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ABSTRACT

A model has been developeﬂ for prediction of the reversible washout of $0,
emitted from power-plant plumes and other sources. Predictions of this
computer-code model compare favorably with washout measurements made dur-
ing fifteen controlled-source experiments and four power plant experiments.
An application of the model to previous experimental conditions of high
background rain acidity shows that "megative washout can and has occurred
as a result of desorption of 802 from the rain below the 802 plume. The
resulting washdown effect was analyzed mathematically, and shown to be not
a significant pollution problem on the distance scale of current interest,
but could be important for gases that are more strongly dissolved than 50,.
The effect of dry deposition upon the experimental results of the study

appears to be unimportant for rainfall rates over about one mm hr~1l.

Sulfate washout measurements were made during the power plant study, and
an approximate reaction-washout analysis indicates that a rapid initial
oxidation occurs, which slows at increasing downwind distance. The sulfate
washout coefficient appears to be about 0.05 hr~1 for background pH 2 5.2,

but could be much smaller for more acid rains.

This report was submitted in fulfillment of work specified in proposal No.
300A00585 (BNW-389), Amendment 2, by Battelle, Pacific Northwest Labora-
tories under the sponsorship of the Environmmental Protection Agency. Work

was completed as of July, 1972.
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SECTION 1.

CONCLUSTONS,

A method of calculating SO, washout from plumes has been developed. This

2
method is based upon reversible gas absorption phenomena, and is applicable
to circumstances involving power-plant plumes emitted from tall stacks. as

well as for less complicated situations. It can be employed for predicting

washout of pollutant gases other than SO, upon substitution of the appro-

2
priate physical properties.

The washout calculation procedure is accomplished in terms of a model given
in FORTRAN IV computer code, which is listed and documented in an appendix
to this report. The basic precepts of the model--reversible behavior and
negligible plume distortion by washout~-were checked theoretically and ex-
perimentally and found to be valid under the conditions of present interest.
Field experiments conducted during this program showed that 802 concentra-
tions in rain often can be calculated to within a factor of two of observed
values, although the predictive capability is reduced for near-source con-
ditions, and complicated by the occurrence of chemical reaction. The
accuracy of the present model, moreover, is improved, compared to that of
previous calculation procedures; the latter predict results high by several
orders of magnitude under circumstances involving tall stacks. Additionally.
the washout model predicts behavior consistent with earlier measurements
near the Keystone plant, which appeared anomalous at the time. These model-

verified observations include:

1. Washout of SO2 from a concentrated, high-elevation plume can be

obscured by the presence of low-elevation, low-concentration

background levels.

o
.

The acidity of rain strongly influences its SOz-scavenging poten-

tial.



3. '"Negative" washout of 802 occurs under appropriate circumstances--
that is, rain that has passed through a power plant plume often

contains less SO2 than that which has not.

Sulfate washout from power plant plumes was measured during this study: the
results indicate that the rate of sulfur removal via sulfate washout is from
one to five times more rapid than that via SO2 washout. A definitive model
of sulfate washout was not developed during this study; however, the field
results applied to an approximate analysis lead to a conclusion that the
reaction process occurs rapidly near the source, and decreases with distance
downwind. The overall reaction-rate constant--for all sampling distances—-
derived from this analysis is in the neighborhood of 5 hr~l, with corres-

ponding sulfate washout coefficients ranging below about 0.07 hr™l.



SECTION II.

RECOMMENDATIONS

The computer model developed by this project is recommended for use in en-
vironmental impact analyses of fossil-fuel power plants, as well as for
assessments of washout of gases from plumes of other tvpes. Selected local
wind, rain, and pollutant-source characteristics, plus physical properties.
background levels, and topography can be applied to the model to calculate
concentrations of pollutant in rain as a function of distance from the

source.

The simplified plume description, assuming a bivariate-normal distribution
with spread parameters given bv the equations of Smith and Singer, and loft
given by the equations of Briggs. is recommended for use with the washout
model for impact-analysis purposes. More specialized calculations mav re-
quire other models of plume behavior; these can be easilv incorporated

within the overall washout model at the user s option.

The washout model developed during this studv is focused primarilv on re-
moval of 802. Sulfate washout is an additional important aspect of the
overall sulfur-removal process in power-plant plumes: accordinglv, an ex-
tension of the present model to provide for sulfate washout calculations is
desirable. Such an extension is complicated by a lack of knowledge of the
microphysics of sulfate formation and removal. Through a modest effort.
however, the present washout model can be extended to provide a macroscovic
calculation procedure. This would provide a computational framework which
would accept (in subroutine form) any given microphysical model of sulfate
formation within plumes and proceed to perform corresponding washout compu-
tations. This extension is useful for testing of microphysical models under
practical conditions- it is also desirable because it will vield an imvproved
environmental impact analysis tool once the appropriate microphysical models

have been established. For these reasons the development of an extended

washout model is recommended as a limited addition to the present work.



With the exception of the microphysics of sulfate formation and washout, a
majority of the processes leading to sulfur removal from plumes are now
fairly well understood. Improvements in our ability to estimate washout
rates, therefore, can be expected to stem directly from future improvements
in our ability to describe the features required for model input. Such
features are categorized below, in order of expected importance in improv-

ing our existing ability to compute sulfur compound washout from power plant

plumes.

1. Sulfate formation and washout-rate phenomena.

2. Plume description ('"'diffusion" model considerations).

3. Dry deposition processes and their effect on plume description.
4

. SO2 absorption microphysics.

If future research is sponsored by the Environmental Protection Agency on
washout of sulfur from power plant plumes, we recommend that specific areas

be given priority in the order listed above.



SECTION III.
INTRODUCTION

In October, 1969, Battelle-Northwest began field studies of precipitation
washout of sulfur compounds from coal-fired power plant plumes under
sponsorship of the Division of Meteorology, Environmental Protection Agencv
(then the National Air Pollution Control Administration). At that time,

we conducted an initial series of field experiments in the vicinitv of the
Keystone Generating Station in western Pennsylvania. Subsequent vears'

investigations included controlled-release SO, washout experiments at Quill-

2
ayute airfield, Washington, and a return to power plant effluent wash-

out experiments at the Centralia, Washington Steam Plant. (Figure 1

summarizes the locations and times of the field efforts under this program.)

Results of the Keystone and early Quillayute experiments have been docu-

mented previously (Hales, Thorp, and Wolf:! Dana, Hales, and Wolf?). These
references will be cited often in the present report, and we shall refer to
them hereafter as "HTW" and "DHW' for convenience. The purpose of this re-
port is to describe results from additional Quillayute experiments and from
Centralia, and to focus subsequent conclusions of these into the context of
the total EPA washout program. The remainder of this introduction provides
an overall perspective on the program by summarizing brieflv the design and
findings of the Keystone and early Quillayute work, and by outlining the

bases of the investigations to be reported in later chapters.
KEYSTONE

The precipitation washout studv at Keystone consisted basicallv of obtaining
chemical analyses of precipitation sgmples collected at various locations

beneath the power plant plume. Although 802 was the compound of primarv in-

- R

. NOL, BT,
= 30 92

804—-in specific samples. Figure 2 is a lavout of sampling locations with

terest, we also measured the concentrations of other species--NQO

respect to the Keystone power plant.
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Measured SO2 levels in the collected rain did not follow behavior predicted
at the time; in fact, it was exceedingly difficult to determine the in-

fluence of the plume on the SO, content of the precipitation. At times the

2
spatial distribution of SO2 concentration levels in the rain showed a

relatively high SO, content but indicated no relationship to plume location

2
whatsoever (cf. Fig. 3); other distributions, such as that shown in Figure

4, showed little SO, in precipitation collected at any location. Still

2
other experiments, such as that shown in Figure 5, indicated an inverse

relationship between SO, content and plume position--a paradoxical "negative

2
washout" effect.
Thece results, in combination with additional findings described in HIW,

led to the following conclusions:

C-1. Washout of 802 from high-elevation plumes is an inefficient process,
at least at distances within a few miles from the source. Washout
rates are less than those predicted from classical washout theory,
and never amount to more than a fraction of one percent of the source
per mile at the Keystone plant.

C-2. Washout of background 802 from low elevations is usually sufficient
to obscure contributions from the Keystone plume.

C-3. Free hydrogen-ion concentrations (obtained from pH measurements) cor-
relate somewhat with plume location, at least when background levels
are low.

C-4. Measured sulfate content of the rain correlates somewhat with plume
location, although background levels tend to obscure this relation-
ship.

C-5. SO2 content of the rain shows a strong inverse correlation with rain
acidity.

In addition to these conclusions the following speculations were made as

proposed explanations of the observed behavior:

S-1. SO2 absorption by the falling raindrops must be a reversible process,

with significant amounts of captured SO, desorbing during the rain

2
drops' fall beneath the more concentrated regions of the plume.
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S-2. 502 solubility is strongly dependent on rain acidity, with this de-
pendency forming the basis for the strong correlation between pH and
washout. The negative washout effect shown in Figure 5 is a conse-
quence of the rain increasing its acidity by scavenging nonvolatile

acid-forming materials from the plume, causing SO, to desorb to con-

centration levels below those reflecting backgrouﬁd concentrations in
rain collected at surrounding locations.

