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NOMENCLATURE

Raindrop radius, £

Concentration (subscripted) moles/43

Space-curve notation

Diffusion coefficient (subscripted) 4£2/t

Washout efficiency, dimensionless
Probability-density function for drops in space, 1/£

Probability-density function for drops falling through a
horizontal surface, 1/£

Function denoting equilibrium relationship, arbitrary units
depending upon concentration units chosen

Henry's-law constants, dimensionless and £3/mole respectively
"Film" mass-transfer coefficient (subscripted). k. denotes
gas—-phase coefficient, kx denotes liquid-phase coe%ficient;

moles/£%t

Overall mass~transfer coefficient based on gas-phase driving
force, moles/£2t

Equilibrium constants defined by (3.28), (3.29), (3.33),
and (3.34). Units vary depending upon defining equation.

Mass-concentration of particulate, m/£3, or total mass of
particulate, m

Total number of raindrops in a unit volume of space,
number/£3

Total number of raindrops falling through a unit area per
unit time, number/£2t

Radial position coordinate, £
Position vector, £
Reynolds number of falling drop, dimensionless

Schmidt number, dimensionless
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Sh

(4]

AY

aq

Sherwood number of falling drop, dimensionless
Time coordinate, t
Wind velocity vector, L/t

Raindrop velocity vector, £/t
. dz
Terminal fall velocity of drop, Zr » L/t

Molar removal rate of pollutant by washout from a unit
volume in space, moles/£3t

Downwind position coordinate, 2. Also liquid-phase mass
fraction (subscripted), dimensionless

Crosswind position coordinate, £. Also gas-phase mass
fraction (subscripted), dimensionless

Vertical position coordinate, £.

Amount of pollutant carried to ground per unit area-unit
time, moles/f t

Linearized overall mass-transfer coefficient, moles/£2t
Spacing between collectors, £

Amount of pollutant delivered to ground by a radius ~ a
raindrop, moles

Kinemetic viscosity, £2/t

SUBSCRIPTS

Denotes '"species A"

Denotes aqueous condition
Denotes bulk mixture

Denotes equilibrium condition
Denotes "effective"

Denotes initial condition



Denotes interface, or ground-level depending on application
Denotes liquid-phase

Denotes gas~phase



SUMMARY

An experimental investigation was conducted in western Pennsylvania to
measure the sulfur dioxide washout by natural precipitation from the
plume of a large, coal-fired power plant. This information is necessary
in assessing the extent of depletion from the diffusing plume and in eval-

uating the possible consequences arising from deposition at the surface.

The field investigation extended over three one-month periods in the
vicinity of the Keystone Generating Station where 11 to 23 tons of sulfur
dioxide, depending on power output, were released hourly from two 800 ft
stacks. During rain episodes in October-November, 1969 and April-May,
1970, and during snowfall in February, 1970 there was a total of 22

experimental runs.

Precipitation samplers were placed at intervals of 4° to 12° on sampling
lines encircling the Keystone Station at nominal distances of 1-1/4,
2-1/2, and 4 miles. The samplers were waste cans with approximately one
square-foot collection area. A plastic funnel with an attached bottle
was fitted to the waste can for rain collection, while a plastic bag
liner was used for snow collection. A solution of tetrachloromercurate
(TCM) was contained in the rain collector bottle to prevent sulfur
dioxide loss. The TCM solution was omitted from the snow collectors on

the basis that low, ambient air temperatures would inhibit loss.

Chemical analyses were performed in a mobile field laboratory. The sul-
fur dioxide analysis employed the sulfamic acid variation of the West
and Gaeke method. Use of the Technicon Autoanalyzer permitted rapid
assay of samples containing as little as 0.l micromole per liter of
sulfur dioxide. Analyses for pH, sulfate and nitrogen compounds were

performed on selected samples.

Early experimental observations revealed that sulfur dioxide washout was

xiii



much less than predicted by preexisting theory. A revised theory was

rates the physicochemical phenomena of absorption-

developed which incorpo
and pH limited solubility of sulfur dioxide.

desorption reversibility

The basis of the revised theory is the expression of the sulfur dioxide

flux from a falling drop as

) moles (1)

= - - g(c
Ny = = Kolyy, = 801 T2 0

(reversible process)

rather than as

moles (2)

(irreversible process)

which had been employed in the previous theory. Here Vb is the mole~
fraction of sulfur dioxide in the gas surrounding the drop, cAvg is the
average sulfur dioxide concentration in the drop, g denotes a solubility
equilibrium relationship, and Ky and ky are overall and gas film mass-
transfer coefficients, respectively. It should be noted that the essential
feature of Equation 1 is the parenthetic term which may be positive or
negative, thereby enabling the treatment of both absorption and desorption;

obviously this quality is not satisfied by Equation 2.

Elaboration and extension of Equation 1 demonstrate that for the conditions
of the Keystone study a great majority of sulfur dioxide absorbed by the
precipitation during its passage through the plume should be released
before it reaches the ground. Additionally, this theoretical treatment
indicates more effective washout from low-~elevation sources and significant

washout from tall stacks only at greater distances.
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A particularly interesting aspect is the influence of pH on sulfur dioxide
washout. The reversible theory combined with solubility estimates indi-
cates that washout should vary strongly with pH over the range of levels
observed in the field. Thus, acid-forming air pollutants sorbed by the

precipitation will tend to inhibit sulfur dioxide washout.

A further result of the theoretical analysis is that sulfur dioxide wash-
out through its capture by condensation droplets in the plume is an
unimportant mechanism compared to gas-phase washout. Based on a supporting
field experiment and laboratory work by others, sulfur dioxide washout
through the mechanism of prior absorption on plume particulate is expected

to be insignificant.

The significant results of the experimental study, which are in agreement

with the revised theory, are:

1. Washout of sulfur dioxide was up to two orders of magnitude less
than predicted by preexisting theory. No significant difference
was observed between washout fluxes in rain and snowfall; both
were clustered about a value of 10 umoles (m?hr)~! for precipita-

tion rate normalized to 1 mm hr-!.

2. The observed relationship between washout and precipitation rate
differed by a factor of two from the relationship derived from
preexisting theory. The larger exponent of precipitation rate
in the observed relationship with washout is interpreted as more
efficient washout by large drops than is predicted by preexisting

theory.

3. Washout concentrations of sulfur dioxide appeared to increase
with distance from the stacks. Preexisting theory predicts con-
centrations proportional to the vertically-integrated mass of
sulfur dioxide which should decrease with distance because of

lateral diffusion of the plume.
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4, Washout of background sulfur dioxide appeared to cause an inor-
dinately strong interference with plume-washout observations.
Remote sources such as the Homer City Generating Station and the
Lucerne coke ovens, both about 12 miles southeast of the Keystone

Station, contributed heavily to the sulfur dioxide washout.

5. Under certain circumstances, when the washout of background sulfur
dioxide was relatively high, a depression of sulfur dioxide con-
centration was observed in precipitation collected beneath the
plume. This indicated that sulfur dioxide washout was inhibited

in some way by the Keystone Station or that it was converted to

sulfate.

Comparison of sub-plume samples with adjacent ones, which were assumed
representative of the background, showed a higher sulfate washout beneath
the plume. Analysis of these cases indicates that this is not a simple
conversion from sulfur dioxide to sulfate. Calculation of the degree of
oxidation required to produce the observed sulfate washout flux showed that
previously observed oxidation rates could account for most of the observed
values. The highest values, which occurred in snowfall, are attributed

to high oxidation rates and enhanced washout of larger aerosols resulting
from condensation of plume water vapor on the sulfate particles. The
sulfate washout flux beneath the plume in snowfall was observed to be

proportional to the square of precipitation rate,.

By virtue of physicochemical aspects of sulfur dioxide washout, the maxi-
mum concentration in precipitation incident on the ground apparently is
reduced through elevation of the source by tall stacks. However, sulfate
washout which may account for greater sulfur removal than sulfur dioxide
washout in the vicinity of the source is unaffected by the increased
height of emission. At greater distances, as the plume diffuses toward
the ground total washout of sulfur dioxide is expected to increase and

to dominate the sulfur washout processes. Definition of the resulting

washout distribution remains to be determined.
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CHAPTER I

INTRODUCTION

This report describes an investigation of precipitation washout of sulfur
compounds from the plume of a large coal-fired, electrical generating
plant. Such considerations are particularly important at the present
time because of the increasing national demand for electrical power,
which has been met in part by the advent of large, mine-mouth generating

stations.

Such operations, by virtue of the enormous quantities of coal they consume,
add considerably to the pollution load of the atmosphere. Sulfur-compound
emissions, which arise from the combustion of sulfur impurities in the
coal, are of particular concern in this respect. The most reliable esti-
mates indicate that about 40 percent of sulfur-compound emissions from

1) In the

human activities arise from coal-fired generating facilities.
three years between 1963 and 1966, the rise in sulfur-compound emissions
from coal~-fired power plants amounted to roughly 2.3 million tons per

year (computed as sulfur dioxide) or an increase of 25 percent.

Assessment of the effects of such increases must necessarily consider the
sources, sinks, and dispersion of sulfur compounds as they relate to their
physical and physiological influences on the environment. To accomplish
this, the Air Pollution Control Office (APCO) initiated the Large Power
Plant Effluent Study (LAPPES). The precipitation washout study described

in the present report is one facet of the overall LAPPES program.

The LAPPES program is being conducted in western Pennsylvania in the
vicinity of the Keystone (1800 megawatts), the Homer City (1280 megawatts),
and the Conemaugh (1800 megawatts) Generating Stations. The precipita-
tion washout study reported in this document was confined to the vicinity
of the Keystone plant, although the emission from Homer City was tenta-

tively identified as a background source.

~1-



PRELIMINARY ASSESSMENT OF PROBLEM

Upon emission of the plume to the atmosphere, the sulfur compounds that
it contains are subject to a wide variety of physical interactioms.
Intuitively one might expect a given plume component, say a sulfur dioxide
molecule, to interact with its environment in a number of ways prior to
its ultimate deposition on the earth's surface. Such interactions may be
represented as in Figure 1.l. This chart is incomplete in that it does
not include some of the interactions that have been considered to be
relatively insignificant (e.g., formation of elemental sulfur by sulfur
dioxide reduction); the figure is adequate, however, in describing quali-
tatively the more important interactions and in lending perspective to
the overall removal process. It is important to note that although the
present study is concerned primarily with assessing net deposition rates
(steps 4-10 and 7-8, on Figure 1.1) these ultimate processes depend upon

and reflect all of the previous interactionms.

It is obvious that the mechanisms depicted in Figure 1.1 will be influ~
enced markedly by atmospheric conditions. The factors considered to be
most significant in this respect are listed in Table 1.1, Visualizing a
superposition of the atmospheric factors of Table 1.1 upon the physico-
chemical interactions of Figure 1.l gives some indication of the complex-
ity of the processes resulting in the ultimate deposition of pollutant

material.

STUDY OBJECTIVES

The primary objective of this study was to assess the effectiveness of
precipitation washout as a mechanism for removing sulfur compounds from
the plume of the Keystone plant. This assessment is necessary to eval-
uate the significance of washout relative to increasing the delivery of
pollutants to the earth's surface, and to decreasing the burden of sulfur
compounds in the atmosphere. A secondary objective of the study was

to evaluate the relative importance of the various interactions and
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TABLE 1.1

ATMOSPHERIC FACTORS WHICH INFLUENCE PLUME INTERACTIONS

I. METEOROLOGICAL PARAMETERS

A. Temperature Field

B. Humidity Field
C. Wind and Turbulence Fields
D

. Solar Radiation

II. PRECIPITATION PARAMETERS

A. Precipitation Rate

« Raindrop Size Distribution
. Snow Morphology

. Precipitation Charge Distribution

M U O o«

. Cloud Morphology

ITI. PLUME PERTURBATIONS

A. Buoyancy Effects

B. Stack Aerodynamics
C. Orographic Effects
D

. Multi-Plume Interactions

atmospheric variables depicted in Figure 1.1 and Table 1.1. These objec-
tives were to be accomplished by simultaneous field measurements of wash-

out rates and pertinent atmospheric parameters,

Chapter II describes the field experiment and gives the theoretical basis
for its design. During an early phase of the experimental program, it
became evident that this preliminary theory was inadequate to explain qual-
itatively the results observed, and a revised theory of sulfur dioxide

washout was developed. The revised theory is presented in Chapter III.



A review of the field experiments is presented in Chapter IV. The experi-

mental data are consolidated in Appendix A.

Discussion of the field results in light of the revised theory of Chapter

III is presented in Chapter V and study conclusions are contained in the
final chapter.



CHAPTER II

DESCRIPTION OF THE FIELD EXPERIMENT

The experimental approach was based primarily upon the method suggested
by May.(z) This technique, which was employed for the measurement of

(3,4)

gas and aerosol washout in earlier works, involves the collection

of precipitation on a surface sampling line which extends across the
overhead plume, The mass of material collected by the samplers is com-
pared with the total mass that has passed overhead during the sampling
period. The basis for this approach and description of the area, sampling
grid, equipment, supporting measurements, and analysis techniques are

presented here.

BASIS FOR EXPERIMENTAL CONCEPT

May's technique of analysis is based upon the assumption that washout
occurs as a first-order, irreversible process. This method can be
visualized most easily by considering a "puff" of plume of mass, m, that
has been emitted from the stack and is drifting downwind across the
sampling line. By virtue of first-order irreversibility, washout may be
equated to the time rate of plume depletion, dm/dt, provided washout is
the only mechanism acting to deplete the plume. This process can be

represented by
- =- An ’ (2.1)
where the constant A is referred to as the washout coefficient.

In terms of the initial mass of the "puff" W, the downwind distance x
and the mean wind speed E; Equation 2.1 may be transformed to give
dm -Ax/u

T - -(A mo/u) e . (2.2)



This relationship provides an experimental means for determining the wash-

out coefficient for a particular pollutant, provided, of course, that the

first-order irreversibility assumption is valid. The measurement of dm/dx

is accomplished by measuring the total mass of pollutant contained in pre-
cipitation, collected in samplers spaced along an arc around the source

and extending beyond the edges of the plume. For sampler spacing AY,

dm _ (2.3)
ix Zmi AY/A s

where Im, is the total mass recovered from the samplers whose individual
collectizn area is A and m becomes the total mass of plume that has passed
overhead during the sample collection period. For short distances and
small washout coefficients, the exponential term of Equation 2.2 can be

neglected and

A = Im, AY u/ (m_A) (2.4)

where m is the initial mass of the plume emitted during the sampling

period.

An independent calculation of particulate washout can be obtained if the
raindrop size spectra are measured and the collection efficiency of the
particulate by various raindrop sizes is known. The efficiency is unity
if all the particulate lying in the path of the raindrop is removed. This

relationship, when the particulate is monodisperse, is given by

A=n NTf a2 E(a)f*(a)da (2.5)
o

where E(a) denotes collection efficiency and f*(a) and NT are the proba-

bility-density function and total number of drops falling through a unit
area in unit time,



(5)

The close agreement of Equations 2.4 and 2.5 has been shown for a case
of washout of water soluble particulate by rain. Owing to the solubility
of the particulate, it was assumed that it behaved similar to water drop-
lets of equivalent a?p, the product of the square of droplet or particle
radius and its density. Collection efficiencies for the interaction of

(6)

water drops and water droplets measured by Kinzer and Cobb were used
together with measured rain spectra. The resulting agreement is shown

in Figure 2.1.

Although the integrated mass from the precipitation collectors is used
for the calculation of the washout coefficient, there is an advantage in
analyzing each collector separately. This permits better evaluation of
an experiment for it indicates the degree of plume containment, contamin-
ation and dry deposition. Figure 2.2 shows the mass of the water-soluble
particulate which was recovered from each collector on arcs at 50 ft and
100 ft following the release of 44 grams during a period of 3 minutes in
a rainfall of 8.2 mm—hr'l.(7) Plume containment was complete. The near-
ideal distributions indicate that contamination was at a minimum. An
almost equivalent total mass on both arcs indicated that dry deposition

was also minimal.

The washout coefficient for gases also can be determined with this experi-
mental technique providing the initial assumption of a first-order,
irreversible process is valid. The calculation of a washout coefficient

for gases from raindrop spectra utilizes the equation
A=4n N f a D, Sh(a)f(a) da (2.6)
o] Ay
o

where a is the drop radius, DAy is the diffusivity of the gas, Sh is the
Sherwood number, and f and No are the probability-density function and

total number of drops existing in a unit volume of space.
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Comparisons of washout coefficients for gases determined by Equations 2.4

and 2.6 have been less satisfactory, in general, than the previously noted

comparisons for particulates. Figure 2.3 is an example of such a compar-

ison. These experiments were conducted to determine the washout coeffi-
cient for sulfur dioxide released from a heated gas cylinder mounted on a

low tower.<8). Collectors were located on Arcs A and B at distances of

50 ft and 100 ft. Arc A experimental values were about 20 percent of those

calculated from the observed raindrop size spectra. Closer agreement was

noted on Arc B, but this was attributed to deposition of sulfur dioxide on

the collectors from the surface air.

It appeared, therefore, that the initial assumption might not be completely
valid in the case of sulfur dioxide washout. Consequently, additional
measurements beyond those required for particulate washout were provided
for the Keystone experiments. These measurements are described in

subsequent sections of this chapter.

DESCRIPTION OF AREA

The Keystone Generating Station is located in western Pennsylvania about
35 miles east-northeast of Pittsburgh. Moderate, westerly winds prevail
and extremes of weather are infrequent, Precipitation is fairly evenly
distributed over the year, averaging approximately two inches per month.
The total annual precipitation for this area is less than elsewhere in the
Northeast., During the field experiment periods, it was observed that a

large number of storms either passed to the south or north of the area.

Rolling country extends in all directions for at least fifty miles from
the Keystone Station with elevations ranging from 1000 to 1500 ft in the
vicinity of Keystone. Much of the land is tree covered with a variety of
hard and soft woods. Indiana County, immediately east of the Keystone
Station is known as the Christmas Tree Capital of the World. There are
numerous small farms, in addition to the tree farms, scattered throughout

this area of low population. The largest nearby population center is

-12~
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Indiana, which is located about 10 miles to the east. Students at Indiana

University of Pemmsylvania constitute about half of its population of

nearly 25,000.

SAMPLING GRID

The numerous small farms result in a dense network of roads. This was a
fortunate circumstance for the field operations which required motor vehi-
cles for rapid deployment of collectors over relatively large distances.
Although it is desirable to have the collectors on an arc equidistant from
the Keystone Station, a certain amount of compromise was required by the
existing road pattern., A collection arc of 90° was anticipated as suffi-
cient coverage for a single experiment, but collector locations were
selected to completely enclose the Keystone Station to provide coverage

for all wind directions.

These encirclements will be referred to throughout this report as arcs.
Arcs A, B, and C were established during the course of the experiments
at nominal distances of 1-1/4, 2-1/4, and 4 miles, respectively. The
location of these arcs relative to the Keystone Station is shown in Fig-
ure 2.4. Also shown are the collector locations which were spaced about
4° apart on Arcs A and B and at nearly 12° on Arc C. Uneven spacing was
necessitated by local conditions which might interfere with successful

operation,

Collectors were placed at consecutive locations which spanned approximately
90° on Arcs A and B in the experiments, or runs, conducted during the first
field period in October-November, 1969. Apparent failure to contain the
plume during that period resulted in extending the arcs to about 180° by
sampling every other location. To extend the arc by doubling the number

of collectors would have resulted in increasing the deployment and
retrieval times, thereby reducing the period for concurrent sampling by

all collectors. The increased spacing was particularly necessary on Arc

C to provide coverage at that distance.
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PRECIPITATION COLLECTORS

Different collectors were used for rainfall and snowfall. In the case of

rainfall, polyvinyl chloride funnels were fitted to waste cans of approxi-
mately 1000 sq cm collection area. A polyethylene bottle containing 5 cc
of tetrachloromercurate (TCM) solution was attached to a perforated cap
on the stem of each funnel. The bottle was rgpoved from the funnel and

capped for transit to the laboratory upon retrieval.

The funnel was replaced by a polyethylene bag for the collection of snow.
The bag fitted into the waste can and snuggly covered its rim. The TCM
solution was omitted on the basis that the low temperatures would inhibit
sulfur dioxide loss or chemical reaction. Upon retrieval, the snow was
shaken into a corner of the bag and the open end gathered and tied

securely.

In addition to the primary collectors which were used for sulfur dioxide
and sulfate analysis, identical collectors, except for the TCM solution,
provided samples for pH, nitrate, and nitrite analyses. These collectors
were located at the background sampling location and at two to four
locations on the arcs during the first field period when only pH was
measured, The secondary collectors were located at alternate primary

sampling locations during the second and third periods.

ADDITIONAL GRID MEASUREMENTS

Emphasis was placed on the collection of precipitation samples, but addi-
tional measurements were made on the grid during each run to provide
support data. At the background location and at as many as four arc
locations, portable generators provided power for the operation of high

volume air samplers, bubblers, and precipitation characterization instru-
mentation.

The high volume samplers were provided to collect airborne sulfate on
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filter paper for determination of its concentration in air. These were
located in standard NASN (National Air Sampling Network) shelters. Use
of the high-volume samplers was suspended after early experiments as it
became apparent that the sample sizes obtained were too small for reli-
able analysis. The bubblers which were operated to determine sulfur
dioxide concentrations in air sampled at a rate of approximately 0.5
liters per minute, controlled by hypodermic needle orifices. Raindrop
size and electric charge spectrometers were operated on the sampling
arcs and at upwind locations to establish background values. The impor-
tance of drop size spectra is shown in Equations 2.5 and 2.6. Charge
may be important if the sulfur is present as particulate. During the

February period, snowflake character was recorded photographically.

WIND VELOCITY PROFILE

The introduction of heated pollutant into the atmosphere at a height of
800 ft necessitates the definitions of wind velocity to well above that
height. This was accomplished using single-theodolite pibals released
from the Overlook — a visitor center located about 200 ft above the base
of the Keystone Generating Plant on a hill about one-half mile to the
southeast. This location provided an unobstructed view of the sounding
balloon. The 30 gram balloon was inflated to one-half standard free-
1lift to reduce the ascension rate, and position readings were taken at
30 sec intervals. A release was made prior to each run to estimate the
plume centerline for arc deployment and, insofar as practical, hourly
releases were made during the run for continued operational guidance and

documentation.

An average ascension rate was determined with double-theodolite soundings
during fair weather and this rate was assumed for subsequent single-
theodolite soundings. Except during periods of heavy rainfall, little
deviation from the predetermined ascension rate was noted. A problem
which did arise, particularly during the February series, was that low

ceilings and condensation from the Keystone Station prevented tracking

to the desired elevation.
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AERIAL AND MOBILE GROUND-LEVEL SAMPLING

Aerial sampling was conducted using a Cessna 172 aircraft equipped to mea-

sure and record sulfur dioxide concentration, temperature, airspeed, humid-
ity, altitude, and time. These variables were recorded on magnetic tape
using a DL620A recorder manufactured by Metrodata Systems, Incorporated of
Norman, Oklahoma. Temperature, airspeed, humidity, and altitude measure-
ments were made using a TVH26 instrument package, also manufactured by
Metrodata. Sulfur dioxide was measured using an analyzer and scrubber,
manufactured by Sign-X, Inc. of Essex, Conmecticut, Laboratory calibrations

of the sulfur dioxide analyzer are given in Appendix C.

The sampling probe for sulfur dioxide measurement was located on the leading
edge of the right wing, approximately four feet from the fuselage. The
probe passed into the wing interior and then into the cockpit to the ana-
lyzer. Humidity and temperature sensors were mounted on the right wing
strut, The pitot-tube airspeed sensor was mounted on the left wing next to

the aircraft pitot-tube.

Plume sampling was conducted by flying normal to the plume "centerline"
between two appropriate landmarks at a constant airspeed of 80 mph. Tra-
verses were flown at vertical intervals of 100 and 200 ft. During the
Spring phase of the study, it became increasingly evident that sulfur
dioxide concentrations near the ground were more critical in influencing
washout than were those aloft. For this reason, the sulfur dioxide ana-
lyzer was adapted for mobile ground-level sampling and placed in a vehicle,

Sampling was accomplished by driving along the sampling arcs and recording

sulfur dioxide levels at each station.

Ground level sulfur dioxide concentrations on Arcs A and B were generally
too low to detect plume location with the Sign-X analyzer; on Arc C, how-
ever, the plume could usually be detected, although peak sulfur dioxide

levels were generally only a few hundredths of a part per million.
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All of the aircraft sampling equipment performed satisfactorily, but air-
craft operation was limited by low ceilings and low visibility during rain-
fall and snowfall. Integral components of the aircraft instrumentation
were detained enroute to Pennsylvania for the third period investigation
by a Teamster wildcat strike. This instrumentation, as well as other
equipment, was not released during April and the aircraft was not employed

during that sampling period.

Airborne particulate matter was sampled on occasion using a Unico cascade
impactor. Particle morphology and size distributions were similar to

(9

those observed in the comprehensive study reported by MRI.

LABORATORY ANALYSES

With the exception of some pH measurements all chemical analyses of the
study were performed in a mobile field laboratory, located adjacent to the
APCO field office at Jimmy Stewart Airport in Indiana County. All of the
collected samples were analyzed for sulfur dioxide content. Selected
samples were analyzed for sulfate (SOZ), nitrate (NOS), nitrite (NOE),

and pH.

Upon their collection, the samples were delivered to the mobile laboratory
for analysis, as quickly as possible, to minimize deterioration. If it
became necessary to postpone their amnalysis for more than a few hours the

samples were refrigerated.

SULFUR DIOXIDE ANALYSIS -- Sulfur dioxide was analyzed using the sulfamic
(10)

acid variation of the West and Gaeke method. A 2.5 ml aliquot of

each sample was withdrawn using an individual hypodermic syringe and
transferred into a sampling cup of the Technicon Autoanalyzer for subse-
quent automated analysis. This technique allowed measurement of samples
as small as 0.1 micromole sulfur dioxide per liter of water. Tests showed
the results to be reproducible to within about 2 percent. Overall error

of the method was expected to be less than about 5 percent.
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Aliquots from seyeral samples were withdrawn and analyzed at various time

intervals to check for deterioration. These tests showed that no significant

loss of sulfur dioxide occurred for several hours after sample collection.

Analysis of snow samples was conducted in a somewhat different manner owing

to the absence of TCM solution during the collection period. Here the
plastic bags which contained the samples were suspended in the laboratory,
and 2.5 ml of TCM solution was injected into each. The snow was allowed to
melt and the bags were shaken to mix their contents. Upon complete melting
2.5 ml aliquots were withdrawn from each bag and analyzed for sulfur dioxide,

using the techniques described above for rain samples.

SULFATE ANALYSIS -~ Sulfate content of the samples was analyzed using the
(11)

(12)

This technique was chosen over
(13)

turbidimetric barium chloride method.

the more elegant barium chloroanilate and titration methods because
%

it was found to be the least affected by the presence of TCM solution. A

Bausch and Lomb Spectronic 20 photometer was employed for the majority of

these analyses.

Sulfate results exhibited a large amount of scatter — behavior typical of
turbidimetric data. The majority of this scatter, however, was suspected
to have arisen from artifacts within the samples. Scatter from purely

analytical factors is expected to be about 15 percent.(ll)

NITRATE ANALYSIS -~ Nitrate levels of selected samples were measured using

the chromotropic acid method of West and Ramachandran. (1%4s15) This technique
was time-consuming and tedious, but was felt to give quite reliable results.
Much of the scatter that occurred in the results was suspected to have

occurred from artifacts within the samples.

