482 240 105
(1-hour
concentration)
NO,, 389 267 132 58 296 653 325 143
(1-hour
concentration)
Suspended
Particulates 429 297 146 64 327 727 361 159
(24-hour

concentration)

=LLT-
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5.2.4 Concentration Isopleths for Unlimited Mixing Conditions

Figures 5.5, 5.6 and 5.7 show the l-hour SO., I-hour NOX and

2’

24-hour suspended particulate concentration isopleths, respectively,

for the January mean emission rates and an east wind with a speed of 4.7

m/sec (January mean).

Figures 5.8, 5.9 and 5.10 show the l-hour S0 1-hour NOX and

2’
24 hour suspended particulate concentration isopleths, respectively,

for the maximum emission rates and an east wind with a speed of 11.0

m/sec (worst case conditions).

5.2.5 Limited Mixing Curves

Figures 5.11, 5.12 and 5.13 show the maximum l-hour 302, 1-hour

NOX and 24-hour suspended particulate ground-level concentrations,

respectively, for a range of windspeeds and mixing heights under limited

mixing conditions. These curves are based on the January mean emission

rates and stability class C.

Figures 5.14, 5.15 and 5.16 show the maximum l-hour S0,, 1l-hour

2’

NOX and 24-hour suspended particulate ground-level concentrations,

respectively, for the maximum emission rates and limited mixing conditions.

These curves are based on class C stability.
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5.2.6 Concentration Variation with Downwind Distance
Figures 5.17, 5.18 and 5.19 illustrate the variation of the l-hour
SOZ’ 1-hour NOX and 24-hour suspended particulate ground-level
concentrations, respectively, with downwind distance. These curves are
based on the January mean emission rates and meteorological conditions.
Figures 5.20, 5.21 and 5.22 show the same variation of concentration
with distance for the maximum emission rates and critical windspeed
u . = 11.0 m/sec.

Figures 5.23, 5.24 and 5.25 show this variation for the maximum

emission rates and the mean windspeed for the peak generating season.
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5.2.7 Montﬁly Mean Concentrations

Table 5.4 compares the maximum monthly mean concentrations of SOZ’
NOX and suspended particulates for the three months of maximum power
generation. The concentrations are based on the monthly mean emission

rates and meteorological conditions, stability class C, and unlimited

mixing conditions.

TABLE 5.4

MAXIMUM MONTHLY MEAN GROUND-LEVEL CONCENTRATIONS

MAXIMUM MONTHLY MEAN CONCENTRATION (Ug/m3)
MONTH
S0 NOy SUSPENDED PARTICULATES
December 4 13 13
January 4 13 14
February , 2 6 6

5.2.8 Fumigation Concentrations

Table 5.5 lists the ground-level fumigation concentrations for the
maximum emission rates, January windspeed, and stability class E. The
approximate distance at which the maximum fumigation concentration

occurs is 10 km.
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TABLE 5.5

GROUND-LEVEL FUMIGATION CONCENTRATIONS

ON PLUME CENTERLINE AT x = 10 km

POLLUTANT FUMIGATION CONCENTRATION
(ug/m3)
50, -

(1-hour concentration)

NOX 98
(1-hour concentration)

PARTICULATES 108
(24-hour concentration)

5.3 EMISSION CONCENTRATIONS

The following standardized emission concentrations were determined

for Brandon Generating Station:

2:

S0, emissions @ 68°F, 30" hg, 12% CO

at January mean emission rate, Y 0.015% 509 by volume

at Maximum mean emission rate, X = 0.036% 802 by wvolume

Particulate Emissions @ 68°F, 30" Hg:

January mean emission rate, ¥ = 0.59 gr/scf

1.13 gr/scf

Maximum mean emission rate, Y
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6. DISCUSSION

6.1 JUSTIFICATION OF METHOD
6.1.1 Briggs' Plume Rise Equation

Briggs' plume rise equations (32) consistently give the best
numerical agreement with plume rises observed under a variety of meteoro-
logical conditions. They also produce the least percentage of scatter
of the plume rise formulas examinéd in the litefature review.

Briggs' equations were developed using data from power plants
covering a wide size range, including plants similar in size to the
Brandon installation. 1In his analyses, Bfiggs was careful to exclude
those data rendered inapplicable or unreliable by very small source size,
underestimated windspeed, insufficient data, evidence of lakeshore
circulation effects, or evidence of downwash of the plume due to terrain
discontinuities.

In view of the care taken in their development and their demonstrated
agreement with observed data, Bfiggs' plume rise equations were selected
for use in this research. This choice is further supported by the fact
that Briggs' équations are those normally uséd by the Air Pollution
Control Directorate of Environment Canada in performing dispersion

analyses.

6.1.2 Dispersion EQuations
6.1.2.1 Unlimited Mixing Calculations
The Pasquill-Gifford dispersion equation has the advantages of

simplicity, acceptable accuracy, and widespread application. Only two
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dispersion parameters, Oy, and Oz, are required, and the results of most

diffusion experiments are now being reported in terms of these variables

(22). 1In addition, the Pasquill-Gifford method is currently being used

by several government departments:

i) Manitoba Department of Mines, Resources and Environmental
Management (87),

ii) Environment Canada (78,81),

iii) United States Department of Health, Education and Welfare -

National Air Pollution Control Administration (22).

The Pasquill-Gifford method has theréfore been used in the unlimited
mixing calculations for Brandon Generatiﬁg Station;

It should be noted that in Turner's original workbook (22) the
averaging time for the Pasquill-Gifford diffusion coefficients is given
as 10 minutes. 1In an address given at an EPA training course in 1972,
Turner stated that in fact the given coefficients correspond more

closely to averaging times of 30 minutes to 1 hour. For this reason no

corrections for averaging time were required in computing the 1-hour
concentrations using the Gy and OZ values from Figures 2.13 and 2.14,

respectively.

6.1.2.2 Limited Mixing and Fumigatiqn Calculations

The choice of Turner's simplified forms (22) of the Bierly and
Hewson equations (57) for limited mixing and fumigation conditions was
based on the same rationale as that given for the Pasquill-Gifford
equations. Turner's equations have been apﬁlied as recently as January

1975 by the Atmospheric Environmeﬁt Service (AES) of Canada in a study
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of air pollution in Thompson, Manitoba (78),.and are recommended by the
Atmospheric Environment Serviqe for first-order dispersion estimates.

The absence of afternoon upper air daté for Brandon required that
the monthly mean maximum mixing heights for Brandon be obtained by
extrapolation of mixing height data for The Pés, Manitoba. Consultation
with Mr. H. Fraéef of the Atmospheric Environment Service in Winnipeg
revéaled that the inversion and mixing height characteristics of Brandon
and The Pas are very similar, and that the above extrapolation is valid
within the accuracy limits of the Brandon study (88). Mr. Fraser
indicated that upper air variations from one area to another are much
more conservative than surface air variations, allowing the inversion
climatoldgy for The Pas to be legitimately applied to Brandon.

A relatively weak inversion layer was assumed for the inversion
penetration calculations (Appendix 8.5.4.5) in order that the limited
mixing curves be representative of winter conditions. Examination of
the upper air data for Shilo indicated that a value of 2°C for ATi
would be approximately correct at or near the maximum daily mixing height
on most days. |

The frequency of nocturnal ground—baséd inversions in the Brandon
area was determined through an analysis of the temperatures at the surface
and at the first significant level above the surface (950 mb) for Shilo,
Manitoba. Determination of the existence of a ground-based inversion
from significant level data rather than from the complete temperature
profile for each radiosonde ascent is considefed satisfactory. Since

significant level measurements must produce the temperature profile
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to within 1°C of the actual observed value, only those radiosonde ascents
with near isothermal conditions off the surface might receive an incorrect
classification, and it is unlikely that a significant bias would be
_introdu:ed (74). This method was used by Munn (74) in his study of
inversion climatology in Canada. Mr.H. Fraser of Atmospheric Environment
Service indicated that due to tﬁe relatively short distance between

Shilo and Brandon (=~ 21 kilometers), the Shilo data could be used without
modification to determine the nocturnal inversion frequencies for

Brandon (88).

6.1.2.3 Monthly Mean Concentrations

The long-term concentrétion equations of Gifford (51) and Turner
(22) are essentially the same. Turner's equations were selected on the
basis of their adapfability to use with the Natiqnal Oceanic and Atmos—
pheric Administratipn (NOAA) computer program. Both Turner's equations
and the NOAA model are used extensivély by Environment Canada and the

United States Department of Health, Education and Welfare.

6.1.3 Computer Programs

The multiple source programs used in calculating the ground-level
concentrations.were selected primarily because of their availability
and their applicability to the given operating parameters. The programs
provide outpufs in a form which facilitates the analysis of thé results.
Both the 1-hour and long-term multiple source programs are used by

Environment Canada.
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6.1.4 Selection of Operating Parameters and Meteorological Data
Operating parameters and meteorological data for the preceding

dispersion analyses were selected so as to be representative of typical
conditions during the months of maximum power generation. 1In addition,
a set of "worst case'" conditions was synthesized i.e. those conditions
favoring maximum ground-level concentrations (maximum emission rate,
limited mixing depth, minimum plume rise, low wind speed, and turbulent
mixing conditions within the mixing depth).

Examination of the fuel consumption data for the peak generating
season (December, January and February) revealed that =~ 98% of the energy
used for power generation at Brandon is supplied by lignite coal. The
small quantities of natural gas and No. 2 fuel o0il used for light—off
and flame stabilization were therefore neglected in the emission
calculations in order to provide emission estimates for normal operating
conditions.