$-3. If the desorption effect (S-1) is valid, then a redistribution of the
502 plume takes place as a result of the descent of the rain, lower-
ing the altitude of the plume with increasing distance from the source.
This effect will be referred to as ''washdown" in the succeeding text.

S~4. The validity of S-1 also requires that an exact description of the
plume be used to calculate washout rates. This is in contrast to a
consideration of particulate plumes, where only a total mass term is
required., Also, if nonlinearities exist in the microphysical rela-
tionships dictating washout of SOZ’ then fluctuations of the plume
with time may become an important consideration.

S§-5. There is a rapid initial oxidation of SO2 to SOZ in the plume near the
source; this reaction proceeds at a much slower rate at greater dis-

tances.

Speculation S-5 is based on measurements of sulfate in rain collected at
various downwind distances from the plant. It is questionable for two
reasons, these being the inherent noise in the measurements (turbidimetric),
and the fact that washout measurements provide a rather indirect means of
assessing in-plume behavior. This speculation is in accord, however, with

many of the more direct attempts to study in-plume oxidation processes.

The speculations pertaining to reversibility and the influence of acid-

forming impurity provided a basis for performing more valid calculations of
802 washout. Subsequently, this approach has been generalized to apply to
all gases, and has been described in a separate publication.3
Additional field research was necessary to test the validity of the above

postulates. We felt that a relocation of sites of field studies to areas low

in pollution background would be advantageous, owing to the noted interference

12



effects. Moreover, we believed that controlled field experiments--employing
releases of pure 802—-would be valuable for direct testing of the desorption
mechanism. Information obtained from these tests plus results of another

power plant study could then be employed in a final analysis of washout from

power plant plumes.

INITIAL QUILLAYUTE STUDY

The site chosen for the controlled release experiments was the Quillayute
airfield, 1located on the Olympic Peninsula in western Washington State.
This location is characterized by near-zero SO2 background concentrations,
and ample rainfall. 802 was released simultaneously from two towers (ad-
justable heights from O to 30 m) and was analyzed in rain collected on
surrounding arcs, as shown in Figure 6. Comparison of washout concentra-
tions resulting from different release heights enabled us to observe the
desorption effect. In addition to the field experiments, laboratory studies
were conducted to evaluate quantitatively the relationship between SO2
solubility, concentration, and rain acidity. Also, an attempt was made to

model SO, washout based upon the postulated reversible behavior.

2
The 502 solubility measurements were successful in extending quantitative
knowledge of 502-H20 interactions down to ambient concentrations of the

order of parts per billion. They demonstrated conclusively the strong in-
fluence of rain acidity on solubility under these conditions, verifying

partially the above speculation S$S-2 (cf. DHW, pg. 29).

Two models of reversible gas washout were developed:; one was a computer
model, and the other a simplified linear version amenable to hand calcula-
tion. The first of these is described in detail in Appendix C of this re-
port. The second has been documented in former reports (DHW: Hales“), and
in the open literature.® The basis for these models is summarized in
Appendix B. As expected, the Quillayute 502 washout results did not exhibit
the anomalous behavior observed at Keystone. The absence of background im-
purities and non-volatile acid-forming plume constituents allowed the cross-

wind concentration distributions to assume even, well-defined patterns. re-

flecting the quasi-Gaussian form of the plume. In addition, we observed the

13



=

‘SHI¥NAS IS¥IA - MYOMIAN ONITIWVS ALAAVIIIND 9 FYNOHIA

Oo 91 ©
o P¢ o
%% 1t 6l 0
3 %, 82 sz 22 _o©
L L8 70%000000°

ardv 1Lsvi aId9 LS3IM

14



measured concentrations to compare reasonably well with predictions of the

newly-

derived models. Figure 7 is an example of such a comparison.

Conclusions of the initial Quillayute series can be itemized as follows:

C-6.

c-8.

Other

802 washout is indeed a reversible phenomenon and desorption can and

will occur under appropriate circumstances, which readily exist in
the natural atmosphere.

Solubility of SO, in rain depends strongly on rain acidity, and can

2
be accounted for quantitatively.

The reversible-absorption-based models of washout provide a fairly
accurate means of SO, washout prediction--at least under the ideal

2
conditions exemplified by the Quillayute studies.

aspects of the problem, such as the influence upon washout of time-

fluctuations of the plume, were not elucidated adequately by these experi-

ments.

In addition, the relative effect of dry deposition was brought into

question, and not resolved. To further examine these complications, we

felt that an additional series of experiments at Quillayute would be bene-

ficial to the program. These were conducted immediately prior to the power

plant

runs, which were held at Centralia, Washington, early in 1972. The

remaining sections of this report provide a detailed description of these

studies.

15
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SECTION 1V.

PROGRESS IN WASHOUT MODELING

INTRODUCTION

The washout modeling activities of this program, as indicated in Figure 1,
have been in progress since the latter stages of the Keystone field series.

We have described modeling during earlier phases of this project (DHW):

accordingly, this section will concern only modifications of these earlier

models. and related progress since the time of the previous report.

MODEL MODIFICATIONS

The nonlinear washout model utilized by the previcus study to calculate 802
scavenging rates at Quillavute has been modified substantially to increase
its versatility, applicability. and numerical accuracy. Additional changes
have been made to gain greater simplicity by eliminating features which, at
this stage of development, do not appear necessary for the provision of re-
liable results. A complete description of the nonlinear model is given in
Appendix B, and the final version of the computer code (EPAEC) is provided

in Appendix C. Modifications of the previous model to formulate this final

version are itemized as follows:

1. The Euler algorithm for solution of the basic differential equation
for concentration response of a falling drop was replaced by a
fourth-order Runge-Kutta technique, resulting in a substantial in-

crease in computational accuracy.

2. The code has been rewritten in terms of a master subroutine (MASTER)
enabling an overall program to be written rapidly for a particular
plant, topographical situation, and computational requirement. One
simply writes a calling program that reads the required data, com-
putes results by the command "CALL MASTER, '~ and prints the results
as desired. Alternatively, one can emplov the general calling pro-
gram (EPAEC) listed in Appendix C. and supply appropriate data in

the formats required.

17



Equilibrium washout was investigated using the previously-derived
criteria (DHW, pg. 20). In terms of a Gaussian plume superimposed

on a constant background level, this may be expressed by the form

- 40 o2
6nKyH u?yczyAblground level

v,aQ exp(-% - % yz/o}%)

> constant. (1)

Here, a = drop radius,
H’ = modified Henry's law constant,
h = release height,
K = overall mass transfer coefficient,
o and oy = plume dispersion parameters in the z- and y-

directions.

A more complete definition of these terms is provided in Appendix B

and in the table of nomenclature, Section X.

By observation of computed values, it was found that scavenged gas
concentrations in raindrops will be within one percent of the equi-
librium values whenever (1) is satisfied with the constant being set
equal to 15. This condition was incorporated with the computer code,
allowing bypass of the normal computation scheme under such condi-
tions. This feature results in a considerable savings in computer

time when washout at large downwind distances is calculated.

The provision for a general wind profile has been eliminated. This
was done primarily because of our finding that the amount of effort
required to account for wind shear is not justified by sufficiently
increased accuracy in prediction. This feature can be written back

into the code at a later date, if desired.

A feature to incorporate plume loft into the model was added. This
is performed simply by including as data a ''loft velocity'' which re-
calculates the effective stack height for each downwind distance.
This results essentially in a linearly lofting plume model, which is

useful for calculations for points near the source.

18



6. Chemical-reaction decay of SO, is incorporated into the model by

2
assuming a quasi-first-order gas-phase reaction. Various reaction

rates can be accommodated by adjustment of the rate constant, which

is read as input data.

7. Background 802 influences are accounted for. The background SO

concentration is supplied as input data.

2

As indicated by the documentation and flow chart given in Appendix C. this
model retains the advantages of modular construction, so that various com
ponents may be replaced easilv, if desired. The Pasquill-Gifford plume
model® used here, for example, can be replaced by a more sophisticated
counterpart, simply by replacing the subroutine YAB. Similarly, the wash

out of gases other than SO, may be calculated with this model upon supply-

2
ing the appropriate input data after replacing the solubility subroutine

HPRIME, which applies specifically to the system SO —H20. Additional

2
aspects of the washout computer code are discussed in detail in Appendix C.