Nitrate measurements were made only with samples that did not contain TCM

solution, and every effort was made to insure that these analyses were

*

The presence of TCM solution was felt to be important here because it
tended to prevent further sulfate production within the sample during
the time period between collection and analysis,
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performed as soon as possible after sample collection.

NITRITE ANALYSIS -- Nitrite was analyzed using a variation of the well-

known Saltzmann method. Few successful nitrite analyses were completed,
owing to its rapid decomposition. A certain degree of success was achieved
finally by adding the Saltzmann reagent to the rain sample in the field
immediately upon collection; however, it appears that significant decompo-

sition may have occurred even under these circumstances.

Measurement of the pH of selected samples was accomplished using a pH meter.
Most of these measurements were taken in the field so as to minimize the
time between sampling and analysis., During the fall 1969 series, pH mea-
surements were taken before and after sparging of the samples with nitrogen.

This gave inconclusive results and was discontinued for the duration of the

study.
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CHAPTER III

THEORETICAL ASPECTS OF GAS WASHOUT BY RAIN

The profusion of theoretical publications in the meteorological literature
concerning precipitation washout of atmospheric particulates contrasts
sharply with the relative dearth of such material related to gas washout
phenomena. Interpretation of the data obtained in this investigation
depends strongly upon the development of an adequate theoretical basis for
the analysis of below-cloud, gas washout processes. It can be demonstrated
rather conclusively (cf. Appendix B) that sulfur dioxide washout by rain-
capture of sulfur dioxide-containing fog droplets is insignificant compared
to gas washout through simple gas absorption by rain (cf. steps 2-3-4-10
and 2-4-10 in Figure 1.1). For this reason Chapter III will deal only with

the simple gas washout process.

The first section deals with the individual rate processes contributing

to the overall gas washout phenomenon. These are related to the net rate
of washout, and methods for estimating their magnitudes are described.
Subsequently, these methods are employed to define limiting situations in
an attempt to bracket behavior exhibited by real systems. The section
concludes with a discussion of some of the laboratory methods used pre-
viously to measure gas washout, indicating their various advantages, limi-

tations, and applicability to the present study.

The second section of this chapter deals exclusively with thermodynamic

aspects, i.e., chemical reaction and solubility equilibria as they relate

to washout behavior.

The material presented here pertains specifically to the washout of sulfur
dioxide; however, its applicability is rather general and it can be used

as a preliminary basis for theoretical analysis of all systems in which

gas washout occurs.
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RATE PHENOMENA

DEFINITION OF MASS~TRANSFER COEFFICIENTS -- It is customary to visualize
the phenomenon of gas absorption by a falling drop to occur as a consecu-

tive, two-step process. The gas migrates first from the bulk medium to

the drop surface, whereupon it mixes into the interior of the liquid.

Such a visualization will be shown later to be highly superficial; it does,
however, suffice to provide a mathematical framework which can be "forced"
to fit physical behavior upon subsequent manipulation of the pertinent

parameters.

For trace-gas washout, this two-step process can be represented mathemat-

ically by the equations*
gas—-phase step:
= - - 3.
Nuo ky(YAb Va0 (3.1

liquid-phase step:

NAo - kx(xAo - xAb) . (3.2)

Here NAo is the average molar flux of material At passing through the
liquid -vapor interface, and X, and Ya denote mole fractions of A in the
liquid and gas phases, respectively. The subscrints b and o pertain to
bulk (average) and interfacial conditionms. ky and kx are known as the

gas-phase and liquid-phase mass-transfer coefficients, respectively. The

convention will be used that fluxes passing from the drop are positive

entities.

*
The development here is based partially upon that given by Bird, et al.<16).
Nomenclature used here is consistent with that employed by these authors,

TA flux is defined here as the rate of the passage of material through a
cross section of unit area,
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Equations 3.1 and 3.2 find their theoretical basis in the simplified film-
theory visualization as characterized in Figure 3.1, Here the two con-
secutive steps occur across the thin liquid and gaseous films bordering

the drop interface. From Fick's law of diffusion(l7)

dyA dx

- - A _A
NAo - cy DEy dr ®x “Ex dr ’ (3.3)
which may be written
CXDEX chEx
Npgo = ~ s, Oap = Yao) = - 5 o = Xap? o (3.4)

which reduces to Equations 3.1 and 3.2 upon making the obvious substitutions
of the mass~transfer coefficients. Here DEy and DEx denote effective
diffusivities in the gas and liquid phases, and Gx and dy are the liquid
and gas "film thicknesses.” c¢ denotes total molar concentration. None

of the entities comprising kx and ky should be expected to vary appreciably
with the mole fraction of A, hence this simplified film theory implies that
the mass—transfer coefficients should not vary with the concentration of
the gas being washed out. Such behavior may or may not be observed in the
complex physical situations that occur in nature; the reasons for this

will be discussed in a later section.

Usually Equations 3.1 and 3.2 are not employed directly to determine mass-
transport rates because of the difficulty in determining the interfacial
concentrations LI and Vao® This problem is overcome by defining a new
coefficient Ky based upon the overall concentration driving-force between

the bulk gas and the bulk of the liquid;
NAo =T Ky (yAb - yAe) ' (3.5)

Here y, is the mole fraction of component A that would exist in the gas

phase in equilibrium with the bulk liquid of mole fraction Xppe Ky is

-25=



GAS FILM - THICKNESS dy’

FFECTIVE DIFFUSIVITY DEy

GAS-LIQUID INTERFACE

TOTAL CONCENTRATION = ¢ = g =21 —

- —,‘"-— X

- huID e me T TQUID FILM - THICKNESS &
T T T FFECTIVE DIFFUSIVITY D

Figure 3.1 Representation of Simplified Film Theory



known as the overall mass-transfer coefficient based on the gas-phase

driving force. is determined from x,, using equilibrium data, which

Yae Ab
may be expressed in functional form as

Yy = g(xA) . (3.6)

In the special case where this relationship is linear, Equation 3.6

reduces to

Yy = HxA . (3.7)

Systems conforming to Equation 3.7 are said to obey Henry's law;(ls)
H is known as the Henry's-law constant. It should be emphasized here that
solutions of sulfur dioxide in water do not obey Henry's law; equilibrium
behavior of such solutions is examined in more detail in the second section

of this chapter.

RELATIONSHIP BETWEEN THE MASS-TRANSFER COEFFICIENTS -- The equilibrium

relationship, Equation 3.6, can be employed to express the overall mass-
transfer coefficient in terms of kx and ky by combining Equation 3.1,

3.2, and 3.5. The outcome is given by

+ . (3.8)

y

i .
K

kas
N1H

m_ denoting the slope of the equilibrium curve "somewhere" between Xp
y

and on; and

Vo, =Y
o = er _ on . (3.9)
Y %ap T *ao

For systems obeying Henry's law my is simply the constant, H.
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Various types of washout behavior can be identified on the basis of Equa-
tion 3.5. 1If Ky is truly a constant independent of Yap and Ype? the

process is said to be first order. If, further, A is annihilated completely
upon contacting the drop surface (total retention), Vpe = 0 and the washout

process is first order, irreversible. Often, when Ky is not constant, the

process can be "linearized" by choosing some intermediate value of the mass-

transfer coefficient, o, such that

= - - tely. 3.10
NAo o (yAb yAe) , approximately ( )

Equation 3.10 is said to express the phenomenon as a psuedo first-order

process.

RELATIONSHIPS BETWEEN MASS-TRANSFER COEFFICIENTS, WASHOUT RATES, AND WASH-
OUT COEFFICIENTS ~- The ultimate objective of determining values of the

mass~transfer coefficients is their utilization to compute net washout
behavior., The net washout rate, w, defined as the rate of removal from the
air of material A by precipitation within a unit volume element, v, can be
expressed in terms of the mass-transfer coefficient by summing the mass-
transfer rates for all of the drops in v. Thus, if the precipitation is

%
composed of spherical, noninteracting drops

£
]

- 2
4nNo J[ a- f(a) NAo(a) da
o

41rN°f a2 f(a)Ky(a) (yAb- YAe) da , (3.11)
o

The assumption of spherical drops has been shown elsewhere(lg) to be suf-
ficiently valid for the purposes of this investigation. Noninteraction is
considered to be a reasonably valid assumption for most rain situations
insofar as gas washout is concerned owing to the high rates of diffusive
transport relative to the occurrence rate for drop interactions (i.e.
collisions, competition for material, wake interactions, etc.). ]
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where a denotes drop radius, No is the total number of drops in v, and

f(a) is the probability density function for raindrops in v.

As noted in Chapter II, most previous analyses of atmospheric washout
processes have employed the assumption of total retention by the drop and

have expressed the washout rate in terms of an overall washout coefficient,

Ai;

v Ay e , (3.12)

(first-order, irreversible process).

Here the subscript i has been added to emphasize that the assumption of
irreversibility has been employed. Ai can be expressed in terms of the

individual washout coefficients for drops of different sizes A, as follows,

i
provided that the drops do not interact,

1

A, = Nof f(a) Ai(a) da . (3.13)
o

From Equations 3.11, 3.12, and 3.13, the following expressions can be
obtained relating the washout coefficient to the overall mass-transfer

coefficient, Ky'

4N ©
A, = °f a2 K_£(a) da (3.14)
i c y
y o
(first-order irreversible process) .
4ra?
X, (a) = K
c
i y y
(first-order irreversible process) . (3.15)
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For the washout of gases, irreversibility is generally a poor assumption
and the use of A, should be discouraged. This can be overcome by redefining
the washout coef;icient in terms of a reversible process, thus
wo=A (yAb - yAe) ¢, R (3.16)
illustrating that reversible washout can be treated equally well in terms
of mass-transfer coefficients or in terms of a properly-defined washout
coefficient. Because of the danger of confusing reversible and irreversible
washout coefficients, the theoretical development is continued mainly in
terms of the mass-transfer coefficient. This is in concordance with the
related field of chemical engineering, where most of the pertinent work
regarding gas washout by falling drops has been performed up to the present

time.

The net amount of material A carried to the ground by washout can be related
to K , provided again that the assumptions of sphericity and noninteraction
are zalid. For this purpose, it is convenient to visualize precipitation
being collected in a bucket located somewhere beneath the plume as shown

in Figure 3.2, Drops of different sizes entering the collector will have
passed through the plume in different trajectories depending upon their
terminal velocities and interactions with the wind. These trajectories may
be defined by the family of space curves Ca(x,y,z). Also, the drop velocity
Ga(x,y,z) is defined as dfa/dt where ;a denotes a position vector origin-

ating at the collector and tracing out the space curve Ca'

For the present, it is assumed that wind parameters and plume concentrations

*
are fixed in time . The total amount of A picked up by a drop of radius a

Time fluctuations in wind parameters and plume concentrations will give
rise to time-averaged values of y,. Such averaged values can be employed
in this analysis in lieu of "instantaneous" measurements; however, such a
treatment is totally valid for first-order systems only. A discussion of
this problem is given in Appendix B.
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during its time of passage, to’ then is given by

t
£, = 41ra2f oKy (yAb - yAe) dt . (3.17)

(o}

Since Yab and Yae (and, perhaps, Ky as well) vary with x, y, and z, it is
convenient to express the integral in terms of position. Since dra/dt =

Vv , £ 1s related to a line integral along the curve Ca as follows:
a’> "a
E = 4ma? K (v,., - v,.) -—_1 . dr . (3.18)
a y Ab Ae’ v a
c a
a

Finally, this may be integrated over the spectrum of drop sizes to give Z,
the total amount of A being collected per unit time in a collector of unit

cross—-sectional area

= *
Z—NTf Eaf(a)da+Zo
)

w K (7,0, = Vo) _
lmNTf a2f* (a)f X AE Ae’ | dra da + Zo . (3.19)
o Ca va

Here, N, is the total number of drops that are falling into the unit col-

T
lector per unit time, f*(a) is the probability density function for the

spectrum of collected drops*, and Zo equals the total amount of A captured
per unit time by the collected rain prior to its passage through the plume,

i.e., the background.

%
Here one should note the difference between f*(a) and the probability

density for raindrops existing in a volume element of atmosphere (denoted
by £(a)). Generally f*(3) = -No/Np £(a) v,, where vy denotes the terminal
fall velocity, dz/dt.
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It is emphasized here that Z is an instantaneous entity, and the total
amount of A collected over a given sampling period must be expressed in
terms of an additional integral in time. If wind and plume parameters
fluctuate appreciably during the sampling period, one must again contend

with the problem of averaging as discussed in Appendix B,

Equation 3.19 is an important result, It indicates how Ky is used to
calculate washout to the earth's surface, and it shows some of the require-
ments for determining Ky experimentally in the field. If Ky were known,
one could employ Equation 3.19 to calculate Z on the basis of rain, wind,
plume concentration, and solubility data. Generally the converse is not
true. That is, by measuring Z in the field, one cannot determine Ky on
the basis of Equation 3.19 alone, unless some additional information
regarding the nature of K.y is known. This is a problem that arises con-
sistently whenever the interpretation of differential quantities on the
basis of integral data is attempted. Equation 3.19 indicates, however,
that data pertaining to NT, f*(a), Yap? ;a’ Z, Zo’ and solubility are
necessary (but probably not sufficient) for determining Ky from field

measurements.,

ESTIMATION OF INDIVIDUAL COEFFICIENTS ~- Equations 3.11 and 3,19 indicate

how the overall mass-transfer coefficient, Ky, may be employed to deter-
mine the washout rates w and Z. Ky, in turn, depends upon the individual
coefficients k.x and k,y as indicated by Equation 3,8. From this, it is
apparent that the degree of success in analyzing gas washout behavior
should depend largely upon an ability to estimate these coefficients. The

present section is addressed to this task.

Gas-Phase Mass-Transfer Coefficients —- The transport of gas to the sur-

face of a falling drop occurs primarily by diffusion and convection. This
relative simplicity contrasts sharply with complexities exhibited during
the process of aerosol washout where the additional effects of inertia,

electrical charging, diffusiophoresis, and thermophoresis may become

-33-



important.(zo’Zl) For the case of purely convective-diffusive transport

transfer coefficients can be calculated from the general-
(16)

ized semiempirical expression

the gas-phase mass-—

Sh = 2 + 0.6 Rel/2 5cl/3 . (3.20)
where
2k a
Sh = —Z— = Sherwood number,
D c
Ay 'y
2a vt
Re = S = Reynolds number,
and
Sc = —— = Schmidt number.
D
Ay

Here cy denotes total gas concentration, DAy is the diffusion coefficient
in the gas, v is the terminal velocity of the drop, and v is the kinematic
viscosity of air. Equation 3.20 often is referred to as the FrBssling(zz)
equation. It has been shown to describe physical behavior with reasonable
accuracy over all conditions of practical interest to the present investiga-

tion.(23)

Since the terminal fall velocity v, can be expressed as a function of drop
size (cf. Figure 3.3), the Sherwood number and, therefore, k.y can be
represented in terms of drop size and the appropriate gas properties. Such
a representation is provided in Figure 3.4, which is essentially a plot of

Equation 3,20, based upon the physical properties of sulfur dioxide and air
at 20°C, shown in Table 3.1.
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TABLE 3,1

SULFUR DIOXIDE - ATR PROPERTIES USED IN CALCULATING ky

Diffusion Coefficient Kinematic Viscosity Gas Concentration
cm?/sec cm? /sec moles/cm3

0.195 0.1505 4.152 x 10~

Liquid-Phase Mass-Transfer Coefficient - General Comments -- The ease with

which gas-phase coefficients can be estimated is not matched by similar
behavior exhibited within drops. The already complex processes of liquid
mixing in a falling drop and their relation to mass-transfer are compli-
cated even further by film effects at the interface and by the possibility
of chemical reaction within the liquid. Such effects are shown pictorially

in Figure 3.5.

Surface film effects, which are expected to impede circulation within the
drop and offer an additional resistance to mass transfer, depend in a com-
pex way on trace impurities contained by the drop and upon specific inter-
actions between the dissolving gas and the liquid. Chemical reaction in
the liquid phase also may complicate the analysis enormously depending on
the relative rates of mass transfer and chemical reaction. There are
several reasons for this. The phenomenological expression for the rate

of reaction may be highly complex — a problem that is compounded 1if
several reactions occur simultaneously. Furthermore, chemical reaction
usually violates the consecutive behavior exhibited by the mass-transfer
steps of the process, In addition, it results in the formaticn of new
species which subsequently mix and react further depending upon their own
physical nature. Finally. because reaction rates often are related to
concentration in a nonlinear fashion, the transport expressions cannot be

evaluated reliably in terms of average liquid concentration as implied by

Equation 3.2.
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Obviously, such behavior is difficult to analyze mathematically. Because
of the highly specific nature of these interactions, this behavior defies
any generalized empirical approach similar to that employed for gas-phase
transport. The remaining portions of this section examine the signifi-
cance of each of the processes by considering first the problem of mass
transfer inside a drop where neither chemical reaction nor interfacial
resistance occur; the significance of these further complications then are

considered in view of the more simplified behavior.

Liquid-Phase Mass Transfer in the Absence of Chemical Reaction -- A fall-

ing drop experiences frictional drag on its surface which tends to induce
patterns of internal circulation (cf. Figure 3.5). Such circulation,
combined with a variety of possible secondary mixing effects (e.g.,
oscillations and thermal perturbations induced by the drop falling through
a temperature gradient), combine with molecular diffusion processes to
effect a transfer of material within the drop. Such behavior is difficult
to analyze theoretically; some insight to its significance, however, can
be cbtained by considering the two limiting cases of zero and infinitely-

rapid convection within the drop.

For the case of rapid convection, the liquid mass-transfer coefficient

becomes large. Equation 3.8 then reduces to
K =k s (3.21)

which can be evaluated using Equation 3.20. In the absence of irreversible
chemical reaction, this behavior characterizes the most rapid rate of mass
transfer possible, and establishes, therefore, an "upper limit" of behavior

exhibited under atmospheric conditions.

For the case of zero convection, diffusion is the sole mechanism for trans-
port, If the diffusion coefficient of A in the liquid, DAx’ is known, the
rate of tramsport in a drop can be determined by solving the appropriate

(16)

forms of the continuity equation for a binary mixture, Such solutions
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are given in the literature in terms of point concentrations within the

drop.(24). These can be integrated over the drop volume to give

6D, < t
Ax -at oA _ 3.22
*ab T 2 2 : ¢ ,/; e (3 (M) = xyy) A+ Xy G.22)
n=

and
2D, ¢ =~ t
Ax"x z —-at oA _
=1 o
where
D
Qo = ———Ax (n'n')z . (3'24)
aZ

Equations 3.22 and 3.23 pertain to spherical drops initially containing
mole fractions X4 of A, which is distributed uniformly throughout the
drop interiors., Surface concentration x, , may vary with time in any pre-
scribed manner. Simplified solutions for constant x o and/or short expo-

sure times may be obtained from the 1iterature(24’25

, or they may be
deduced from Equations 3.22 and 3.23. 1In the absence of surface resistance,
Equations 3.22 and 3.23 represent the slowest rate of mass transfer possible.
These, therefore, combined with equations characterizing the rapid mixing
case provide upper and lower limits for washout behavior. In the absence

of irreversible reaction and/or surface resistance, all atmospheric wash-

out behavior should fall somewhere between these two limits.

Nonlimiting behavior, as mentioned previously, is difficult to analyze.
If circulation within the drops could be described exactly, one could

attempt to derive and solve a binary continuity equation for the system and
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thereby predict NAo' Alternatively, one might employ the simpler but less
exact technique of applying surface renewal and penetration theory.(26)
Unfortunately, however, theoretical attempts to describe flow and mixing
patterns within drops have met with somewhat limited success, a problem
resulting from physical complications such as drop oscillation, turbulent

flow, and nonidealities occurring at the gas-liquid interface.

For the case of small drops in the Stokes regime, (Re <<1), (cf. Figure
3.5), Hadamard(27)and Rybczynski(zs), (cf., Levich(zg)) have derived an
equation characterizing drop circulation in the absence of vibration and

(30) have formulated

surface nonidealities, Subsequently, Kronig and Brink
an idealized transport equation based upon the Hadamard-Rybczynski form-—
ula, and employed the solution to estimate mass-transfer rates. Kronig
and Brink's solution, which depends upon the assumption that transport by
circulation is rapid compared to that by diffusion, indicates that the
liquid-phase mass-transfer coefficient is increased by a factor up to

2,5 if ample circulation is present, Most experimental results, however,
indicate that for large drops this factor may be 10 or more(3l’32’33)-—
a considerable deviation which has been attributed to increased mixing
through oscillation of the drops as well as to extrapolation outside of

the Stokes regime.

Surface phenomena also are expected to play a rather important role in

complicating mixing behavior. Levich(zg) employs the Hadamard-Rybczynski
equation to demonstrate that when minute quantities of surface-active
agent are present, this material is swept to the lee of the drop where it
congregates and impedes further circulation. Surface agents also may
cause changes in drop oscillatory behavior; implications of such inter-
actions with regard to washout behavior in a contaminated atmosphere are

obvious,

"Interfacial" resistance over and above that normally exhibited by the

liquid phase may be an additional manifestation of surface-active materials
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within the drop.- Such resistances have been measured experimentally for
various surface-active agents in conjunction with the sulfur dioxide water
system.(34’35) Because of the variety of possible types and quantities of
agents occurring in natural rain, however, such results are almost impos-

sible to utilize insofar as washout problems are concerned.

One should note that in the total absence of circulation, any film resis-
tance decreases the liquid-phase mass-transfer coefficient to a value below
that predicted by Equations 3.22 and 3.23, which was suggested previously
as a lower limit. For most practical situations, however, net effects are
such that K.y is larger than that predicted by Equations 3.22 and 3.23;
hence these equations are employed to give some tentative idea as to the

lower limit magnitude.

The considerable amount of additional work that has been published
with regard to film effects and drop convection has been reviewed elsewhere
(23,32,33) and is not considered further here. In view of the complexity
of this problem, it is apparent that the success of any related analysis

must depend rather heavily upon experimental measurements.

The Influence of Chemical Reaction -~ Dissolution of gaseous sulfur

dioxide molecules in water is accompanied by reversible chemical reaction.

The absolute nature of this reaction has been the subject of some con-

(36)

jecture. Earlier it was supposed that the scheme

->
so2g +H0Z H,50, (3.25)
1
K{ .
}12so3 + H,0 2z Ha0' + HSOS (3.26)
1
K) .
HSO3 + H,0 2 H,0 + sog (3.27)
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characterized true reaction behavior, Ki and Ké denoting equilibrium

contants for the first and second ionization, respectively.

+ -
[H30 ][HSO3]

K! = (3.28)
1 [sto3]
and
-+ =
[H,0 ][S0,]
K' = 2 3 . (3.29)

[Hsog]

(36)

Subsequent evidence has indicated, however, that the compound H,SO

2773°
"sulfurous acid," does not exist to any appreciable extent in water
solution; rather, un-ionized molecules of dissolved sulfur dioxide appear

to take the place of H2803 in Equations 3.25 to 3.29 to give the scheme

->
sozg +H,0 2 HO + soZaq (3.30)
SO + H,0 El m.o + HsoOT (3.31)
2aq y R 3 .
K
HSOT + H.0 2°H.0T + s0° (3.32)
3 2° < "3 3
where
[H3o+][Hso;] 3.33)
K = . 3
1 [s02aq]
and
+ =
[H,0 1[50,]
K2 S —_ . (3.34)
[HSOB]

Such evidence, which has been based largely upon various types of spec-
troscopic data, has indicated also the presence of trace amounts of

the pyrosulfite ion, HSZOE, and various hydrates, SO2 . nHZO. Other
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investigators, (37) however, cite vapor-pressure data to argue that HZSO3,
or some related species, must be present in solution. At the present
time, this conflict is not completely resolved, although the opponents

of un-ionized sulfurous acid appear to have the bulk of evidence in their

favor.

Most of the available experimental evidence suggests that the velocities
of reactions 3.31 and 3,32 are rapid, although there are some indications

(38)

to the contrary. Wang and Himmelblau measured ionization kinetics

of reaction 3.31 using a radioisotope technique and concluded that this

reaction should proceed slowly, approaching completion on the order of

one minute, Practically all of the evidence in the remaining literature
is less quantitative in nature, but suggests that the results of Wang

(39) for instance,

and Himmelblau are in error. Lynn and his co-workers,
meagsured the conductivity of a rapidly mixed solution of sulfur dioxide
and water at various times following the initial mixing of the components,
and found the ionization to be at least 90 percent complete in about

(40)

0.1 second. Toor and Chiang obtained additional experimental data

which indicated that these reactions should be essentially complete in

(41)

0.003 second, agreeing well with Saal's earlier upper-limit value

of 0.004 second for ionization reactions of this type. Thomas(37)
argues that these measurements may have included some diffusion and
secondary reaction effects which rendered these reaction-time estimates

conservatively high.

Perhaps the most dramatic demonstration of the rapidity of the hydrolysis
reactions is simply the rapid response of conductivity analyzers such as
the Davis and the Sign-X, which depend upon these reactions for their
operation. This is especially apparent with the Sign-X sulfur dioxide
scrubber, which removes sulfur dioxide from gas streams by exposure to
ion-exchange resin in water for extremely short residence times. If

sulfur dioxide did not hydrolyze very rapidly, such scrubbers would be
inoperable.

b=



(42)

Whitney and Vivian have suggested that hydrolysis times for sulfur
dioxide in water may be somewhat greater than the preceding arguments
indicate; but their analysis has been criticized subsequently by Lynn,

et al.(39)

who claim that the ''reaction" effect apparent in their
absorption data was probably caused by an inappropriate choice of a

liquid diffusion coefficient.

The disagreement between the measurements of Wang and Himmelblau and
those of the other workers is difficult to explain. From the description
of the experiment given in their paper it appears that an undetected
problem with sulfur dioxide partitioning to the gas phase as samples

were withdrawn from their reservoir may have been a factor. This is
purely conjecture and difficult to verify. Precipitation washout of
sulfur dioxide, based on the validity of Wang's and Himmelblau's data,

has been examined by Miller and DePena(43).

It appears that there is a need for further experimental work to resolve
these questions, although it seems reasonable to analyze sulfur dioxide
washout assuming rapid hydrolysis. Under such circumstances it has been

(44)

suggested that absorption can be treated as psuedo-physical phenomenon.
The problem remains, however, of accounting for the multiple species

formed by the reactions, each of which will diffuse at its own rate and
recombine and/or dissociate depending upon conditions in its immediate

environment.

For the limiting case of rapid mixing, such difficulties present no
particular problem, since differences in molecular diffusion rates become
unimportant and concentrations will be uniform throughout the drop. For
the opposite limiting case, however, Equations 3.22 and 3.23, which
pertain to a binary mixture, are not strictly applicable. A more elabo-
rate set of equations, pertaining to conservation of species within the
multicomponent system could be set forth. Because of their complexity

and because of uncertainties of various physical properties, however, the

—45=



value of such an effort is doubtful. It seems more expedient to choose a
mean diffusivity and treat the sulfur dioxide water system as a pseudo-

binary mixture to obtain estimates of the lower limes of washout behavior,

The complications of ionization reactions insofar as nonlimiting mixing
behavior is concerned are obvious. To the authors' knowledge there have

been no serious attempts to examine this behavior in detail theoretically.