Probability analyses were limited to examinations of inversion
frequency and.the wind frequency distribution for Brandon and its effect
upon monthly mean ground level concentrations. No attempt was made té
quantify the probability of occurrence of specific ground-level concentra-
tions because of the complexity of the variables which would be involved
and the preliminary nature of this assessment. Sﬁch an analysis would
require the determination of a detailed joint frequency distribution
involving monthly diurnal load factors, ambient temperature variations,
atmospheric lapse rates and mixing heights, in addition to the frequency

distribution of wind speed and direction mentioned above. This problem
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would be further compounded by the dependence of the load factor at
Brandon Generating Station upon the combined effects of the system load
demand and the hydraulic generating capabilities of the system. An
analysis of this complexity is beyond the scope of this assessment and

is precluded by the constraints of time and manpower available. Further-
more,-in view of the limited accuracy of the emission estimates a more

detailed dispersion analysis would be virtually meaningless.

6.1.5 Wind Shear Calculations

Reference is made in the literature (11,20244) to the phenomenon
of wind shear, the frictional drag which retards wind flow close to the
ground. The result Qf this effect is a variation of the horizontal wind
speed and direction with height in the afféctea surface layer (usually

up to 500-700 m), given approximately by:
- = p
u ul(z/zl)

where u = wind at some upper elevation, z, and u; = wind at reference

height, =z The exponent p is not constant, but varies from about 0.12

1°

to 0.50, depending on the underlying terrain and the atmospheric stability.
Due to the unavailability of vertical wind profile data for the

Brandon area, wind sﬁear effécts were approximated by using a mean value

of 0.25 for the exponent p (il). In view of the accuracy of the methods

being used here, this approximation of the wind shear factor is not

expected to introduce significant error into the results (22).

The calculated wind speeds at the stack levels, hs’ were used in the

stack downwash calculations. The calculated wind speeds at the preliminary
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effective stack heights, h", were used in Briggs' plume rise equation.
Dispersion calculations, with the exception of monthly mean concentration
calculations, were performed using the calculated windspeeds at the over-
all effective stack heights, he. Monthly mean concentrations were based
oe calculated wind speeds at the weighted mean effective stack heights
(weighted with respect to emission rates for each stack); this procedure
was dictated by the capacity of the NOAA computer program for only one
mean wind epeed input.

Wind direction also varies with height, with bearings at the
gradient'wind level (500-700 m) about 150-30o greater than those of the
surface wind, depending on the terrain characteristics and the atmospheric
stability (11). At the elevations examined in the Brandon study these
effects are expected to be small and have therefore been omitted from
the wind direction frequency calculations, with negligible anticipated

loss of accuracy.

6.2 DISCUSSION OF RESULTS
6.2.1 Wind Frequencj Distributions

The wind roses of Figures 5.1-5.3 indicate that the least prevalent
winds are those from the south, with a mean monthly frequency of .7%
during the peak generating season. The prevailing winds are from the
west and west northwest sectors with a combined mean monthly frequency of
32%. The ideal location for the plant in terms of minimizing pollutant
ground-level concentrations in Brandon would therefore be south of the
city. Cooling water requirements, however, necessitate the plant's

proximity to the Assiniboine River, and within this constraint Brandon
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Generating Station is in fact acceptably located on the prevailing down-
wind side of the city.

Winds from the east northeast, east, east southeast and southeast
directions do, however, direct the plumes from the power plant stacks
towards Brandon about 21% of the time during the peak generating season.
Significant air pollutant concentrations are thus likely to occur in
Bran&on 217% of the time during the daylight hours. Furthermore, these
winds are usually associated with limited mixing conditions which generally
produce higher ground-level concentrations than unlimited mixing
conditions. The actual concentrations which may be expected under these

conditions are discussed in section 6.2.3.

6.2.2 TInversion Frequency and Fumigation Concentrations

The Shilo upper air data indicate that nocturnal inversions occur an
average of 607 of the time during.the winter. The readings used were
taken at altitudes of ‘at least 500 m and thus indicate that the stacks
will emit into the stable layer and not above it. During these inversions
the stack emissions would be concentrated in a relatively shallow layer
aloft and would not reach the ground in appreciable concentrations as
shown in Figure l.iZa. Consequently ground-level concentrations will be
low on most nights.

Shortly after sunrise inversion break-up fumigation occurs, causing
the pollutanfs previously emitted into the stable layer to be mixed
rapidly downwardbto the ground (see 2.3.4.2). 1In some cases this results
in high ground-level concentrations. The maximum fumigation concentrations

calculated for Brandon (72 ug/m3 802, 98 ug/mBNOX and 108 ug/m3 suspended
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pérticulates), however, are all well below the maximum values specified
in the National and/or Manitoba Air Quality Objectives (450 ug/m3 maximum
desirable SOZ’ 190 ug/m3 maximum desirable NOX, and 120 ug/m3 maximum
acceptable suspended particulates). The suspended particulate concen-
tration is given as a 24-hour average only for the purpose of comparison
with the air quality objectives. In fact, a 24-hour fumigation concen-
tration is meaningless because these fumigations are gengrally of short
duration, persisting for 30-45 minutes at distances of up to 30 km

(19 mi) from the power station. In this case, the maximum concentrations
were found to occur at a distance of about 10 km (6 mi) from the stacks.
The area fumigated is also likely to be long and narrow. The chances of
detecting fumigations of this type are therefore very slight unless the

same area is fumigated repeatedly.

6.2.3 Unlimited Mixiﬁg and Limited Mixing Concentrations
6.2.3.1 General

Unlimited and limited mixing are the two additional dispérsion con-
ditions which result in significant'ground—level pollutant concentrations.
Dispersion calculations were performed for several sets of boundary con-
ditions using the unliﬁited-and limited mixing dispersion models listed
in section 4.3. The rgsults of these analyses, shown in Tables 5.2 and
5.3 and Figures 5.5 to 5.25, indicate that in many cases the limited
MXMgmmmlpnﬂmmégmmﬁﬂemlcmmaﬁnﬁkmsltqZthmsashmhas
the unlimited mixing model. Table 5.2 shows that for the monthly mean
emission rates and meteorological conditions, the December and January

mean maximum ground-level concentrations for limited mixing are about 28%
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and 157% greater, respectively, than those for unlimited mixing. In
February the increased mean maximum daily mixing height shifts the
emphasis to the unlimited mixing model whicn yields monthly mean maximum
concentrations about 60% greater than the limited mixing model.

Limited and unlimited mixing concentrations at the maximum emission
rates are compared in Table 5.3 and Figures 5.20 to 5.25. The maximum
unlimited.mixing concentrations are produced at the critical windspeed
u.,. = 11.0 m/sec, as shown in Figure 5.4. These concentrations are
several times greater than the limited mixing concentrations for 200-400 m
miXing‘heights, but at a mixing height of 100 m the limited mixing maximum
values are twice as high as the unlimited mixing values.

Thé maximum limited mixing concéntrations occur at much lower wind-
speeds as shown by Figures 5.11 to 5.16. At the mean winter windspeed
u =.4.5 m/sec, the limited mixing model predicts maximum concentrations
2 times higher than the unlimited mixing model for a 200 m mixing height.
At L = 277 m, the mean mixing height for December and January, the unli-
mited and limited mixing maximum concentrations are approximately equal.
As the mixing‘height increases further, the criticality shifts to fhe
unlimited mixing model; at L = 400 m the limited mixing maximum is only
hélf as great as that for unlimited mixing.

The criticality of a particulér plume dispersion model is not
necessarily established by the magnitude of the peak ground-level concen-
trations. The frequency of the model and duration of the resulting
concentrations must élso be considered. Surface windspeeds near Uey
(8.5 -~ 13.9 m/sec) have a frequency'of only 117% as opposed to windspeeds

near the winter mean (3.5 - 5.5 m/sec) which occur with a frequency of
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about 30% (77), lending more‘importance to the latter case. Furthermore,
windspeeds less than 3.5 m/sec occur 21% of the time, and result in
increased limited mixing concentrations and decreased unlimited mixing
concentrations. Mixing heights of 0 - 300 m, at which the limited mixing
model is critical for u < 5 m/sec, occur approximately 40% of the time
during the winter months. (78). The limited mixing model is therefore
critical at least 20% of the time, or about 6 days per month at Brandon.
Another impbrtant factor is thé distances from the stack at which
the maximum ground-level concentrations occur. Thesé are shown in
Flgures5.5 to 5.10 and 5.17t05.25. The Brandon east and west city
limits are 2 and 6 km, respectively, from the stacks at Brandon Genefa—
ting Station. The peak unlimited mixing concentrations occur 1.5 and 2.5 km
from the stacks at the maximum and December/January mean emission rates,
respectiVely. The peak limited mixing concentrations occur at 1.5, 3.2,
4.5 and 6.8 km downwind for mixing heights of 100, 200, 277 and 400 m,
respectively, regardless of emission rate. The most frequently occurring
of these are the 200 and 277 m mixing heights. The maximum limited
mixing concentrations tﬁus occur most frequently within Brandon when
the plumes are directed towards the city.
In summary, the limited mixing model is significant for three reasons:
1) The resulting maximum ground-level concentrations may be several
times that estimated using the unlimited mixing model.
2) The peak limited mixing concentrations most frequently occur within
Brandon when the winds are from the east northeast to southeast

directions.
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3) The limited mixing model is the critical one at least 20% of the
time during the peak generating season. Maximum limited mixing
surface concentrations may persist for 2 - 4 hours, usually occurring

from mid-morning to mid-afternoon (78,88).

6.2.3.2 Sulfur Dioxide Concentrations

Ground-level 1-hour 802 concentrations at the January mean emission
rate do not exceed the National and Manitoba Air Quality Maximum Desirable
Objective of 450 ug/m3, as shown by Figures 5.11 and 5.17.