RAINDROP MICROPHYSICS

Previous calculations of mass transfer to stagnant drops performed during
this project have been based upon a linearization of the liquid-phase mass

transfer coefficient,”

where DAX is the diffusivity of SO2

phase concentration (nominally 1/18 moles/cm3 for water). Equation (2) is

in water, and . is the total liquid

based upon the concentration response of a stagnant drop experiencing a
linear increase of gaseous pollutant concentration in time. Since raindrops
do not generallv experience linear increases. however, Equation (2) is onlv
an approximation to actual stagnant-drop behavior. A rigorous solution for
these circumstances was presented in HTW on page 40: use of this result in
the washout model however, requires knowledge of an interfacial concentra-

tion and necessitates time-consuming iterative calculations.
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The above problems can be avoided by deriving a rigorous drop-response
equation that is based on the bulk gas concentration rather than that ex-
isting at the drop surface. This was accomplished in the present study by

combining the equation for mass transport through the gas phase

NAo = —ky(yAb - Hon) ? (3

with the equation expressed in HTW, page 40, subject to step-function con-

centration forcing, and applying Duhamel's theorem.’ The result is
_6_@ E R s 2 ag + (B = 1)2
*ab T H J{[yAb(t - - HXAi]nil "”‘p(_"%{”)[aIZ1 FEE - D
o}

(4)

. 1 , 1
sin ¢ [~y sin a_ - =— cos a_]}dT + x
n-a noa n

Al ?

where H = Henry's law constant, (see Nomenclature)
NAo = flux of SO2 from the drop surfaces,
ky = gas-phase mass transfer coefficient,
Xap = bulk mole fraction of A in liquid,
Xpg = initial mole fraction of A in liquid,
Xpo = interfacial mole fraction of A in liquid,
Yap = bulk mole fraction of A in gas,
t = Dy ° time/a?
a, = roots of aaCotaa + af - 1 = 0,8
B = Haky/chAX

The assumption of constant H has entered into the derivation of (4). This
constraint can be eliminated in numerical applications, however, simply by

recalculating a ""constant'" H as numerical computation proceeds.

PLUME WASHDOWN

Lowering of altitude of a gaseous plume by virtue of the uptake-release
action of falling rain has been examined to determine the importance of this
effect insofar as practical scavenging calculations are concerned. Assess-

ment of this effect requires solution of the coupled conservation equations

20



for pollutant in the rain and in the gas phase;3 it presents a more complex
approach than that taken in previous modeling, which was based essentially

upon the assumption that the rain had no effect on the position of the plume.

A number of alternative mathematical approaches to this problem were con-
sidered. We finally found, however, that the most fruitful approach was to
combine the coupled, linearized conservation equations, apply repeated
Fourier and Laplace transformations to remove all differential forms, and

then invert to obtain the solutions.

Inversion of the transformed equations was performed to give, for the gas-

eous plume,

-y? [z - (h - wt)]?
0 eprfﬁi} exp {357 + Gwse )
) z

Y
y (taY~z) = - T . s (5)
Ab V2m ﬁcy (Zwoi + 4owdt)”

which posesses a characteristic "washdown velocity' given by w = JH(CV/CX).
J being the rainfall rate and cy and <. being the total molar concen-
trations of matter in the gas and liquid phases, respectively. 5§ 1is a

characteristic length parameter defined in Appeundix D.

A detailed description of the derivation of (5) is given in Appendix D, and
it will suffice here to provide an example to indicate the predictions of
this analysis insofar as practical modeling aspects are concerned. For
this example we have chosen a rain-plume situation characterized by the
parameters given in Table 1, which are representative of actual rains and

802 characteristics. For reasons of simplicity, we have chosen a 'plume"

TABLE 1. BASIC DATA USED FOR WASHDOWN CALCULATION.

Rain Rate, J 107" cm/sec
Raindrop Diameter, a .03 cm
Terminal Velocity, v, -300 cm/sec
Mass-transfer Coefficient, Ky . 8.2 moles/cm? sec
Effective Henry's Law Constant, (H EX) 3.3 x 103

X
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with zero diffusion for this example, which is sufficiently realistic for

illustrative purposes.

Solutions of Equation (5) for the above conditions are shown in Figure 8,

where the concentration of the gaseous SO, plume is plotted versus height

2
for a number of discreet transit times (t = x/u). In this plot the initial
plume (an impulse function at t = 0) is seen to spread out in a downward

direction as it is washed down by the rain.

The primary result of this analysis is the indication that, although the

"

gaseous plume is indeed "washed down," this effect is not a highly signifi-

cant one for 802 plumes over the time and distance scales of interest to
this project. The ''nonfeedback" aspect of the EPAEC model (i.e., the
assumption that the rain does not affect the plume's shape), is therefore

justifiable under these circumstances.

A word of caution, however, is in order about the application of these re-
sults to other gases. The source of concern is in the use of handbook
values for H obtained at high concentrations of the gases. In some cases,
e.g., N2O, CH4,
of the gases are formed, this is probably acceptable and the results predict

tritium compounds, krypton, etc., for which simple solutions

that such plumes would fall orders of magnitude more slowly than an 802

plume. For other gases which are strongly dissolved, the washdown effect
can be appreciable. Ammonia gas, for example, is about ten times as soluble

in water as SO resulting in an order-of-magnitude increase in the washdown

2!
effect, This could indeed be a significant factor for the assessment of the

environmental impact of an NH_, plume.

3
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SECTION V.

SECOND-SERIES QUILLAYUTE EXPERIMENTS

INTRODUCTION

The second series of controlled-release 802 washout experiments conducted
at Quillayute during November-December, 1971, was designed to supplement
knowledge gained during the initial series. This design involved an expan-
sion of the sampling array to overcome some physical difficulties experi-
enced earlier, and thus provide more cases of well-defined desorption be-
havior (higher release heights in contrast with low-level releases) for
further testing of the washout models. More distant sampling was also de-
sired, in anticipation of a closer approach to equilibrium washout behavior.
Special measurement techniques were added to evaluate the contribution of
dry deposition to SO2 concentrations measured in collected rain. We ex-
pected also that an additional series of experiments would expand the range
of natural conditions-—as they pertain to washout--against which to test

the models.

Realization of chese ubjeciives required additional sampling equipment and
a slightly modified procedure; these changes will be described below. In
general, however, the basic methods are the same as those reported in detail
previously, (DHW); accordingly, a repetition of the complete collection and

analysis procedure will not be given here.

EXPERIMENTAL METHOD

Sulfur dioxide was released from two independent regulated systems, utiliz-
ing polyethylene tubes for its transfer to the tops of portable telescoping
towers. In general, the tower releases were at different heights, and were
conducted simultaneously to ensure identical meteorological conditions.

The flow rate of 802 was controllable, but previous results indicated that
use of different release rates for the two sources added little to the sig-
nificance of the results. Therefore, for all washout experiments in the

series, a convenient SO2 flow rate of 0.04 gram—moles/sec was used.
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During the previous Quillayute series, the full release height of 30.5 m
was not generally usable because the wind speeds encountered (usually above
5 m/sec) caused the raindrops to fall at such an angle that those which
entered the collectors would have undercut the plume. Thus for this
series, we modified the earlier grid (shown in Figure 6) to include a
sampling line at a greater distance from the source on the east grid. The
west grid was left as before. The new sampling arrangement is shown in
Figure 9. The more distant line (Line D), whose samplers averaged 290 m
from the source, was placed such that the maximum release height of 30.5 m
could be used with nearly all observed wind speeds. Line D was situated,
for convenience, along the existing warming apron and taxistrip configura-

tion of the airport.

The behavior of plumes originating lower than 30.5 m was investigated
earlier:; the experience led us to choose a convenient west grid release
height which would be sufficiently different from that of the east grid to
reflect the influence of reversibility. The choice was 16.8 m. Table 2
lists sampling geometry and release parameters which applyv to all the wash-

out runs of the current series.

TABLE 2. RELEASE AND SAMPLING PARAMETERS-QUILLAYUTE SECOND SERIES.

Grid Tower Height, m QEE£§§1Y9_559§3_ §92 Release Rate Q, mole/sec
East 30.5 C, D 0.04
West 16.8 A, B, C 0.04
%A arc - 30.5 m
B arc - 61.0m
Carc - 122 m
D line - 290 m (average)

The rain samplers--the locations of which are shown as points in Figure O--

consisted of waste basket-mounted funnels attached to 250 ml plastic bottles.
The bottles were precharged with a small amount of tetrachloromercurate (TCM)
solution for fixing of the SO, in the rain water. Air concentration measure-

2
ments with simple bubblers were deleted from the procedure for the regular

25



"SHI¥ES QNODES - XIOMIAN ONITAWVS HINAVTIIINO

wooT
— \ OId9 1SIMe
olt
o
OOVn
ooo.n
o
0149 1Sv3e 20°%0
o
lz o
. 010
o
n_oo
ol€ o)
o Q
Oots a0
o o
o) €_o
o it o
Co0o8 gz %EoO°
Ooo0009°
oov v o
o 14 o 0O
82 o o0°©
1€ o O
0, ¥ o,5600000

6 HANOTA

Y,

()

o°

%0000

26



sampling arcs because past experience has shown these measurements to be
nearly in agreement with concentrations calculated from a bivariate-normal
diffusion model. Bubblers were used on Line D, however, since such measure-
ments had not been made at that distance before. Sulfur dioxide concentra-
tions in the sampled rain and the bubbler fluid were analyzed as before

using Technicon Autoanalyzers in the mobile laboratory at the site.

Wind data were collected by Gill three-component anemometers, mounted at
the SO2 release points. A third such anemometer, located atop a small

tower midway between the release towers, was added to the current study.
The height of the third Gill was 8 m; thus, for all the dual 502 release
experiments, complete wind data were collected at heights of 8, 16.8 and

30.5 m.