In addition to the reversible, rapid ionization reactions that occur when
a sulfur dioxide molecule comes in contact with water, slower, irreversible
reactions may take place. Sulfate formation is undoubtedly the most
important of the irreversible reactions, although many aspects of this
formation process are not well understood at the present time. Junge and

(45) have shown experimentally that trace amounts of catalyst in the

Ryan
drop influence reaction behavior strongly. Ammonium hydroxide, in addi-

tion to chlorine salts of manganese, iron, copper, and cobalt are active

as catalysts for the oxidation. Sodium chloride, in contrast, appears to
have little catalytic activity. For pure water solutions, Junge and Ryan
found that sulfur dioxide oxidation takes place very slowly — behavior

that has been observed also in this study.

Junge and Ryan noted that for a given ambient sulfur dioxide concentration,
the rate of sulfate formation decreased with decreasing pH. Since sulfate
formation results generally in a lowering of pH, this reaction tends to
decrease in rate as it progresses, coming to a virtual halt at a pH of
about 2. It has been suggested (cf., Scott and Hobbs(46)) that the
observed retardation occurs simply because of the decreased solubility

of sulfur dioxide under these circumstances; Junge and Ryan indicate,

however, that a more complex type of autoinhibition may be involved.
Junge and Ryan point out that if a (chemically) basic material is present
so that a suitably high pH is maintained, the sulfate~forming reaction

will persist. These authors have demonstrated this experimentally using
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ammonium ion, a common constitutent of atmospheric precipitation.

Expressions for mass-transport rates to drops, wherein irreversible
reaction occurs, are available in the literature for the previously
described limiting cases(47'48’49). Such expressions, however, are often
contingent upon the validity of Henry's law. In addition, these solutions
have not dealt with the complications posed by variable catalytic activ-
ity and autoinhibition.

(45)

Previous experimental measurements have indicated that rates of sul-
fur dioxide oxidation (half-lives of the order of hours) should be slow
compared to rates of physical absorption as the drop falls through the
rapidly changing concentration field of a plume. In view of such behav-
ior, it appears permissible to neglect altogether the oxidation of sulfur
dioxide under such circumstances, at least for situations wherein plume
dimensions are not abnormally large, and the drops are sampled while still

carrying a significant fraction of the sulfur dioxide collected enroute.

For circumstances wherein the time rate of change of sulfur dioxide con-
centration in the neighborhood of a drop is slow, the opposite may be
true. That is, chemical reaction may be the most significant factor con-
trolling the amount of sulfur dioxide being washed out. Such situations
may exist for in-cloud washout or for cases of below-cloud washout
involving long falls through regions where sulfur dioxide concentrations
do not change rapidly. Estimations for washout of sulfur dioxide under

50
such conditions have been published by previous authors( ).

ILLUSTRATIONS OF LIMITING WASHOUT BEHAVIOR -- The two "limiting' cases

of washout behavior noted previously are characterized by Equations 3.8,
3.20, 3.21, 3.22, and 3.23. These cases are examined by calculating and
comparing the washout rates predicted by both. One method of accomplish-
ing this is simply to consider the rate of takeup (or loss) by a single

drop falling in a region of known concentration. For simplicity, an
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initially clean’ drop is considered which falls through a region wherein
the concentration is maintained at 1 part sulfur dioxide per million parts
of air (PPM) (yAb= 10~6). Subsequently, this same drop, now saturated

with sulfur dioxide, is considered as it falls in clean air (yAb = 0).

Total transport to the drop may be found by integrating the flux expres-
sions, Equations 3.1 and 3.2 with respect to time and multiplying by the
drop surface area. This must be performed in conjunction with equilibrium
data of the form given by Equation 3.6 using a trial-and-error procedure,.
The equilibrium relationship used here is based upon the data of Terraglio

GD and is shown in Figure 3.6.

and Manganelli,
Mass~transfer coefficients for the various cases considered here are shown
in Table 3.2. Here the gas-phase coefficients have been calculated from
the Frossling Equation 3.20, and the overall coefficients were determined
from Equation 3.5. Liquid-phase calculations are based on an assumed

diffusion coefficient of 1.7 x 10~° cmz/sec(42).

Absorption~desorption curves based on these calculations are shown in
Figures 3.7, 3.8, and 3.9. These curves are based upon rather idealized
conditions of plume geometry, yet they illustrate vividly several points
which characterize gas-washout phenomena. Perhaps, the most significant
aspect illustrated by these curves is the ability of the drop to desorb
gas under appropriate conditions. Thus, if a drop falls through a plume
and emerges into cleanmer air before reaching the ground, it may release
a majority of the gas that is absorbed in more concentrated regions.
Such behavior will tend to lower the altitude of the sulfur dioxide plume.
The significance of this effect has not been investigated thoroughly;
preliminary calculations indicate that, under extreme circumstances, it

may be appreciable.

Figures 3,7, 3.8, and 3.9 show that the rates of absorption decrease

toward zero as equilibrium is approached, a direct consequence of the
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TABLE 3,2

OVERALL MASS-TRANSFER COEFFICIENTS FOR STAGNANT FALLING DROPS

Fall Time Liquid Concentration

sec umoles/L Moles/cmsec
Absorption Desorption Absorption Desorption
—==== 0.3 mm Diameter Drop ——-—-

0.0 0.0 139.7 0.001258 0.001258

0.3 39.2 112.9 0.000475 0.000469

0.6 61.0 96.7 0.000389 0.000453

0.9 75.9 84.1 0.000322 0.000459

1,2 86.9 76.6 0.000280 0.000551

1.5 95.3 72.7 0.000246 0.000601

---— 1.0 mm Diameter Drop ----

0.0 0.0 139.7 0.000891 0.000891

2.0 38.5 110.4 0.000212 0.000235

4.0 56.3 95.4 0.000152 0.000214

6.0 68.6 84.0 0.000126 0.000209

8.0 78.0 74.8 0.000110 0.000209
10.0 85.7 67.0 0.000099 0.000211

~=—— 3.0 mm Diameter Drop —----

0.0 0.0 139.7 0.0000650 0.000650
20.0 53.1 93.8 0.0000715 0.000109
40,0 71.1 76.7 0.0000518 0.000101
60.0 83.3 64.4 0.0000437 0.000102
80.0 92.6 54,8 0.0000392 0.000105

100.0 100.0 47.0 0.0000364 0.000110

reversibility of the washout process. Such behavior points out the

inapplicability for gas washout of the first-order irreversible model

employed in most previous theoretical washout analyses.

assumptions employed in previous work,(52’53) the first-order irreversible

Contrary to

model is not generally applicable for gas washout analysis even for

situations involving trace-gases.
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Curves correspohding to the first-order, irreversible model are shown in
Figures 3.7, 3.8, and 3.9 for comparison. From these, it is seen that
application of the irreversible model for gases is valid only for condi-
tions where the curves coincide. Such conditions might be approached for
the situation of a small plume bordering the earth's surface; however,
one would not expect these conditions to be valid in the present study.
Inapplicability of the first-order, irreversible model is unfortunate

in the sense that it invalidates, for most cases of gas washout, the more
convenient method of analyzing washout behavior that was described in
Chapter II. As a consequence, more physical data are required before a
complete examination of the process can be performed, a fact that was

indicated previously by Equation 3.19.

The upper and lower "limit" curves of Figures 3.7, 3.8, and 3.9, as
discussed previously, bracket the behavior to be expected from real
systems. Except for very large drop sizes, the limits of physical behav-
ior are confined to fairly narrow regions, and, in a sense, these can be
used as approximations in lieu of absolute knowledge of true behavior.
"Patched" solutions of this type have been applied previously to other
types of physical science problems.(54) In this context, the variation
of the mass—transfer coefficient, as exemplified by Table 3.1, should be
mentioned. From this table, one can determine limits for the overall
coefficients and, if desired, estimate a mean value to be used for
linearization in Equation 3.10. For cases wherein Ky varies widely, this
mean should be chosen carefully in view of the physical conditions of

interest.

An additional point concerns the sharp dependence of absorption behavior
on drop size. In view of such behavior one would expect a dramatic differ-
ence in sulfur dioxide level between raindrops of different sizes, depend-
ing upon the history of the plume-raindrop interaction. Experimental

field measurements of sulfur dioxide content as a function of drop size,

not available at present, would be of high interest in this regard.
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LABORATORY MEASUREMENTS OF SULFUR DIOXIDE WASHOUT -- The complexity

exhibited by Equation 3.19 suggests that controlled laboratory experiments,

rather than field studies, might be more effective in analyzing washout

behavior theoretically. This equation is rewritten here for convenience.

o K (yy0 = ¥,.)
zZ = szTf a2 £*(a) y_Ab CAe’ | 4r qa+z . (3.19)
o c Va a )

If, for example, experiments could be conducted with uniform drops falling
vertically in air of uniform concentration, the integrals of Equation 3.19

could be simplified to

4ma’N

z

T 2

2= f Ky(yAb Ype) 42 + 7, > (3.35)
t zl

which reduces considerably the ambiguity involved in determining Ky'

Laboratory experiments in this area can be divided into four different

categories, listed as follows:

Studies of drops suspended on solid supports.,

. Studies of drops suspended by moving gas.

Studies of isolated drops falling through gas.

S~ b NN
L]

Spray chamber studies.

Each of these types of experiments has its individual disadvantages.
Studies of drops mounted on solid supports (e.g., hypodermic needles,
filaments) have the strong disadvantage that natural circulation patterns
are invariably perturbed. Such perturbations can be avoided with the
second and third types of studies if care is taken to ensure that the

newly formed drop is completely Stablized in its enviromment prior to
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contact with ghs. For the case of isolated, falling drops, this usually
necessitates a long stabilization column, where the oscillations induced
during drop formation are allowed to dampen out and terminal velocity is
approached prior to contacting the gas. Some insight with regard to the
effects of oscillations of newly formed drops can be obtained from the

results of Garner and Lane(31).

Experiments involving single drops suspended in air have the serious
disadvantage that, because of the inherently small sample size, they are
not generally amenable to studies where low concentrations are involved.
Isolated, falling drop studies overcome this disadvantage by combining
geveral drops into one sample. Spray studies share this advantage; how-
ever, such experiments are plagued by several marked disadvantages,
including unavoidable drop perturbation, nonconstant fall velocity. and

the presence of a spectrum of drop sizes,

Experimental studies of the washout of trace sulfur dioxide by sprays have

(55,56) The above mentioned diffi-

been conducted by Georgii and Beilke.
culties, however, have rendered these authors' results of limited value

to the present study. Isolated falling drop experiments involving sulfur
G7 These

studies, however, were confined to rather high sulfur dioxide concentra-

dioxide washout have been performed by Johnstone and Williams.

tions and involved additive-containing drops. In this context, the sus-

(31)

pended drop studies of Garmer and Lane should be mentioned. These

studies also involved washout from gases of relatively high concentration.

The main use of the results of the studies described above is their common
qualitative indication that both gas-phase and liquid-phase mass-transfer
resistance are important in atmospheric sulfur dioxide washout. Further
implications from these experiments of a quantitative nature are dubious
insofar as trace-gas washout is concerned. Further data from an isolated,

falling drop experiment would be of extremely high interest in this

regard.

-56-~



THERMODYNAMIC ASPECTS - CHEMICAL AND SOLUBILITY EQUILIBRIA

Solubility relationships, in addition to their importance in influencing
transport behavior, are useful in estimating maximum and minimum washout
rates in the absence of actual washout data. If the maximum concentration
in a plume is known, for example, then one can state immediately that the
concentration of washout gas in the precipitation is no greater than the
equilibrium concentration corresponding to that maximum. Similarly, a
lower limit can be established on the basis of the minimum concentration
experienced by the drop, provided, of course, that there is no loss by

reaction within the drop.

Dispite its importance to the understanding of sulfur dioxide washout,
there is relatively little data pertaining to the solubility of trace
concentrations of this gas in water. The bulk of sulfur dioxide solubil-
ity data that does exist pertains to higher concentrations than those of
interest here. With the exception of some fragmentary information per-
taining to air concentrations down to about 200 ppm, the only low con-
centration data that have been published are those of Terraglio and

Manganelli, which were illustrated earlier in Figure 3.6.

Normal atmospheric sulfur dioxide concentrations are of the order of
0.01 ppm or less, and it is of interest to possess solubility data down
through this region. Such information can be estimated roughly by
extrapolating the existing data to the concentration levels of interest,
provided that certain assumptions with regard to equilibrium behavior

(58) it appears justifiable to

are made. On the basis of previous work
assume Henry's law to be valid for the equilibrium between gaseous and

aqueous molecular sulfur dioxide (Equation 3.30). Thus

[502]g = H[SO (3.36)

2]aq

R

On the basis of available data, H = 1.0 at 20°C, provided [SOZ]g and
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[SOZ]aq have units of ppm and pmoles/1l, respectively.

Previous work indicates also that the second dissociation constant is so
small that it can be neglected for all practical purposes. From this

work, one may estimate the first dissociation constant, Kl’ to be about

1.7 x 10% pmoles/1 at 20°C.

Two types of hydrogen ion may exist in the solution, that arising from
the ionization of suifur dioxide and that originating elsewhere (e.g.,
from the presence of dissolved sulfate). It is useful to differentiate

between these; the latter will be referred to as "excess" hydrogen ion.

Thus,

+ ~ + +
[H30 lpopar, = [H40 ]soz + [Hy0] o . (3.37)

Combination of Equations 3.33, 3.36, and 3.37 provides an expression for

Cgg » the total concentration of dissolved sulfur dioxide:
2

S0 [SOZ]aq + [HSO3]

+ +
i [soz]g . -[Hy0 ], ¢ ﬁHBO ]ix + 4K, [80,]g/0

H 2

. (3.38)

Solutions to Equation 3,38 are plotted in Figure 3.10. Here the parameter
denoting "excess pH" is simply the pH arising from the presence of excess

hydrogen ion, i.e.,

excess pH = —log10 10'6[H30+]ex . (3.39)

The curves of Figure 3.10 indicate a rather strong dependence of solubil-

ity on pH. Such dependence is important for a number of reasons, Firstly,
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this would lead one to expect a general lowering of measured washout rates
with decreasing pH. Secondly, this dependence would be expected generally
to decrease the effectiveness of washout in the plume, since the plume
itself contains acid-forming material (e.g., sulfates, nitrates) which
will be washed out and serve to lower pH. Such an effect explains the
otherwise paradoxical situation where sulfur dioxide concentrations in
rain that has passed through the plume are actually lower than those in
rain that has not. This phenomenon is suspected to have contributed
significantly to behavior exhibited by much of the data of this study.
Since pH lowering by washout in the plume should be more significant the
higher the pH of the incoming rain, this effect should be more pronounced

under circumstances wherein background pH is high,

Finally, it should be noted that in-plume washout of acid-forming materials
complicates the calculation of sulfur dioxide washout enormously. Refer-
ring to Equation 3.5, it is seen that the equilibrium relationship is no
longer fixed, but varies with time as the acid-forming substances are
accumulated. This suggests that in order to calculate sulfur dioxide
washout, one must have substantial information pertaining to washout of
other atmospheric species, making any thorough analysis under such con-

ditions a truly formidable problem.

It is emphasized that the arguments of this section are based upon extrap-
olated data, the accuracy of which is rather questionable. Experimental
measurements of solubility as a function of excess pH in this concentra-
tion region would be of high value in examining these phenomena in further

detail, and in validating the implications of the present discussion.
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CHAPTER IV

REVIEW OF FIELD EXPERIMENTS

Chapter IV contains an overall review of the field experiments. The pri-
mary data — concentrations of sulfur dioxide recovered in the precipitation
collectors — are tabulated in Appendix A. Graphical representations of
sulfur dioxide distributions on the grid are included there also. On
these, concentrations are represented by radial bars of proportionate
length extending from the collector locations. Vertical profiles of wind
velocity, determined principally from pibal soundings at the Overlook,

appear in Appendix A to account, in part, for the observed distributionms.

Run data in Appendix A are grouped according to the experimental period in
which the run was conducted. A table preceding each group summarizes the
runs relative to the operations, wind velocity, precipitation rate, sulfur

dioxide emission from Keystone, and sulfur dioxide recoveries on the grid.

Frequent reference is made to the data of Appendix A throughout this

chapter.

REVIEW OF FIELD EXPERIMENTS

Experimental runs were conducted during three separate periods of approxi-
mately one month duration: October-November, 1969; February, 1970; and
April-May, 1970. Autumn and Spring runs were conducted in rain and the
Winter runs all were conducted in snow. The Spring runs were added to

the program because of a particularly dry Autumm,

FIELD PERIOD 1 -- The first three weeks of the Autumn period were char-

acterized by warm, clear weather, which provided ample time for prepara-
tion for field experiments, but delayed the initial experiment to test the
adequacy of those preparations. The first run was conducted at night on
October 20 and the final four runs occurred on the mornings of November

1 and 2.
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Autumn rains wére accompanied by low clouds, which resulted in insuffi-
cient ceilings for aircraft operation during four of the five runs. The
one occasion for which aircraft use was possible provided an opportunity
to develop aircraft sampling capability under experimental run conditions,
All equipment operated satisfactorily, resulting in the measurement of
temperature, humidity, and sulfur dioxide concentration from near stack

height to cloud base in traverses about one mile downwind of the Keystone

Station.

It was planned that definition of the stack plume geometry would be
provided photographically. However, the plume is not normally visible,
except for condensation of its vapor, because of the highly efficient
removal of fly ash by the electrostatic precipitators. When conditions
are proper for persistence of condensate in the stack plume, it normally

is obscured by the cooling-tower condensate plumes,

Pibal soundings showed that the wind direction varied widely with height;
in one case, exceeding 100° within 2000 ft. This questioned the adequacy
of sampling on 90° of arc, since a wider distribution of sulfur dioxide
in precipitation must be assumed with such large directional shear.
Consequently, the sampling arcs were extended during the later experi-

mental periods.

Subsequent analysis of the first period data showed sulfur dioxide con-
centrations in the collectors to be distributed erratically. Neither a
quasi-normal distribution along the arcs, nor a decrease in concentration
with distance was evident. Wide variability between adjacent collectors
and alignment of troughs on one arc with peaks on the other were common.
Large differences between peak and background generally were not observed.
The absence of reduced values at the extremes of the arcs suggested that

the plume had not been contained.

Expansion of the grid with sampling to a greater distance and increased

lateral coverage was deemed necessary to contain the plume and document
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the possible increase of concentration with distance. Both actions were
taken in Field Periods 2 and 3. The reduced likelihood that meaningful
correlation of washout and precipitation characteristics could be achieved,
due to the wide variability in washout, resulted in conducting precipi~-
tation characterization at only one location during the subsequent periods.
Precipitation charge spectra were taken infrequently and no attempt at

their correlation with washout has been made.

Run 1 -- Deployment of the precipitation collectors began in moderate
rain following the passage of a thunderstorm which occurred about two
hours ahead of its forecast. Less than half were in position when the
surface wind measurement at the Overlook showed a shift from 280° to 250°.
The wind shift was accompanied by a sharp decrease in rainfall intensity,
and a number of collectors deployed on the southern portion of the arcs

after this time received insufficient precipitation for analysis.

The fact that the collectors, which sampled the heavier rainfall during
the period when the surface wind direction placed the plume south of them,
did not give evidence of dilution leads to the conclusion that only the
surface wind exhibited a northerly component. Both the 1900 EST Pitts-
burgh sounding, which showed a wind direction of 230° near the stack
height elevation, and the 240°-250° winds measured at the Overlook follow-
ing the weather disturbance suggest that the upper winds were west-south-

westerly throughout the run.

Figure A.2 and Tables A.2 and A.3 show significantly lower concentrations
beyond Stations A-17 and B-16, which were installed following the surface
wind shift at 2140 EST. Exceptions to this are Stations A-26 and B-17,
whose very high values are attributed to the exhaust of gasoline-powered
generators at those locations. High readings which appear at A-21, A-22,
A-25, B-20, B-21, and B-24 are unexplained, but may be due to unobserved
surface winds which retained their northerly component after the wind

shift.

—-63-



An alternative.explanation of the observed distribution is that the wash-
out sulfur dioxide was derived from an upwind source which blanketed the
entire grid. This would result in a fairly homogeneous background dis-
tribution and, supposedly, the Keystone plume washout would be superposed
upon it. It might be argued from the distributions shown that no addition
to the background is obvious and that a deficiency is more likely. The
discussion of subsequent runs will also note this apparent negative influ-

ence of the Keystone plume.

Run 1 pointed up several deficiencies in the experimental design. Whereas
this method of sampling had been used successfully in small-scale experi-
ments, a more complex situation exists on this larger scale. Wind shear,
for example, becomes an important problem when a buoyant plume is emitted
from an 800 ft stack. The necessary grid size to investigate the release
of sulfur dioxide from a tall stack introduces the problem of sufficiently
rapid collector deployment and retrieval to attain concurrent sampling at

all stations and assure plume containment throughout a run.

Runs 2, 3 —— Runs 2 and 3 were conducted on a morning of warm front
precipitation and a cloud base sufficiently high for aircraft operation
during Run 2. The aircraft traverses from 2000 ft to 3000 ft MSL showed
sulfur dioxide at all levels in peak concentrations of 1-4 ppm. The
temperature lapse rate was only slightly stable —-2.400/1000 ft — and was
conducive to the observed mixing at this time. Orientation of the inter-
cepts of sulfur dioxide from the Keystone stack was along the wind direc-
tion shown by the pibal sounding at 0725. At all levels, the wind was
between 165° and 170° at that time.

The surface distribution of sulfur dioxide in the collectors, Shown in
Figure A.4, indicates a minimum concentration on Arc A at a bearing of
330° to 345°from the Keystone stack. Larger values lie to the north,
beneath the aircraft intercepts of the plume, and also to the south.
Washout concentrations on Arc B do not show a similar dip, but increase

generally from south to north. The dip in concentration on Arc A may be
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the result of plume splitting at the stack which is discussed in a later

section.

It is unlikely, under the observed wind profile, that the sulfur dioxide
distribution from north to north-northeast of the Keystone Station origin-
ated at Keystone. It is suggested that the source of this distribution
was the Homer City Generating Station, which is appropriately oriented
some 12 miles further upwind, as shown in Figure 4.1. One measurement

of sulfur dioxide by the aircraft in a traverse at 2500 ft which extended
north of the other traverses was apparently due to an intercept of the

Homer City plume.

The absence of washout sulfur dioxide north of Keystone in the Run 3
distribution, shown by Figure A.6, is due to the termination of the rain
before northern portions of the arcs were deployed. The higher concen-
trations to the west of Keystone are a result of continued backing of
the winds with time at increased heights as shown by the 0930 pibal in
Figure A.3.

Runs 4, 5 ~- Rainfall was heavier and the overcast thicker and lower
than on the preceding day when Runs 2 and 3 were conducted. Aircraft
operation was not feasible. Run 4 was conducted during a period of heavy
precipitation with the rate exceeding 9 mm-hr~! for a brief period when
all collectors were positioned. The storm had nearly passed before the
change-out of collectors had been completed for Run 5. Throughout the
morning, the raindrops were quite uniform in size at about one-half

millimeter diameter. The air was near saturation.

Approximately 90° of shear was shown by the pibal sounding during Run 4
with directions ranging from east-northeast at the Overlook to south-
southeast about 1000 ft above the stack exit. Wind speeds were lighter

than on the preceding day and the buoyant cooling tower plume was observed

to interact with the stack plume.
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Based upon the observed winds, containment should have been nearly com-
plete, but high values at the arc ends make uncertain the degree of
containment. During the period of the runs, observed winds had insuffi-
cient directional range to account for the distribution at the arc
extremities. Clearly, the winds were suitable to transport the Homer
City plume over the arcs. This apparently is the source of much of the
observed washout sulfur dioxide, since the Homer City furnaces were fired

throughout this day.

Lower volumes of collected rainfall on Arc B in Run 5 are the result of
decreased rainfall rate before complete deployment of that arc. Total
sulfur dioxide recoveries on Arcs A and B were essentially equal for

Run 4. Since concentrations also were comparable on the two arcs, this

points up the general contamination of the entire sampled grid.

One feature which was quite prominent in both runs is the decrease in
concentration on Arcs A and B beneath the expected plume path. In fact,

a line through the troughs exhibits a curvature suggestive of the veering
wind. Unlike Run 2, this low concentration region cannot be accounted

for by splitting of the plume since there is little evidence that adjacent,
high concentrations can be attributed to the Keystone plume. It appears,
therefore, that the Keystone Station actually had a negative effect on
washout in this instance. It was also noted that minimum sulfur dioxide
values were associated with maximum sulfate values and this is discussed

in Chapter V.

FIELD PERIOD 2 —- Suitable weather for experimentation in snow occurred

only during the first half of February. Seven runs were made in a variety
of snow situations. Again, the distributions of sulfur dioxide concen-
tration in the precipitation were erratic. The apparent lack of plume
containment by the samplers, which was indicated in the first period, was
again noted, but general obscuration of the plume washout by the washout
of background sulfur dioxide now was considered a more likely explanation,

since sampling arcs had been extended.
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Along with the extension of the sampling arcs, field procedures were
altered to provide shorter duration for deployment and retrieval of pre-
cipitation collectors. Ideally, the sampling should be concurrent at all
collectors during a run to minimize the effect from variations in precip-
itation with time. An extended period for change-out between consecutive
runs further complicates the analysis since sampling on the first run is
continuing while sampling on the second run is beginning. Two or three
crews of two men each were used for deployment and each arc was deployed
in turn. This was in contrast to the first period operation when two men
concurrently deployed both arcs. Despite extension of the arcs by 100
percent and the addition of 50 percent more collectors, the time was cut
significantly. The difference between the average total sampling duration
for each collector and the concurrent sampling duration for all collectors
was reduced from 52 minutes during the first period to 26 minutes during
the second period. Additional manpower was made available by the reduced
emphasis on precipitation characterization and as a result of the inabil-
ity to use the aircraft during low ceiling and low visibility conditions

in snowfall.

Photographic documentation of snowflake characteristics was provided for
each run of this period through the use of special equipment. Snow con-
ditions differed on the four run days and these differences are clearly

shown in the photographs which are discussed in Chapter V.

Run 6 -~ The first run in the snow washout series was conducted during

a moderate snowfall. The 0700 EST Pittsburgh sounding showed a weak
inversion extending to about 2000 ft above the surface, indicating a very
stable air mass. Surface temperatures were 15°-20°F during the run and

the snow consisted of small, dry grains and crystals. Surface winds were
west-northwesterly and the Pittsburgh rawinsonde showed north~northwesterly
winds aloft. Pibal soundings and other support operations were not pro—
vided as a consequence of the occurrence of suitable experimental weather

less than a day after crew arrival in Pennsylvania.
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Approximately 189° coverage was provided on Arcs A and B. Primary col-
lectors, those for sulfur dioxide and sulfate, were spaced at double the
interval used during the first field period. Secondary collectors were
located at alternate primary collector stations to provide samples for

pH, nitrate, and nitrite analyses.

The distribution shown by Figure A.12 exhibits a multimodal character and
is seen to be quite erratic. Distributions at the northeast end of Arcs
A and B and at the southwest end of Arc A are believed to be unrelated

to the Keystone emission considering the existing wind regime. All of
these collectors were located in narrow road cuts or along steep hill-
sides which under the existing conditions of flow and stability might
tend to concentrate vehicle exhaust and sulfur dioxide from other sources

in the vicinity of the collectors.