At the maximum emission rate the l-hour SO2 concentrations for un-
1imited_mixing do not exceed #he 450 u_g/m3 limit. For mixing heights
between 100 and 300 m there are several combinations of mixing height and
windspeed (bounded by u = 2 m/sec in the mixing layer) which give rise
to hourly limited mixing S0y concentrations in excess 450 ug/m3, as shown
in Figure 5.14. The Maximum Acceptablé Objective of 900vug/m3 is exceeded
only for a very narrow range of surface windspeeds (1.0 to 2.5 m/sec) and
mixing heights of 200 to 300 m. The maximum amount by which the 900'ug/m3
objective is exceeded is about 270 ug/m3, or 30%.

The monthly mean S0, concentrations (Table 5.4) are all well below
the National Air Quaiity‘Maximum besirable annual mean concentration of

30 ug/mB.

6.2.3.3 Nitrogen Dioxide Concentrations

Hourly NO, concentrations at the January mean emission rate not
exceed the Manitoba Maximum Desirable Objective of 190 ug/m3 for unlimited
mixing conditions (Figure 5.18). The Maximum Acceptable Objective of

380 ug/m3 is exceeded under limited mixing conditions for several combinations
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of windspeeds and mixing helght for u < 3.5 m/sec and m1x1ng height values
between 200 and 300 m (Figure 5.12). The NO, concentrations under these
conditions range from 380 to 660 ug/m3.

At the maximum emission rate the maximum unlimited mixing concentra-

tion is 389 ug/m3, approximately equal to the Maximum Acceptable Objective.

Thevmaximum limited mixing concentrations are several times higher than
the 380 ug/m3 limit for several mixing height/windspeed combinations
(see Figﬁre 5.15). The 380 ug/m3 objective is exceeded for mixing heights
of 100, 200, 277 and 400 m at windspeeds of 10 to 15, < 8, < 4, and
< 2 m/sec, respectively, with resultant concentrations as high as 1000~
1500 ug/m> at low windspeeds (< 2 m/sec).

The monthly mean NO, concentrations (Table 5.4) are very low
(6 to 13 ug/m3) relativé to the National Air Quality Maximum Desirable

annual mean concentration of 60 ug/m3.

6.2.3.4 Suspended Particulate Métter Concentrations

The maximum 24—hour suspended particulate unlimited mixing concen-
trations at the January mean emission rate do not exceed the Manitoba
Maximum Desirable Objective of 100 ug/m3 (see Figure 5.19). Under limited
mixing conditions, however, the National and Manitoba Air Quality Maximum
Acceptable Objective of 120 ug/m3 (24-hour average) is exceeded for a wide
range of mixing height and windspeed combinations. Twenty-four hour
particulate concentrations greater than 120 ug/m3 occur at the January
mean emission rate for mixing heights of 100, 200, 277 and 400 m at
surface windspeeds of < 4.7, < 6.7, < 3.3 and < 1.5 m/sec, respectively.

At the maximum emission rate, the 24~hour ground-level suspended
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particulate concentrations exceed the Maximqm Acceptable Objective for
almost all limited and unlimited mixing conditions (Figures 5.16, 5.22,
and 5.25). TUnder unlimited mixing conditions the maximum 24-hour concen—
trations reach 180 to 430 ug/m3 for windspeeds > 2 m/sec. Limited mixing
concentrations range from 120 to 1750 ug/m3 for mixing heights of 200
to 400 m and windspeeds < 6 m/sec.

The monthly mean suspended particulate concentrations (6 to 13 ug/m3)
are below the National Air Quality Maximum Desirable annual mean concen—

tration of 60 ug/m3.

6.2.4 Emission Concentrations
The sulfur dioxide emission concentrations for the January mean and
maximum emission rates do not exceed the Manitoba limit of 0.2% by volume

at 68°F, 12% co (90)

9
Particulate emissions at both the mean emission rate (0.59 gr/scf)
and the maximum emission rate (1.13 gr/scf) are in excess of the

Manitoba limit of 0.4 gr/scf at 68°F, 30 inches mercury, and 12% CO,, (90)

2’
by approximately 50% and 280%, respectively.

6.3 EMISSION ESTIMATES

The ground—levei concentrations predicted by the foregoing dispersion
analyses can be no more accurate than the estimated emission quantities.
The most important variableg in this case are the amount of retained in
the boilers and the amount of flyash collected in the dust collectors.
Information provided by Manitoba Hydro (84,85) and consultation with plant
personnel indicated approximate values of 25% and 70%, respecfively, for

these parameters. Errors in these assumed values will be reflected
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directly in the results of this study.

6.4 ACCURACY OF DISPERSION ANALYSES
The dispersion'analyses performed in this study represent the best
available methods of estimating pollutant concentrations downwind of an
. elevated source. For the boundary conditions examined, the values of
0, used may be expected to be correct within a factor of 2. Uncertain-
ties in the estimates of Oy are generally less than those of g,. The
predicted ground-level concentrations at the specified emission rates and

conditions should be correct within a factor of 3, including errors in

Gy and u. (22).
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 SIGNIFICANCE OF AIR POLLUTANT EMISSIONS FROM BRANDON GENERATING STATION

The major air pollution problem caused by the Brandon Generating
Station is the occurrence of high daytime ground-level concentrations of

suspended particulate matter for almost all limited and unlimited mixing

conditions at full plant loading. These concentrations are 1 to 15 times

higher than the Manitoba Maximum Acceptable Air Quality Objective of

120 ug/m3, and are likely to result in reduced visibility, increased
soiling, and increased cleaning requirements. (3). Detrimental health ef-
fects are also possible (2,3). These effects are especially of concern
during the 21% of the time when the wind blows towards Brandon from the
generating station. |

The concentrations of nitrégen oxides due to Brandon Generating
Station are not expected to cause ;ny detrimental effects, even though
they do exceed the maximum acceptable air quality levels by up to 3 times.

At the predicted peak concentrations leaf damage occurs in some species

of plants, (3), but since these high concentrations occur only in winter

at Brandon this potential effect is of little concern. Photochemical
smog, another possible result of excessive ambient NOy concentrations, is

similarly unlikely to pose a problem in the Brandon area as the hydrocar-

bons necessary for the smog to development are not expected to occur in
significant concentrations.

The predicted sulfur dioxide concentrations are below the maximum
acceptable levels-under virtually all conditions and are not likely to

have any detrimental effects upon the environment. S
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7.2 AIR POLLUTION CONTROL REQUIREMENTS

The only air pollution control requirement evident from this study
is a reduction of the particulate emissions. A reduction of 90-95% would
effectively bring the suspended particulate matter concentrations into
compliance‘with the 120 ug/m3 standard for virtually all mixing conditions

experienced at Brandon.

7.3 FUTURE INVESTIGATION
7.3.1 Stack Sampling

The accuracy of a dispersion analysis depends greatly on the accuracy
of the emission parameters. It is therefore recommended that further
study be undertaken to verify the calculated emission rates used in this
study. This would be best accomplished through the development of a stack

sampling program for all stacks at varying load conditions.

7.3.2 Ambient Air Mbnitdring

Ambient air monitoring provides the best system for verifying the
ground—levél concentrations predicted by dispersion modelling, since it
measures the actual concentrations which do occur. -If continuous particu-
late concentration monitoring were carried out at several locations along
the prevalent wind directions, representative hourly, daily, monthly and
annual values could be obtained. 1In addition, averaging this data for
each hour of the day and presenting it in a monthly format would allow
positive identification of the monfhs and times of day of highest ground-
level suspendedlparticulate concentrations. This data could then be

compared with the dispersion estimates presented here.
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8. APPENDICES

8.1 APPENDIX:SYMBOLS - PLUME RISE AND DOWNWASH EQUATIONS

Dimensions of each term are given in brackets: I, = length, t = time,

T = temperature, m = mass.

Ah
Ah

Ah

Ah

max

a quantity of the dimensions of time (t), a function of the waste
gas buoyancy and wind velocity; see Equation 2.12 and 2.13,
Bosanquet (28)

mean dilution coefficient (dimensionless), Bosanquet (28)

specific heat of stack gas at constant temperature
specific heat of air at constant pPressure

stack diameter (internal) (L)
buoyancy flux parameter (La/tB), Briggs. (32)

momentum flux parameter (L4/t2), Briggs (32)

2
acceleration due to gravity (L/t")

stack height (L)

effective stack height after accounting for stack aerodynamics (L)

effective stack height after building and stack aerodynamics are
accounted for (L)

effective source height after accounting for effects of plume
rise and building and stack aerodynamics = h' + Ah (L)

height of building (L)

plume rise (L)
buoyancy rise (L), Bosanquet et al. (24)

momentum rise (L), Bosanquet et al. (24)

maximum momentum rise (L), Bosanquet et al. (24)

characteristic length for buoyant plume in a crosswind = F/u3
(L), Briggs (32)

lesser of building height, hb’ or building width normal to wind
direction, Wy (L) :
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Q,Q mass emission rate of stack gas (m/t)
Q heat emission rate of stack gas relative to ambient atmosphere
h 27,3
(mL=/t%)
QVl volume emission rate of stack gas at temperature T1 (L3/t);
Bosanquet et al. (24, Bosanquet (28)
T radius of stack (internal ( (L)
s restoring acceleration per unit vertical displacement for
adiabatic motion in the atmosphere (t-2), Briggs (32)
average absolute temperature of ambient air (T)
s average absolute temperature of gases emitted from stack (1)
Tl absolute temperature at which density of stack gas is equal to
that of the ambient atmosphere (T)
AT. temperature excess of stack gases relative to ambient air =
T =T (1)
s
ATl TS - Tl
t time elapsed after waste gas leaves stack (v)
té time required for waste gas to attain its exit momentum under the
influence of buoyancy alone (t)
u average wind speed at stack level (L/t)
< stack gas exit velocity (L/t)
X non-dimensional variable used by Bosanquet et al. (24); see
Equation 2.5
x! non-dimensional varialbe = (t + to)/A, Bosanquet (28)
Xé non-dimensiondl varialbe = to/A, Bosanquet (28)
X horizontal distance downwind of stack (L)
x* distance downwind at which atmospheric turbulence begins to
dominate entrainment of air into plume (L), Briggs (32)
non-dimensional variable used by Bosanquet et al. (24)
o numerical constant in plume rise formula of Lucas et al. (29)
(L3/2/m1/4t1/4)
o average density of ambient air (m/L3)
Py average density of stack gas (m/L3)

d8/dz atmospheric lapse rate (potential temperature gradient of ambient
air) (t/L)
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8.2 APPENDIX: SYMBOLS - DISPERSION EQUATIONS