Additional supporting equipment included a raindrop size spectrometer (rain-
drops sized by image sizing of spots from water sensitive paper) and a fast-
response rain gauge. These, plus the translators and magnetic recorder for
the Gills, were located at the control trailer, midway between the release
towers. Figures 10 and 11 are photographs showing the experimental layout

and equipment.

A typical dual-release experiment proceeded as follows: the source towers
were raised to their appropriate heights, and the mean wind speed and direc-
tion were determined. If the direction was suitable for sampling on both
grids (wind approximately normal to the tower baseline) and the rain was
sufficiently steady, the sampling funnels were deployed and the 502 genera-
tors made ready. Upon signal from the field director, the bottles and

bubblers were set out, with SO, releases following immediately. During the

releases, the Gill recorder wai operated and monitored by the field director.
The usual release time was ten or twenty minutes, shortened at the discretion
of the field director, as dictated by wind and rain conditions. At the con-
clusion of the release, the bubblers and rain samples were returned to the
laboratory, where analysis generally commenced immediately. On all occasions,

the chemical analyses were completed within 24 hours of the experiment.
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EXPERIMENTAL RESULTS--WASHOUT MEASUREMENTS

During the field period November 29-December 17, 1971, fifteen 802 releases
were made for the purpose of washout measurement. These consisted of five
dual-releases and five single releases. The latter were the result of
several different situations. The first run, Run 11 (Runs 1-10 are the
experiments of the initial Quillayute series in March-April, 1971), was
conducted on the east grid only because of a temporary shortage of 802
cylinders. Run 17 was conducted on the west grid only so that concurrent
dry deposition measurements could be made, using personnel normally assigned
to the east grid. Runs 18-20, all on the same day, were also west grid only
because the wind direction was not favorable for using both grids. This
opportunity, however, was utilized to make dry deposition measurements on
the west grid during these runs. Table 3 lists pertinent run conditions.

The dry deposition experiments, which will be described later in this

chapter, are included in this table for chronological placement.

The rainfall encountered during the experimental period was mainly of the
continuous pre- or near-frontal passage type, which is characteristic of
the site during the winter wouils. With Lew exceptions--namely Runs 13 and
20, which were probably convective showers and occured near the end of
storms--the rain was continuous and of remarkable constancy in rainfall
rate. A number of raindrop size spectra were collected and one or two from
each run were sized using a Zeiss particle counter. Table 4 is a listing
of the raindrop spectra selected from these data, which were deemed typical
of the runs. The spectra are consistent in character with pre-frontal con-
tinuous rain spectra observed in the past at Quillayute. The exceptions,
the spectra for Runs 13 and 20, were typical convective shower spectra, con-

sisting mainly of relatively small raindrops.

Data obtained from the Gill anemometers were processed by translating the
Metrodata tapes to IBM-compatible tapes using a special-purpose computer.
These new tapes were then processed on a UNIVAC 1108 system to produce mean
and short-term wind speeds and directions, and standard deviations (O@ and
oe) for a variety of sampling and averaging times. The computer program

employed for this purpose utilized the following equations:
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TABLE 3. TIMES, TEMPERATURES, AND RAINFALL RATES-QUILLAYUTE SECOND SERIES.

Run Na. Date Time, PST Rainfall Rate, mm/hr Temperature, °C
11 E 12-4-71  1355-1407 1.5 4.4
12 E 12-8-71  1039-1058 2.7 5.0
12 W 12-8-71  1039-1058 2.7 5.0
13 E 12-8-71  1438-1445 1.7 9.4
13 W 12-8-71  1438-1445 1.7 9.4
p1? 12-9-71  1155-1215 1.3
p2? 12-11-71  1122-1133
D3 12-11-71  1154-1205
14 E 12-11-71  1329-1349 1.8 2.2
14 W 12-11-71  1329-1349 1.8 2.2
15 E 12-11-71  1502-1521 1. 2.2
15 W 12~11-71  1502-1517 0.88 2.2
16 E 12-13-71  1321-1337 2. 2.2
16 W 12-13-71  1321-1337 2.2 2.2
17 w> 12-13-71  1513-1523 2.5 2.2
18 W  12-16-71  0940-0950 3.1 8.3
19 W 12-16-71  1108-1118 3.2 8.3
20 W 12-16-71  1512-1522 1.1 8.3

aDry deposition run
bIncludes dry deposition run D4

“Includes dry deposition rum D5
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TABLE 4. RAINDROP SIZE FREQUENCYa DISTRIBUTIONS-QUILLAYUTE SECOND SERIES.

Diameter, cm

Run No. .024 .030 .038  .046 .060 .074 .094 .118 .148 .190
11 .22 .14 .105 .085 .105 .095 .095 .075 .045 .035
12 .135 .16 .275 .11 .095 .080 .065 .045 .03 .005
13 .22 .13 .07 .07 .11 .12 .08 .13 .07
14 .27 .167 .157 .107 .093 .07 .05 .043 .027 .016
15 .16 .155 .215 .12 .11 .09 .065 .055 .025 .005
16 .17 .19 .17 .11 .13 .09 .06 .06 .02
17 .25 .23 21 .20 .04 .06 .01
18 .272 .32 <241 .106 .018 .017 .017 .009
19 .11 .19 .29 .24 .06 .03 .02 .05 .01
20 .60 .15 .12 .05 .02 .02 .04

4Tabulated values are the proportion of raindrops contained in the inter-

val between the diameter of that entry and the preceding diameter.

- (w2 + Gv)*

N
_ Z(tan'l-%)
6 = 180° - 57.3
N
-1 Y42 -1 u
. {Z([tan v] ) _ [Z(tan v)
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where N 1is the number of discrete data points sampled and the remaining

terminology, as defined in Section X, takes its usual significance.

(10)

Average values of the wind parameters obtained from the anemometer data in

the above manner are given in Table 5; the values of o(p
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TABLE 5. WIND PARAMETERS CALCULATED FROM ANEMOMETER DATA-
QUILLAYUTE SECOND SERIES

ran b 5, o, Arc A? Arc 8% Arc ¢* Line D% VERT® Run Time,
= b
deg. cm/sec 9, g %y g g o, o, o¢ cm/sec sec
1 8 156 495  .270 .231 .256 .206 .236 .173 .210 .125  +24
16.8 152 477 .266 .384 .251 .352 .226 .302 .,183 .239 +29
30.5 1546 585  .237 .335 .224 .310 .212 .274 .177 .222 423 710
12 8 149 © 492 .237 .267 .216 .236 .183 .201 .156 .152  +29 1090
16.8 153 543 .243 .3&4 .227 .312 .200 263 .159 .190  -0.3 1091
30.5 156 619  .182 .270 .173 .246 .158 .210 .131 .159 450 108¢
13 8 199 404 .213 .213 .200 .174 .191 .146 171 .117  +28.5 378
16.8 202 494  .199 .279 .187 .253 .167 .217 .145 .171 457 376
30.5 202 516  .182 .333 170 .317 .154 .287 .129 .247  -25 378
4 g 155 389 .221 .278 .209 .246 .195 .209 .168 .158  +6.1 1088
16.8 152 327 .244 .364 .220 323 186 275 .134 .206 414 1090
30.5 158 454  .222 .331 1206 .309 .184 .273 .157 .210  +31 1088
15 g 145 410 .283 .279 .266 .250 .244 .196 .198 .160  +17 1092
16.8 146 367  ,310 .426 .282 .387 .250 .336 .199 .264  +29 1085
30.5 153 524  .208 .313 .196 .284 .178 .240 .156 193  +20 1089
16 8 181 328 ,177 .241 .168 .220 .151 .173 .127 .121  +10 922
16.8 185 297  .204 .346 .193 .312 .176 .270 .152 .226  +18 923
30.5 186 441 184 .269 .177 .256 .163 .27 .138_.205  +17 921
17 8 164 402 .255 .309 .232 .284 ,203 .238 166 .176  +27.5 546
16.8 161 454  .268 .383 .252 .351 .239 .314 .201 .256  +23.5 544
30.5 161 584 .227 .258 .216 .235 .197 .213 .167 .leL +3.59 545
18 8 191 188  .139 .163 .130 .140 .124 .102 .084 .082  +5.4 538
16.8 203 179 .218 .436 .206 .390 .192 .326 .167 .243  +22 545
19 8 227 347 .194 .194 .182 .169 .165 .125 .141 .084  -1.3 546
16.8 228 325  .242 .279 .234 .253 .222 .217 .206 .163  +1.7 545
20 8 213 287  .200 .224 .183 .203 .167 .177 .108 .113  +20.7 584
16.8 217 245  .213 .314 .202 .268 .182 .237 .157 .158  -6.5 585

83tandard deviations in radians
bDegrees deviation from true north

cAverage vertical velocity
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here are based on sampling and averaging times equal to the 802 release

times and one~fourth the transit times, respectively; values actually used
for EPAEC computations are underlined. Standard deviations calculated for
additional combinations of sampling and averaging times were utilized for
various exploratory analyses of the washout data; these will be described

later in this section.