The plume appears to have been contained, particularly if the outliers
can be ignored. A further indication of containment was a visual obser-
vation from Arc B during the run which placed the plume near the center
of the arc. This position was aligned along the near-surface wind
direction. It is suggested that the second mode, south-southeast of
Keystone, was associated with the upper level winds. As in Run 2, there
is a suggestion of plume splitting at the stack, which permits two

distinct areas of washout. Additional support for this phenomena is given

in a later section.

Runs 7, 8 —— Precipitation on the day of Runs 7 and 8 was quite heavy
and relatively steady. However, Tables A.15 through A.18 show large
variations between collectors in the volumes of precipitation collected.
This is a problem common to all precipitation samplers because of local
wind speed variations. It is more pronounced for snow because of its

low terminal velocity and the degree of reentrainment. Consequently,

the effective area of the collector is reduced by high wind and increased

by drifting smow. It is probable that the large volumes collected were

the result of drifting snow.

69—



Wet amorphousg clusters of snow were mixed with light rain and surface
temperatures remained above freezing during Runs 7 and 8. The air was
near saturation and moderately stable. A pibal sounding in the morning
showed a wind direction of 138° near the surface, veering to 178? at

approximately double the stack height.

The arcs which were centered north-northwest of the Keystone Station pro-
vided about 180° coverage. Collector spacing was the same as on the
preceding run and secondary collectors were used in a like manner. The
extent of coverage in relation to the observed winds should have ensured
plume containment. In addition, three separate sightings of the plume
from the arcs placed it northwest of Keystone, yet the distributions,
shown in Figures A.l14 and A,16, extend over all sampling positions on
both arcs. If any evidence of the plume exists to the northwest of
Keystone, it is an apparent decrease in concentration as noted previously

with south-east flow.

Both units at Homer City were operating on this day, and it is apparent,
therefore, that washout from the Homer City plume obscured the Keystone
washout. All collectors were downwind of Homer City based on the
observed winds. The sulfur dioxide contained in collectors on the north-
east leg of Arc A was due, probably, to washout from the Homer City plume.
Maximum values of about 10 ymole-liter~! are attributed to this source at

a distance of about 13 miles,

Runs 9, 10, 11 -- Temperatures were slightly above freezing at the surface

and the 0700 EST Pittsburgh sounding showed below freezing temperatues
aloft, so that all precipitation fell as snow. The air was saturated and
the ceiling was 500 ft, or less. Following Run 11, a pibal was tracked
to stack height, but previous pibals were tracked only 30 seconds due to

the low ceiling. All observed winds were between 270° and 290°.

The indicated winds were westerly at the surface, with speeds increasing

through the day. Higher elevation winds were poorly defined even on a
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regional scale since Pittsburgh's wind soundings were not complete and
the morning pattern throughout the eastern seaboard was poorly defined.
Northerly flow in western Pennsylvania was the most probable at lowest
elevations, though northeasterly could not be ruled out., Within the
first 2000 ft above the surface, easterly and southeasterly winds also
were indicated prior to noon. The sulfur dioxide distributions of
Figures A.18, A.20 and A.22 fail to provide indication of a preferred

wind direction, though Arc A was completely sampled in Run 9.

As indicated by collector volumes, the precipitation was quite uniformly
distributed on Run 9, but became somewhat erratic later in the day with
increased wind speed. Washout patterns were quite similar for these
three consecutive runs, but concentrations were noticeably lower on Runs
10 and 11. This was due perhaps to the increased wind speed, which

decreased the airborne concentration by stretching the plume.

The uniformity of sulfur dioxide distribution again points to a source
other than the Keystone Station, but the poorly defined wind field makes
the source unidentifiable. Low sulfate measurments shown in Tables A.20,
A.23, and A.24 suggest that the background air was clean. Based on the
observed near-surface winds, the air previously passed over open farm-
land. It should be noted also that sulfate concentration peaks were
found at Stations B-22 and B~26 in Run 9 and A-18 and A-20 in Run 11.
These stations are downwind of Keystone based on the observed winds.
Sulfur dioxide concentrations in collectors B-22, B-24, B-26 of Run 9
and A-18 of Run 11 had the lowest values. This relationship between
sulfur dioxide and sulfate concentrations which was observed in Runs

4 and 5, also, is discussed further in Chapter V.

Run 12 -- Arc B alone was employed in this rum, which sought to contrast
the Keystone plume with the background for an unambiguous wind flow.
Pibal soundings showed the winds veering from east-southeast near the

surface to south-southeast beneath the inversion base indicated at 2500
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ft MSL on the® 1900 EST Pittsburgh sounding. The Pittsburgh sounding also
showed neutral stability in the layer below the inversion. Surface tem-
peratures were below 20°F and temperatures above freezing showed nowhere
in the sounding. Light precipitation fell as crystalline snowflakes.

4
The sulfur dioxide concentrations in the collectors were low, as they
had been in Run 6. Unlike that run, the distribution consisted largely
of washout from sources other than Keystone. The broad distribution
along the southern portion of Arc B could not have originated at Keystone
with the observed winds. The Keystone plume was observed over Arc A at
a bearing of 300° from Keystone and the peak value for the entire are,
as shown in Figure A.24, corresponded with this observation and with the

stack height wind direction.

Two factors appear to rule out Homer City as the source of washout south
of Keystone. On the basis of washout during prior runs on the arcs,
Homer City contributes significantly higher concentrations than Keystone
and this would certainly be the case during Run 12 when both units at
Homer City were operational., The concentrations south of Keystone, how-
ever, are about equal to the peak concentration northwest which is
attributed to Keystone. Also, for Homer City washout to be evident on
the southern portion of the arc, it would also be evident on the western

portion with which it is aligned.

The probable source for the washout south of Keystone in Run 12 is the
coke ovens which are located at Lucerne, south of Indiana. This source
is shown in Figure 4.1. The highest concentrations on the arc south of
Keystone lie at an azimuth of 290° from Lucerne. It is interesting that
this source, which is located at a distance of over 8 miles, contributes
as much sulfur dioxide washout on Arc B as the Keystone Station at a
distance of 2 miles. Assuming that the release rate of sulfur dioxide
from the coke ovens, is well below that of Keystone, the increased surface

air concentration from this surface release must be a significant factor.
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FIELD PERIOD 3 -- Precipitation during April was more evenly distributed

than during the previous two periods, although appreciable rain fell on
only three days. On one of these days, three runs were conducted; the
first during passage of an isolated cell, and the last during passage of
a vigorous cold front. Large differences in the sulfur dioxide washout

were observed between these runs.

An innovation during the April period was the use of the sulfur dioxide
analyzer, which was intended for use in the aircraft, for sampling of the
near-surface air. It was mounted on a truck and driven on the arcs to
locate high concentrations from the Keystone Station and other sources.

These tests are described in a later section.

Arc C, which had been installed during the February period, was utilized
in four of the April-May rums, Arc B in three others. A dry rum to
evaluate the collector response to sulfur dioxide air concentration was
also made. In addition, one intended run, Run 17, failed to receive
precipitation, and another, Run 13, received such small amounts as to be

unsuitable for further consideration.

Support equipment was sparse as a result of a wildcat Teamster strike

when the equipment was in transit.

Runs 14, 15 -- Heaviest sulfur dioxide recoveries were realized on Runs
14 and 15 which were conducted under an easterly wind flow. Winds prior
to Run 14 were east-southeast at all levels. Throughout the morning, the
winds backed so that by the end of Run 15 they were essentially from the
east, the final pibal showing lower elevation winds with a northerly
component and upper winds with a southerly component. Wind speed
increased significantly above stack height though this may have been only
apparent — due to the heavier, wet pibal. The air was essentially sat-
urated throughout a deep layer from the surface and the thermal stability

was about neutral.
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Moderate precipitation was quite steady over the entire grid. The synoptic
map, in fact, showed precipitation was widespread northwestward from an

intensifying storm system near Norfolk, Virginia.

The distributions of sulfur dioxide shown in Figures A,26 and A.28 fail to
define the plume clearly at a direction of 280° from Keystone as visually
located by an observer on Arc B. The sulfur dioxide distribution, which
obviously was derived from a source other than Keystone, could not have
been associated with Homer City under the existing wind regime. Although
the city of Indiana lies immediately upwind of Keystone, distribution over
the entire grid at a near-constant concentration suggests a more distant
source or more diffuse sources; the latter explanation is preferred. A
single source would necessarily be very distant considering the apparent
directional constancy of the wind. Travel over a long distance likely
would diminish the sulfur dioxide content of the air mass by conversion

to sulfate. However, the sulfur dioxide concentration in the precipita-
tion was high and the sulfate content was low. A number of minor domestic
sources undoubtedly were available throughout the area since temperatures

on this day were about 45°F,

Given the information that the Keystone plume was visually located 280°
from the source, evidence of washout was sought in the sampling data.
Maximum sulfur dioxide concentrations were found in Run 14 at Stations
B-62, B-64, and B-66, which lie between 260° and 275°. Again in Run 15,
the maximum on that portion of the arc is found at Station B-~64. If these
are indeed evidence of the Keystone plume, the washout from it is about

3.5 to 5.0 umole-liter~! and constitutes 20-25 percent of the total.

Run 16 -~ Run 16 was the first to utilize Arc C. Although the day looked
promising for precipitation, the 0700 EST Pittsburgh soundings showed only
a thin saturated layer at 10,000 ft. It also showed moderately stable air
below stack height and an inversion above it. Most of the rain fell in a

half-hour period during collector deployment so that not all collectors
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received sufficient amounts for analysis. Winds during the major rain
period were easterly near the surface and veered to southeast about 2000
ft above the surface. At still greater heights, probably above the

inversion, winds veered through south to west-northwest.

Figure A.30 shows the washout sulfur dioxide distribution. The cluster-
ing of concentration measurements reflects the short period of rainfall,
since the collectors shown are those which each team deployed before the
rain terminated. Maximum concentrations south of Keystone can be attri-
buted either to Homer City or to the Lucerne coke ovens depending on
whether the stack height or surface winds are considered. Perhaps these
concentrations are a combination of washout from both sources. WNorth and
east of Keystone, the distributions are probably due to diffuse sources
near Indiana., The temperatures on this day were around 45°F and domestic
heating units would be expected to emit considerable amounts of sulfur
dioxide into the quite stable surface layer. West-northwest of Keystone,
the distribution is peaked at about 290° and is thought to be washout both
from the Keystone plume and diffuse upwind sources. The Keystone plume
was sighted between Stations C-21 and C-22, aligned with the stack height
wind direction, when the collectors were being deployed. Unfortunately

Station C-21 was deployed too late to receive any precipitation.

Runs 18, 19, 20 --— Although the total sampling duration spanned eight

hours for this run series, the bulk of the precipitation was associated
with the passage of a strong isolated thunderstorm in the morning and the
frontal passage in the afternoon. Both rainfall rate and raindrop size

spectra were measured at the Overlook.

The 0700 EST Pittsburgh sounding showed a deep layer of moist air which
was slightly stable. Winds at the Keystone Station were initially south-
west, veering to west-southwest by early afternoon and switching to west-

northwest and ultimately to northwest with the frontal passage at 1555

EST.
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Within ten minutes in the morning during Run 18, rainfall rates increased
from about 1 mm~hr~! to over 15 mm-hr~! and then decreased to about 0.2
mm-hr~!. The spatial variability is shown by the collector volumes in
Table A.32. Although all collectors were deployed at the time of the
heavy rain, those to the southeast received no rain while those to the
north received their full capacity during Run 18. Run 19 collectors were
exposed for about five hours between Runs 18 and 20. They sampled, to
differing degrees, a final shower associated with the morning thunderstorm
and a portion of the rain which preceded the front. The collectors

retrieved first from Run 19 probably did not sample the prefrontal rain.

A1l collectors were in position for Run 20 during the major periods of
precipitation associated with the frontal passage. Since they were all
in position when the rain stopped, the collectors sampled the entire post-
frontal rain. Variability of rain volume in the collectors was least for
this run. At the Overlook, the postfrontal rainfall rate attained a value

of 30 mm-hr-! for a brief period.

Extremely low washout concentration of sulfur dioxide was observed in
Run 18 — the lowest of the three runs. Values above the low background
appeared to be randomly distributed and were probably due to local con-

tamination. There was no evidence of washout from the Keystone plume.

Run 19 showed a marked increase in washout concentration, but it again
showed no evidence of washout from the Keystone plume. Whatever vari-
ability did exist was probably due to the differences of individual

collector sampling times in relation to the temporal and spatial vari-

ability of rainfall during the five hours of exposure in Run 19.

Run 20 exhibited uniformly high concentrations of washout sulfur dioxide.
Though higher in concentration, the distribution was similar to Runs 9.
10, and 11, for which northwesterly winds also prevailed; though lower in
concentration, the distribution also was similar to Runs 14 and 15 for

for which the distributions were attributed to diffuse sources. The

—-76-



marked maximum shown at Station C-8 in Figure A.36, which also appears in
Figure A.34 of Run 19, is assumed to be related to some local condition.
Although Station C-8 was located downwind of keystone relative to the
postfrontal wind direction, such was not the case during Run 19, when the

wind was southwesterly.

Prefrontal wind flow was across the Pittsburgh metropolitan area, whereas
postfrontal wind flow was down the corridor to the west-northwest between
major cities. Flow down this same corridor in Runs 9, 10, and 11 resulted
in substantial sulfur dioxide washout concentrations, but only moderate
sulfate concentrations. Sulfate washout concentrations in Run 20 were
about half the prefrontal concentrations. Since Run 20 includes both
prefrontal and postfrontal precipitation, it is expected that the com-

parison of each would show even more striking differences.

The more complete sulfur dioxide concentration data were subject to an
analysis to separate the prefrontal and postfrontal contributions to Run
20, This was possible due to a clear demarcation of the frontal possage
time and complete postfrontal sampling. The distribution of rainfall
between prefrontal and postfrontal as determined at the Overlook, was
used to proportion the individual collector volumes. These volumes
together with the total sulfur dioxide mass recovered im each collector
were sufficient, using the method of least squares, to determine pre-
frontal and postfrontal sulfur dioxide concentrations. The values deter-
mined were 1,2 and 10.3 umoles-liter for the prefrontal and postfrontal
rains, respectively, and it appears that the cleaner postfrontal precipi-

tation is much more effective in the washout of sulfur dioxide.

Run 21 -- Run 21 was a dry run to measure, under fair weather conditionms,
the effect on the precipitation collectors of the surface air concentra-
tion of sulfur dioxide from the Keystone stack emission. The 0700 EST
Pittsburgh sounding showed a subsaturated air mass which with the moist
adiabatic lapse rate would result in a thermally stable atmosphere.

Rawinsonde winds were light westerly at stack height and surface winds
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at the Overlook veered through the period of the run from 190° to 240°.
During the ruﬁ, the plume was observed to cross Arc A between Stations

A-7 and A-9, which would indicate a wind direction of about 250°,

Distributions on Arc A were confused by a road resurfacing operation,
which apparently contaminated a number of collectors. Discounting all
those beyond Station A-10, which were noted to contain dirt, peaks remain
at 50° and 60° from Keystone. Peaks are noted also on Arc B at these
azimuths., On both arcs extremely low concentrations appeared between
these peaks, suggestive of the plume splitting which was inferred by wash-

out sulfur dioxide distributions in Runs 2 and 6.

Run 22 -- The final run was conducted on a day with intermittent, moder-
ate rainfall., The 1900 EST Pittsburgh sounding showed a saturated surface
layer to about 4500 ft with neutral stability at stack height. The

plumes were observed initially to extend from the stacks on a bearing of
120°, and a short arc was set up centered on that azimuth. Subsequently,

the winds backed and the plumes were not contained.

The sampling arc did extend across approximately the southern half of the
mean position of the plumes. The resulting washout concentrations were
very low with a peak value of only 0.6 umole-liter~! despite the operation

of both units at Keystone.

SUPPORTING STUDIES

In addition to the major field experiments just described, supporting
studies were conducted to determine the degree of sulfur dioxide sorption

on plume particulate and the level of sulfur dioxide in near-surface air.

The tests to measure sorption on particulate were performed using two
identical electrostatic precipitators,manufactured by the Mine Safety
Appliances Company, operated simultaneously under identical conditions

except for the high voltage, which was turned off on one unit.
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Each precipitator contained an insert of filter paper which acted as a col-
lecting surface inside the collection tube, The inserts were impregnated
with a coating solution consisting of 4 grams sodium hydroxide and 10 ml
glycerine diluted to 100 ml with water. This solution provided an irrever-

sible "sink" for any sulfur dioxide molecule incident upon the collector

surface.

Since the precipitator operating at high voltage collected essentially all
of the particles and the other collected essentially none, the difference
between collected sulfur dioxide levels gave a measure of particulate-
bound sulfur dioxide. Simultaneous operations of TCM bubblers provided

a measure of ambient air concentration of sulfur dioxide.

Sulfur dioxide content of the exposed inserts was determined by extracting
their contents in TCM solution using a laboratory blender, neutralizing
with hydrochloric acid, and processing by means of the West and Gaeke

technique.

Since the equipment was not amenable to aircraft use, operation was limited
to times when the plume approached ground level. Of five attempts at
measurement during the fall period, only one was successful in sampling a
reasonably concentrated region of the plume. This experiment, conducted

on the morning of October 29, is summarized as follows:

Average sulfur dioxide concentration in air 0.034 ppm

Amount of sulfur dioxide passed into each
precipitator during sampling period 19.9 umoles

Amount of sulfur dioxide retained by pre-
cipitator - High voltage "ON" 0.748 pmole

Amount of sulfur dioxide retained by pre-
ipitator - High voltage "Off" 0.764 pymole

These results indicate that very little sulfur dioxide existed in sorbed
form in the atmosphere. The fact that the "yoltage off" value exceeds

the "voltage on" value arises from scatter in the experimental results,
If the reliability of the measurements is assumed to be about * 10 percent,
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less than 0.4 percent of the sulfur dioxide existed in the sorbed state.
This result is in accordance with previous laboratory measurements, which
have indicated that the proportion of sulfur dioxide sorbed on particulate
should be quite small under most circumstances.(59’6o)

The sampling of near surface air to determine sulfur dioxide concentrations
was performed with the Sign-X Analyzer mounted on a truck. Traverses of

the arcs were made during the light rain early in Run 20 and during the no-

rain condition of Run 21.

Two peaks were measured on Arc C during the rain condition traverse just
prior to frontal passage. Passage of the front was recorded at 1555 by a
wind shift at the Overlook from 230° to 290°. Figure 4.2 shows the air
concentrations, measured in that traverse, offset for the 60° wind shift
and superposed on the precipitation concentrations of sulfur dioxide which
were determined. There appears to be considerable similarity between these
curves. The bimodal distribution suggested here may be evidence of the
plume splitting which was inferred by the washout distributions of Runs 2
and 6.

The concentrations of sulfur dioxide in air and in the collectors for Run

21, the dry run, are shown in Figure 4.3. Bimodality is shown here also.
Observing the higher concentration on Arc B than on Arc A in the afternoon
(p.m.) traverse, it is somewhat surprising that the dry deposition isn't
significantly higher on Arc. B. However, the dry run extended over six
hours from mid-morning when another traverse of Arc A (a.m.) showed much
higher values than in the afternoon. When the plume is mixed to the ground
in a short distance, as in the morning traverse, lower air concentration
values would be expected at greater distances. Thus, the nearly equal values
of dry deposition on the two arcs result from differences in mixing through

the sampling period which tended to equalize exposures on the two arcs.

The mobile sampling of near-surface air concentration proved quite success-
ful in relating this parameter to washout and dry deposition of sulfur

dioxide and in documenting the plume bimodality.
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BEARING FROM KEYSTONE, DEGREES

Figure 4.2 Sulfur Dioxide Concentrations in
Air and in Precipitation, Run 20
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CHAPTER V

DISCUSSTON OF RESULTS

Chapter III presented the development of a physicochemical theory for
sulfur dioxide washout which included mechanisms that were not considered
in the preexisting theories of gas washout by natural precipitation.
Chapter IV pointed up the extremely complex washout behavior which was
observed in the field experiments. Chapter V discusses the significant
field results and relates them, where feasible, to the revised theory.

The theory alone provides insight into the behavior which can be expected.
It might be well, therefore, to present first those considerations which

have an effect on the overall results of the field experiments.

APPLICATION OF THE THEOQORY

Two mechanisms which are of particular importance to the washout of sul-
fur dioxide are the reversibility of the mass-transfer process and the
solubility control exerted by the hydrogen ion concentration, or pH, of
the rain. Consequences of each of these mechanisms are discussed relative

to the washout of sulfur dioxide from an elevated plume.

ABSORPTION-DESORPTION OF SULFUR DIOXIDE -- The reversible nature of the

mass-transfer process implies the existence of some degree of liquid-phase
resistance not accounted for in the preliminary theory. Moreover, the
desorption of sulfur dioxide in less concentrated regions beneath the
plume should be expected to lower the net washout rates. On the basis of
Figures 3.7, 3.8 and 3.9, one would expect desorption to be particularly
prominent for plumes at the height of the Keystone stacks (800 ft), but
much less so for plumes at lower heights. This helps to explain the much
larger, irreversible, washout coefficients observed in the small scale
experiments discussed in Chapter II. If fall distance beneath the con-

centrated region of the Keystone plume is comparable to the stack height,
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desorption from all but the largest raindrops should result in precipita-
tion concentrations of sulfur dioxide in equilibrium with ground-level air
concentrations. Thus, one can expect that increased plume height will
result in decreased washout, which is contrary to the prediction of the
preexisting theory that washout is independent of plume height. In addi-
tion, increased vertical dispersion should enhance washout for a given
elevation of the plume centerline. Conditions can be postulated having
the opposite effect, but they are unlikely under circumstances exemplified
by the Keystone plume. The enhancement of washout by increased vertical
mixing at fixed plume elevations may be viewed simply as a consequence of
lessening the distance of raindrop fall "beneath" the plume, thereby pro-

viding less opportunity for desorption.

It is of interest also to examine the effect of lateral dispersion of the
plume, For a fixed plume height and a constant intensity of vertical
mixing, increased lateral dispersion will both dilute and broaden the
plume so that it will be encountered by a greater number of drops. The
significance to the total washout depends on which effect is more pro-
nounced., Preexisting theory predicts that they are compensating. In
exploring this question, it is convenient to visualize first the simpli-
fied situation of a deep plume, bordering the ground, of uniform concen-
tration cAyl' Rain falling through such an idealized plume will contain
sulfur dioxide at a saturation value chl, corresponding to cAyl' If
lateral dispersion is increased so that the plume is widened to twice its

original width, the concentration will be lowered to

and twice as many drops will encounter the plume.

Referring to Figure 3.6, it is observed that, because of the curvature of

the equilibrium line,
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c >c, /2

hence more sulfur dioxide will be removed from the wider, more dilute
plume. Such reasoning can be extended to situations wherein equilibrium
is not attained by the drops. Here, again because of the curvature of
the equilibrium line, mass-transfer driving forces will tend to decrease
with concentration in a manner such that washout is enhanced by increased

lateral dispersion.

It is well to note here the differences between the effects of vertical
and lateral dispersion. Increased vertical dispersion enhances washout
by reducing the fall distance beneath the plume and thereby reducing the
sulfur dioxide desorption. Lateral dispersion results in a lowering of
drop concentration, but a net increase in washout still occurs owing to

exposure to a greater number of drops.

Although plume dispersion is caused primarily by turbulent mixing, an
additional mechanism which arises from desorption and fractionation of

the precipitation, after plume encounter, may be important. The wide
range of terminal velocities of the individual precipitation elements
results in a wide range of trajectories following plume passage. This is
amplified under conditions of vertical shear in the wind field. Lighter
elements, in particular, are carried large distances after exposure in

the plume. Consequently, the plume is broadened and deepened thereby
enhancing the washout. Furthermore, washout at the ground will be related
to the complex set of trajectories and exhibit a generally erratic appear-

ance.
The above conclusions can be summarized as follows:
l. For a given plume-centerline elevation, increased mixing in any
direction will enhance sulfur dioxide washout.

2. For constant conditions of mixing, increased elevation of the
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plume centerline will tend to retard sulfur dioxide washout.

For situations encountered during this study, the effects of variations of
plume centerline elevation with distance would be expected to be minimal
compared to those arising from increases in dispersion. Hence, a general
increase in washout with downwind distance should be expected — an effect
that has been observed quite regularly in the field results. It is prob-
able that this effect is much more dramatic at still greater distances
than were sampled in this study. Moreover, even though washout rates
observed in the first four miles downwind were rather meager, this mech-
anism of sulfur dioxide removal may become highly significant at greater

distances from the source.

SOLUBILITY OF SULFUR DIOXIDE -- Figure 3.10 shows how the pH of water

establishes the degree of sulfur dioxide solubility. Consequently, sulfur
dioxide levels in rain should decrease with decreased pH of the rain. pH
is determined by the dissolved, nonvolatile compounds which are taken up
by the rain during its formation and fall. The pH is decreased, generally,
in its passage through the plume by the washout of nonvolatile acid-form-

ing compounds, mainly sulfates and nitrates.

The influence of the pH of the incident rain should be noted. Nonvolatile
material should be washed-out irreversibly and the amount of pickup should
be roughly constant for similar plume and rain morphologies. However, pH
is the negative logarithm of hydrogen ion concentration, so that a given
amount of acid-forming material will be more significant in reducing the

pH if the incoming rain has a high pH.

The significance of the rain pH is that low values will limit the solubil-
ity of sulfur dioxide thereby reducing its absorption or enhancing its

desorption. The greatest washout should occur from a pure sulfur dioxide
plume in a clean atmosphere and far less from a typical power plant plume

in an already polluted atmosphere.
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SULFUR DIOXIDE WASHOUT

There were few, if any, runs in which the sulfur dioxide distributions
were sufficiently well-defined for the calculation of washout coefficients.
Given a single source of known output and containment of its plume, this

is a straight-forward calculation under the assumption of an irreversible,
first order process. However, none of these requirements were met in this
study. Background values were often high and variable presumably because
of a number of large and small sulfur dioxide sources in the area. Con-
sequently, separation of the component of washout from the Keystone Sta-

tion plume was generally not possible.

In those cases, where sulfur dioxide washout could be related to other
sources on the basis of the observed wind field, containment was incom—
pPlete and the sampler configuration was not suitable for the calculations
of the washout coefficient from those sources, either. However, where
components of the distribution were jidentifiable with sources, either
Keystone or others, the observed peak values of concentration were taken

for analysis.

These values together with the precipitation volume collected and the
duration of exposure of the collector were sufficient to define the wash-
out flux of sulfur dioxide and the concurrent precipitation rate. A
summary of these data is presented in Table 5.1 together with identifica-
tion of the probable sources of the concentration maximums. Specific
sources are the Keystone and Homer City generating stations and the
Lucerne coke ovens. A general source identified as "Area" is noted for
those run distributions which were sufficiently homogeneous to indicate

the entire grid was blanketed from diffuse sources at a moderate distance.