Dimensions of each term are given in brackets: I = length, t = time,
T = temperature, m = mass.
a fraction of the year during which the wind direction falls within

a specified angle measuring 1 radian; see Equation 2.40,
Bosanquet and Pearson (42)

a non-dimensional constant used in Cramer's O power law equation
(48); see Equation 2.81 y

b non-dimensional constant used in Cramer's OZ power law equation
(48); see equation 2.82

Cy ' lateral diffusion coefficient (Ln/2), Sutton (43)

Cz vertical diffusion coefficient (Ln/Q)’ Sutton (43)

C ' specific heat of air at constant pressure, cal/goK; see Equation

P 2.69

exp x . = eX

f free falling speed of a dust particle (L/t), Bosanquet and

Pearson (42); see Equation 2.45

£(6,S,N) frequency during the period of interest that the wind is from
, the direction 0, for the stability condition, S, and wind
speed class, N; Turner (22), see Equation 2.77

h height of source above ground (L), Bosanquet and Pearson (42)
vertical plume spread (L), Pasquill (50)
effective stack height (L)

e
" h N effective height of release for the wind speed Uy (L), Turner
€ (22); see Equation 2.77
h. height of the base of an elevated inversion sufficient to be
* above the plume = hg + 20,, see Equations 2.61, 2.64, 2.67,
2.69, 2.70; height of the base of an elevated inversion, see
Equation 2.65; (L)
hS physical stack height (L)
L height of base of elevated stable air layer, limited mixing
height (L), Bierly and Hewson (57)
m mass emission rate over a unit area‘of the earth's surface

(m/L2), Bosanquet and Pearson (42)
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turbulence index (dimensionless), Sutton (43)

numerical constant for vertical diffusion, Bosanquet and Pearson
(42); p = (hi - he)/0,, Bierly and Hewson (57), see Equation
2.65; variable exponent used in sampling time calculations,
Turner (22), see Equation 2.73

mass emission rate (m/t)

numerical constant for lateral diffusion, Bosanquet and Pearson
(42)

net rate of sensible heating of an air column by solar radiation
(cal/m? sec), Pooler (58); see Equation 2.69 '

averaging time of the variance V'%’S = t/B, Hay and Pasquill
(49) ‘

time (t)

time required for the mising layer to develop from the top of
the stack to the top of the plume (t), Pooler (58) and Hewson
(60); see Equations 2.69 and 2.70

average wind speed at stack level (L/t)

representative wind speed for class N, Turner (22); see Equation
2.77

eddy velocity in the crosswind direction (L/t), Sutton (43)

crosswind gustiness factor, Sutton (43)

variance of the lateral-component of eddy velocity, for the time
parameters T and s, Hay and Pasquill (49)

eddy velocity in the vertical direction (1./t), Sutton (43)
distance downwind of stack (L)

downwind distance at which an elevated stable layer begins to
affect the vertical distribution under limited mixing conditions
), Bierly and Hewson (57)

distance downwind to point of maximum concentration (L)
crosswind distance (L)

variance of wind-direction fluctuation, Hay and Pasquill (49)
height above ground (L)

ratio of the Lagrangian time-scale of turbulence to the time-scale
deduced from (Eulerian) measurements of the turbulent fluctuations
at a fixed point, Hay and Pasquill (49)




avg

Xnax
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lateral plume spread (degrees), Pasquill (50); wind direction
(degrees), Turner (22)

kinematic viscosity of ambient air

ambient air density (m/L3)

standard deviation of the wind elevation angle, Hay and Pasquill
(45) '

standard deviétidn of crosswind spread of emitted particles
(degrees), Hay and Pasquill (49)

standard deviation of the crosswind distribution of material
in a plume (L)

value of 0y, for fumigation conditions = Oy for stable conditions
plus one-eighth the effective emission height (1)

standard deviation of the vertical distribution of material in
a plume (1)

value of 0z evaluated at the distance x for the stability class
S, Turner (22); see equation 2.77 '

standard deviation of crosswind spread of emitted particles
(degrees), Hay and Pasquill (49)
variance of the horizontal wind direction for sampling time T

and averaging time s '

sampling time = duration of release of particles, or = duration
of the sampling of the distribution of particles, Hay and
Pasquill (49) '

efflue%t concentration of plume at given location (x,v,2);
(m/L3)

average concentration (m/L3)

-maximum ground-level concentration on plume centerline (m/L3)




8.3 APPENDIX: OPERATING DATA - BRANDON GENERATION STATION
8.3.1 Gross Power Generation
TABLE 8.1
BRANDON GENERATING STATION

GROSS POWER GENERATION (KILOWATT-HOURS)

MONTH 1970 1971 1972 1973 1974
January | 23,760,000 | 134,795,000 | 97,909,000 | 73,278,000 | 74,618,000
February | 34,954,800 | 97,626,000 | 63,860,000 | 55,386,000 |26,378,000
March 15,751,000 | 40,929,000 | 31,704,000 | 23,528,000 | 9,605,000
April 89,547,200 | 25,401,000 | 24,972,000 | 76,080,000 | 8,774,000
May 38,017,000 | 4,440,000 | 13,423,000 | 65,293,000 | 9,663,000
June 15,502,000 | 3,200,000 3,432,000 | 46,380,000 | 1,260,000
July 5,288,000 - 1,937,000 | 18,682,000 | 2,074,000
August | 11,252,000 | 1,660,000 | 5,474,000 | 49,691,000 | 2,096,000
September| 3,372,000 | 18,041,000 | 9,460,000 | 91,454,000 946,000
October | 37,476,000 | 45,926,000 | 40,050,000 | 42,998,000 -
November | 83,551,000 | 36,209,000 | 59,186,000 | 39,611,000 -
December 108,801,000 | 77,343,000 | 88,116,000 | 40,868,000 -
TOTAL 476,272,000 | 485,570,000 | 439,343,000] 623,249,000 -

= §¢C -
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8.3.2 Design and Operating Data for Boilers and Auxiliary
Systems
TABLE 8.2 L
- BRANDON GENERATING STATION

STACK DATA

Units No. 1-4, Stacks No. 1S and 2N

Stack No. 1S: serves units no. 1 and no. 2

Stack No. 2N: serves units no. 3 and no. 4

Stacks No. 1S and 2N:
Height ' 250 ft (76.2m)
Inside diameter, bottom 13.7 ft (4.17m)

Inside diameter, top 15.0 ft  (3.96m)
Temperature range 295-375°F (145-190°C)
Typical temperature ~ 300-320°F (150-160°C)
Velocity of gases* 3375 ft/min (17.1 m/sec)
(at maximum rating)
Stack No. 3:

Height 350 ft (106.6m)

Inside diameter, bottom -15.5 fr  (4.72m)

Inside diameter, top 12.0 £t (3.66m)
Temperature range 250-350°F (120—1750C)
Typical temperature 300-350°F (150—1750C)
Velocity of gases* . 5010 ft/min (25.4 m/sec)

(at maximum rating)

*calculated




TABLE 8.3

BRANDON GENERATING STATION

PERFORMANCE DATA - UNIT NO. 1: BOILER AND AUXILIARIES

OPERATING PARAMETER

GENERATOR OUTPUT (MEGAWATT)

33 30 24 15
General
Fuel ._lignite lignite lignite lignite
Fuel firing rate, lbs/hr 58,872 54,288 | 43,895 27,997

Steam flow, lbs/hr

Forced Draft Fan
Dry air, 1bs/1lb fuel
Air flow, lbs/hr

Induced Draft Fan
Dry gas, 1bs/1b fuel

Moisture in exhaust gas, lb/ft3

Density of exhaust gas, lb/ft3
Gas flow, ft3/min

304,252 278,389 226,907 143,042

6.329 | 6.091 6.285 | 6.343

375,644 334,242 277,373 178,481

6.660 6.432 6.631 6.693
0.642 0.617 0.623 0.620
0.03743 0.03814 0.03900 0.04060
191,767 168,173 136,074 84,059

- LT¢C -



TABLE 8.4

BRANDON GENERATING STATION

DESIGN DATA - UNIT NO. 1: BOILER AND AUXILIARIES

BOILER LOADING (% CAPACITY)
OPERATING PARAMETERS v
- 1007 50% 10%
Steam flow, lbs/hr. 325,000 162,500 32,500
Fuel firing rate, lbs/hr 62,250 32,000 ' 6,820
Excess air, % 22 22 50
Air to preheater, lbs/hr 365,000 173,000 24,000
Flue gas leaving boiler, lbs/hr 479,000 248,000 62,000
Temperatures, °p _
Flue gas leaving boiler 680 595 525
Flue gas leaving air preheater 320 295 275
Air entering air preheater 80 80 80
Air leaving air preheater 590 540 505
Air to coal pulverizers 590 540 505
Fan Capacities, cfm o
Forced draft fan, at 8.1" HyO and 100°F 115,000
Induced draft fan, at 9.7" Hy0 and 340°F 236,500