Results of the 802 analyses of collected rainwater are shown in Figures 12
through 24, which are distribution plots of rainfall concentration versus
wind direction. The solid bars represent the observed concentrations: the
lines show the results of EPAEC model calculations, which will be discussed
in the analysis section. The lower figure in each case is the deposition
for the inner sampling arc and the upper figure is the more distant arc
(line). The distributions are essentially complete, indicating containment
of the plume by the deployed collectors. Run 13 is not included in these
figures, because of an early termination of the shower. Very little rain
fell during the actual release time, which led to severe dilution of the

S0, content by the previous heavier rain; thus, little detectable SO

2 2
present. Inactive sampler regions are indicated by cross-hatching. In

was

most of the dual-release runs, some SO, from the west source was deposited

2
on Line D, which was outfitted with collectors to receive east-grid SOZ'
Thus, the distributions for the west source on Line D are not complete, and
concentrations are indicated there only for Runs 12 and 16, where suitable
sampling and separation occurred. Complete rain concentration data are

tabulated in Appendix A.

The total deposition of SO, for each arc was determined, and washout rates

2

(the amount of SO, deposited per unit distance downwind per unit time) cal-

2
culated using the approximation

ZmiAy

M AT ’

1%

(11)

where Zmi is the total amount of SO, collected on the arc, Ay is the

2
distance between collectors on the arc, A is the area of one precipitation
collector (1000 cm?), and T is the time of the release. These washout

rates are listed in Table 6, in terms of both absolute values and percent-

ages of the emission rate.
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TABLE 6, MEASURED WASHOUT RATES

QUILLAYUTE SECOND SERIES

®Due to early stop of generation, concentrations measured marginal.

Run Arc M, @moles/sec cm )x 1010 M/Q, (percent /cm ) x 103
11 E C 25.9 0.65
D 56.0 1.40
12 w B 41.4 1.04
C 99.5 2.49
E C 8.22 0.21
13% E B 0 0
C 2.54 0.06
W C 0.71 0.02
D 0.94 0.02
14 W B 66.5 1.67
C 143 3.58
E C 30.5 0.76
D 60.6 1.52
15 W A 10.3 0.26
C 85.4 2.14
E C 18.6 0.46
D 58.4 1.46
16 W A 29.0 0.73
c 146 3.65
D 119 2.98
E C 41.0 1.03
D b b
17 W A 9.86 0.25
C 189 4,72
18 W B 103 2.58
c 214 5.35
19w B 31.0 0.78
C 127 3.18
20 W B 14.6 0.37
C 53.9 1.35

Non-

zero values of M represent measurable rain concentration in only one

sampler.

b
Overlap plumes from two sources occured.
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ANALYSIS OF WASHOUT RESULTS

The experimental results presented in the previous sections were analyzed

by comparison with predictions of the EPAEC model, based on the input data
given in Tables 2 through 5. As noted previously, these calculations were
performed using plume-spread parameters based on sampling and averaging
times of the SOz—release time and one-fourth the source-receptor travel
time, respectively, indicating the tacit assumption of mean-plume behavior.
These calculations were based on assumptions identical to those of the
analysis of previous Quillayute data (DHW); aside from the improvements in
the numerical algorithms of the EPAEC code, therefore, the calculations are
similar and are directly comparable. As seen from the comparisons of re-
sults given in Figures 12 through 24, the computed values generally tend to
be close to those observed, although the agreement does not seem to have
improved from that found in rhe previous study. Values tend to fall be-
tween the well-mixed drop~-stagnant drop limits, and worse agreement between
the computed and observed values is found, generally, for near-source sampling
Arcs A and B. These characteristics also can be observed from Figure 25,
which is a plot of observed washout rates (M from Table 6) versus those
computed from the EPAEC model. In Figure 25, the limits of the tie lines

pertain to gas-phase limited and stagnant drop behavior.

The experimental results, similar to those observed previously, reflect the
presence of reversible washout. This effect is shown much more clearly and
dramatically by the Centralia results in the following section, however, and
discussion of this effect will be limited here. The observations at the
new, more distant sampling line (Line D) conform with model predictions in
an acceptable manner, giving further evidence of applicability of the wash-

out model and its basic precepts.

The relatively poor agreement between observed and calculated washout rates
at close downwind distances is thought to be primarily a consequence of plume
"undercutting'" by the rain, combined with poor definition of the plume near
the source resulting from the point-source approximation. The EPAEC model
provides for the possibility of plume undercutting by the raindrops; however,

the resulting trajectories are strongly dependent on raindrop size and any
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degree of non-representation of true conditions by the measured spectra will
seriously affect the resulting calculations. This is particularly true for
showery rain conditions (Runs 13 and 20), where the rain spectra are charac-
terized by smaller raindrops, and are quite variable over short time periods.
Additionally, the extremely high concentrations predicted by the plume model
at distances near the source («» at (0,0,h)) are unrealistic and cause in-
accuracies in the numerical computations. If an incoming drop, as envisioned

'a few

by the model, just clears the release point and encounters the "plume,'
centimeters, say, downwind from the source, it will experience an extremely
high concentration for a short time period. The computer code will recover
itself from the resulting perturbation--at the expense of numerical accuracy,
however. These aspects lead to the conclusion that although the EPAEC code
leaves much to be desired insofar as near-source calculations are concerned,
the noted lack of agreement does not at all challenge the validity of its
basic precepts, particularly with regard to reversibility. An additional
noteworthy point in this regard is the possibility of 802 desorption from
rain during its time of residence on the funnel surfaces of the samplers.

The fact that the washout model consistently overestimates observed concen-
trations on the inner arcs suggests that such an effect may indeed have been
present; the discrepancy between observed and predicted results may have
arisen more from an inability to measure washout precisely under these con-
ditions than from any shortcomings of the model. This possibility will be
reviewed in greater detail in a later section where the dry deposition

measurements of this project are discussed.

During this program we applied a number of variations of the basic EPAEC
model in attempts to improve agreement with the experimental results. Each
of these variations falls into one of the following two classifications:
1. Attempts to improve the raindrop-microphysics component of the
EPAEC model;
2. Attempts to improve the spatial and temporal definition of the

plume-model component of the EPAEC model.

After rather extensive investigation we concluded that such elaborations did

not improve washout predictions sufficiently to warrant their incorporation
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into the basic computer code. For this reason we will not provide the de-
tailed results of these investigations here; rather, we will only itemize

and summarize them in the following paragraphs.

Stagnant Drop Response

As discussed in Section IV, the stagnant-drop option of the EPAEC code--as
it exists presently--is based on the quasi-steady-state, linearized mass-

transfer coefficient

k = —XX (2)

the more rigorous relationship being given by Equation (4). Eguation (&)
can be incorporated into the EPAEC code at the expense of additional compu-
ter time and complexity, an interpolation or search routine for the roots

a being required. Test solutions employing Equation (4) however, were
found to approach those corresponding to Equation (2) closely under practi-
cal conditions. In view of this finding, and in view also of the magnitudes
of deviations caused by other features of the model, we have concluded that
incorporation of this more rigorous equation is not desirable under present
circumstances. As a consequence, the stagnant~drop option of the computer

listing in Appendix C is presented in terms of the less exact approach.

Equilibrium Washout

On the basis of the previously developed washout theory, equilibrium washout
(SO2 concentration in rain in equilibrium with that in air at ground level)
should occur under conditions satisfying the criterion of Equation (1). The
Quillayute test conditions do not, in general, satisfy this criterion. In
the previous report (DHW), however, we observed that in many cases experi-
mental washout concentrations were near those calculated assuming equilib-
rium conditions in conjunction with a fluctuating (peak-to-mean) plume de-
scription. At that time it was apparent that this behavior occurred pri-
marily because of a coincidental overlap of predictions based on equilibrium
behavior and that assumed by the EPAEC model. This behavior also suggested
two possible additional explanations, however. The first of these was that
dry deposition and desorption of 802 from rain on the sampler surfaces is

extremely rapid, and tends to mask the effects of washout.
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Further dry deposition tests and the experimental results from Centralia,
both to be described later in this report, provided evidence contrary to

the two alternative explanations given above. 1In view of these findings we
terminated further application of equilibrium-based theory to the Quillayute

results.

Lofting-Plume Modification

Anemometer data from the Quillayute tests indicated a vertical component of
average wind velocity that ranged between -.25 and +.57 meters per second
with positive values predominant. The exact cause of this non-zero compo-
nent is unknown, although it probably resulted from upwind orographic com-
plexities. If this trend continued for long distances downwind, it could

effectively loft the SO, plumes and consequently affect washout behavior.

This possibility was tegted by supplying appropriate loft velocities (VERT

in the computer code) to the EPAEC model. The results of these tests showed
washout rates to be rather insensitive to loft in the ranges possible at
Quillayute, hence further analysis of this effect was abandoned. The loft
provision of EPAEC, however, was utilized extensively for near-source cal-
culations at Centralia. Further discussion of this feature will be presented

in Section VI.