Figure 5.1(a-c) show the washout flux as a function of precipitation rate
for the various sources. The two identified sources, Homer City and
Lucerne, are plotted together. The unidentified area sources and Keystone

are each plotted separately. The relationship between the flux and the
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TABLE 5.1

PEAK WASHOUT CONCENTRATIONS AND FLUXES

S0

—2  precipitation
Conc Exposure Flux Rate
S - umole —_—
Run Station Apparent (umole) Volume Duration (——) éﬁ%
No. No. Source liter (ml) (min) m -hr hr
1 Al3 Area 6.5 74 56 5.7 0.88
1 B12 Area 9.8 66 55 7.9 0.80
2 Ab4 Homer City 8.8 52 122 2.5 0.28
2 B89 Homer City 16.7 32 126 2.8 0.17
3 A51 Homer City 9.0 16 117 0.8 0.09
3 B69 Homer City 6.5 20 114 0-8 0.12
4 A60 Homer City 12.3 122 68 14.7 1.20
4 B63 Homer City 10.4 89 66 9.4 0.90
5 A57 Homer City 10.8 91 107 6.1 0.57
5 B68 Homer City 8.8 77 98 4.7 0.52
6 A22 Keystone 1.7 83 139 0-7 0.40
6 B42 Keystone 4.4 43 136 0.9 0.21
7 A2 Homer City 12.8 134 86 13.3 1.04
7 B90 Homer City 7.2 149 98 7.3 1.01
8 A2 Homer City 9.5 72 73 6.2 0.66
8 B58 Homer City 12.1 27 51 5.0 0.35
9 A50 Area 13.2 72 81 7.8 0.39
9 B47  Area 11.8 90 93 7.6 0.65
10 A68 Area 8.8 92 94 5.8 0.65
10 B30 Area 9.8 106 96 7.2 0.74
11 A38 Area 7.8 65 115 3.0 0.38
11 B47 Area 11.1 84 129 4.8 0.43
12 B60 Keystone 3.5 24 139 0.4 0.12
12 B46  Lucerne 3.2 25 164 0.3 0.10
14 B64 Keystone 5.0 245 107 7.6 1.53
14 B64 Area 16.0 245 107 24,4 1.53
15 B64  Keystone 2.0 225 123 2.4 1.22
15 B64 Area 14.0 225 123 17.1 1.22
16 C22 Keystone 13.1 28 25 9.9 0.75
16 Cl4 Lucerne 27.8 20 23 16.2 0.58
18 C29 Area 1.6 262 76 3.7 2.30
19 Cll Area 8.7 50 47 6.2 0.71
20 Cl8 Area 11.0 212 72 21.6 1.96
22 B24 Keystone 0.6 118 215 2.2 0.36
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precipitation tate is shown best by the Homer City washout contributions,
Figure 5.1(b), which are distributed over a wide range of precipitation
rates. The slope of the line, which was drawn as a visual best fit, is
measured as 1,23. This slope is seen to be compatible with the data from

the other sources as well.

The earlier works by Chamberlain(sz) and Engelmann(53) show slopes less
than unity for the theoretical relationship of washout coefficient and
precipitation rate. Various raindrop size spectra were used in the cal-
culation of their curves which were based on a first order, irreversible
model. The selected raindrop size spectra shown in Figure 5.2 which were
taken during washout runs at Keystone, are not markedly different from
spectra that they employed. The significant difference between the
observed slope of Figure 5.1 and the slopes defined by preexisting theory
testifies to the inadequac§ of the first order, irreversible approximation
for the washout of sulfur dioxide, As shown in Chapter III, many factors
which are not accounted for in the simplified preexisting theory affect

the gain and loss of sulfur dioxide by the precipitation.

The curve through the washout flux data for sources at Homer City and
Lucerne is shown on the other figures to provide ready comparison of the
three sets of data. Although the curve fits the data from the diffuse
sources of Figure 5.1(c), it is seen to lie above all but one of the data
points in Figure 5.1(a) which were attributed to the Keystone Station
contribution. This one point which lies within the grouping of data for
the other sources is from a collector ppsition'on Arc C, approximately 4
miles from Keystone. The lower values for Arc A and Arc B samplers are
attributed to the low near-surface concentration of sulfur dioxide at
short distance from an elevated source. All data points in Figure 5.1(b)
represent fluxes 10-15 miles from their sources where surface concentra-

tions can be assumed to have been increased by the downward diffusing plume.

No apparent difference bBetween washout of sulfur dioxide by rain and by

-92~



—56—

RAINDROP DIAMETER, mm

0.

ot

2

-1

] 1 -h

Omm-hr x/"
x”

: ,(x/ ././
» XF"”' -] f"”
x” 2.5mm-hr ; /o
::/ o’. o/o
—
O—"/o 0.5mm-hr""
- ./ o/ .
o~ o
- e
b/o/
i lJJJul_l 11 LLl_lil 1 1 1 | i 1 |
0.1 1 10 50 90
Figure 5.2

Selected Raindrop Spectra, Indiana County, Pennsylvania




snow is seen im Figures 5.1(a-c). However, when the values for snow are
normalized to unit precipitation rate using the experimentally determined
slope, Runs 6 and 12 demonstrate appreciably lower values as is shown in

Table 5.2.

TABLE 5.2
SULFUR DIOXIDE WASHOUT FLUX IN SNOWFALL(a)
Run  Station Apparent Sulfur Dioxide
Date No. No. Source Temperature Flux
(°F) (umole m—2-hr~!)
2-03~-70 6 A~-22 Keystone 15-20 2.1
6 B-42 Keystone 6.5
2-09~-70 7 A-2 Homer City 35 12.5
7 B-90 Homer City 7.2
8 A-2 Homer City 10.2
8 B-58 Homer City 17.5
2-10~70 9 A-50 Area 33 14.9
9 B-47 Area 13.0
10 A-68 Area 9.9
10 B-30 Area 10.3
11 A-38 Area 9.6
11 B-47 Area 13.1
2-14-70 12 B-60 Keystone 20 5.0
12 B-46 Lucerne 5.5
(a)

Flux values normalized to unit precipitation rate.

Several explanations are possible for this observed difference. Certainly
a factor on Arc A of Run 6 is the aforementioned necessity for the plume
growth to be sufficient to raise the near-surface sulfur dioxide concen~-
tration. The large difference between Arc A and Arc B concentrations

indicates that the plume had not reached the ground in sufficient
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concentrations on Arc A. An inversion was present to well above the
stack in this run and such behavior would be expected. During Run 12,
however, neutral stability was indicated by the Pittsburgh rawinsonde and
the mixing should have been adequate. The washout flux from the Lucerne
coke ovens, a surface source, is comparable to that from the Keystone

Station in Run 12,

It should be noted that Runs 6 and 12 both occurred on days with the
temperature well below freezing, whereas, the other snow rums were con-
ducted with surface temperatures above freezing. Snow characteristics
consequently were different, and this is shown by Figure 5.4(a-d),
photographs of the snow on each of the snow run days. Figures 5.4(a) and
(d), which were taken during Runs 6 and 12, respectively, show the dry,
crystalline character of the snow during these runs. Figures 5.4(b) and
(c) show, as clearly, the wet amorphous nature of the snow during Runs

7 and 9. The light shading across Figure 5.4(b), in fact, is melt water

or rain which also fell.

Whereas sulfur dioxide washout by wet snow, falling in near-freezing con-
ditons, is comparable, apparently, to washout by rain, it is suggested
that dry snow is less effective in the removal. Whether the effect is
solely one of temperature cannot be determined from the data which are
grouped closely both above and below freezing. It is possible that higher
washout is associated with a water film on the snow. Further investiga-

tion of this effect is necessary.

Some comparison of the observed fluxes with those predicted by the pre-

existing model are possible recongnizing that Equation 2.4 can be written

as,

Im /NAt = AR/ (NAYu) (5.1)
where R is the rate of emission of sulfur dioxide, t is the sampling time
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and N is the number of samplers which receive washout from the emitter.
The other symbols were defined earlier. The term on the left is the
average flux. Using the washout coefficient of 10~* sec~! given by
Chamberlain(sz) as appropriate for a precipitation rate of 1 mm—hr~! and
assuming an emission rate of 3 x 103 gm-sec™!, a wind speed of 10 meters
sec™! and a plume width of 1500 meters on Arc B, a flux of approximately
1000 umoles (m?hr)~! is calculated. Observed values were seen to be

less by factors of 50 to 100,

As noted earlier, Run 21 was conducted to ascertain the direct influence
of sulfur dioxide concentrations on the collectors — a measure of the
dry deposition. If it is assumed that the peaks observed in Figure 4.3
were due to the Keystone plume alone, except for the observed background

of 0.1 pmole-liter™!

, the peak value represents a mass of 0.016 pmole
delivered to the collector in four hours. At the deposition rate of

0.004 ymole-hour~!, few runs would be influenced by the effect. Exceptions
are collectors which were exposed for long periods in light, intermittent
precipitation. It should be noted, however, that the mobile sulfur
dioxide analyzer, which was operated at the station receiving the peak
deposition, showed air concentrations between 0.05 and 0.1 ppm, values

which were much higher than detected during washout runs.

Figure 5.4 presents the sulfur dioxide concentration data of Table 5.1
plotted against the total time of collector exposure — not the precipi-
tation periods only as tabulated there. The peak value of 27.8 umole-
liter™! is the one most likely to have been increased by dry deposition

of sulfur dioxide. This collector was exposed for 207 minutes and
collected 20 ml of precipitation. Using the deposition rate determined
from Run 21, the concentration resulting from dry deposition is determined
to be 0.7 umole-liter—!, which is only 2.5 percent of the observed con-

centration. Consequently, dry deposition is not considered a serious

problem,
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The grouping of values near 10 ymole-liter—! in Figure 5.4 emphasizes
the dependence of washout sulfur dioxide concentration on surface air
concentratiqn and precipitation acidity as discussed previously. This
éalue is in equilibrium with air concentrations of 0.0l to 0.03 ppm when
the precipitation has a pH value between 4.0 and 4.5. These ranges of

air concentration and pH were observed.

A further observation emphasized in Figure 5.4 is the necessity for
sampling the Keystone plume at greater distances where its proximity to
the ground results in greater washout. Only the Arc C measurement of the
Keystone plume shows a washout concentration comparable to those from

more distant sources of presumably lower emission rates.

It is useful to compare surface concentrations resulting from various
sources in light of the importance of the sulfur dioxide concentration

(61)

near the ground in washout. The method of Smith and Singer was used

for this comparison. A neutral atmosphere bounded by stability Classes Bl

-1

and C and a wind speed of 5 meters-sec™  at all levels were assumed., For

the stack release, a plume rise of 600 ft was determined using the method

(62) The heat emission rate was taken as

suggested by Carson and Moses.
2.5 x 10* kilocalories/sec, an approximate value appropriate for the
Keystone or Homer City Stations. The results are given in Table 5.3 in
terms of parts per million of sulfur dioxide per ton released per hour.
Surface concentrations can be calculated if the source term is defined.
This can be done readily for the generating stations, but the output from
the coke ovens is unknown. The similarities in observed washout values
and in calculated values for air concentration for Homer City and Lucerne

suggests that their emission rates are comparable.

The extremely low value at Arc A resulting from the Keystone plume under
the more stable Class C is due to the low diffusion rate which prevents
mixing of the plume to the ground at that distance. Other values in the

table yield concentrations of 0.0l to 0.2 ppm for typical emission rates
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TABLE 5.3

COMPARISONS OF SURFACE CONCENTRATIONS(a)

UNDER NEUTRAL STABILITY CONDITIONS

Stability Class-

Condition(b) Bl ¢
1 3.47 x 1073 2,19 x 10°1%
2 1.82 x 10™2 9.91 x 10~*
3 9.81 x 1073 1.48 x 10-3
4 1.31 x 1073 8.60 x 1073
5 1.34 x 1073 1.13 x 10™2

(a) 1

Values are in units of ppm-hr-ton~'. The ?roduct of these
values and the source strength in tons-hr—' is the surface
concentration in ppm.

(b)

Condition 1. Concentration at Arc A from Keystone source
(4,000 ft)

Condition 2. Concentration at Arc B from Keystone source
(12,000 ft)

Condition 3. Concentration at Arc C from Keystone source
(22,000 ft)

Condition 4. Concentration at Arc B from Homer City source
(80,000 ft)

Condition 5. Concentration at Arc B from Lucerne source
(80,000 ft, ground release)

of 10-20 tons per hour from the generating stations. These concentrations
are appropriate to retain sulfur dioxide concentrations of 1 to 50 pmoles-

liter~! in the precipitation under equilibrium conditions.

A prominent feature of the distributions of washout sulfur dioxide con-
centration is the absence of positive correlation with the Keytone plume.
This, apparently, is a consequence of the shallowness of the plume at

short distances from the source which permits the least time for sulfur
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dioxide sorption and the greatest time for its desorption. An additional
feature, less easy to reconcile, is the negative correlation of washout
beneath the plume. This was observed in Runs 4 through 11, Except for
Run 6, which is discussed later, these "troughs" occurred in a homoge-
neous distribution of sulfur dioxide washout from other sources. It
appears, therefore, that the washout of sulfur dioxide from these sources

was inhibited in some way by the Keystone Station, or that the sulfur

dioxide was converted to sulfate.

SULFATE WASHOUT

Sulfate washout values were examined for the runs which displayed
decreases in sulfur dioxide washout beneath the expected, plume position.
Peaks were noted at or adjacent to all stations which had minimum sulfur
dioxide washout values. Sub—plume and background washout flux values of
sulfate and sulfur dioxide are shown in Table 5.4. The value from a
single station was tabulated if the maximum sulfate and minimum sulfur
dioxide fluxes occurred at the same collector station., If they occurred
at adjacent stations, the average value for the two stations was used.

In all cases the background value was determined by the average of values

at the three stations on each side of the central station or pair of

stations.

The sulfate washout flux attributed to the plume is the difference between
the sub-plume and the background fluxes. It is uncertain that the plume
sulfate washout flux is derived totally from the stack emission. It is
possible that background sulfate washout is enhanced by exposure to the
plume. The additional humidity within the plume may, for example, con-
dense on the sulfate. More effective washout would result for the droplet
than for the submicron sulfate particle. However, the sub-plume washout

flux diminished by the background washout flux is referred to here as the

plume washout flux.
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TABLE 5.4

FLUXES OF WASHOUT SULFATE AND SULFUR DIOXIDE

=¢0T~

Precipitation Sulfur Dioxide Flux Sulfate Flux
. Rate Background Sub-Plume Background  Sub-Plume
Run Station ) -2 ) — 1
No. No. (mm~hr ) (umole m ~ hr ™) (mg m ~ hr )
RAIN
4 A-55 1.16 7.10 2.36 2.79 4,24
4 B-79, B-80 0.79 5.51 1.99 2.49 3.16
5 A-53, A-54 0.54 4.12 1.03 1.60 2.30
5 B-78 0.42 1.12 0.10 1.20 1.74
. SNOW
7 B-52 1.38 8.02 5.93 6.30 25.10
7 B-72 1.18 2.35 1.26 5.52 12.50
9 B-22 0.77 5.64 2.66 2.94 6.18
11 A-18 0.34 ©1.60 1.01 1.73 2.64
11 B-24 0.34 1.79 1.24 1.08 1.46




Washout fluxes for both the background sulfate and the plume sulfate are
shown in Figure 5.5. The background values in both rain and snow and the
plume vadues in rain are observed to be linearly related to the precipi-
tation rate. This relationship has been observed previously for aerosol

(5,63)

washout, The washout of sulfate from the plume by snow, however,

appears to be dependent on the square of precipitation rate. Unquestion-
ably, this relationship stems from an interaction between the snow and
some special property of the plume. This property may be the humidity

which provides high supersaturation relative to the snow.

The question of sulfate origin cannot be answered conclusively, but it
is possible to estimate the extent of sulfur dioxide oxidation required

to explain the observed sulfate flux. Equation 5.1 can be rewritten as
R' = FNAYu/A (5.2)

where, R' is the sulfur, as sulfate, emission rate and F is the mean sul-
fur, as sulfate, washout flux over the plume width, NAY. Calculations
were made using run data including flux values from Table 5.4 which were
normalized to unit precipitation rate with appropriate slopes for rain
and snow. The washout coefficient value of 5 x 10~6sec™!, which is
appropriate for submicron particle washout at unit precipitation rate,

(5)

was assumed, These results were then divided by the Keystone Station
sulfur emission rate during the runs to obtain the percent oxidation

required.

Figure 5.6 compares the calculated oxidation as a function of travel time
to the collector with oxidation data presented by Gartrell, et al.(64)
who measured oxidation at various distances with an instrumented aircraft.
Their finding, that catalytic oxidation either occurs at a high rate,
1-2 percent per minute, or does not occur, was borne out by Baldwin,
et al.(65) and Arin, et al.(66) who found essentially no change in sulfur

dioxide beyond one kilometer. The overall agreement of calculated
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oxidation with the results of Gartrell is striking. The generally higher
calculated v;lues which are derived from the snow washout flux data may
be due either to enhanced oxidation or to more efficient washout. The
use of the submicron washout coefficient would be inappropriate if con-

densation on the sulfate nuclei resulted-in substantial growth.

Assuming that only one to two percent of the sulfur is emitted as sulfate,
(64) it appears probable that the observed sub-plume sulfate resulted
from catalytic oxidation of sulfur dioxide and that its washout was
enhanced by condensation of plume water vapor on the sulfate nuclei when
temperatures were near freezing. The fact that maximum decreases in sul-
fur dioxide occurred during rain, and maximum increases in sulfate
occurred during snowfall indicates that the two are not well related.
However, the decreased sulfur dioxide in the sub-plume collectors is
likely a conseﬁuence of the low pH of the precipitation caused by the
sulfate acidity. More sulfur dioxide might be retained in a snowflake
than in a raindrop because the sulfate particle sorbed on the former
would exhibit a local effect, whereas in a raindrop, it would mix and
totally inhibit the sulfur dioxide retention. Higher background sSulfate
washout flux in snowfall probably is due to the higher sulfate concentra-

tion in the air during winter as reported by Junge.(67)

It appears from the foregoing that, whereas the washout of sulfur dioxide
from the Keystone Station may be light near the source, sulfate washout
may be appreciable. For example, Table 5.2 shows that the washout flux

of sulfur dioxide is on the order of 10 umole(mzhr)'l, while Figure 5.5
shows sulfate washout flux of 5 mg(mzhr)'lfor a comparable precipitation
rate. Comparing the sulfur removal, the sulfate washout accounts for
about five times as much as the sulfur dioxide washout. As noted earlier,
the sulfur dioxide washout should increase with distance, whereas the data

of Table 5.4 suggest that sulfate washout will decrease with distance.
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CHAPTER VI
CONCLUSIONS

This investigation of sulfur dioxide washout from plumes emitted by tall
stacks has provided significant new information on the washout of gaseous
effluent. The theoretical development of Chapter III has provided insight
into the physicochemical influences which are important in sulfur dioxide
washout. It has shown that liquid phase phenomena can substantially alter
the washout effectiveness of rain. Rates of sulfur dioxide sorption and
desorption are dependent on the size and chemical composition of the rain-
drop as well as on the instantaneous concentration of sulfur dioxide in
the air. Highly acid (low pH) rainwater has a markedly reduced affinity
for sulfur dioxide, which is highly soluble in a neutral solution. Large
drops rapidly reach their equilibrium concentration only if vigorous
mixing is present within the drop, whereas small drops attain equilibrium
rapidly by molecular diffusion alone. In the absence of an irreversible
chemical reaction to retain the sorbed sulfur dioxide, it will desorb in

a region of lower sulfur dioxide concentration., Thus, drops falling
below the plume will continually desorb their sulfur dioxide content.

The smallest drops collected will be essentially in equilibrium with the

surface air, while larger drops will retain some "memory'" of the plume.

It follows, therefore, that washout from a plume is highly dependent on
the geometry of the plume and the characteristics of the rain. Clean
rainwater falling through a low elevation, concentrated plume will exhibit
concentrated washout, while acid rainwater falling through either a low

or a high elevation, concentrated plume will fail to record its presence.
However, if the plume from a high elevation source is spread in the ver-
tical so as to approach the ground, clean rainwater will remove substan-
tial sulfur dioxide from it as well, since a large change in air concen-
tration will result in a smaller change in equilibrium concentration.

This fact also results in greater depletion of the airborne sulfur dioxide
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in a plume which is widely dispersed laterally since the areal coverage

over-compensates for the reduced concentration.

It should be emphasized that appreciable sulfur dioxide cannot be removed
unless surface air concentrations are substantial and the precipitation
acidity is low. Consequently, the maximum washout of sulfur dioxide
emitted from a tall stack is likely to occur at the distance of maximum
surface air concentration when background air pollutants do not lower the
precipitation pH. Furthermore, since other pollutants from the stack
emission tend to decrease the precipitation pH, they also inhibit sulfur
dioxide washout. It has been concluded from the theoretical analyses
that direct gas absorption is the most important washout mechanism.
Washout of aerosols containing sorbed sulfur dioxide is of negligible
consequence in this respect. Precipitation as snow has not been consid-
ered in the theoretical development, but from the experimental results,

similarities in the washout of sulfur dioxide are evident.

Analysis of the experimentally determined fluxes of sulfur dioxide has
shown a relationship to precipitation rate which is inconsistent with

the first order, irreversible assumption used in the preexisting theory
of gas washout. Whereas, the theory showed washout increasing at a lower
rate with high precipitation rates, the experimental data show dispropor-
tionately more effective washout at higher precipitation rates. This
inference of higher washout efficiencies for larger drops is in agreement
with the theoretical development of Chapter III. There was no apparent
stratification of the data according to the precipitation type — both
rain and snow washout was equivalent for a given precipitation rate, as
noted above. Washout flux was estimated to be proportional to the 1.23
power of precipitation rate. Closer scrutiny of the snowfall data did
indicate lower washout flux values during dry snow runs, but too many

variables are present to draw conclusions from those sparse data.

Washout flux values were consistently less than predicted from preexisting
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theory and lowest values were associated with emissions from the Keystone
Station, except in one instance. On arc C, flux values comparable with
other sources were observed. Although this arc is 4 miles from the
Keystone Station and suitably located to receive substantial air concen-
trations of sulfur dioxide under some conditions, it is suspected that

a portion of this flux value can be attributed to an upwind source.
Fluxes from upwind sources — some identified and some not — were
clustered about a value of 10 ymoles(m?-hr)~! normalized to a precipita-
tion rate of 1 mm hr=l, For a pH value between 4.0 and 4.5 this value

is in equilibrium with air concentrations of 0.01 to 0.03 ppm. These
ranges of air concentration and pH were observed generally, though higher
concentrations were observed and also computed using atmospheric diffusion
techniques., Maximum observed fluxes were below 30 umoles(m?-hr)~1l.
Fluxes up to two orders-of-magnitude greater are predicted by the pre-

existing theory.

An interesting feature of several runs was increased sulfate and decreased
sulfur dioxide washout fluxes, compared with background values, in a
region beneath the expected trajectory of the Keystone plume. The
decrease in sulfur dioxide flux is not sufficient to account for the
increase in sulfate flux, nor are they quantitatively related in any
simple way. Maximum decrease in sulfur dioxide flux occurred in rain,
while maximum increase in sulfate flux beneath the plume occurred in
snowfall. Decreased pH from sulfate sorption apparently caused the sul-
fur dioxide deficiency. It is uncertain that all of the sulfate was
derived from the Keystone Station, although calculations of the required
sulfur dioxide oxidation in the plume were in general agreement with
oxidation rates observed by others. Highest values of sulfate which
occurred beneath the plume during snowfall are attributed to rapid
oxidation of the sulfur dioxide and to enhanced washout of droplets which
condensed about the sulfate particles as nuclei. A portion of these

sulfate nuclei may have been contributed by upwind sources.
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The different* nature of the sub-plume sulfate flux during snowfall is
demonstrated by the relationships of sulfate flux to precipitation rate.
Both background and sub-plume sulfate washout fluxes in rain and the
background flux in snow were linearly related to precipitation rate. How-
ever, the sub-plume, sulfate washout flux in snow increased as the square
of the precipitation rate. Consequently, there appears to be a unique
interaction between the plume and snow or between the plume and precipi-
tation during near-freezing conditions. As a result, if it is assumed
that sub-plume sulfate flux minus background sulfate flux can be attri-
buted to the Keystone Station, the washout of sulfur as sulfate, is
greater than the washout of sulfur as sulfur dioxide close to the

elevated source during snowfall.

It has been shown, that sulfur dioxide washout from distant, major sources
and even from a number of minor, disperse sources readily obscures the
washout from a major, elevated sulfur dioxide source nearby. This is
largelv a consequence of the low retention of sulfur dioxide by precip-
tation after its passage through an elevated plume. Therefore, tall
stacks exercise a positive action in reducing the maximum concentration

of sulfur dioxide in precipitation. No similar benefit is likely for

the washout of sulfate which may be appreciable in the vicinity of the
sulfur dioxide source. Higher total sulfur dioxide washout is likely to
occur at greater distances where diffusion of the plume results in greater
concentration in the near-surface air. It has not been shown where and

to what degreee the washout of sulfur dioxide from the Keystone Generating
Station is maximized. However, considerable clarification of the complex
process of sulfur dioxide washout has been provided, and this new infor-

mation can be applied toward resolution of the problem.
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Sampling Data, Run
Sampling Data, Run
Sampling Data, Run

19, Arc A and C
20, Arc A and C
21, Arc A
21, Arc B
22, Arc B
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TABLE A.l

SUMMARY OF FIELD PERIOD I —- OCTOBER-NOVEMBER, 1969

Run Wind! S0, Sampling® Precip." S04 S02 Concentration
Date No., Velocity  Emission Arcs Run Time? Duration Rate Recovery Max Mean Min
(deg/mph) (tons-hr-') (min) (@m-hr-1) (umoles) (umole-liter—1)
10-20 1 230/125 13.6 A 2201-2236 80 0.52 4,21 7.1 5.8 0.1
B 2224-2253 97 0.29 3.46 9.8 7.7 1.8
11-1 2 150/8 12.2 A 0745-0848 118 0.38 1.93 8.8 1.5 0.0
) B 0747-0846 118 0.37 5.07 16.7 3.1 0.2
11-1 3 145/6 12.1 A 0916-1050 99 0.14 0.42 9.0 2.1 0.2
B 0918-1042 114 0.11 0.48 5.8 2.6 0.1
11-2 4 162/6 11.7 A 0838-0854 61 1.28 16.93 12.3 7.2 2.0
B 0844-0906 72 0.87 16.79 10.4 7.2 2.2
11-2 5 145/6 10.8 A 0957-1055 104 0.60 11.77 10.8 6.7 1.4
B 1031-1106 92 0.36 4.71 8.8 4.1 0.4

lWind velocity at stack exit, unless otherwise noted.
2Time of concurrent sampling by all collectors.
3Average duration of collector exposure.

“Average rate determined from average volume of precipitation collected and average duration of
collector exposure.

51900 EST Pittsburgh rawinsonde.



RUN NO. . DATE 10-20-69 TIME 2201-2253
2160 ///,ﬁ’
PITTSBURGH
1905 RAWINSONDE
1650
1390
=1130 ///f
PITTSBURGH
~ 865 — 755 oF RAWINSONDE
_ 00 STACK
- 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 1900 2100
2160 PIBAL
1905 PIBAL
1775 RAWIN | 235/39
1650 PIBAL
1390 PIBAL
1130 PIBAL
865 PIBAL
775 RAWIN | 230/30
600 PIBAL
335 PIBAL
300 AERO 280/17
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE FROM NORTH TO TOP.

. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE

RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND

ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL
LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.1 Wind Profiles, Run 1
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Figure A.2 Sulfur Dioxide Distribution, Run 1
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TABLE A.2

PRECIFIIATIUN SCAVENGING ULATA == KEYSTONE STUDLY

RUN 1 0Cl,., 2ur» 196S ARC A

Sine SANPLING PRECIP CORCENTRATIONS IN SANMPLES
FErLICU VULUME
FROM G Sue SCU pO2 NS Pl
U 22837 cdidy 31.0 2¢6
1u,0 ¢eilb 23:3c Bal.l S.6
11.0 e le 23.: 54 195 5.9

12.U dédell 2339 74U 0.1

13.0 ¢2:19 2341 1440 6.5
14,.,v 222l PR L Y 7160 S5el
lb.O d‘:al 2&:‘45 5700 6.5
lo.U ¢g2iz2 <23i4e 63.U Bed
170 2Zcizb 23147 159.5 7.1
2U.U g2iyl edibe 21.0 ol
21,0 22:82 23:57 19,5 340
el 2cild 23109 175 2.0
29,V ¢eilip VHUK] 245 2e8
20,0 ¢22itu7 THITL) 19.5 13,0

FOlEd VULUNME UNLT 1s Mle SUZ CONCENTRATLCN U ITS ARE
MICROVOQLES/Le SULFATEs NITRITE ANu NITRATE CONCENTRATION
UNnITS aRE MILLIGRAMS/L,
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TABLE A.3

PRECIFITATIUN SCAVENGING LATA == KEYSTONE STUUY

KUN 1 OCT, 2ue 19p% ARC o
STAe SAVELLING PRECIP CONCENIRATLIUNS IN SAMPLLS
Fe dUL VULUME
FRUM Te Sve SCH 02 NOJ3 gy
lu,U c2ilh 231543 db,.0 8¢9
11,0 c¢sly €332 75945 Yol
lcol el usul obel 9.8
14,0 gced VRYIL) So.0 Tolt
190 <Zeigy usousg Sul.l 12
lo.0 e e dd Jeld 49,0 Sel
17.0 €l 3y Uslh Jﬁnb 3507
lasu  2eing usld cUel 2els
14,0 &g2iud uszl 1a.0 1.8
2U U  <deete? UesdH Y.l 6.8
21V 2Ly usai? 1.0 Hel
24 .U 250 TR <) loeU 7.0

ROTES VULUNE UNET IS wie SOz CONCENIRATICN 4t 1TS ake
MACRONCLES/L . SULFATEe wWlikITE ANu NITwATE CONCENIRATIO
UNITS ake wikilorkawS/u,
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RUN NO. 2 DATE 11-1-69 TIME 0745-0846

~2160 \\\ N&q ) \‘ ‘\
—1905 PITTSBURGH
— RAWINSONDE
—1650 \ \
—1390 \
~1130 ‘%\\
| R PITTSBURGH
865 =T0P OF A RAWINSONDE
- 600 STACK .
- 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT){TIME —= 0700 0725 0823 0930
2160 PIBAL 166/33 162/30 158/35
1905 PIBAL 165/32 162/28 151/27
1775 RAWIN 160/34
1650 PIBAL 170/ 30 160/28 153/28
1390 PIBAL 165/27 152/21 147/30
1130 PIBAL 165/27 150/22 147/26
865 PIBAL 165/22 147/21 143/15
775 RAWI 145/32
600 PIBAL 166/14 144/16 135/21
335 PIBAL 121/11 123/15
300 AERO 155/12 110/11 120/13
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F0M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.3 Wind Profiles, Run 2
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Figure A.4 Sulfur Dioxide Distribution, Run 2
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TABLE A.4

PRECIFLTATIUN SCAVERGING LATA == KEYSTONE STULY

KU
Savi LinG
Ferluo

FROV IC
/s1/ gi%0
oDl LT
ey ashu
bbb cabl
Db de57
lste ce DY
by Yell
/sUo PREIL
1:1le val?
PRV “vedt
lice vwilt
{s24 ye2l
{eed Yyied
/eco viebd
feci Gzl
1350 PRILY)
/eRU vidYy
/34l Yaky
/e40 yind
/44y CRE L)
Teuh vl

vuLUive Uil

MIUROMLLESZL .
LUWLTS anbk vibpleokaAmS/ZL,

Suekality

< NQV, 1
FRECIP
vLLUME

Suz
bDu.U U
vl.U ol
/1e0 2
?JOU -l
75,0 ol
7u.0 1.1
/9.0 o3
gl.U « O
oYU 1.2
oYU 2ot
W o) 2eb
LYY et
EueU «d
o/l e
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bieU o
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STa.

3.V
64,0
6o, U
67,0
6b.U
e%.U
Tu.u
72.0
740
74.0
75.0
7o.u
17U
To.U
7940
8UL.U
bl.V
8Becol
8s.V
84,0
oy
B7.0U
HdbeU
89,0
SULU

1 Ole e

PRECIFITATION SCAVENGING ULAJA == KEYSTONE STULY

TABLE A.5

RUN NOv. 1.

SANpLING FRECIP
FERLOL VCOLUNE
FROV To QU2
7800 46 44,0 2
7102 Hi49 720 2
7:05 il 7940 2
7307 L Tu.0 o2
/vy 8o U0 o2
741u e0S ct.l 2¢6
7:11 SiUl Ta.0 2
1:10 ;03 Thqal 2
1e1y YaUB 7.0 2
7¢1b CHE) 09,y led
7:17 Yilb 0Y.U 3
7:19 gily 1U.0 '3
7:2U Y2l 75.0 1.3
1:2¢ CHA 68.0 Sed
7:23 G2 co.0 1ob
Teck yig? Q.U 3.2
Tsc6 Yvedu 694U 4eb
1:27 S:34 6b.0 3,3
7:29 Yedo o4 ,U Hed
71:31 G147 .l Hel
133 933k 37,0 1l.4
1335 Gide 450U 8.7
7 3¢ SLdy 4ol el
/4y FRLE Yool 1u,4
/44 vaduU Seol lo.7
1347 el 39,0 10,8
VULUNME Uivil 1y Wil

1969

SCu
11.2
403
Yol
44
38
4ol
4ol
4o
deld
4e83
el
90
4.4
4o
Yol
Heb
Deb
Hes
4e7
Yol
Yo7
Sed
Ded
Jev
el
Hel

ARC B

o2

CONCENIRATIONS IN SAMPLES

NOS

S0z COLCENTHRATLON (¢t ITS ARg

Pt

MACKRLMOLES/Le SULFATEY NITRITE ahu NITRATE CONnCEMTR. TICw,
UNITS ane wilplekamS/L,
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RUN NO, 3 DATE_11-1-69 TIME _ 0916-1042
—2160 \\
—1905 X PITTSBURGH
‘\ RAWINSONDE
~1650 ‘C\&
~1390 N
~1130 \\\
L 865 ‘\3 PITTSBURGH
- TOP OF ‘R\J RAWINSONDE
L 600 STACK
~ 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|{TIME —= 0700 0930
2160 PIBAL 158/35
1905 PIBAL 151/27
1775 RAWIN | 160/34
1650 PIBAL 153/28
1390 PIBAL 147/30
1130 PIBAL 147/26
865 PIBAL 143/15
775 RAWIN | 145/32
600 PIBAL 135/21
335 PIBAL 123/15
300 AERO 120/13
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE FR0M NORTH TO TOP.

2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL
LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.5 Wind Profiles, Run 3
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TABLE A.6

PRECIFLIAILUN SCAVERGING UATA == KEYSTONE STUDY
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SAVELLING
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204U o,
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LoV -]
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17.U0 del
luel SV
(U ol
.U 14,7
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S04
Hoby
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ARC A
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r Q2 NOS P
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UNLT 1s vle SUZ CORNCENTRATLION UILITS ARE
MICRLVULES/L, SULFATEY NLIRITE Alvy NITHATE CONCENIRATION
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TABLE A.7

PRECIPITATIUN SCAVENGING LATH == KEYSTOMNE STULY

RUN 3 NOV, 1l¢ 196¢ ARC b
SAavpblInG PRECIP CONCENIFATEUNS IN SAMPLES
FeiedUy VOLUNE
FRON Ic Sue SCh4 nQ2 NG ki
Belko lusue Z¢Cel) oU el
Hi4Y9 luidd 260 o1 4aeb .
Banl luina? 29.U b 43
Bebd  1luiug 2ol Jeb He7
8e50 luinl 2hal 9.5 4.4
gib9 1lyisd 2UeU 6.5
giul luivns loe0 2.1
giud 1luy:v? 14,0 l.2
9:0% 1luiby Y.0 1.6
9307 1102 lu.U 1.7
9315 lliu4 15,0 1,2
yils 1lisuo 5.0 i)

VULUNME UNIT 1lg MLe SO02 CUNCENTRATLUN yIITS Are
MICRUNGCLES/ZL. SULFATE, NITRITE aNu NITRATE CONCENTRATIO:
UNITS Are #ILclokavS/L,
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RUN NO. 4 DATE 11-2-69 TIME 0838-0906
O\
2160 y \\
~1905 % PITTSBURGH
: RAWINSONDE
1650
—~1390
~1130
L 265 PITTSBURGH
-~ TOP OF - RAWINSONDE
L 600 STACK
~ 335 / AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)| TIME — 0700 0830
2160 PIBAL 172/22
1905 PIBAL 167/21
1775 RAWIN |[:145/21
1650 PIBAL 162/15
1390 PIBAL 162/13
1130 PIBAL 162/11
865 PIBAL 153/9
775 RAWIN | 185/28
600 PIBAL 118/11
335 PIBAL 089/12
300 AERD 020/10 085/11
NOTES. 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F0M NORTH TO TOP.

PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND

ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

PITTSBURGH RAWINSONDES FOR THE -2000 AND 3000 MSL
LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.7 Wind Profiles, Run 4

-136-



7
o
-~
-

LEGENDS
¥ ARC A STATIONS

4 ARC B STATIOGNS

# ARC C STATIGNS
K DENBTES PLANT LBCRTION

—_———P Z

SCALES

A

——= 10 MICROMOLES/L

1 MILE

Figure A.8 Sulfur Dioxide Distribution, Run 4
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TABLE A.8

FRECIFLIATIUN SCAVERGING LAIA == KEYSTChve STULY

RUN 4 NCV, v l9o¢  ARC A
SiA. SaveLlnG FreCIP CONCENIRATIONS IN SAMPLES
Fey dbu VOLUNE
FROW 1 Sue SCu4 I G2 NOS s
o U 5 9s4b 1u/.U Bed 1.9 He Y
Y4enU 71395 L] el Ded 1.¢
4o.U (%7 gihbh bl bed 2ed
44 ,U 7:58 teb? E9.U 5.9 2el
4o.0 {459 debd Beo0 6.4 L8
4o,0 dalU CREY Ju.U 7.8 1,6
47.0 dsué Yiue 840 S.3 l.tw
Yb.u Helid yiud luu,.u o4 let
49U siuv veld Yb.0 9.5 l.%
SU.U Bald S:lc SeoU lu.2 1.6
51.0 8iub yill 1Uu.0 S.b 1.3
SdoU 83UI 9:23 gt)nu 7.9 lo& '4.(1;4
53.0 Hicu G2l 1lezl.0 3.4 l.8
b4,U Bedd 9e29  luyl.U 2,0 3.0
5.V se2e $i31 1lee.l0 2.V Se6
Sc.U Hach 9;53 l1lb.U 4,7 203 4,08
S57.0 Hedd 9i41 11/7.0 9.1 2.t
S5a.u Bedh Yel43 lda.0 S,6 2+8
9.0 8i30 Sidl  135,.0 7.8 1.1
6U.U He37 Gidb  lée,U 12,3 2ol
6l.U He3d CRLY léec,U 1lob 2e3

rOlks VULUME UNLT 1S Mhe S02 CONCENTKATLION (,ITS ARE
MICROVokES/ZL . SULFATEs NITRITE Ay NITRATE CONCENTKATION
UNITS ARE MILLIGKAMS/L,
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4.0
THeuU
To.U
77.u
7ﬂ.U
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8l.0
Yol
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1 0fe s

PRECIFITATIUN SCAVENGING LATA == KEYSTONE STLDY

RUN
SaviLInNG
FerdGy
FRQWw Ty
sl ST
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dsuy veild
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dsle G2
vl YecH
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VULUNME UNLT L4

TABLE A.9

NOV. 2o
FReCIP
VULUNE

Sue
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d7.0 77

1.0 ol
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el Se2
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RUN NO. 5 DATE 11-2-69 TIME _ 0957-1106
~2160
~1905 ; AN ¥\ PITTSBURGH
RAWINSONDE
~1650
~1390 r
~1130
a6 PITTSBURGH
= TOP OF RAWINSONDE
L 600 STACK
335 = AEROVANE
SPEED SCALE 1/4" 10 MPH
HEIGHT (FT)|TIME — 0700 1010 1110
2160 PIBAL 157/26
1905 PIBAL 154/21
1775 RAWIN | 145/21
1650 PIBAL 153/20
1390 PIBAL 147/17
1130 PIBAL 144/15 150/13
865 PIBAL 141/15 150/11
775 RAWIN | 185/28
600 PIBAL 126/18 115/8
335 PIBAL 102/8 081/4
300 AERO 080/10 055/4
NOTES. 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F0M NORTH TO TOP.

. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE

RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

. THE AEROVANE WAS {1OUNTED ABOUT 100 FT ABOVE GROUND

ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL
LEVELS ARE PLOTTED AT o>AME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.9 Wind Profiles, Run 5
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Figure A.10 Sulfur Dioxide Distribution, Run 5
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20
3.4
4.V

s T

Je9
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CORCENIRATIONS IN SaMPLES

W
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bebo

MICRowveLeS/L. SLLEATEY NiTwITE Al NITRATE COLCEI TR/ TC
UNITS ArE wllpdeowavS/e,
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TABLE A .12

SUMMARY OF FIELD PERIOD II -- FEBRUARY, 1970,

[
3

Run Wind! S0 Sampllng Precip;“ 802 S02 Concentration

Date No. Velocity Emission Arcs Run Time? Duration 'Rate Recovery Max Mean Min
(deg/mph) (tons-hr - (min) (mm-hr=!) (uméles) (ymole~1iter—")

2-3 6 345/85 12.3 A 1229-1430 139 0.31 0.98 1.9 0.8 0.1
B 1307-1455 131 0.24 1.34 4.9 1.4 0.1

2-9 7 145/9 12,2 A 1029-1135 87 1.63 32,22 12.8 7.6 3.8
B 1054-1207 96 1.30 10.44 7.2 2,5 0.2

2-9 8 149/13 11.1 A 1201-1315 95 0.56 8.47 9.5 5.3 1.8
B 1238-1340 92 0.15 2.85 12.1 6.3 1.3

2-10 9 290/10° 11.6 A 1012-1115 79 0.61 18.66 13.4 8.3 2.7
B 1048-1138 86 0.76 19,12 11.8 8.2 4.0

2-10 10 290/105 11.6 A 1133-1247 95 0.84 8.93 8.8 3.6 1.1
B 1218-1312 97 0.79 14,28 9.8 5.2 2.0

2-10 11 290/10° 11.6 A 1309-1444 115 0.42 7.75 7.8 5.1 2.7
B 1357-1506 119 0.41 10.19 11.1 5.9 1.9

2-14 12 146/8 11.8 B 2015-2124 149 0.06 1.21 3.5 1.1 0.1

lind velocity at stack exit, unless otherwise noted

2T1m.e of concurrent sampling by all collectors

Average duration of collector exposure

“Average rate determined from average volume of prec1pitat10n collected and average duration of
collector exposure,

50700 EST Pittsburgh rawinsonde.
6Best estimate from pibals lost in overcast after 30 seconds.



RUN NO. 6 DATE 2-3-70 TIME_1229-1455

~2160
1905 PITTSBURGH
RAWINSONDE
1650
~1390
~1130
i PITTSBURGH
~ 865 —_"T0p oF . RAWINSONDE
- 600 STACK ‘
~ 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0700 1230 .
2160 PIBAL
1905 PIBAL
1775 RAWIN |350/17
1650 PIBAL
1390 PIBAL
1130 PIBAL
865 PIBAL
775 RAWIN | 345/20
600 PIBAL
335 PIBAL
300 AERO 290/u
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F0M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE-LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT, PITTSBURGH.

Figure A.11 Wind Profiles, Run 6
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TABLE A.13

FRECIFPITATLIUN SCAVERGING LATA == KEYSTCNE STLLY

RLI @ Feue 3¢ 1970 ARC A
Sla,. SaVrLLKG FrbeCIP CONCEL IRATLIUGNS IN SabMPLeS
Fercdion vioLuUNME
FRGWN o, Su2 “CH v 02 NGO k-
1.U 12318 44idy 576U ol col) 70 YoYU
Seb icelh 14334 el 2 2l
5.0 leilo luside 7.0 vl led 91 T )
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YeU 1)y Ll4idu Hoel -9 el L Yelh
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10,0 1c2ice  1luiud ol.0 le2 34U .9l
15.U lezelo lysdd Hl.U 5 o7
17, 12el?  luile 39.0 ol o7 1.05 be 75
1v,0 12ieu 1w d¥ ole0 »3 2eU
2c .l 1z:21 lysb eIl 17 2.0 1,80 S.1h
294U deciduy lusde d49eU oH 2ol
254U lé:co luyshb glel o7 o/ .92 ekl
27V il 14343 7240 ol Led lgb 4480
31,40 42313 142130 “le0 1.3 l.4 l.0V
d5.U i2sld 14334 {2.U o2 Uebrpy
35.U 12:17 14335 Sdel o2 l.0
374U 12:2u Ad e i YU o3 7 etic 4,85
39U L2eel l4iuy Y.V ok 10
4l,U 12324 1l4:i44 330U o7 1.3
45,0 iéido 14547 YUl.0 l.Y o7
45,0 l2iet 1449 43,0 o7

L GIES VULUME UN4T Iy L. SO02 CONCENTRATACN (INITS ARE
MLLROMOLESZL . SULFATE» NITRATE sisw MTKATE CONCENTKRATION
UNLITS Akt MikloravS/Zi, K
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TABLE A.14

PRECIFITATLUN SCAVENGING LATA == KEYSTONE STULLY

- rUh  © Fey, oy 1970 ARC B
Sla. Savi LInG FRECIP CONCENTRATIUNS IN SAMPLES
FeERAOL VULUNE

FRUWN T4 Suz SC4 PO U Fh
11,0 lesbl lgihnd 4cet) od 2o .91 Y4479
12,0 léebvbs latyy Gbel) ol 2¢9
leeu 12855 135:0v bSael 2e3 2e0 89 4eb]
leosU desn? 13343 Tcel P | el
ls,.,u deeny loiud ol vl 1e¢3 BU Heb?7
22UV 13:01 lhiuy 4eol ol .
el AJ5US 15:1u Gl.0 2 3.2 9V 4,454
24%.U l2iu4 14398 foel ek
26U Lean? Invsul Ghel 2eY leb a9l 4,07
2,00 -ld:b"' lb;uj 46U lol Leb
Ju.V LdebhYy HellD Gl,0 ol Zed 32 behy
3‘.0 l-’:bl 1ol 4041 c.b ceD
344U 13303 1o:il4 el 4,5 1.UD 4e54
3.l 133U/ 15:19 44,0 4,1 2eU 1,15 4,56
bLUeU 12345 L5iyu Yoel 2,5 lets
Ye, v e lo:113 43U 4.4 1.0 130 b'bf)
Yool deingy Ainiu7 49U o4 2ol
YbelU L2194 LYHille doeud o3 2el
Su.u l2es7 1aily PP oI 2o 1.20 4,60
S5cel l2ety Aoe1G SweU . 2eb
54,0 13:u1l 15:23 ebel K 2eb 1,10 4456

Ules VULUME UNLIT &S Miee $0g CONCENTRATION (i ITS QRE
MACROUNOLESZLe SULFATE» NITRITE At NITRATE CONCENIKAT JOM
UNLTS wRE MiLLLeRAMS/ZL,
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RUN NO. 7 DATE _2-9-70 TIME 1029-1207
m2160 \ ,
—1905 ) PITTSBURGH
\ RAWINSONDE
~1650 \
~1390
1130 \
L ges AN W\\ ' PITTSBURGH
- TOP OF AN RAWINSONDE
L 600 STACK
- 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0700 0915 1119
2160 PIBAL
1905 PIBAL
1775 RAWIN | 160/21
1650 PIBAL 178/30
1390 PIBAL 171/28
1130 PIBAL 166/23
865 PIBAL 154/17 | 145/2]
775 RAWIN | 135/20
600 PIBAL 143/16 | 138/19
335 PIBAL 138/16 | 132/15
300 AERO
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F0M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.13 Wind Profiles, Run 7
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TABLE A.15

PRECIFIIATION SCAVENGINGL UATA == KEYSTONE STULY

rUN 7 Fte. 9 1970 ARC A

Sltae SAMELING PRECIP CONCEMTRATIONS IN SAMPLES
FeRluu vLLUvE
FROCW T su2 s5c4 nO2 NO3 PH

ol 40319 11:45 134,9 12,8 9,3

4,0 lusdl lliy6 15be5 1u.7 4.9 « 60 4,61
el 10:2< lils48 174,05 bed De3

EelU Luies liehl 223..U Eol Hed «8d HelQ
IUesU LUsEh 11:87 1lybeb S.l S03

lesU 1ul26 1lidd 27Ul S.9 Se2 N1V 4e50
16,0 luse! lisvy S/ eU G4 4¢5

lo.U luitey 1ciul 49HheU 1o,u JoB8 Y- 4.56
SUsU 1Usezd 1lisdc 2uilV 4.0 Sed 6l 4.20
Geo il 10311 lil:a8 Lived Qe Je5

44,u lueid lisb] loued 3.8 Jeb .42 4.91
Bo,U  LUIL4 11343 1955 5.2 Jeb

L, U lUslo lliun Loy .U S.4 6.9 o 76 4450
besU  LUIL1Y 11:49 <Zubeu Jeg 1645 43 4,88
S4,0 4024 1151 SolU 4,0 9.7
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He el d0secd llino loo.l 6o Yoth

(SYVIPR V] lU:ll 11038 locey .9 bol 1-17 40“0
bc U 40213 Y1ad&7 179.U Delh 4.0

64 U luesld L1837 L2« D Hes 7.0 1,20 4,66
boeU  1UILT 11i42 14645 11.3 Sed

Ules vulUrE Uividl Iy MiLe SO2 COLCENTIRATLICON 14 ITS ARE
FACKRe MORES/L e SULFATEY NLIJRITE aby NITRATE CONCENTRATION
UNETS ke ML doramS/e,
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TABLE A.16

PRECIFITATIUN SUAVENGING UATA == KEYSTONE STULLY

KUK 7 Feti, Yo 1u70 ARC B

Slae SANMFLILING FreCIP CORCEN I RATIGNS IN SAMPLES
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Ol llsvuu 12435 cloed 1,9 03
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el dusud 12:19 luu.l 24Y 4,5
TUeU  LUINT7 1gided 19U.D l.0 4e7 43 4.4n
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4.0 luasby 1e2:27¢ L8905 1.1 Doty 32 4,3y
7e.U  Lulbd  1eisU L1boeb 2eU 445
ToeU dusbe ledde loUeU Y] Del a4l G.U4h
sUeU 103D 12:1U 1ub,0 4.3 S.1
8cosl 1037 12:12 <Zluel S0 el 87 4,35
84,0 dus oy 1£:15 2Uu7.0 2eD I3
Bo.U 1UMU 12217 L1700 1.8 Yel o 483 4eb
884U 105462 12320 14745 5,0 Jeb
QU.U dusyy 12:22 99,0 7.2 H4et4 .1 4,45
Q¢ oV lUiyo 12:25 I rayt d,e Jets
94,0 lusbu lezicts 170,00 Ze7 ok s HE 4a.51

P OTES VULURE Uivit 1y Mie SO2 CONCENTRATION (i ITS Ake
MICRONOLES/ZLe SULFATEY NLITRITE ANy NITKATE CONCENTRATION
UNITS pare VMikplokamS/c,
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RUN°NO. 8 DATE 2-9-70 TIME 1201-1340
\
2160 \‘ .
1905 N\ PITTSBURGH
AN RAWINSONDE
1650 \
~1390 N
1130 2
- 865 AN \ PITTSBURGH
- TOP OF \ RAWINSONDE
_ 600 STACK A
~ 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0700 1119 1310
2160 PIBAL
1905 PIBAL 156/25
1775 RAWIN | 160/21
1650 PIBAL 154728
1390 PIBAL 151/30
1130 PIBAL 150/27
865 PIBAL 145721 149/29
775 RAWIN | 135/20
600 PIBAL 138/19 152/27
335 PIBAL 132715 153/20
300 AERO
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE FR0OM NORTH TO TOP.

. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE

RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND

ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES

FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT.PITTSBURGH.

Figure A.15 Wind Profiles, Run 8
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UM
SAVi-LLIRNG
FERLIOW
FROUV To
iliud 13:ée
dlisvb  laic+
lildp S$iétb
4ishH) 1dién
LebH7?7 13:29
Alihd  18iav
11059 leide
12301 130\5“
Lissy luicy
disse 1ailbd
Llsa)l 1431/
llsud  LaedYy
lliun 1332
4lsu?7 L13:24
1lsuy Sieb
L1351 Laieg?
alehh  138idu
4135 13841
1iiah 13:1%
llsag 1liiloe
dliqu 13319
llige 13:2€

VULUNME UM

8

TABLE A.17

FEQ,

FrRECIP
VULUVE

74V
19.U
8%.0U
1 QY
Yol
1944
Qe
Yyl
Li/eU
tHeU
YeoU
2o
l1y.U
s4e0
Y4, 0
/DU
ool
Shel
boel
DLL )
DL U
SU.U

Yo

CONCENTRATIOUNS IN SAMPLES

C

cocouUsFFEF-NEgSsUOCErrFsFgoLooey
CENFUUXTFEFNDL-TTITFOIO~NTOEUTN

1470

S5Cd

ARC A

t“102 r\()d

1.26

15 VLe S02 CONCENTRATICN (NITS ARE

Fh
Loy
b.e(l

4e3u

dalhy

VACROVOLES/L. SULFATE, NITRITE ANUL NITRATt CONLEN1RAT10N
UNETS ARE MILLLIGRAMS/L,

-156-



TABLE A.18

PRECIFIJATIUN SCAVENGING LATA == KEYSTONE STULY

RUN 8 Fes, 99 1979 ARC B

Siae SANELING PReCIP CONCENTRATIONS IN SaMPLES
FERAUL VGLUNE
FRGV T1C Su2 SCy 1 02 NQS PH
col 12sal 1330 1U,.U 1.9
keU 12333 14lyv 1.0 4e9 )
el 12: 30 19303 el d
.U 12338 14205 5.0 1,3 1.31
Sbel 12307 1oi43 27.0 1g.1 1,34 3,91
60.u 12:1u 13:i4b 2.V Ted
6c,,V ddele 1348 200 7.4 1.11 J3.90
64U i2:1H 14350 'AEY’ 8.3
bb.U 12518 1lJ3:54 2o+ U 8,0 SV 3.90
boel 12:19 13356 27.u Cets
70,0 12:22 13:459 2/7.0 7e3 1.06 3.90
Tc.0 12:24 143u]) 2060 3.1
74,0 12321 lysub cU.l 2sH 1.21 3490
70.0 4245V lysud 2l.0 He.5
7.0 12832 14:10 le.0 3ey 1.46
80,0 1l231lu 13240 2c.0 4el
82,0 icele 13541 27U 59 1.11
84.U 12315 14344 éi.,0 He8
bo.U 12317 ld:40 Lol 8.0
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UL Lelge 13390 19,U 5.8 1.21 4,15
92,0 12:25 13:83 2U.U 3.0
94,0 12:¢28 13395 220 6.0 .99 4,15

hMOTES VULUVME ULNLIT Is whe SO2 CONCENTHRATLION (3, ITS ARE
MICRoMoLES/ZL. SULFATEY NITRITE anu NITRATE CONCENTRATION
UNITS ake WllLLlowkAmMS/L,
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RUN.NO. 9 DATE 2-10-70 TIME 1012-1138
~2160
—~1905 PITTSBURGH
RAWINSONDE
~1650
~1390
~1130
. 865 PITTSBURGH
- TOP OF RAWINSONDE
L 600 STACK
- 335 = AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0930 1040
2160 PIBAL
1905 PIBAL
1775 RAWIN
1650 PIBAL
1390 PIBAL
1130 PIBAL
865 PIBAL
775 RAWIN
600 PIBAL
335 PIBAL 282/6.0 | 293/5.0
300 AERO 280/8

NOTES. 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT TRAVEL.