- 8¢T -



TABLE 8.5

RRANDON CENERATTING STATION

DESIGN DATA - UNIT NO. 5: BOILER AND AUXILTIARIES

i
?BOILER LOADING(% CAPACITY)

OPERATING PARAMETERS
100 50
Steam flow, 1bs/hr 875,000 | 437,500
Fuel firing rate, 1bs/hr 161,000 84,800
Excess air, % 17 25
Air to Preheaters, lbs/hr , 1,000,000 563,300
Flue gas leaving boiler, 1lbs/hr 1,159,000 649,500
Temperatures, OF
- Flue gas leaving boiler - -
Flue gas leaving air preheater _ 305 258
Air entering air preheater , 80 80
Air leaving air preheater 484 441
Air to coal pulverizers - -
Fan Capacities, lbs/hr (total)
2 Forced draft fans, at 5.1" H0 and 80°F 855,000
2 Induced draft fans, at 9.6" Hy0 and 100°F 1,263,000

- 6¢C -
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8.3.3 Typical Analyses of Lignite Coal, Natural Gas, and No. 2

Fuel 0il

TABLE 8.6

ANALYSIS OF SASKATCHEWAN (BIENFAIT) LIGNITE

% by weiéht as received
ANALYSIS
Range Typical
Proximate Analysis
Moisture ] , ’ 28.5-40 35
Volatile Matter 23.5-32 26
Fixed Carbon 26.5-33 32
Ash | 4.5-13.5 7
Sulfur 0.4-0.7 | 0.5
Calorific Value, Btu/lb 5900-8000 7200
Ultimate Analysis
Carbon 42-46 42.0
Hydrogen _ 2.2-4.2 1
Sulfur 0.4-0.7 0.5
Nitrogen | 0.6-0.8 0.7
Ash » 4.5-13.5 .0
Oxygen ' 10.9-12.3 11.0
Moisture 34-37 35.7
TOTAL 100.0
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TABLE 8.7

ANALYSIS OF TYPICAL NATURAL GAS*

CONSTITUENT % BY VOLUME**

N, 2.35
CO2 0.41
CH4 (methane) - 91.70
C2H6 (ethane) 4,91
C3H8 (propane) 0.54
C4H10 (iso-butane) 0.03
C4H10 (butane) 0.04
C5H12 (iso-pentane) 0.01
C5H12 (pentane) 0.01
C6Hl4 (hexané) nil

TOTAL 100.00

0.13 grains/100 cu ft

Sulfur
Calorific Value

Specific Gravity

1015 Btu/cu ft

0.593 S.G.

*Greater Winnipeg Gas Company

**unless otherwise specified
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TABLE 8.8

ANALYSIS OF NO. 2 FUEL OIL*

CONSTITUENT % BY VOLUME#*#*
Carbon 86.1
‘Hydrogen 13.6
Nitrogen tface
Oxygen trace
Sﬁlfur 0.27
Ash 0.001
Water nil

TOTAL 99.971

Calorific Value

Specific Gravity

20,003 Btu/1b

0.89 S.G.

*Imperial Esso Diesel Fuel

*%unless otherwise specified




.8.3.4 Fuel Cycle and Discharges for Generating Units

UNITS NO. 1-4 COMBINED UNIT NO. 5
SECONDARY FUEL*, LIGHT-OFF, | LIGHT-OFF,
PRIMARY LIGHT-OFF, STANDBY, STANDBY, PRIMARY STANDBY,
FUEL | STABILIZATION STABILIZATION FUEL STABILIZATION
LIGNITE COAL 'NATURAL GAS | NO.2 FUEL OIL LIGNITE COAL | NO.2 FUEL OIL
125 TPH (max) 26,000 CFM (max) 1200 IGPH (max) 85 TPH (max) 120 IGPH (max)
UNIT NO. 5

UNITS NO. 1-4

4 @ 325,000 LBS/HR STEAM @ 825°F, 625 PSIG 875,000 LBS/HR STEAM @ 950°F, 1250 PSIG

= t€C -

! DRY ASH ‘NO. 18 NO. 2N NO. 3 DRY ASH

CHIMNEY WET ASH

i WET ASH CHIMNEY CHIMNEY

L | | | | ,
l |
| T — ASH

i
ASH | EMISSIONS
LAGOON

LAGOON

Figure 8.1. TFuel cycle and discharges for generating units (83).
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8.3.5 Fuel Cycle and Discharges for Heating Boiler

NATURAL GAS . NO. 2 FUEL OIL
333 CFM (max) 115 IGPH (max)

HOT WATER
HEATING BOILER

16,500,000 BTU/HR

CHIMNEY

EMISSIONS

N.B. Natural gas and No. 2 fuel oil may be fired

separately or in combination.

Figure 8.2, Fuel cycle and discharges for héating boiler.

TPH = tons per hour

CFM

cubic feet per minute

IGPH = imperial gallons per hour



8.3.6 Fuel Consumption for Power Generation
TABLE 8.9
BRANDON GENERATING STATION

MONTHLY FUEL CONSUMPTION (1970-1974) - COAL (TONS)

- GEC -

MONTH 1970 1971 1972 © 1973 1974
January 21,082 127,095 94,787 66,201 62,051
February 30,568 89,722 60,147 47,564 23,373
March 14,205 32,455 29,627 21,262 8,862
April 30,443 20,277 21,757 30,078 7,162
May 13,667 2,243 11,862 18,202 8,148
June 3,107 2,167 1,876 11,920 1,093
July 5,379 39 78 8,700 | 1,656
August 2,698 1,145 114 17,340 1,498
September 24,214 2,531 2,380 35,050 974
October 59,524 2,170 23,161 18,126 -
November 84,318 32,332 50,307 34,234 -
December 116,928 72,196 75,581 32,671 -
TOTAL 406,133 384,372 371,677 341,348 -




TABLE 8.10
BRANDON GENERATING STATION

MONTHLY FUEL CONSUMPTION (1970-1974) - NATURAL GAS (THOUSANDS OF CUBIC FEET)

MONTH 1970 1971 1972 1973 1974 !
January 11,810 29,831 6,724 25,683 5,250
February 9,520 50,990 7,759 24,497 5,981
March 4,811 77,777 4,104 11,448 | 10,081
April 58,256 24,275 5,084 500,551 3,387
May 8,463 27,896 2,512 591,778 5,477 |
June ’ 27,821 15,022 19,810 439,392 0
July 69,850 1339 26,134 125,739 1,227
August 4,063 3,629 77,618 386,976 1,348
September 116,657 196,636 88,240 635,411 1,146
October 194,579 540,646 194,126 270,326 -
November 161,285 15,457 29,971 8,744 -
December 4,891 10,049 37,076 14,060 -

TOTAL 672,006 992,097 499,158 3,034,605 -

R

- 9€¢ -



TABLE 8.11
BRANDON GENERATING STATION

MONTHLY FUEL CONSUMPTION (1970-1974) - NO. 2 FUEL OIL (IMPERIAL GALLONS)

MONTH 1970 1971 1972 1973 1974
January | 36,450 15,750 29,625 24,050 30,493
‘February 25,200 41,643 28,200 28,500 | 40,406
March 2,427 20,528 31,750 | 22,800 18,703
April 512 19,900 20,600 22,990 29,401 !
May | 271 2,191 16,800 17,636 47,163 &
June 19,065 17,609 4,300 20,119 5,350 1
July 12,147 4,183 48 45,183 9.326
August 18,903 6,500 1,852 49,260 7,286
September 59,641 11,007 9.450 27,607 12,056
October 42,500 |- 15,550 23,900 29,361 -
November 29,951 39,843 35,850 27,103 -
December 29,000 20,225 39,851 20,357 -
TOTAL 276,067 214,929 242,226 334,966 -
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8.3.7 Analysis of Coal Ash

TABLE 8,12

ANALYSTIS OF SASKATCHEWAN (BIENFAIT) LIGNITE ASH

ANALYSIS OF SASKATCHEWAN % BY WEIGHT OF ASH
(BIENFAIT) LIGNITE ASH
RANGE LATEST ANALYSIS#*
5102 ‘ 14~40 31.88
A1203 11-23 15.47
Fe,0, 3-8 3.56
TiO2 0.4-1.1 1.05
P205 0.2-2 1.81
Cal 16-27 18.56
MgO 3-7 4,45
NaZO 2-10 8.14
K20 0.2-1.3 0.18
SO3 2.7-16.1 10.13
MnO, 0.06-0.51 0.57
Ba0 - 2.32
CaSO4 - -
Ccl - 0.2
Combustibles - 1.53
TOTAL - 99.83

*National Testing Laboratories Limited Report No.

4968 - Jan. 3/72.