Fluctuating~Plume Modifications

The disadvantages of applying mean-plume models for calculating gas washout
from actual, fluctuating plumes have been discussed previously (HIW, p. 207;
DHW, p. 61; Hales3). It is sufficient here to note that the generally non-
linear equilibrium relationship between gas-phase and liquid-phase concen-
trations of a species requires that the time-fluctuating concentrations en-
countered by the raindrop as it falls through the plume be represented
accurately. The importance of this requirement to the washout calculation
depends on the solubility and mass-transfer relationships of the particular
species. We suggest, therefore, that the performance of the EPAEC model in

its application to SO, washout might be improved by replacing the original

2
mean-plume submodel with one accounting for time fluctuations of concentra-

tion in a more realistic manner.
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The peak-to-mean analysis, used previously for equilibrium washout calcula-
tions (DHW), is unsuitable to the EPAEC model which requires knowledge of a
complete distribution of pollutant concentration along the raindrop trajec-
tory. A means for defining concentration distributions in instantaneous
plumes which is compatible with the EPAEC model was suggested by Pasquill®
and is based on the method of Smith and Hay10 for defining the concentration
of a puff. This method, which applies basically to homogeneous, isotropic
turbulence, was extended empirically to actual atmospheric conditions.
Pasquill indicates that the standard deviations of the vertical and lateral
dimensions of the instantaneous plume (oz and cy, respectively) should be

related to their respective components of the total intemnsity of turbulence,

i@ and ie, by the following relationships:
= :2
o, 31@x , (12)
o = 3i2x . 13
. (13)

The Quillayute results were analyzed using this approach. This analysis was
performed by computing turbulence intensities (i(P and ie) from the anemom-
eter data, which were employed in conjunction with Equations (12) and (13)
to obtain the instantaneous spread parameters Gy and g,- The spread
parameters thus obtained were utilized with the washout model to provide
estimates of the "instantaneous' washout patterns, which were superimposed
over the observed distribution of wind directions to arrive at estimates of

time-average washout behavior.

The instantaneous-plume approach was found to produce results that were in
somewhat better agreement with the observations than those based on time-
averaged plume behavior. This improvement, however, was not sufficient to
justify the additional complexity and computer time necessary for these cal-
culations. For this reason, we did not proceed with further examination of
this aspect of the investigation. It should be noted, however, that although
the instantaneous plume approach did not appear practical in this series of
experiments, it may prove worthwhile for the washout of gases having differ-
ent transfer rates and solubilities or if the (low frequency) wind-direction

variability is of greater amplitude. 1In view of the associated theoretical
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complexities, however, additional investigation is necessary to develop a

sound technique for applying the instantaneous plume approach.

EXPERIMENTAL RESULTS AND ANALYSIS - DRY DEPOSITION

All previous experimental analyses of washout under this program have been
based on the tacit assumption that dry deposition of 802 on collected rain
is an unimportant source of error in washout measurements. This assumption
is undoubtedly valid insofar as deposition on rain in sample-collection
bottles is concerned; the narrow constriction of the bottle neck essentially
eliminates any gas-phase transport of 502. Deposition to (or desorption
from) rain during its residence on funnel surfaces, however, is less well
understood. During the Keystone experiments we performed tests wherein

S0, -containing water drops were allowed to fall from a syringe through

2
clean air onto a rain collector. Analysis of 80, contents of the collected

2
drops and the original solution showed perturbations caused by the drop-
funnel interaction to be insignificant. These tests were conducted in con-
fined atmospheres, however, and some questions remain with respect to be-
havior under field sampling conditions where increased ventilation of the
sampler surfaces may occur. Because of this uncertainiy and because of the
expected importance of dry deposition to natural surfaces as a sink of 802,
we conducted several tests of this effect during the Quillayute series.
The Quillayute dry deposition tests involved the use of special dry deposi-
tion samplers. These consisted of normal washout collectors which were
shielded to prevent natural rainwater from entering, but open to the ambient
air concentration of SOZ' The "rain'" provided to the funnels consisted of
drops of either distilled water or a dilute TCM solution, issued by hypo-
dermic needles. The needles were mounted on rotating arms so that the en-
tire areas of the funnels could be covered by the water enroute to the
bottle. The rate of dripping from the needles (rainfall rate) could be
varied to approximate that of the ambient rain. In a given dry deposition
experiment, two of these samplers were placed side-by-side. These were
identical except that one employed distilled water and the other used TCM
solution as the dripped liquid. Also nearby was a normal washout sampler.

In terms of fluxes of S0, through the top openings of the funnels, these

2

55



three samplers allowed the following measurements:
Flux 1. Due to rain, containing washed-out 802, impacting the funnel
naturally and draining into the bottle where the 802 is fixed
(normal collector);
Flux 2. Due to distilled water, impacting the funnel, absorbing SO2
while residing there, and draining into the bottle where the
802 is fixed (artificial rain dripper and shielded funnel):

Flux 3. Due to TCM solution, impacting the funnel, absorbing SO2
while residing there, and draining into the bottle (artificial

TCM rain dripper and shielded funnel).

Seven experiments were performed during which these three samplers were used.
In most cases, a bubbler air sampler was also included for concentration
measurement at the approximate level of the funnel surface. Three of the
experiments were conducted independently from washout experiments (identi-
fied as D1, D2, and D3--cf. Table 3), and four were conducted along with
washout Runs 17-20. Of the latter, two (19 and 20) led to null results as

the collectors were not properly located with respect to wind direction.

Table 7 presents experimental details and results of the tive successful dry
deposition experiments. Incompleteness due to technical difficulty and
meteorological phenomena are noted. Gas-phase concentrations are presented
here, for convenience, as corresponding equilibrium values in the liquid
phase. Deposition fluxes may be determined from the concentrations listed

in this table by multiplying by the rain rate J.

Interpretation of dry-deposition behavior from the Quillayute results is
complicated by a number of factors. An approximate analysis can be per-
formed, however, by applying an extension of the reversible mass-transfer
theory employed for scavenging calculations. It should be noted in this
regard that the deposition velocity concept, which is based on the assump-

tion of irreversible behavior, is not applicable for these purposes.

56



TABLE 7. SUMMARY OF DRY DEPOSITION RESULTS

Normal TCM Equilibrium Hp0/Natural/TCM Source Sampling

Ho0 Drip Rain Drip With "Rain" Rates, Height Distance
Run Sampler Sampler Sampler Ambient Air (cm/sec) x 103 m m
Dl 52 38 72 214 2.5/3.6/11.1 3 30.5
D2 29 No Rain 76 159 7.0/ 0 /27.8 8.5 61
D3 24 43 50 140 8.3/7.9/7.9 8.5 61
Dég 1 3.2 0  No Measure 4.2/6.9/1.7 16.8  30.5
D5 0 4.2 .04 59 4.2/8.7/7.0 16.8 61

a .
Concurrent with Run 17

bConcurrent with Run 18

It is convenient to begin by considering the inner surface of a funnel being
used as a rain collector. The rain impinging on this surface will be ex-
posed to the ambient air for a short time before running into the collection
bottle. Because of this, a certain area a* of water will be exposed to
the ambient air in the form of drops, rivulets, or films, providing a sur-
face for interphase transfer of 802. a* 1ig expected to depend in a com-
plex way on a number of factors, including the surface properties of the
collector; it should increase with rain rate, (roughly) approaching the

collector surface area A* as the rate becomes large.

The rate of 802 transport to the surface water on a collector depends upon

both a* and the concentration driving force. This relationship can be

expressed in a semi-empirical manner as follows:

K a*

wd X
Fd A ch (Ceq - Cavg) i (14)

where F is the flux, w (moles/sec) is the rate of SO, transport to the

d d 2
surface water by the dry deposition mechanism, ceq is the concentration of
SO2 in the deposited water that would exist at ambient air concentrations
under equilibrium conditions, and . is the total liquid-phase concentra-
tion (nominally 1/18 moles/cm?®, preserved in the equation to provide a

definition of the mass-transfer coefficient KX consistent with the
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treatment throughout this report). A denotes the area of the funnel mouth

and cavg is some representative average concentration of SO2 in the sur-
face water. We will estimate cavg in the present treatment by assuming
that

c = % +

avg (e + cp) , (15)

where c. is the concentration of 802 in the rain impinging on the surface

and c is that of the water collected in the sampler bottle.

f
KX is similar in concept to the mass-transfer coefficient used for washout
calculations except that it is based, for convenience, on the liquid-phase
driving force. Kx will vary in a complex manner with air ventilation of
the sampler, surface water configuration, and rain rate. Neither K nor
a* can be predicted a priori. One can proceed, however, using the well-
known chemical-engineering technique of lumping these variables together

and proceeding on a semi-empirical basis.

If one assumes that the Quillayute data arising from the covered, distilled-
water drip sampler characterizes behavior from incoming rain at zero concen-
traticn, then Cavg = 1/2 <. and Kxa*/cXA can be calculated. As indicated
by the results shown in Table 8, the relationships between Kxa*/ch and
rain rate or wind speed is not totally clear. The zero value for D5 is ex-
pected to have arisen primarily from low concentration measurement error,
and probably can be excluded for present purposes; the other values are
centered reasonably closely around 107° cm3/sec, suggesting that this value
of Kxa*/cXA might be utilized for order of magnitude estimates of dry
deposition behavior. In proceeding, one should note that data from the
rotating syringe apparatus provides only approximate values of Kxa*, since
both the mass—transfer coefficient and the surface area might be expected

to vary for natural rain, which encounters the surface with a variety of
drop sizes and impact velocities. The present values are expected to be

reasonable first estimates of natural behavior, however, and will be employed

in the subsequent analysis of deposition phenomena.