CLOCKWISE FR0M NORTH TO TOP.

2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

4, PITTSBURGH RAWINSONDES

COMPASS ORIENTATION IS CONVENTIONAL-

FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.17 Wind Profiles, Run 9
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Figure A.18 Sulfur Dioxide Distribution, Run 9
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TABLE A,.19

PRECIFLTATLIUN SCAVENGING LATA == KEYSTONE STULY
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oC.U R o)) 11:16 {L.0 10.3

or. U lusuu 1l1:1lu ctel 11.0

WOTES vuLUpe MLl LS Lo SG2 CORCENTRATLION (JITS ApE
MACROMCLESALS SULFATEY NITRITE aNu NITHATE COWCENTR..TIO
UniTS ake MILLlerRAMS/L
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TABLE A.20

PRECIFIVATION SCAVENGING LATA == KEYSTONE STuUY

RUN Y FEts, lur 1970 ARC B

STa. SaNELING PreCIP CONCENIRATILNS IN SAMPLES
PErRLGL VCLUVE
FRON TG Sue SC4 Q2 U3 Fhe

c ol dUsld 1ei03 8360 lu.U 3.1
el .I.U:‘ab lﬁ:ub bY.0 9.2

bl lusu? leiu? GU.U 8,2 el
teU dUSwe leilu oUeU bed

lu.U0 1Udle 211:38 JleU 5.6 249
les0 auliy 1itwu SRy bec

14,0 1luidu 11:43 1l5.u Deb 32
lo.U  lut2s 1145 B4, 6,3

l8.0 10325 11347 80,0 lu,.2 2ot
2VU.0U 10ely l1l1iud dus .U lo.4

24U 40321 11344 890 el Yed
24 .U 10:2¢ 11347 lua.l Yoo

26.0 10s24 115V llo.0 4.0 Ded
e Y luse? 11152 lur.0 el

dU.U 109 1l1i%e6 llcV Se2 d47
ezl 1031 Ilihe 1uN,0 10,3

Shel 1U3S 123ue 79eU 10,3 3.7
3du.0 10335 123u3 111,0 10.9

6.0 lusiso l2iu6 /el 9,0 LY~
4U .U FRTIHRY.) 12iuy luu,.U lU0.1

bao U 1039 12311 do.l 9.6 Seb
44,0 lua4) 1cild luu.eV He8

GoeU 10343 12317 1luu,l 9.5 4ol
47,0 lutuh le2tle YU.0 11.8

944U 10340 11:99 1$.0 9.8

WOTES VULUNME UNIT Ly WMie SC2 CONCENTRATLION nITS ARE
MICRUVOLES/ZLe SULFATEs NITRITE aNu NITRATE CONCENTRATION

UNITS ARt MILLIGRANMS/L,
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RUN NO. 10 DATE 2-10-70 TIME 1133-1312

2160
1905 PITTSBURGH
RAWINSONDE
~1650
~1390
~1130
L g65 PITTSBURGH
< TOP OF RAWINSONDE
_ c00 STACK
~ 335 . - AEROVANE
SPEED SCALE: 1/4" 10 MPH
HEIGHT (FT)|TIME — 1040 1400
2160 PIBAL
1905 PIBAL
1775 RAWIN
1650 PIBAL
1390 PIBAL
1130 PIBAL
865 PIBAL
775 RAWIY
600 PIBAL
335 PIBAL 293/5 287/10
300 AERO 280/8 270/17
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE FR0M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.19 Wind Profiles, Run 10
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LEGENDS
¥ ARC A STATIBNS
4 ARC B STATIONS
# ARC C STATIOBNS
K DENBTES PLANT LBCATION

SCRLES
=1 MILE

F—— = 10 MICROMBLES/L

Figure A.20 Sulfur Dioxide Distribution, Run 10
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TABLE A.21

PRECIFLIATLUN SLCAVENGING LATA == KEYSTONE STuLY

rUN LU Fep, lue 1970 ARC A
STA. SavpLlhe FrECIP CONCENIRATIONS 1IN SaMPLES
"th l‘/b VULUNt
FRCOW To v SCH n02 NOS Fr

ol dlecu lesoe Yoo U
.U ll:2i lgsndb 121.4
el 1133 Aein7?7  luoll
el  L)ign 1cibY lloeu
lueU lletzo lasul  134,u
leosU llice laiue  1eo.U
lu.0 1i3ey 1a:1us 4ol
loeU Llea 145409 dic.U
loseU 1L21D desU LioeV
cUel 1117 leinl wic e U
€€,V 1iilYy 123198 Luv.eu
240U 1ledl 1lceinh Ldebal
2osl llece leis ly4vu.u
2telU Liecdd4 letzn9y 1lloaWu
UV lieco 13:u0l) 13u,.v
S2eU  Lhsel 187U Lld,.U
S4.U 11229 laiud 1Sb.U
drvelU  Lidlu 135707 Lab,.J
KISRT] I K 13509 411.0
b4el LlslD Lleiu? Yo.0
6ol dielo 12140 1U7.0
bb.U ll:ld l(:bd Yz o U

TUTOGUNNN+FEEEREALANGEUNBGEESEWLRE i
® & @ o 8 ® 8 4 6 @ % &6 & ® ° ® 8 8 e 6 8 @

QO TO0OLGAOANFUTCOLDOLPROCTKRFWLWEF OCLO CN

1 OTed vuLUbe URIT 1S ML, SO¢ CUNCENT 281 LUN (1L ITS ARE
MICROVOLES/L. SULFATEY NIIrITE ANy NITRATE CONCENTR: Y10
UNLITS aRE MlLLluxamS/a,
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Sle

2.
b4oU
CqU
beU
10,.,u
1.0
14,0
lo.v
lo.0u
2uU,U
2¢.U
244U
2o, U
24U
Jue.l
3‘.0
34,0
3.V
Sb.U
be,u
4y ,0
bo,U
Y/
Q4 ,u

I\O] t:

PRECIFITATION SCAVENGING DATA == KEYSTONE STLUY

RUN LU
SANMFLING
FErluL
FRUNM T¢C
123038 13:3c
12309 14:434
1lei07 1aiul
42210 13:43
L1348 1laile
Als40 13:1%
1143 13317
113495 lsicu
11347 13:2¢
41342 1lasly
dis44 laieu
Llsd7 13:124
dlenu  13:e¢
Llebhe 13:¢Y
llete 1342
liebhy 13145
desue  13:3u
d2iud  1l3iau
l2iue  1oiqd
acslUld 13348
12311 1448
ledld Sinl
desll? 13iH3
a2l 13:5%
L1e59 13:33

TABLE A.22

FEs, lus 1970

PRECIP
VULUNE

1394y
9740
127.0
I5el
13b.0
12100
155,0
Jo.0
141,09
15u.0
leco.U
Y el
4.0
ll/.0U
luo.u
léos,. U
0/.0
lutte
lis.uU
115.4
luu,U
llecol
Yo U
bcl.l
lUo.U

T FONWWWN & O0W
C
N

® 8 & o o 6 0 e o o
FNNITUTOCCOCC GEWD

O CNFUFUUUUCEOLNWNGD
® & 5 ¢ 0 4 & 0 ° 0 0 * o
ENFECNT 2 =U0rEagU e

SC4

ARC B

.02

NCJ3

VOLUME UNIT IS MhLe SO2 COWCENTRATLION (1,ITS ARge
MACKOMOLES/L. SULFATE, NIIRITE any NITRATE CONCENIM,. 1) ORN
UNITS AKE MILLIGRAMS/L,
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RUN NO. 11 DATE 2-10-70 TIME 1309-1506
~2160
1905 PITTSBURGH
RAWINSONDE
~1650
1390
~1130
N PITTSBURGH
865 " _T0P OF — RAWINSONDE
L 500 STACK
- 335 AEROVANE
SPEED SCALE: 1/4" 10 MPH
HEIGHT (FT)|TIME — 1400 1515
2160 PIBAL
1905 PIBAL
1775 RAWIN
1650 PIBAL
1390 PIBAL
1130 PIBAL
865 PIBAL 290/24
775 RANI !
600 PIBAL 289/22
335 PIBAL |287/10 | 282/16
300 AERO | 270/17
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT: TRAVEL.

CLOCKWISE FR0OM NORTH TO TOP.

2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

3. THE AEROVANE WAS IMOUNTED ABOUT 100 FT ABOVE GROUND

ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

COMPASS ORIENTATION IS CONVENTIONAL-

4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL
LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.21 Wind Profiles, Run 11
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f A .

. » . .
LEGENDS SCALES
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Figure A.22 Sulfur Dioxide Distribution, Run 11
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TABLE A.23

PRECIFITATIUN SCAVENGING DATA == REYSTONE STULY

KUN L1 FEp, 10» 1970 ARC A

STas SAVELING PreCIP CCNCERTRATIONS IN SAMPLES
PekiGu VULUNE
FROWV ic Su2 SCH4 r.02 NOS FH

c,oU i2s54 14349 15.0 0.9 Seld
4,0 l2:5b 1430y 79,0 3.9 4,0
0.l ieis? l4ind 700U Hebd Jeld
BeU 12359 14sb3 oU.0 4.4 S¢5
1.V 13300 1lyind 75,0 LYY 4.6
1.0 iIsue l4sho D8el) Het C Y
14,0 13303 lygihy Bae U 4,4 Deld
lo.U 433Ub 14259 c/el) 569 4eb&
losU 12350 1lusus B4l 2o €eY
2Vl 1enl lyiue 5540 Se8 (Y.
2el.l  1l2ibH3 1uilug 8LL0 3.7 4e0
cldoU 1£:H5 leiby 2tell Y9 7.2
cbol iiv? las e 0oel 448 4ol
2l iesh9 leo4 HULU St Sec
U0 13301 1lu4inb dUeu Sek 9.0
S2eU  1AILS  Juihy .l J.9 jUe2
S4 .0 13:0LY lnasuu "hilal) DY 347
.U  LAIUT7 1oiud luill el Jeld
Ssel 13:09 iHu4 ch,.V Tet 4.6
O U i’ luiqg huel) 59” Q.4
bb.U L2ibU l4iue Yaeu 6.2 4e3
8.l Leibe 1aiul oYeU De? deb

rOte s voLUrvE ULLT §s Vb SC2 CUNCENTKATLIGN (10 ITS ARE
MICROMOMES/L, SULLFATE» NITKATE Aty NITRATE CONCENIRATIC:
UNITS alE wiLLlerANS/L,
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TABLE A.24

FRECIFITATION SCAVENGING DATA == KEYSTOWE STuLY

KUN §1 FEu, lu» 14970 ARC B

Sia, SAVRLING FRECIP CCWCENTRATLUNS IN SAMPLES
FPERLIGL VOLUVE

FRGWV Te Suz S5ChL Qe NOS Fh
2.V 13340 lb:du bb o0 4.9 4.5 4ol
G440 1\5335 1:3.52 41,0 507 Sel4
Cel L3341 15354 bell 4ol 3.4 3490
BeU 133438 15147 e eV Jde8 JeH
lus0 138:1c 1500 Yy el Hel4 4,8 KPIT
1c.u ld:1b 1o30e 2l.U S5¢7 J.5
lu.U 1-5:17 15:1() boel JeY 50“ 4,00
leou 132V 1nil1e2 HaoeU Bed 2els 3490
ooy 1332¢ Inily Yol bel J,z Y AT
2UsU 13:17 1x:lo Y.l 7.1 Jeo
22el 13%tcU 15119 h4 e U b5.¢ Seb Je90
2ol L3123 l5:ic24 /.U 363 Je9
2oeU 133127 19i27 51.0 ey 3.7 4.0y
8. U disdy 1n23u DYl U 5.7 4elJ
JULU 133082 1%:32 P S5ett et 4.00
32eU 13339 15:13% 7o0.U 7.u 4ol)
S4elU L8238 1547 Jdo,.U 6e7 Jal 4.1y
3o.uy latuuy laiqu shel hed 2ot
36eU 131438 1oi91 S4eU 5e9 dets Y0
4u.u 1\5:'45 15:i54 Luveu bl e ly
Yeou 13342 19197 leuall el Seb .90
Bu,U L3:51 1lciuyu 1lus,u S8
“OQU Lasshy losul ldl.lJ 7.7 Se? JeB0)
47,u 13:5¢ loiub S4el) 11,1 A
Q4,0 Lasids Los2? Yy ol) 1.9 Jell

ROTES VULUME ULLT 4y vLe SC¢ CUNCENTRETLICN (1 ITS th
MLORONOLES/Le SULFATEY NLIKITE oaNe NITralt CONCENIRATION

UNITS aRe MikplorpamS/L,
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RUN Np. 12 DATE 2-14-70 TIME 2015-2124
~2160 '
RAWINSONDE
~1650
~1390
-1130
L g6s PITTSBURGH
65 "2"T0p 0 RAWINSONDE
_ 600 STACK
— 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 1900 1725 2100
2160 PIBAL 152/12 | 213/12
1905 PIBAL 152714 | 183/1
1775 RAWIN | 160/16
1650 PIBAL 151/16 177/10
1390 PIBAL 138/18 | 173/12
1130 PIBAL 123/20 | 161/19
865 PIBAL 118/20 | 146/19
775 RAWIN | 110/11
600 PIBAL 115/19 | 130/16
335 PIBAL 1M1715 | 121712
300 AERO 090/u

NOTES: 1. WIND ARROWS POINT DOWNWIND TQO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-

CLOCKWISE FROM NORTH TO TOP.

2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND

ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL
LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE

AS AT PITTSBURGH.

Figure A.23 Wind Profiles, Run 12
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Figure A.24 Sulfur Dioxide Distribution, Run 12
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Sine

col
L XY V]
C.U
ol
1U.U
1.0
ly,U
lo.u
lo.0
ray
244U
26U
2oeU
3U.U
3.0
440
Jb.u
3.0
Queu
Yeo U
44,0
4o, U
Liseu
LI
b¢ol
5440
50,0
Sl
6l
6c.U
o4V
bo.U
bo.U
TuaU
Teol
74,0
7U.U
Teel
8U.U
8c ol
4,0
do,.,u
be.u
9U.0
92.U

IOl

PRECIFLITATIUN SCAVERGING LATA == KEYSTONE STUDY

KUN 12
Savy LING
FERLCL
"RLI‘V T'w
cuesU? 2eily
gusiy ¢egild
cUsle <ceild
2uiih ecili
l8ivo  ZladU
1ssul 21032
lasuy 21l 2R
l8sbu  ¢lile
ldibe ¢1:39
18850 cLiad
LOSsUT clhand
L9910y Z2lebU
1Y31le 21:53
19314 21isH¢E
lyilo <¢lihYy
lysly <deill
lesuh £Zl:26
ldidg 21:31
i3t 21132
lgibe ¢21:35
18354 21337
N R3] ] 2li4u
1899 2lady
19301 2147
19503 21:49
4907 e21li52
19:U8 ¢c¢lihd
193}y <¢iin?
19313 22+40U
19:18 <22:ud
19320 el
AGs24  22+Ud
193¢0 22111
lY9s0h 21i24
193U Zisds
19339 2144
1934  zliiu4
19344 Zidtug
AYsu?7  <2liqy
adebh <2lisl
4950 2133
193%H4  Zishh
dYyibd 24156
19357 22400
cUsUl e lb

TABLE A.25

FEU,

FreCIP
VCLUNE

ch el
SUeH
35,0
o/,
2éeU
sleu
el
Vel
P4-T3Y
1o.0
17.0
Je el
33,4
2b.U
dvey
294U
il
13.0
l.0
21.0
24 .U
2bel
lo.0
lu.0
JleU
1y.U
/.U
l1u.0
SU.U
204U
bu.U
24U
li.U
deo U
co.l
S el
eYell
ct o U
dY.U
écol)
¢raU
lo.U
2beVy

)

CONCENTRATIUNS IN SAMPLES

Sue
o U
oz
2
ol
o2
el
o<
o2
o2
2
let

2.9

el e i Lk T Y
L J [ ] e & e - ® o L ] L ]

FC~NOFNENS

- Oy b
2 O =
ol ¢ ]

D

197n

SCH

ARC B

rn02

NOY

VOLUNME Uil 19 wLe SC2 CCHCENTRATION (MITS ARE
MICRUMOLES/ZL. SULFATE) NITRITE aivu NITRATE CONCENTRATION
UNITS ukt NLLLluNAMS/L_

-172-

FH
“.1'-*

“018
3492
3.75*
Je b0
4,22
4,22
S.89

Je 89

he22



-€LT-

TABLE A .26

SUMMARY OF FIELD PERIOD III -- APRIL-MAY, 1970

Run Wind! S0, Sampling® Precip.” S0, 807 Concentration
Date No. Velocity Emission Arcs Run Time? Duration Rate Recovery Max Mean Min
(deg/mph) (tons-hr—+) (min) (mm~hr=') (umoles) (umoles~liter—+)
4-13 13 151/4 12.3 B 1435-1632 158 0.004 3.10 83.8 21.0 1.7
4=14 14 095/8 11.7 B 0923-1029 102 0.66 149,65 21.2 17.1 13.3
4-14 15 090/8 11.7 B 1107-1225 132 1.03 95.10 20.9 13.6 10.0
4-19 16 110/10 10.9 c 1349-1640 209 0.04 4,89 27.8 15.6 0.3
4-23 17 218/18 23.3 C 1025-1521 327 Dry
4-24 18 234/12 19.5 c 0912-0958 81 1.00 2.00 1.7 0.5 0.2
4-24 19 235/10 18.1 c 1038-1443 286 0.19 7.04 8.7 2.7 0.3
4-24 20 325/185 18.0 C 1554-1630 100 1.44 58.20 29,1 8.8 4.7
4-29 21 270/115 12.4 A 1048-1440 255 Dry
B 1115-1445 255
5-2 22 315/97 24.1 B 1518-1833 215 0.35 3.46 0.6 0.3 0.2

lWind velocity at stack exit, unless otherwise noted

2Time of concurrent sampling by all collectors.

3Average duration of collector exposure

“Average rate determined from average volume of precipitation collected and average duration of
collector exposure.

51900 EST Pittsburgh rawinsonde.

60700 EST Pittsburgh rawinsonde.

71900 EST Pittsburgh rawinsonde.



TABLE A.27

PRECIFITATION SCAVENGING LATA == KEYSTUWE STULY

KUN 13 APRIL 18, 1970 ARC B

Sia. SAMPLLNG PRECIP CONWCENIRATIONS IMN SAMPLES
Perluyg VOLLUNME p
FROM 1¢C Sue  SCH4 NU2 NOS 8

U l3iuw 17:13 ledd 2.9
4o0 i4314 lot 2y 9 11.5
&l l4:1b loiu] leb b.}
Bel l4s1b losd s 1.5 17.7
lu.0 l4dly loiu?/ Zed Se9
lc,U 14019 lotiy lLed - SH.9
1"’00 1424 10:51 bob 22.7
lo.V lysee lothd 1U.U 25,2
16,0 14:23 1leitho ce0 83,8
2UsU 14224 1loib? Ded 17,5
22V l4seh 10:39 llou 21-9
24 4 U A7 17202 e 21,2
coel l4:2d 170Uy leb JY.2
2be.U 14330 17:up ted 30,2
JU.U 140841 17:ue lebH 2b,.b
dza.U PSR P 17:10 Seb 2H.h
34,0 Lluisd 1713 ced 29,7
dbeU les 34 l17+14 Le" 11,06
dzelU LGi3D 17:}10 Yeb 19,3
S4,0U 143:51 1o 52 1ed 77.7
SbeU 1L3i5¢ le:sd Led 1.7
SbelU 13:54 lgiab leU 2.6
bUU 13250 1pi s/ l.U 2048
6.l 13i56 1039 Leb Sed
64,0 L3157 1loiay 1.5 8.9
bb.U LIebs losud lel 14,2
bbeU l4sliu losad .U el
FUeU L4dlil lpoius Le5 deb
7.0 i4iu4 losiub 3¢5 23.6
T4l L4 Ub losus loeb 3h,eH
7boU Lusu? leehU 1oeU 2b.4
7o.U ' 14308 lcibl 14,V 17.6
8U.0 "142luU lgind 1.5 7.1
8co.U lu4ije 1leibd Led 24,8
B4.0 14318 lota? ceb 26,4
8640 l4e1d loenvy ') 295
B8,V 14317 17:ué ] 20,2
9u.U 14lle l7:ud oD lu,2
9¢.U d4s21 17:u5 Le9 B8

wOTES VULUME uNiT 15 Mle $02 CONCENFRATLION (ITS ARE
NLICRGMOLES/L. SULFATEs NITRITE ANu NITRATE CONCENMTRPTIOM

UNITS aKk MiLLloramS/L,
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RUN NO. 14 DATE 4-14-70 TIME 0923-1029
~2160
~ UL
~1650 =
o
~1390
~1130 e
— PITTSBURGH
~ 865 "T0P OF RAWINSONDE
600 STﬁCK
~ 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0700 0910 1040
2160 PIBAL
1905 PIBAL 110/36 101/32
1775 RAWIN | 135/17
1650 PIBAL 111/36 098/24
1390 PIBAL 110/32 094/32
1130 PIBAL 103/30 090/23
865 PIBAL 101/19 090/20
775 RAWIN | 125/17
600 PIBAL 107/16 090/13
335 PIBAL 105/14 090/12
300 AERO 080/15 080/14
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE FROM NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.25 Wind Profiles, Run 14
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Figure A.26 Sulfur Dioxide Distribution, Run 14
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TABLE A.28

PRECIFITATIUN SCAVENGING LAT) == KEYSTONE STULY

KU 44 APRLL lws 1970 ARC H
STrme Sav.-Ling Fre(LP CONCEMNIRATIONS 1IN SuNMPLES
FeRrdGy VULUIME
FROWM 1¢ Sue SCH i 02 NOQS fe b
U KebS lusbks 2oty lo.2

ol YiaU 1oida edrl.0 15,0
4.0 CHOR] 13sud edolll 15,8
,-U 9:30 13:3” 2R e U 1“.2
tBal 9;:0 1J:b£ dd‘-hU 14.(}
SeU B:J‘J 15:"]& iU 1’4.0
20,U ashl luidy <c4uULU lo.3
2t Lehs  lusde £2BY.U 17,2
Vel Beb4 1yl 2el.U lbeo
g,V &sbo lusdb 4 U L2
J4,.U XN lus &7 Sl lo,1
JGel cebe Ltyes9  17u4.0 1n,u
SbeU deSY  luitul <z4/WU la,l
YU,V Selbu lutuey gnYyl.U le.l
4o U ysue luish 2U4w.u 15,7
44,0 dsUd  lusul 24u.U 15.9
4o U CPHITL luitay 2UoeV 15,7
4peu Ysue luebe <Uo,V 1,2
bd.() Q:lu lll:hb 190.0 13.3
54,0 Yal1o luing  lYc,.U 15,4
Sc,.U Sel/ 1liuu 199,0 16.1
Sa.0 9iiyg llsuld Zlu.y la.9 Ded
bU,.U Gecl 1108 2esel 1“.2 o P 4
62.0 9;&1 llh:l albou 17.3 bot‘
64.U 9:23 1litlu 245, 21,2 Hed
66,0 Heo4 lus de colU.U 19.“ Bed
6b.0 debh lui du 2ub U 13.8 e
7“.0 gab7 lutdo coh .l 1“0‘3 52
7c,0 by lusan 205,0 13.0 4.0
T4l SeLU luiuy <coulLl 17.4
To.U 901 luibe 2oy, la,.y
Teou U3 luidd 2oee,U 14,8
8u,U gsLe  lyesud loulu 15,0
BeoU Yoo  Lusdl  ZdodLU 14,7
BU,.0 Y lusuy ceca.l 10-1
8u.U Yalu lusy ceua U 15.3
8o.U Yile luisd  26L.L lg,u
QU,.U eld Lushy 20 o i) 15'9
9¢ .U 915 lyi=/t  cucel) lo,4
94 , U 9slo 1liiuu ¢obo.u lo.2

b~
* B
O U

v OlES VOLUWE UINDT 1y Mo 5Ce CCILCENTRATLUN 4 ITS akg
MLUR(CLES/Le SULFATEY NLIRITE ahy NLTATC CONCEMIRATLOY
UNITS oht l‘lLLlUHm"S/L.