8.3.8 Performance Data for Dust Collectors

TABLE 8.13
UNITS NO. 1,2, AND 3 - DUST COLLECTOR PERFORMANCE DATA

DESIGN GMPHT #24-720 PRAT-DANIEL DUST COLLECTORS

*Based on efficiency curves in Figure 8.3 and dust'analysis in

Table 8.13

BOILER OUTPUT (1bs steam/hr)
OPERATING PARAMETER -
. 32,500 162,500 325,000 325,000
Flue gas volume; cfm 25,000 87,500 180,500 197,000 !
, N
Flue gas temperature, °F 375 295 320 340 8
i
Resistance, inches w.g.
7206 tubes operating - 0.50 2.13 2.50
480 tubes operating - 1.10 - -
240 tubes operating 0.35 - - -
Efficiency-anticipated (%) - 75.1 79.3 80.3
*Efficiency-guaranteed (%) - - 78.0 79.0




TABLE 8.14
PARTICULATE COLLECTION EFFICIENCY FOR NORMAL LIGNITE FIRING

DESIGN GMPHT #24-720 PRAT-DANIEL TUBULAR DUST COLLECTORS

Collection.Efficiency (%) Weight Collected (%)
Particle Average Percent '
Size Range | - Size in 2.13" w.g.* 2.5" w.g.* 2.13" w.g.* 2.5" w.g.*
(microns) | (microns) | Flue Gas pressure drop | pressure drop | pressure drop | pressure drop
>60 60 "4 99.5 99.6 3.98 3.98
40-60 50 7 99.5 99.6 - 6.96 - 6,97 |
30-40 35 11 99.3 99.5 _ 10.92 10.95 o
20-30 25 6 98.0 98.2 ~ 5.88 5.89 5
15-20 17.5 13 97.0 98.0 12.60 12.74 |
10-15 12.5 13 94.0 95.0 12.22 12.35
7.5~10 8.75 16 87.0 88.2 13.92 14,11
<7.5 3.75 30 41.0 43.0 12.30 12.90
TOTAL - 100 - - 78.78 79.89
Correction factor from curve temperature (400°F) to
operating temperature + .50 .+ .37
Anticipated Efficiency 79.3 80.3
Guaranteed Efficiency 78.0 79.0

*W.g. = water guage




100

Efficiency - Percent

30+

90
80 =
70 =

60 -

40

20

10 S

1.0" w.g. Fly Ash Specific Gravity: >2.2 - 2.8

1.5" w.g. Dust Concentration: 2.0 gr/cu ft

2.0V w.g. Flue Gas Temperature" 400°F.

2.5" w.g. .

3.0" w.g. Use of Curves:

4.0" w.g. Total or overall efficiencies calculated from

these micron efficiency curves should be based
on the following: 1) the Roller Air Elutriation
Method of analyzing dust for fineness, 2) parti-
cle size micron efficiencies corresponding to
3.75, 8.75, 12.5, 17.5, 25,35,50 and 60 micron
size averages, and 3) a correction for tempera-
ture obtained by adding 0.625% for each 100°F
drop and subtracting 0.625% for each 100°F rise
below or above the temperature stated for the
curves (400°F),

- 1% -

| ! ' ! | I . I ]
5 10 15 20 25 30 35 40

Dust Particle Size ~ Microns

Figure 8.3 Prat-Daniel Désign 6MIC Dust Collector Micron Efficiency Curves.
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8.4 APPENDIX: METEOROLOGICAL DATA - BRANDON, MANITOBA

8.4.1 Temperature Data

TABLE 8.15

MEAN TEMPERATURES ~ BRANDON AIRPORT (76)

(LATITUDE 49°55'N, LONGITUDE 99°57'W, ELEVATION 1337 FT ASL)

MEAN DAILY MEFAN DAILY
PERIOD MEAN DAILY MAXIMUM MINIMUM
: TEMPERATURE TEMPERATURE TEMPERATURE
°F) °F) @)

January -1.4 8.1 ' -10.7
February 4.5 15.5 -6.5
March 16.3 26.5 - 5.6
April 36.7 47.1 26.2
May 49.8 62.1 37.5
June 60.3 72.0 48,5
July 66.0 78.5 53.5
August 63.9 76.8 51.0
September 53.0 65.2 40.8
October 42,1 53.9 30.2
November 22.4 30.9 13.8
December 7.2 16.4 -2.0
Year 35.1 46.1 24,0
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8.4.2 Sample Upper Air Data

TABLE 8.16
SHILO, MANITOBA - DECEMBER 1967

CONSTANT PRESSURE DATA. - 12 GMT. (80)

STATION INSTRUMENTATION
USWB type radiosonde, GMD RDF tracking equipment
INDEX NO. LATITUDE LONGITUDE ELEVATION

72853 49°49'N  99°39'W 382 Meters

!

i 1000 ¥BS 950 MgS i 960 MBS
. . " e ey e o
8 . H Altitude | Temp, £ Yemp. Alrirude | Temp, |
H !‘*“[——{ b - : !
2 fdeaima) gem | e | §
SR B ~
- 301 2772907 06! a0 Pl 707
~12:3] 13,290 04] 156 | 273
21| 28:250, o6 s1i 5 14
0/%] 3010901 06! 45, ! 5.9
T:6) 191140, 02! 1lo0; [ 5.8
4j0-2770901 02} 1o1] . | 2i
1c6 3410451 021 320 | 416
1170 3201358021 123! ! l 3.7
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8.4.3 Sample Wind Data

TABLE 8.17

MEAN MONTHLY WIND FREQUENCY DISTRIBUTION

JANUARY; 1963-1972 - BRANDON AIRPORT an

- 244 -

9133059981096027

&g < ©
» L] .
% O o Ruouoknununvnununqunu1*A.A.1*Q, o
St S — o~ o —
o0
-~ 0 o~ o 1¢1,1*nvq,7,9ugu7,?u7_7.qu (=]
4] . .
tvn._. ~ 7426364346293893 <+
0o O ()] M~ N =y O e B
== ) — ~
=
‘T
™~
~
Ve)
4. — ~ o~
o o o o
o
-3}
) NN <t © @
N _ LA LY -
G o~ ReoNe) O —
=] o
]
jat - -
a ﬂu N — Q.Q,RUQ,7~ Sy
o, i OO o qu,ﬂdnvo —
7o) o
0 o~
@
-
& MM NN~ NI~ oNNnOwmm o
e e e e e o o o .
I OMOWNnoO OAUAU1L1¢QJ1*1.O ~
(0] o ~ N O
1) ]
(o1}
3]
w ONATFTTTOANOANINN NN o
d -oo.oonoun-too-o -
(] | HOMNTN-HOOONHHM-ITINM [l
] 2] ~N s s 0
o] —
1451
o :
m ~ 1_1,149_9h7/,b Mmoo ® O o~
= | e R R S VNS OGS I,
0 -~ N NN o —
o~
1_R,A.l‘b.inov/oJAuAvA.?.?_o,ﬁv o~
I~ * ¢ o e s .
I QURU147,A.?_1_nu1*R,Qgﬁvﬁ.nvqg?, ]
IS4 — — N o
—
Aﬂ 1*1*anvA.QJ9hRuﬁgﬁvogﬁ.quo_nvﬁw te)
— 1*1,?,7hnvnvnvnvnv1*7_2.?_1_9h1* ™
o
&
=
o
o |E B 8 & ®m o= = =
oo o W Bz ooy 0 =0 W o
= 0 O AEEBRunnnnn=E= =4 =
r
o
A




- 245 -

8.4.4 Mixing Height Data
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Figure 8.4. Brandon monthly mean

maximum heights (extrapolated), (78).
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8.5 APPENDIX: SAMPLE CALCULATIONS
8.5.1 Emission Rates
8.5.1.1 Monthly Mean Emission Rates:

S0, emission rate (monthly mean):
sl

S0, produced = weight of coal burned x ZSulfur in coal x M.W. SO
2 _ —)
(avg.) M.W. S

1 ton x 2000 1bs/T x 0.5% x 64
32

~20.0 1bs S09
Ton coal burned

SO0, fixed in ash
(as 803)

weight of coal burned x %ZAsh in coal (avg.) x %803

in Ash x M.W. S02
(avg.) M.W. SO03

1 ton x 2000 1bs/T x 7% x 9.4% x 64

80
= 10.5 1lbs 80,
Ton coal burned
S0, emitted = 20.0 - 10.5 = 9.5 1bs SO,
2
Ton coal burned
n
Monthly mean coal consumption (January) = % January coal consumption

i=1

n

where n = number of years of available data (see Table 8.9)

Monthly mean coal consumption (January)

(21,082 + 127,095 + 94,787 + 66,201 + 62,051)
. 5 :

74,243 Tomns
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_ Monthly mean coal consumption
Hours in month

Mean hourly firing rate

74,243 T
31 days x 24 hrs/day

99.8 Tons/hour

Unit No. 5 isvloaded to full capacity before any of Units No. 1-4 are
brought on line, provided the total load is greater than 45% of the
maximum continuous rating for Unit No. 5, i.e. > 47 megawatts
(equivalent to a firing rate of 38 Tons/hr of lignite).
Unit No. 5 mean hourly coal consumption = 8.5 Tons/hr
Balance burned in one of the 33 MW units, say Unit No. 1 = 99.8 -
85.0 = 14.8 Tons/hr
Unit No. 5 emissions are released through Stack No. 3.
Unit No. 1 emissions are released through Stack No. 18,

Stack No. 3 mean SO2 emission rate (January)

85 Tons/hr x 9.5 1bs SOZ/Ton coal burned

808 1bs/hr 802

1.02 x 108 ug/sec S0-

Stack No. 1S mean SO2 emission rate (January)

14.8 Tons/hr x 9.5 1bs SOz/Tonbcoal burned

141 1bs/hr SO

2
1.77 x 107 ug/sec S0o




- 248 -

NO emission rate (monthly mean):
Y

NOx emitted = 30 1bs/Ton coal burned#*

Stack No. 3 emission rate

85 T/hr x 30 1bs NO /T
(January) X

2550 1bs/hr NOx

3.21 x 108 ug/sec NO

*EPA emission factor (7).

similarly: Stack No. 1S emission rate =444 1bs/hr NOx

(January) 7
= 5.59 x 10" ug/sec NO

Particulate emission rate (monthly mean):

coal burned x % Ash in cbal (avg.)