Equation (14) can be extended to allow prediction of dry deposition condi-

tions by defining fluxes for separate mechanisms. Thus if a total flux Ft
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TABLE 8. TRANSPORT PARAMETERS FOR DRY DEPOSITION TESTS

"Rain" Rate, u, Kxa*/CxA’
Run (cm/sec) x 10° cm/sec (cm/sec) x 10°
D1 2.5 149 .69
D2 5.5 253 1.41
D3 6.3 230 1.55
D5 4.2 188 0

is defined as the net rate of SO2 (washout + dry deposition) passing through
the top end of the collection funnel divided by the area of the opening,
then

F =F +F, =c]J , (16)

where Fr = ch and Fd = (cf - cr)J are the fluxes for washout and dry
deposition to the funnel surface. Incorporating Equations (14) and (15)

one obtains

Kxa*
- = -
(cg cr) chA(ceq 2(cf + cr)) , W))

which can be utilized to estimate concentrations in incident rain from wash-

out sampler data.

Employing values of J, and Kxa*/cXA from the available sampler data

Ceo
from the two complete SEposition tests (runs D1 and D3), (17) yields the
results shown in Table 9. These results indicate a high rate of dry depo-
sition relative to that by washout under the circumstances of runs D1 and
D3. This should be expected for these conditions of low emission heights
and relatively close distances from the source, since the rain had little

time to pick up SO, from the plumes before it encountered the samplers.

2
This effect is amplified under the more severe conditions of run Dl; quite
obviously washout cannot be measured accurately in this manner under these

circumstances.
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TABLE 9. CALCULATED INCIDENT RAIN CONCENTRATIONS FOR DRY DEPOSITION RUNS

D1 AND D3.
Concentrations of SO, In Liquid,
(moles/cm3) x 109
Measured From Rain Sampler Calculated Incident
Run (cg) (c)
D1 38 0.72
D3 43 17.7

Equation (14) can be used to apply the results of the dry deposition tests
to estimate errors in the washout measurements arising from dry deposition.
Provided the group Kxa*/cXA is known, this equation can be applied to de-

termine the ratioc of the incident-to-measured concentrations, cr/c for

£
any set of values of the rain rate and the ratio ceq/cf. Choosing
Kxa*/cXA = 107° cm/sec (as suggested by the above dry deposition results),
one obtains error curves such as those shown in Figure 26, where the con-

centration ratio is expressed as a function of the rain rate for parametric

values of Ceq/ct'

The curves in Figure 26 illustrate several important aspects of dry deposi-
tion errors and of the limits of this analysis. Rain impinging on the
collectors in a state subsaturated with respect to its surroundings

(Ceq/cf < 1) will result in measured concentrations below those of the in-
cident rain because of desorption; conversely, situations involving

> 1 will exhibit positive deviations. Whenever ceq/c is close

f t
to 1, of course, there will be little deviation owing to the absence of any

¢ Je
eq

driving potential for mass transfer.

It is evident that the Quillayute-type samplers provide an extremely poor

measure of washout whenever rain rates are low. This measurement capability
improves with increasing rain rate, approaching an ideal situation (cr = cf)
as the rain rate becomes large. Fortunately, the Quillayute experiments in-
volved rain rates greater than 2 x 1072 cm/sec (0.9 mm/hr), and values of

ceq/ct ranging between zero and approximately two. Corresponding estimates
of sampling errors, then, range from zero to on the order of thirty percent.

Such sampling errors are not considered to be serious in view of the noted

deviations between experiment and the washout model. Applying the indicated
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corrections does improve the agreement between predicted and experimental
results, especially for the near-source arcs where high estimates from the
washout model have been noted. The magnitude of this correction, however,
is often insufficient to bring the experimental values to within the pre-
dicted range. It is also evident that the previously mentioned problems

with undercutting and near-source plume modeling play a prominent role in

distortion of the predicted results.

The rather odd behavior of the Figure 26 curves at low rain rates should be
noted. This is an outcome of the assumption of a constant value of
Kxa*/cXA, which becomes more invalid as the rain rate decreases, until mass
conservation is violated and prediction of negative concentrations results.
Since a* must tend toward zero for very small rain rates, actual behavior
should follow approximately that indicated by the dashed lines in this
region. Such behavior is immaterial to the present situation, which in-
volves rain rates in the region where deposition measurements were made
(that is, always above the dotted-line region). It is still important to
note, however, the strong qualitative evidence that the Quillayute type of
sampler provides an extremely poor measurement method whenever rain rates

are very low.

Finally, the results from the dry deposition samplers utilizing TCM solution
in their rotating needles should be noted. Since this solution was expected

to act as a total sink for SO, immediately after it contacted the liquid

2
phase, these samplers provided a measure of gas-phase resistance to mass
transfer in the dry deposition process. Corresponding calculations of
Kxa*/cXA for these experiments showed this group to be about twice as large
as that obtained for the pure water experiments, indicating an approximately
equal importance of gas-phase and liquid-phase influence on the dry deposi-
tion process. Such behavior, in addition to providing an explanation for
the previously mentioned finding of low desorption rates from non-ventilated
samplers, further illustrates the complexities of this problem. 1In view of
these factors, any application of the deposition results of this section for

sampling conditions outside the observed range of wind speeds and rain rates

should be performed with caution.
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SECTION VI.

CENTRALIA EXPERIMENTS

INTRODUCTION

The recent construction of the first major coal-fired power plant in the
Pacific Northwest at Centralia, Washington, provided a convenient site for
further study of the washout of power plant effluents. 1In addition to the
economic attractiveness of the site-~it is located essentially midway be-
tween Hanford and Quillayute--it also provided the chance to examine atmos-
pheric effects of a power plant in a region that is new to such sources,
possessing low background levels of the pollutants of primary interest.

The Centralia study represents an intermediate situation between the rela-
tively ideal controlled-release, zero-background study of Quillayute and a
study of a large power plant--such as Keystone--in a heavily polluted area.
In contrast with our Keystone experience, we were able to isolate the
effects of the effluent plume with rain-concentration measurements and de-
termine the effect of the plant on local levels of 802, SOZ, and H+ in pre-
cipitation. The results of the measurements and model calculations provided
a good test of the EPAEC model's effectiveness in a situation more real than
that of Quillayute, but still having less uncertainty with regard to back-

ground levels and distinction of source.

The Centralia steam plant is located in Hanaford Valley, about five miles
northeast of Centralia, Washington. The first of two generating units went
into operation shortly before our field research began in February, 1972.
Pertinent plant operation data with outputs at that time, are listed in
Table 10. Precipitator testing was underway during the period of our ex-
periments, and as a result the firing rate of the plant varied considerably,

as is noted later in Table 13.

As indicated by the map in Figure 27, the plant is located in a wide valley.
Surrounding hills rise to about 300 feet above the valley floor and thus to
within about 200 feet of the top of the stacks.
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TABLE 10. CENTRALIA STEAM-ELECTRIC PLANT STATISTICS
(February-March, 1972)

Generating Capacity 700 megawatts

Stack Height 470 feet

Coal Type Subbituminous, 8100 BTU/1lb
Sulfur Content (Average) 0.55%

Firing Rate (Average) 300 tons/hr

Cocling Towers Forced-draft

EXPERIMENT DESIGN

Precipitation was collected on the sampling array shown in Figure 28. Line
A (inset) was set up on power plant property, flanking the location of the
experiment control center. Lines B-D were situated along existing state
and county roads in mostly open valleys downwind of the plant. Line B is
fragmentary because of impassability of a portion of one road in the area.
Additional collection sites were located at a greater distance behind the

resulting gap, providing more dense coverage in the expected downwind sector.

Each rain collector consisted of a 20 cm diameter funnel, supported by a
steel rod and laboratory support. A 500 ml plastic bottle, capable of hold-
ing 1.5 cm of rainfall (enough for several hours of rainfall normally) was
attached to each funnel. A collector containing TCM solution sampled rain-
borne SO2 at each active collection site, and a separate collector contain-
ing hydrogen peroxide sampled rain for subsequent sulfate analysis. Actu-
ally, the latter sampler indicated total sulfur, as it converted 802 to
sulfate--the sulfate concentrations were derived later by subtraction of
the 802 as measured from the TCM-doped collectors. At every third site an
additional collector sampled untreated rainwater for pH and trace-metal
measurement. Air concentrations of SO2 were also measured at these sites

using battery-driven bubbler boxes.

Supporting instrumentation was essentially the same as for the Quillayute
studies, except that pilot balloons were flown to determine mean wind direc-
tion and speed prior to runs, and a portable rawinsonde unit was used to
obtain wind, temperature and dew-point information during runs. The rawin-
sonde unit was located at the control center on Line A, as were raindrop
sizing equipment (calibrated water sensitive paper), and the fast response

rain gauge.
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A Gill three-dimensional anemometer was operated atop a 30.5 m portable
tower, which was erected on a hilltop approximately 3 km downwind from the
plant site on Line B. The elevation of the Gill was about 140 feet below
the level of the top of the active stack. Figures 29 and 30 are photo-

graphs of relevant installations.