-178-



-179-



RUN NO. 15 DATE 4-14-70 TIME 1107-1225

~2160
1905 Xg\ = PITTSBURGH
By RAWINSONDE
—1650
1390 e -—
1130 - T
B PITTSBYRGH
~ 865 " T0p oF RAWINSONDE
L 600 STACK
— 335 AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0700 1040 1140
2160 PIBAL
1905 PIBAL 101/32
1775 RAWIN | 135/17
1650 PIBAL 098/24 098/19
1390 PIBAL 094/32 093/20
1130 PIBAL 090/23 087/20
865 PIBAL 090/13 080/14
775 RAWIN | 125/17
600 PIBAL 090/12 079/16
335 PIBAL
300 AERO 080/14 065710
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F20M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.27 Wind Profiles, Run 15
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Figure A.28 Sulfur Dioxide Distribution, Run 15
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TABLE A.29

PRECIFITALLULN sCaVEnGInG UATA == KEYSTONE STULY

rUI LD APKILL lay 1970 ARC b

Slae SaveblInu PrECIP CONCEnIRATIOUNS 1IN SAMPLES
bekdul VLLUVE
FROUW ([ Sup SCH Q2 NOS b e

U 104D 12ien 104&,U lo.2
2u.U LUy 12135 cdull 13.5 lesu
ebelU AUSI2 12:3p 244U Seb
SUU 1uedy leide ¢bb.U 12,3
JcesU  1UtAD legidu  2UUGU 13.9
S4,U LUsar lceidd 219.0 14,0
Sbel lUs 4% 124844 144,40 12.4
dcelU U]l legidg lof/ey 2U.Y
“UoU lUsus 1&:"07 .LD/.U 14.2
BeoU Lysubh  Ll2idyg  Llenu 1a.7
Y4 ,0 lUusu/ lesnu 14440} 15.5
booU U8y leibt 13l.v 11,5
btseU dUushe leidn  lioel 1s.0
SUsU LBy 1leiv/ 1%reU 1l.u
DcesU  LUsDbL leisy  loeel 1040
5"'0U lU:bd l.j:\;l 1930() ll'é
Doel) Lisvuu l3su3 ivou.U 12,1
YeelU sliue 1loiubs  Ziu,aU 11.¢ “eY
beesU  LL30U7 13514 2ub.l Sl 9.9
o4.U Jis1lvy 13318 2¢9n.u lo.3 Y]
btV lU:éC lt:bl ceh U ldoq {302
6.l Lutiy leind 245H,U 14.1 445
TUU lUsso 12i00 LyueU lu,] Sed
72,V lUtaeg 12i9y  2lu.U 135.7 4oty
7460 LUsuu l13:ul ZUc o U 14,1
To,.U AUskZ 14:u0d 2éc U 14,1
ToeU LUIHS 13105 <2280 14,1
BU,,U lysud 1350/ 234, 4.0
el LU/ l.j:ll) dbb.U lJoU
B4.U LU4Y 145812 2uH/r,4U lo,.4
b U ludnl 13:i1l1b bl 15,7
gt el LushHs 18317 Z2lc.V 1“03
Yu.U Lues9h 13:19 4%l .U 13.&
9c U  LJihyr 1822 1.0 13,5
Y4,U0 Liiuyu ldide 245,00 12.7 el

Vice VuLUrE LML) Ly MLe SOz CONCENTRATLUN (o ITS ARE
MILRULVCEES/ZL . SULFATEY ANLTRLTE ANy NLITRATE CONCENIRZ TIC
CIVITS ARe vILLAGHAMS/L,
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RUN NO. 16 DATE 4-19-70 TIME 1349-1640

—2160 \\\
LY
~1905 5 PITTSBURGH
RAWINSONDE
1650
1390
-1130 ~
N - PITTSBURGH
865 " T0P oF = RAWINSONDE
L 600 STAC
L. .,
335 _— AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 1200 1348 1627 1900
2160 PIBAL | 152/31 139/17 168/12
1905 PIBAL | 150/27 139/21 165/15
1775 RAWIN 140/26
1650 PIBAL | 144725 127/25 162/14
1390 PIBAL | 135/24 121/23 152/10
1130 PIBAL | 127/19 113/17 121/20
865 PIBAL | 113/18 100/13 119/33
775 RAWIN 120/ 24
600 PIBAL | 110/15 096/12 119/31
335 PIBAL | 101/12 090/10 121/25 |120/14
300 AERD 090/15 090/16
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F20M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.29 Wind Profiles, Run 16
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Figure A.30 Sulfur Dioxide Distribution, Run 16
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FRECIFITATLIUN SCAVENGING DATA == KEYSTONE STUDY

TABLE A.30

kUn L0 APRLL L1y 1970 ARC C
SavpFLiinG PreClP CCNLENTRATIUNS IN SANMPLES
FerdOn VvOLUNME
FROV o Suz SCH4 .02 nNCS e
Lasae 17:u3 l1/eU 3
LJ:JC 10:4-5 294 U 503
13419 lesub 20ed Jeb
13i¢b  leine c€heh Bab
13330 loivy 1o,U 10,7
L3sab 1/7:0% Hel IU.0
13715 loisu Sled 23.0
13319  loias 24l 24.1
1382¢ loiuy LYed 27.8
13:29 loind Hel 19,0
13i2¢ Leit? bel 29.4
13:¢u  loitue doell 13,6
13:25 10:32 Il 15.6
ddicys  loibb £de U l1u,0
13329 leibd lbeu B4
43831 17:iv0uv 1l.9 7.0
135350 1704 Hed Ged
43341 1/:u7 zel 1.1
l3dibe 1/7.l10 l1ley 11.1
4348 l771u SeU 14.0
l3iloe losud Jleb el)
15:19 lesud eV He9
13ic2 leibl 2uel) 7.8
ldsco 1lciny 2le1) He0

vulUrke UnJT

1S MLe 50¢ CUNCENTRATLUN NITS ARE

MICRLVOLES/ZL . SULFATEY NLIRITE Ahu NITRATE CONCENTHATIO
UNLITS sRE MILLIoRAMS/L,
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TABLE A.31

FRECAFLTAT LGN SUAVEILGLING LAl == Kby TGt StuLyY

S Y 4 aPRLL 230 19 ARC C

Sta. Sunve Ly, ¢ e CLP COnLHI O RAL LGNS LN SAMPLES
FEl o YULUME
FRGE b Syl w4 VP fous )
1.0 AUs LU 1534% o U o
leb lusice Inidn o U )
<ol IYIRRYS L3aue o U 1.7
velU dUsel loium ol Y3
Leu dustiv 1::2“ o U B
SeU  auill 1nice ol o
belU  lutu? 1yise ol ol
/.U lU?lO 13:&5 o U o U
LUesU suiecy 19ine U o2
leoU dUsui) 1::&1 o l) U
leoUu 1luiusr L5iev v 2
15.u Lysus 132 U ]
la.U L0811 L 3o o U o)
le.u lus,/ loaus o U U
€UesU  LUsgd 1=iby el 1.1
2leU  LUICS 1hine o U o U
e el 103uuy ) RSP ol oM
€3eVU  LUILYH 15!l ] ol
4.V lulug 15:a7 U e
£SsU lusiu 15339 ol ot
Z0eU lusly boewd ol ol
21V dUs1/ lsoa/ ol oL
2Ll lUsen Ioinab o U lets

Oles volUre uril S wbe Sue COLCLNTATLIN (1 11S Apg
MACRONMCLES/L, SLLFaTes nLiRLTe oy, NITRATE CCrCer TRy T3¢
Uhlls sk M eploruvS/e,
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RUN NO. 18 DATE 4-24-70 TIME 0912-0958

»

~2160
1905 PITTSBURGH
j[/j{ RAWINSONDE
~1650 /
-1390 ‘
-1130
PITTSBURGH
™ 865 T 70P oF RAWINSOHDE
| co0 STACK
~ 335 AERQVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0700 1002
2160 PIBAL 225/32
1905 PIBAL 225/38
1775 RAWIN |195/44
1650 PIBAL 220/ 34
1390 PIBAL 222/36
1130 PIBAL 226/34
865 PIBAL 234/26
775 RAWIN |165/29
600 PIBAL 238/16
335 PIBAL 246/11
300 AERO 210/10
NOTES* 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE FROM NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABQVE SURFACE
AS AT PITTSBURGH.

Figure A.31 Wind Profiles, Run 18
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Figure A.32 Sulfur Dioxide Distribution, Run 18
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STA.

COONOCOEFOLGNKF
e 8o o ® o 8 ¢ o o
ccccocccoccceocc

-
N
*
[y

13,0
14,0
1b,0
lo6.U
17,0
1.0
19,0
2U.U
21l.0
2c .U
234U
244U
2b.0
2bel
7.V
27,5
2tel
2%,0
2945
KITRY )
30.5

hOlES

TABLE A.32

PRECIPITATIUN SCAVENGING DATA ==~ KEYSTONE STULY

nUN 18

SAVELING PRrRECIP

FeEkiOL VULUNME
FRUWV TC
8:59 1y:l9 82.0
gsue duséd 2ol

RUN 18

Save LING PRECIP

PERLOU VUOLUNE
FROGV 1¢
gi4d  lyiud g92.0
9s02 lyiés 1l22.0
Yiuy Llui3dl lue.l
9312 1lus3s 93,0
CHE CH-1-) 87.0
gi4s  1ueud 47,0
giHl 1008 29,U
gi58 1ludlbd 14,0
9308 1lui2d 1U.0
9:06 luseo P!
gill 1lusou lv,0
gy 1yiyd 14.0
847 1oiu7 7.0
8i49 1uill el
gebd 1utl? ol.0
8:857 1usel 3740
9yl luie? Ju,0
gsud lusie 974U
9iun 1lyddsy 217.0
8i4b  1yYsu0 23r.0
ged9  luyasle 1S90,0
4¢3 1luill 177.0
debb luild 19¢.0
sedg luslg 213.,0
SiUU luizy 21lec.0
YsU4  luicly 2le.V
giuy 1yi13l 2oc.0
Hadh lusuU ¢glr.0
el lusu4 26¢c.0
Bebe luitlU cbeesl
Beh 1lyily dec.U
ey luilyg 17,0

APRIL

APRILL 24,y 1970

ARC A

CONCENTRATIONS IN SAMPLES

Su2  SC4
R
S

24y 1970

nO2

ARC C

NOJ PH

CONCENTRATIONS IN SAMPLES

S02 SCu
3
3 16.5
.3
3
o6 1247
ol
Y -] 13ek4
1.7 25.0
8 1545
9
2 14,8
o7 13.1
1]
1,1
J
)
1.0 11,0
3
3
3
ok 11,6
l.1 13.5
3
J i1.v
ol
.3
3 el
ol
l.6 9.7
ob 8.9
o6 1044
3

NO2
« 0540
U270

W70

s UBTUL

870

USOU

«0300

« 130V

« 025U

w170

NOJ Ph
3,95 3e8n
4,26 372

5.08 4.00

4,60 3492

VOULUME UKLT IS MLe SO2 CONCENTRATLCON uUi ITS ARE

MACROVORESZL o

SULFATE»
UNITS ARE MILLIGRANS/L,

NITRITE aNp NITRATE
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RUN NO. 19 DATE  4-24-70 TIME__1038-1443
-2160 / I/,/ ;
= PITTSBURGH
1905 ’i}*——-—— —— RAWINDSONDE
~1650
~1390 \
~1130
B \ PITTSBURGH
865 —~—"T0P OF RAWINDSONDE
L 600 STACK
~ 335 ;kf- AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME —~ 0700 1105 1405
2160 PIBAL 226/40 249/36
1905 PIBAL 225/46 251/38
1775 RAWIN |195/44
1650 PIBAL 225/37 254/34
1390 PIBAL 221/29 251/30
1130 PIBAL 224/25 246/26
865 PIBAL 230/23 242/23
775 RAWIN [165/29
600 PIBAL 238/12 239/20
335 PIBAL 244/18 238/21
300 AERD 230/8 220/20
NOTES* 1. WIND ARROWS POINT DOWNWIND TQ INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F0M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.33 Wind Profiles, Run 19
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Figure A.34 Sulfur Dioxide Distribution, Run 19
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Sihe

oo
o & o
ccc

Stia.

.U
1.0
Zel
Sel
4,v
D.U
6.l
/sU
ol
GeU
lusu
11,0
1.V
la.U
14,0
1b.u
le.u
1/.u
1.0
19,U
2U.V
21.0
2.0
234V
2“.0
25,V
2obel
ey
7.5
286U
29,0
295
Jul.U
3Leb

i.Oles

PRECIFPLTATIUN SCAVENGING LATA == KEYSTONE STULY

rKUN 19
SAMFLING PRECIP
Ferdllu VULUVME
FROUV Tu
10320 l4:b2 124U
10323 14:h% iceU
10811 l4ius 4e ol
=UN 1Y APR 1y
SANFLLNG FRECIP
FerlUu VOLUNE
FRUV T¢C
dUiih  luiud 370
10324 15:00 22Y%.U
10831 1s5:12 1luce.l
luitad 1o Y/e0
9iba 144 ob.U
LUsus  lesu? g ol
lutpy  luisd dz .U
ludls 1hi0d 29.0
10323 1nid5 15.0
lulce 1bHi4d 47.0
LoisL 1siHu 310
L1034  1lbitH 5U,.0
lusuu 14348 32.U
10303 143548 Py
Ldsu?7 14:d8 17.0
10318 1niue LeoU
4017 1lsiubd /.U
lus2l 1s5:10 710
10827 19315 11/,.0
10832 15320 1l4c,0
10335 Lhi2h 1lu/,0
LU0V d4i4n  11c2.0
403u0 14348 S/.0
10310 142153 Heol)
10318 luibb 21744
10319 15:0U Y el
1024  l1lhiue 4740
10328 15307 6hel
d0831 1bveilh 17740
luluu  14:4b 4e,a0
1030y luiud 17240
40310 1luisba luye,0
10319 14i-8 ©7.0
10319 15501 1lue.l

TABLE A,33

APRLL 249

Svg

8
2,5
1.3

2y

CONCEN{RATIONS IN SAMPLES

S02
Y
6.5
l.4
1,3
[Y+]
o7
3
l.u
22,4
3.1
.0
8.7

FENE
e » o
FEUON

NG i DN -
GNP CECNTOCUT O FONTONOCO

1974

Sc4

1970

SC4

11.1

ARC A

r02

ARC C

o2
0210
o010V
eU1l4uy
115U
« 1280

28U

L3370

sv2UU

«U15U

sU32U

18U

021U

VuLUrve UIvET s ML. S02 CONCENTRATLION UNITS

MiCRGVOLES/ZL,
UNLITS ARE MILLIGRANS/L,

SULFATE

NITRITE any NITRATE

=194~

CONCENTRATIONS IN SAMPLES

NOS PH
NOS PH
3elH
2.98 3.94
gell
4,00
4.9y 4,06
4e23
T 4,20
4o3d 4,01
3,12 4,13
5.42 4,13
2.65 4,18
4,34 4,00
ARE
CONCENTRATION
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RUN NO. 20 DATE 5-24-70 TIME 1554-1630
~2160 /
1905 PITTSBURGH
RAWINSONDE
~1650
1390
~1130
a PITTSBURGH
865 TTap oF RAWINSONDE
_ 500 STACK y:
- 335 — AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)]TIME — 0700 1545 1615 1900
2160 PIBAL
1905 PIBAL
1775 RAWIN |195/44 330/23
1650 PIBAL
1390 PIBAL
1130 PIBAL
865 PIBAL
775 RAWIN 165729 325/18
600 PIBAL
335 PIBAL
300 AERO 230/19  |290/30
NOTES: 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF

EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE FROM NORTH TO TOP,

2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.

3. THE AEROVANE WAS IMOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.

4. PITTSBURGH RAWINSONDES

FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.35 Wind Profiles, Run 20
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Figure A.36 Sulfur Dioxide Distribution, Run 20
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STA.

S0
lu.0
39.0

STa.

.U
1.0
gl
Sel
4.U
Del
DU
TeU
Bel
Yel

lu,.u
1l.U
12V
13.U
14,0
15.V
lo.0
17.0
laeU
19,0
2U.U
21.v
2.4
23.U
2440
€9V
2140
27.5
28.0
2%40
295
LIVINY
SUed

nOTt:

TABLE A.34

PRECIFITATION SCAVENGING UATA =- KEYSTONE STUODY

RUN 20 APRIL

SAVPLING
PERLIOL
FRCM 10
14352 ledds
14358 leoiul
L4484 lesdu

PRECIP
VULUNE

217,0
lode0
24740

rKUN <¢U APRIL

SAVPLING
MFERLCL
FROWV T¢
144 1lpidS
45U loi54d
i5812 17:0é
19817 17307
14348 loedd
ieih! loitde
A435%5 lo:d7
19300 leiuk
l534b loiug
149 1loibd
15:5U 1loe08
15t 173500
14345 loedy
leiny  leoidé
14358 16:37
1502 leau
dbils loidd
15110 los4o
15315 1loiBu
15:20 loiS4
ihick leiss
44y leidu
448 1leidb
l4:53 los4u
143155 lpi4d
15:00 1lpiS0
db307 17:uu
15315 17308
lasus  lesdu
14348 1lo:33
143538 1ol
l4tvyd  loidb
1550l leidy

PRECIP
VOLUNME

77.0
209U
256.0
127.0
222.U
24100
2lc.l
232,10
177.0
157.0
lo/.,0
lic.0
le7.0
132,0
173.0
223U
254 .0
2be e 0
21c.U
2UU 0
219.0
26c.U
217.0
24740

ocel
2ec.
27u.y
262U
27540
2u/.0
éocel
lce, V)
22U

24y 1970 ARC A
CONCENTRATIONS IN SAMPLES

SCu nO2 nO3 PH

24, 1970 ARC C

CONCENTRATIONS IN SAMPLES
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RUN NO. 21 DATE 4-29-70 TIME 1048-1445

2160
1905 PITTSBURGH
—~ RAWINSONDE
~1650
~1390
-1130
| ges PITTSBURGH
= T0P OF | RAWINSONDE
600 STACK
~ 335 ¥ AEROVANE
SPEED SCALE: 1/4" = 10 MPH
HEIGHT (FT)|TIME — 0700 1100 1300
2160 PIBAL
1905 PIBAL
1775 RAWIN | 280/14
1650 PIBAL
1390 PIBAL
1130 PIBAL
865 PIBAL
775 RAWIN | 270/11
600 PIBAL
335 PIBAL
300 AERO 215/6 240/7
NOTES* 1. WIND ARROWS POINT DOWNWIND TO INDICATE DIRECTION OF
EFFLUENT TRAVEL. COMPASS ORIENTATION IS CONVENTIONAL-
CLOCKWISE F?0M NORTH TO TOP.
2. PIBAL WIND VELOCITIES ARE BASED ON THEORETICAL RISE
RATE OF A DRY, 30 gm PIBAL WITH 71 gms FREE LIFT.
3. THE AEROVANE WAS MOUNTED ABOUT 100 FT ABOVE GROUND
ON A 200 FT HILL ONE-HALF MILE SE OF KEYSTONE.
4. PITTSBURGH RAWINSONDES FOR THE 2000 AND 3000 MSL

LEVELS ARE PLOTTED AT SAME HEIGHTS ABOVE SURFACE
AS AT PITTSBURGH.

Figure A.37 Wind Profiles, Run 21
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APPENDIX B

REVERSIBLE WASHOUT —- AN EXAMINATION OF THE CONSEQUENCES OF
LINEARITY, NONLINEARITY, AND WASHOUT THROUGH DROPLET CAPTURE

Chapter III emphasizes the distinction between processes of reversible
and irreversible washout. Additional examination of the equations demon-
strates the utility of dividing the study of reversible washout into the
two following subcatagories: linear and nonlinear. Linear washout

pProcesses are ones that satisfy the following requirement:

N, = - Ky Oy ~ Hxy) Ky , H constant , (8.1)

(cf. Equation 3.5). Nonlinear systems, conversely, are ones that do not
satisfy Equation B.l. One should note here that "first-order" systems

are not necessarily linear, unless Henry's law is obeyed.

The distinction between linear and nonlinear washout is somewhat arti-
ficial, since no washout process can be expected to conform exactly to
the conditions of linearity. Some systems should approach linearity to
a fairly high degree, however, and the use of this idealization is
reasonably valid. Because of its blatant disobeyance of Henry's law the
sulfur dioxide-water system must be considered nonlinear for most cases
wherein washout is of interest; however, linear theory is still useful

to some extent here, as will be shown in the following development.

To illustrate the properties associated with linear and nonlinear washout
it is convenient to visualize a single drop of radius a falling through
polluted air of concentration Yap* Performing a material balance on the

drop and combining with Equation B.l provides
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chb ] 3K ) )
dz vta I Ab

H' (8.2)

Cap) >

where Cab is the average concentration of pollutant in the drop and H' is
the Henry's-law constant modified to units of CAb For the corresponding

case wherein Henry's law 1s not obeyed one may write

chb - 3K

dz =~ v,a (pp — 8" (ey) ) .

(B.3)

g' denoting the appropriate nonlinear functional equilibrium relationship

for Yae in terms of Crp°

Now consider a number of drops of radius a falling steadily through a
stationary pollutant plume into a fixed collector at ground level. The
plume concentration at any point (x,y,z) in space will fluctuate with
time; however, the average concentration at that point may be expressed

by the integral

T
1
Yave (x,y,2) + = f yAb(x,y,z,t) dt s (B.4)
o

where T is some appropriately-large averaging period.

For linear conditions Equation B.2 may be solved to obtain the ground-

level concentration of any given drop

3K 0 3K 2
Ao vee J, exp _;fz— Yap 42 ’ (B.5)
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where z, is some datum point high above the plume. Since the plume is

fluctuating with time, drops entering the collector at different times

will have varying concentrations. The average concentration of steadily

falling drops of radius a collected at times between t=o0 and t=t is
given by

n
L]

1 T
Avg T cAo(t) dt
o

3K o 3K 2 T
Tav, P\ f YAb dt dz
Z t o]

3K o] 3K z
= —Xth i exp _X—vta ) yAvg dz , (B.6)

showing that the time-averaged concentration in the collected sample

should be related simply to the time-averaged concentration in the plume,

whenever linear conditions prevail,

This same type of analysis can be applied to irreversible linear washout
theory to produce a similar result. For nonlinear systems, however,
analytical integration of Equations B.2 or B.3 (if possible at all) tends
to weight disproportionately the influence of gas-phase fluctuations.
Therefore, ¢

Avg
this much more must be known about the plume before washout can be deter-

cannot be expressed simply in terms of yAvg; because of
mined, and the overall problem is complicated enormously.

It should be noted that this analysis is somewhat incomplete in that it

implies that all drops of radius a that enter the collector have fallen
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through the same trajectory - a situation not expected to occur in nature
owing to time-fluctuations in wind velocity. Further analysis of this

ﬁuestion and of the consequences of employing average plume concentrations
to nonlinear washout problems will be the subject of a forthcoming publi-

cation(68).

An extended analysis of Equation B.2 can be employed to investigate the
significance of the mechanism of gas washout through pickup of suspended,
gas—-laden fog droplets. (Mechanisms 2-3-4-10 in Figure 1.1.) If one
assumes (comservatively) that the rate of water-mass pickup by the falling
drop is negligible comﬁggfd to the mass of the drop itself, then from

aerosol-washout theory one may write

Gain of concentration in drop through mechanism 2-3-4-10 with

chb 3E(a) m Pw Yap

= = s (B-7)
dz |5 34-10 4 a B

13

distance =

where m is the mass concentration of saturated, suspended, droplets,
E(a) is the droplet washout efficiency, and oy is the density of water.

Assuming additivity of mechanisms, this may be combined with Equation

B.2 to give

de 3E(a) m p 3K 3K H'
Ab _ 1 _ 7w Ty Yy
dz + v a Yap ~ v a €Ab (B.8)

4 a H' z z

which becomes, upon integration,
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)
= |_ 3E(a) m , 3Ky 3KyH'z
CAo [ hoga H' + vea exp —;%—;— Yap dz- (3.9)

Zg

Inspection of Equation B.9 shows that the terms for pollutant-gas washout
from the mechanisms of fog-droplet capture and simple gas absorption are
additive; their relative effects, therefore, can be assessed simply by com-
paring the bracketted terms. Even though Equation B.9 pertains strictly to
linear systems only, this equation can be utilized for order-of-magnitude
comparisons for nonlinear washout simply by substituting constant equi-

librium and mass-transfer coefficient values corresponding to the conditions

of interest.

It is of interest to perform such a comparison for the sulfur dioxide-water
system. Consider, for instance, a point in a plume wherein the ambient sul-

fur dioxide concentration is 1.0 part per million, corresponding to a

linearized H' of about 20 cm3/mole. The following table provides a comparison

of the relative importances of the mechanisms for drops of various sizes

falling through this point. These calculations are based on the following values:

E(a) =1, m = 3 gm/m3, Ky given by the lowest values appearing in Table 3.2,

TABLE B.l1

COMPARISON OF SULFUR DIOXIDE WASHOUT MECHANISMS

3E(a)m _ 3 Ky

Drop Diameter 4 a py H' vy 2
cm moles/cm® moles/cm®
0.03 7.5 x 1076 4,2 x 107"
0.10 2.3 x 10— 1.5 x 105
0.30 7.5 x 107 9.0 x 10”7

From Table B.l it is obvious that the fog-capture mechanism should rarely be
a significant factor in sulfur dioxide washout by rain. This is especially

apparent when one notes that the values emploved in calculating the groups
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in the table were chosqp so as to accentuate, as much as is realistically
possible, the relative effects of the fog-capture mechanism. One should note
that at lower ambient concentrations of sulfur-dioxide, the relative effect
of the fog-capture mechanism should be enhanced, this arising from a lowering
of H'. This enhancement, however, is still insufficient to render the fog-
capture mechanism of any importance under circumstances of practical meteor-

ological interest.
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3E(a) m o 3K | fo K_Z
c, =1]- + —y
Ao 4 oo va -[z exp v, Y,y 42 . (B.9)
Inspection of Equation B.9 shows that the terms for pollutant-gas washout
from the mechanisms of fog-droplet capture and simple gas absorption are
additive; their relative effects, therefore, can be assessed simply by
comparing the bracketted terms. Even though Equation B.9 pertains
strictly to linear systems only, this equation can be utilized for order-
of-magnitude comparisons for nonlinear washout simply by substituting
constant equilibrium and mass-transfer coefficient values corresponding

to the conditions of interest.

It is of interest to perform such a comparison for the sulfur dioxide-
water system. Consider, for instance, a point in a plume wherein the
ambient sulfur dioxide concentration is 0.5 parts per million, corre-
sponding to a linearized H' of about 600 cm3/mole. The following table
provides a comparison of the relative importances of the mechanisms for
drops of various sizes falling through this point. These calculations
are based on the following values: E(a) = 1, m = 3 gm/m3, Ky given by

lowest values appearing in Table 3.2.

TABLE B.1

COMPARISON OF SULFUR DIOXIDE WASHQUT MECHANISMS

3E(a) mp ) 3K
4 a B! vza
Drop 4 ,
Diameter, cm moles/cm! moles/cm
0.03 2.5 x 1077 4.2 x 1074
0.10 7.5 x 1070 1.5 x 107°
0.30 2.5 x 1078 9.0 x 107/
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From Table B.l it is obvious that the fog-capture mechanism should never
be a significant’ factor in sulfur dioxide washout by rain under these
conditions. This is especially apparent when one notes that the values
employed in calculating the groups in the table were chosen so as to
accentuate, as much as is realistically possible, the relative effect of
the fog-capture mechanism. One should note that at lower ambient concen-
trations of sulfur dioxide, the relative effect of the fog-capture
mechanism should be enhanced, this arising from a lowering of H'. This
enhancement, however, is still insufficient to render the fog-capture

mechanism of any importance under circumstances of practical interest.
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APPENDIX C

SIGN-X ANALYZER CALIBRATTON

Laboratory calibrations of the Sign-X analyzer were performed using sul-
fur dioxide from permeation-tube and syringe-pump sources as shown in
Figure C.l. Pure nitrogen was used as the diluent in all calibrations.
Carbon dioxide was admitted to the system directly from a gas cylinder
and controlled with a fine needle value. The results are given in Table
c.l.

TABLE C.1

SIGN-X ANALYZER CALIBRATION

0 ppm CO2 Added 256 ppm 002 Added
S07 Concentration Sign-X Readingw S02 Concentration Sign-X ReadirigggF

(ppm) (mv scale/10) (ppm) (mv scale/10)
0.110 0.077 0.000 0.053
0.143 0.097 0.118 0.131
0.147 0.100 0.143 0.159
0.198 0.143 0.146 0.160
0.202 0.145 0.180 0.182
0.250 0.181 0.191 0.193
0.252 0.195 0.235 0.227
0.368 0.300 0.265 0.237
0.419 0.361 0.306 0.278
0.580 0.430 0.383 0.345
0.910 0.610 0.594 0.476
0.945 0.735 0.925 0.760
2,00 1.09 2,00 0.985
4,00 2.30 2,00 1.09
8.00 4.26 4,00 2.06

8.00 3.99

8.00 4,15

*
Corrected f?r zero and reagent conductivity, read as minimum value
of fluctuating curve, filter out.
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Figure C.1  Schematic of Calibration Equipment