Particulates produced

1 ton x 2000 1bs/T x 7%

140 1bs Ash/Ton coal burned

Fly ash collected in ash hopper 2 25% of total ash
Fly ash dust collectors = 75% of total

Estimated removal efficiency of dust collectors = 70% . fff

Estimated fly ash emission = 140 x (1-.25) x (1-.70)

31.50 1bs fly ash/Ton coal burned

Stack No. 3 mean particulate emission rate (January)

85 T/hr coal x 31.5 1bs/T coal

2678 lbs/hr particulates

3.37 x lO-8 ug/sec particulates




- 249 -~

similarly: Stack No. 1S mean particle emission rate (January)

466 lbs/hr particulates

5.87 x 107 ug/sec partiéulates

TABLE 8.18
TABULATION OF MONTHLY MEAN EMISSION RATES
FOR THE THREE MONTHS OF MAXIMUM POWER GENERATION

(MICROGRAMS PER SECOND)

MONTH/ SOURCE S02 NOx PARTICULATES
December
Stack No. 1S or 2N 1.78 x 107 5.63 x 107 5.91 x 107
Stack No. 3 1.02 x 108 3.21 x 10° 3.37 x 10°
Total 1.20 x 10° 3.77 x 108 3.96 x 10°
Januarz
Stack No. 1S or 2N 1.77 x 107 5.59 x 107 5.87 x 107
Stack No. 3. 1.02 x 108 3.21 x 108 3.37 x 10°
Total 1.20 x 108 3.77 x 10° 3.96 x 10°®
February ‘
Stack No. 1S or 2N 0 0 0
Stack No. 3 8.89 x 107 2.81 x 108 2.95 x 10°
Total 8.89 x 10’ 2.18 x 10° 2.95 x 10°

8.5.1.2 Maximum Emission Rates (Worst Case Conditions)

Assumptions: - maximum fuel sulfur content = 0.7%S

13.5%

- maximum fuel ash content

2.7%

I
]

minimum 803 fixed in ash

- all units at maximum loading
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50, emitted = 1 tom x 2000 1bs/T x | (.7% x-gg - (13.5% x 2.7% x %% J

22.2 1bs SOZ/Ton coal burned

30 1bs/Ton coal fired

NO emitted
X

1 ton x 2000 1bs x 13.5% x (1-.25) x (1-.70)

‘Particulates emitted

60.8 1lbs particulates/Ton coal burned

Unit No. 5 emiséions are released through Stack No. 3.
Units No. 1 and 2 emissions are released through Stack No. 1S.

Units No. 3 and 4 emissions are released through Stack No. 2N.

Stack No. 1 emission rates:

S0, emission rate = lZé_EgEELhE x 2 units x 22.2 1lbs SO.,/Ton
2 _ 4 units = ' 2

1387.5 1bs/hr 802

1.75 x 108 ug/sec SO

2

similérly: NOx emission rate = 1875 lbs/hr NOX

2.36 x 108 ug/sec NO

3800 1bs/hr particulates

Particulate emission rate

4.79 x 108 ug/sec particulates
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TABLE 8.19

MAXTMUM EMISSION RATES - "WORST CASE" CONDITIONS

(MICROGRAMS PER.SECOND)

EMISSION SOURCE S0, NO_ PARTICULATES
STACK NO. 18 1.75 x 108 2.36 x 10° 4.79 x 10°
STACK NO. 2N 1.75 x 108 2.36 x 10° 4.79 x 108
STACK NO. 3 2.38 x 10° | 3.21 x 10® | 6.51 x 10°

TOTAL EMISSIONS || 5.88 x 10® | 7.93 x 10° 16.09 x 108

8.5.2 Wind Frequency Distributions - Wind Roses

no. of hours wind is from given direction
average total hours in month

Frequency =

- for January: total hours WNW wind = 133.3 hours
total hours -~ January = 744.0

(see Appendix 8.4.3)

]
|
w
w
w

]
o
[
~J
\©

wind frequency - WNW, January

8.5.3 Plume Rise Calculations

Heat Emission:

Total heat emission for all units at full load = 3 x 108 Btu/hr
Heat emission for Stack No. 3 at full load

85 T/hr (coal burned in Unit No.5)

8
=3 x 107 Btu/hr x =T oAt coal burned)




- 252 «~
similarly:
TABLE 8.20
WIND FREQUENCY DISTRIBUTIONS FOR THE THREE
MONTHS OF MAXIMUM POWER GENERATION
December January February
Wind — — —
Direction Frequency u Frequency u Frequency u
% m/sec % m/sec % m/sec
Calm 12,7 - 13.1 - 14,1 -
NNE 1.8 4.0 1.0 4.0 1.7 4.7 .
NE 4.4 4.8 4.7 5.4 5.6 5.0
ENE 8.1 5.7 9.8 5.5 9.6 4.9
E 7.8 4.3 7.5 4.6 8.2 4,2
ESE 2.2 4,2 1.8 4,5 2.6 4,2
SE 2.8 5.2 0.8 3.8 2.4 5.1
SSE 1.0 5.2 0.5 4.0 0.7 3.6
S 0.9 4,0 0.5 4,0 0.6 2.9
SSW 1.2 3.8 0.6 3.9 1.2 3.6
sw 3.4 3.9 2.3 4,1 3.4 4.6 -
WSW 7.4 4.4 7.1 4,5 6.9 4.9
W 18.5 5.0 18.8 5.3 15.5 5.1
WNW 13.6 5.9 ‘17.9 6.5 12,8 6.3
Nw 8.0 5.8 9.2 6.3 7.5 5.8
NNwW 3.3 5.8 2.6 5.0 4.0 5.5
N 2.8 4,2 1.8 4.3 3.2 5.3
TOTAL 100.0 4.4 100.0 4.7 100.0 4.4

1.2 x 108 Btu/hr

35.6 MW

Applicable plume rise equations are as follows:

- for Stack No. 3, all cases, and Stacks No. 1S and SN at full load,
use Briggs' Equation 2.,37'.
- for Stack No. lsz(or 2N) at monthly mean load, use Briggs' Equation

2.36"'.
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similarly:
TABLE 8.21
HEAT EMISSIONS FROM STACKS Mw)
OPERATING '
CONDITTONS STACK NO. 18 STACK NO. 2N STACK NO. 3
Full Load 26.2 26.2 35.6
Monthly Mean Load
December 6.2 - 35.6
~January 6.2 - .35.6
February - - 31.3

For Stack No. 3 at 100% Maximum Continuous Rating; December

Exit Velocity:

Stack temperature =

305°F

Excess air temperature =

Stack gas volume =

v = 85 T/br x 2000 1b/T x 200 cu ft/lb x .30"/ft

17%

200 cu ft/1b coal fired

s

3600 sec/hr x 1 x (12/2)2

Stack aerodynamics:

h = hS + 2 (Vs/u - 1.5)b

‘Uh
s

o]
[}

N
]

at h=nh
s

= 106.6 m, u
z

0.25 for unstable conditions

= 4.4 m/sec

v P
=u, [g} (wind shear effects, (11))

(Ref. 86)

= 25.4 m/sec

10 m (elevation at which surface wind measurements are taken)
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u = 4.4 (106.6/10) "2

h' = 106.6 + 2 if}f - 1.5J 3.66 = 118.9 m.

Building aerodynamics:

By

49.8 m

L

b 49.8 m

hb + 1.5 Lb = 49.8 + 1.5 (49.8) = 124.5 m.

for Stack No. 3, h' <h, + 1.5 L

. p (118.9 m < 124.5 m)

Downwash will occur due to building aerodynamics (see 2.2.2).

hb + 0.5 Lb = 49.8 + 0.5 (49.8) = 74.7 m.

h' > hb + 0.5 Lb (118.9 m > 74.7 m)

2(118.9) - (49.8 +'l;5 (49.8))

"o L ’
h" = 2h (hb + 1.5 Lb)

= 113.3 m.
Plume rise calculation: ‘ ' %ﬁ«
AR = 1.6F1/3u"1(10hs)2/3 (Equation 2.36")
gATVSd2
F = —_ZT;“~ (Equation 2.25")

hs =h"=113.3 m

u=u =44 (113.3/10)'% = 8.1 m/sec

N\
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g =9.8 m/sec2

AT =T -7 = 425°k - 259°k = 166°K

d = 3.66 m

VS =25.4 m/sec

F o 2:8%166x 25.4 x (3.66)°
4 x 425

= 325 m4/sec3

_L6x 3253 (10 x 113.3)%/3

Ah 51 = 147.4 m
he =h" + Ah = 113.3 + 147.4 = 260.7 m
similarly:

TABLE 8.22

EFFECTIVE STACK HEIGHTS

OPERATING

CONDITIONS STACK NO. 1S .| STACK NO. 2N | STACK NO. 3

Monthly Mean Load

December 114.0 m - . 260.7 m
January 110.8 m - 247.3 m
February - - 246.3 m

Full Load
December 203.5 203.5 260.7
January 194.6 194.6 , 247.3
February 205.4 205.4 263.2
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8.5.4 Dispersion Calculations

8.5.4.1 Pasquill-Gifford Diffusion Coefficientsl

The diffusion coefficients Oy and o, are selected on the basis of
atmospheric stability according to the wind speed and insolation
parameters given by Pasquill (50) in Table 2.10. Turner (22) defines
_"strong" insolation as that corresponding to a solar altitude greater
than 60° with clear skies, and "slight" insolation as that corresponding

to a soiar altitude of 150—35o with clear skies,

Brandon daytime insolation:

- from Table 170, Solar Altitude and Azimuth, in the Smithsonian
Meteorological Tables (83):

Solar altitude - mean daily maximum: December = 18°

January = 20°
February = 26°

Daytime insolation is "slight'" in all cases.

Brandon mean wind speeds: December = 4.4 m/sec

January = 4.7 m/sec

February = 4.4 m/sec

Stability class:

- for "slight" insolation and u = 2 to 5 m/sec, use Stability Class C.

diffusion coefficients (Figures 2.13 and 2.14).

(Atmospheric Environment Service confirms that stability class C is

the most common in the Brandon area.)
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8.5.4.2 Unlimited Mixing Calculation
Gaussian equation for ground-level concentration under unlimited

mixing conditions (Equation 2.58):

2
2 h
e
X(X,Y,O) = ﬁ‘d‘ exp /—1/2 a_z— exp —1/2 -0‘—
y z y 4

For a downwind distance of 2 kilometers, the l-hour ground-level 802
concentration on the plume centerline for Stack No. 3 at full load

is calculated as follows:

Q= 2.38 x 10° yg/sec (Table 8.19)

o, = 195 m ' (Figure 2.13)

Oz = 115 m _ (Figure 2.14)

he = 260.7 m (December) (Table 8.22)
u=4.4 m/sec at z = 10 m _ (Table 8.20)

_ (260.7}“25 L _
u-= 4.4 10 = 10.0 m/sec at z = he (Reference 11, p.55)

y =0

X3 (2 km,0,0) = 26 yg/m’

Similarly, the concentrations at the same point (x = 2 km, on plume fffffﬂf

centerline of Stack No. 3) for Stacks No. 1S and 2N at full load,

assuming that the wind is from the east, are:

X2 km,61 m,0) - 53 ug/m’
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Xp (2 km,34 m,0) = 54 pg/m’

Total concentration of 802 at X=2 km on centerline of plume from

Stack No. 3
- - 3
= X3.+ X1g * Xoy = 133 ug/m 802

The maximum ground-level concentrations and the points at which they
occur are determined by inspection of the x-y plots of cumulative
ground-level concentrations. The 24-hour concentrations required
for particulate emissions are determined by applying the correction
factor given by Briggs (65) in Figure 2.5 to the l-hour particulate

concentrations.

8.5.4.3 Limited Mixing Calculations
Gaussian equation for ground-level concentration under limited mixing

conditions (Equation 2.72):

Q 2
——— exp |k E;_

270 Lu
y y

X(XSYSZ) =

The maximum limited mixing concentration occurs at the point where
the plume has become uniformly distributed through the mixing depth
L. This occurs at x = ZXL; where X is the downwind distance at which

o = 0.47L.
PA

For full load conditions and mean mixing conditions for the month of
January, the maximum l-hour limited mixing ground-level SO2 concentra-

tion on the plume centerline is calculated as follows:
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Q =5.88 x lO8 Ug/sec (total for all stacks) (Table 8.19)
L=277Tmn ' (Figure 8.4)
Oz = 0.47L = 130 m
u=4.7 m/sec (at z = 10 m) ' (Table 8.20)
.25
Mean wind in mixed layer = 4.7{2%%%21 = 9.1 m/sec

XL = xgz= 130 m = 2.25 km

2xL = 4.5 km = point of maximum limited mixing concentration
Oy at 2xL = 410 m o (Figure 2.13)
y =0

x(zxL,o,o> = 227 ug/m3 80,

8.5.4.4 Inveréion Penetration Calculations for Limited Mixing
Concentrations

This calculation is required to determine the critical wind speed
below which a stack effluent can penetrate an elevated inversion at a
distance z; above the stack height (h"). The results are used in
establishing the boundary conditions for the limited mixing curves.
If the plume from a given stack is shown to penetrate the elevated
inversion layer at the mixing height L, tﬁen the emissions from that
stack will not contribute significantly to the mixing ground-level
concentrations. In this case the emissions are excluded from the

limited mixing calculations.
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Assumgtions:

A relatively weak inversion layer (AT = 20C) is assumed for this

calculation.

from Briggs (32);'penetration will occur if:

1

3
z; E_Z.O{E§~] (buoyant plume, wind)
i .

il

where zy height of penetrable elevated inversion above stack height (h")

F = buoyancy flux

u = wind speed at h"

o ATi
1T e
ATi = temperature difference between top and bottom of elevated

. . o
Inversion, K

. o
T = ambient temperature, K

for Stack No. 3:

F @ maximum emission rate (Ta = —8.7OC) = 315 m4/sec3
.. o 4 3 ~
F @ January mean emission rate (Ta = ~18.6 C) = 334 m /sec
Ta, "worst case" conditions = -8.7°¢
Ta, January mean = —18.6OC
b, = 2% = 2%

1.
2

z. = 2.0|]—%

i uh,,bi

_ 9.8 m/sec2 x 2°k
(-8.7% + 273)

= 0.074 : (worst case)
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similarly, bi = 0.077 ' (January mean)

_ 315 2 -5
zi = 2.0 m = 130 uh" m (worst case)

1
. = -2
similarly, z, = 132 4w m (January mean)

_ h" = 147.1 m
for u = 2 m/sec:
_pflra) g
uh” 10.0 .9 m/sec
-1
zy = 130 (3.9) * =66 m
L “R" + 2. = 147 466 = 213 m (critical 1nver§10n height for
cr i ‘ plume penetration at u = 2m/sec)
L/2 = 106.5 m
106.5 .25
U g = ZF—ES—J = 3.6 m/sec (critical wind speed for plume

penetration at L = 213 m)

Similar calculations are performed for a range of wind speeds for both
"worst case' and January mean conditions. Curves of mixing height @ 00w
versus critical wind speed are plotted for all stacks (see Figures 8.5

and 8.6). These curves are used to determine, for each mixing height

examined, the critical wind speed below which a given plume will

penetrate the inversion. Limited mixing calculations are then adjusted
to account for the exclusion of those emissions which penetrate the

inversion.
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8.5.4.5 1Inversion Break-Up Fumigation Calculations
Gaussian equation for ground-level concentrations under fumigation

conditions (Equation 2.65):

1 2
fow exp (-0.5p7)dp

2
V2T
Xg(%,y,0) = exp |~} Gy
: V2T o uh, y
yp 1 F
h ~h
where p = ii e (Equation 2.65)
z
O = 0_ (stable) +h /8 (Equation 2.68)
g Y e

Nearest downwind distance to be considered for an estimate of fumigation
concentrations must be great enough, based on the time required to
eliminate the inversion, that the portion of the plume examined was

initially emitted into stable air. This distance is given by:

X = ut (Reference 22)

where u = mean wind speed in the stable layer

tm = time required to eliminate inversion from z = hs to
z = h,
i
2
hi - hs2
tm = AR (Equation 2.70)
where K = 3m2/sec (Reference 60)
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For full load conditions,and January mean windspeed, the ground-level
SO2 concentration on the plume-centerline during an inversion break-up

fumigation is calculated as follows:

Qg = 1.75 x 108 ug/sec SO (Table 8.19)

2
QZN = 1.75 x 108 ug/sec 802 (Table 8.19)
Q3 = 2.38 x 108 ug/sec 802 (Table 8.19)
h = 194.6 m h" = 66.5 m (Table 8.22)
elS,ZN . 1S,2N
h, =247.3m ' (Table 8.22)
3
u = 4.7 m/sec . (Table 8.20)
let x = 10 km
U ~ 9 m/sec
i
1
2 2
h, = (t_(4K) + (h'")°)
i m
t =2 = 10,000 m = 1111 sec.

m w " 9 m/sec

i

1
2

h, = ((1111)(12) + (66.5)%) = 133 m.

.25 '
- 133 - - .
uhi =.4.7 [lOJ = 8.98 .’. windspeed is 0.K.
GZ (E stability, x = 10 km) = 80 m.
Gy (E stability, x = 10 km) = 410
R

I
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_ 133 - 194.6 = -0.77

80 -
f=.22
1.75 x lO8 ug/sec x (2 stacks) x .22 3
XF = = 59 Ug/m
1S+2N V2T (434 m) (9 m/sec) (133 m)

similarly Xp = 13 ug/m3
: . . 3.

_ 3
Xp = 72 ug/m 80,

total

i

similarly Xp 98 ug/m3 NO.

197 ug/m3 suspended particulates (l-hour concentration)

Il

Xp
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8.5.5 Emission Concentrations

Particulates:

It

January mean emission rate 31.5 1bs particulates/Ton coal fired

Maximum emission rate 60.8 1lbs particulates/Ton coal fired

( 68 + 460) _

) o _ -
Flue gas volume @ 68 F, 12% €0, = 272 x (305 + 460)

188 cuft/1b coal fired

. mean particulate concentration of stack gas for Stack No. 3 =

31.5 1bs/Ton coal x 7000 grains/1b . 0.59 gr/scf
188 cuft/1b coal =x 2000 1bs/Ton

similarly, maximum particulate concentration of stack gas

for Stack No. 3 = 1.13 gr/scf

s0,

January mean emission rate = 9.5 lbs SOZ/Ton coal fired
Maximum emission rate =22.2 1bs SOZ/Ton coal fired
mean volume of SO2 @ 68°F (Stack No. 3) =

359 68 + 460 _ .
9.5 x 64.01 X 32 % 460 = 57.2 cuft/Ton coal fired

similarly, maximum volume of 502 @ 68°F (Stack No. 3) = 133.6 cuft/Ton

coal fired

57.2 x 100%Z _ 0.015% by volume
188 x 2000

.. mean SO2 emission concentration =

similarly, maximum SOz‘emission concentration = 0.0367% by volume -
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