Analyses of the samples (with the exception of trace metals) were performed
on site at the Battelle portable air pollution laboratory. Technicon Auto-

analyzers were used to determine sulfate and SO, concentrations; analyses

2
were usually completed within 24 hours of sampling.

802 analyses were conducted using the modified West and Gaeke method, which
was employed for previous field studies under this program (HTW, DHW).
Sulfate analyses were performed using the methylthymol blue methodology de-
scribed by Lazrus, et al.!l The accuracy of these methods can be stated

approximately using the following expression for expected analytical error:

Ex+(s + Bcf) . (18)

Here, s is the sensitivity limit of the technique, B is an accuracy param-
eter, and Ce ig the sample councentirailon. For the 502 analysis, B was
about 0.05 and s was in the neighborhood of 0.1 micromoles/liter; for
sulfate these values were about 0.1 and 0.2 milligrams per liter, respec-

tively.

The field crew consisted of three sampling teams of two persons each, and a
field director. When a suitable rainstorm was anticipated, these persons
assembled at the control center, where initial pilot balloons were released
to determine the suitability of the wind direction, and the appropriate
sampling positions. The wind speed at plume level, thus estimated, aided

in the decision as to which three of the four available sampling lines would
be used (winds faster than about 10 miles per hour were deemed too fast for
sampling on Line A because of plume undercutting). These matters settled
(and in the event of continuing rain), collector setout was begun. When

all samplers were in place, crew members monitored the wind system and oper-
ated other supporting instrumentation. Radio communication was maintained

between the control center, the sampling lines, and the wind tower to
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monitor rain conditions and wind direction. Since the setout usually took
about 1 1/2 hours, several hours were generally allowed for sampling in
order to collect sufficient rain for analysis and to smooth somewhat the

effects of rain showers and short-term wind shifts.

EXPERIMENTAL RESULTS

Five experiments were performed during the February-March, 1972 field
period. Four of these involved significant collections of precipitation;
502, sulfate and pH measurements of the samples were performed (owing to
analytical difficulties Run C-3 did not include sulfate measurements). SO2
air concentration measurements were made at selected sites during all runms.
Basic experimental data are provided in Tables 11 through 13; complete con-
centration data are given in Appendix A. In addition, the processed con-
centration and sounding data are shown graphically in Figures 31 through 52.
These figures indicate concentration as a function of sampling location
using radial lines extending outward from the sampling points. Points with
no lines denote active sampling sites producing results too small to show
on the figures. Rain concentrations shown in these plots have been correc-
ted for background by subtraction of background concentration levels ob-
tained from off-plume samples. Sulfate background levels ranged between
0.2 and 0.6 milligrams per liter, while free hydrogen-ion background levels
(as determined from pH measurements) ranged from 0.7 to about 16 micromoles
per liter. SO2 did not appear in background rain samples in significant
concentrations. Figures 31 through 52 are presented in the following para-

graphs in the context of individual descriptions of meteorological condi-

tions for each of the experiments.

Run C-1 (February 27)

An energetic storm dropped over one inch of rain on the area the night of
February 26-27. Precipitation decreased in the morning and stopped com-
pletely shortly after sampler deployment. Strong winds continued throughout
the sampling period. Although no significant rain was collected, air-

concentrations of SO, were measured: these are shown as a function of sam-

2
pling location in Figure 31.
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Run C-2 (February 29)

A filling surface low off the Washington coast, moving northeast, created
southwesterly flow of moist and unstable air over the area. Aloft, the
jetstream was also southwest-to-northeast and very strong, bringing the
liklihood of considerable precipitation. The freezing level was quite
high (7500 feet) in the early morning and dropped to 4000 feet as the storm
passed. Rainfall totalled 1.27 inches at Centralia; rainfall amounts
collected by our samplers (averages for the sampling lines) are shown in
Table 11. The lower-level temperature and dewpoint profiles, as well as
winds recorded by the rawinsonde flight, are shown in Figure 32. Measured
rain concentrations of SO2 are shown in Figure 33, and for comparison, in
Figure 34 is a plot of the concentrations calculated by the EPAEC model.
This comparison and comparisons for the other runs will be discussed sub-
sequently in the analysis section. Figures 35, 36, and 37, are plots of
SO, air concentration, and SOZ and H+ rain concentration measurements,

2
respectively.

Run C-3 (March 1)

This was a situation of a weakening storm; a warm front on the coast at
1300 PST was occluded by the time of its passage over the Centralia area
at 2200. The surface flow of air was southerly, cold and moist, but aloft
it was southwesterly below 10,000 feet and westerly above. The jetstream
was weak overhead. The freezing level was near 3000 feet in the morning
and dropped slightly by the next day. The precipitation in Centralia was
only 0.37 inches during the day, commencing as snow. The snow changed to
sleet near noon, and finally rain at the surface at about 1400. The wind
direction at the plant throughout the morning was unsuitable for sampling
(easterly), but changed to southerly near 1400, when setout began. Rawin-
sonde, 802, and H+ concentration data are shown in Figures 38, 39, 41, and
42, with the corresponding EPAEC computations in Figure 40. The generally
small volumes of rain collected created a problem for the sulfate analysis;
the quantity of hydrogen peroxide pre-added to the sampler bottles proved
to be too great in relation to the rain volume collected, resulting in the

previously-noted obscuration of the sulfate levels. Despite later efforts

95



to separate the sulfate by other methods, these data were not acquired for
Run 3. (On later runs, a smaller amount of peroxide was pre-~added, and no

such problems were encountered.)

Run C-4 (March 5)

An occluded front passed the area near 0400 PST, and another front was near
the coast at 1300. Southwesterly flow of warm, moist air continued through-
out the sampling period. The freezing level was near 8000 feet in the morn-
ing, and dropped sharply after sampling was completed. Centralia recorded
1.76 inches of rain during the day, but the amounts varied considerably on
our sampling network, as Table 11 indicates. The run was, in fact, termi-~

nated early because of heavy rain on the outer sampling lines.

The rain rate was variable at the plant, and totalled only a moderate amount.
The winds were gusty, and an attempt to launch a radiosonde package--unfor-
tunately during a heavy rain period--failed. The 502, SOZ, H+ results are
shown in Figures 43, 44, 45, 46, and 47.

Run C~-5 (March 9)

An occluded front passed the area near 1800 PST. Warm and moist south-
westerly flow occured over the area ahead of the front. The freezing level
was high, near 10,000 feet in the morning. This run was unique among those
conducted at Centralia, in that there had been no precipitation during the
previous two days. Those days were calm and unusually warm, with a ﬂotice—
able buildup of low-level visible smoke. This last run was conducted after
the BNW tower had been removed, and was manned by a reduced crew of five
persons; thus only two sampling lines were used. The rawinsonde flight
failed. The rainfall, which totalled 0.21 inches at Centralia, was light

and essentially occured entirely during the sampling period. SO SOZ, and

2!
+

H data are shown in Figures 48, 49, 50, 51, and 52.

As mentioned previously, some limited measurements of trace metals in the
rainwater were performed. These were obtained by acidifying selected rain
samples, freezing, and shipping back to the Battelle laboratories for
analysis using an atomic absorption spectrophotometer. These results, shown

in Table 14, appear to reflect the presence of the plume, although the high
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TABLE 14. TRACE METALS ANALYSIS - CENTRALIA, RUN 4.

Concentration, (g/cm3) x 10°

Sample Fe Mn Ni Cr Cu S02, (moles/em3) x 102
BKG? b 2.0 0.76 0.55 2.5 0.0
B10O 94 2.3 0.39 0.32 1.8 0.0
B13 225 3.0 0.52 0.74 1.7 2.5
B16 380 25.5 0.87 0.72 2.8 13.0
B20 170 2.2 0.46 0.36 1.4 0.0
Cc23 130 2.2 0.26 0.32 2.1 1.9
C26 120 2.3 0.35 0.68 1.4 12.0
Cc28 260 5.5 0.46 0.37 1.0 5.9
Cc31 98 2.3 0.36 0.31 1.7 0.0
D28 96 1.8 0.57 0.24 1.1 3.2
D29 104 2.2 0.62 0.21 4.5 6.5
D35 240 5.8 0.57 0.50 1.1 0.0

aBackground sample.

No measurement.

values in the '"background' sample, obtained just upwind from the power plant,
introduce some definite questions in this respect. These measurements were
performed in hopes of elucidating catalytic effects of trace metals in the
SO2 oxidation reaction; much more extensive measurement is needed, however,
before any significant features can be evaluated in this manner.

The Gill anemometer data were recorded on magnetic tape, translated, and
processed to provide short- and long-term average velocities, wind direc-
tions, and dispersion parameters using procedures similar to those employed
for the Quillayute experiments. Table 15 gives the average velocities and
directions for approximately half-hour intervals during Runs C-2 through
C-4. The long-term averages for run C-5 appearing in the table were esti-
mated from data from the plant-operated tower, since the BNW tower was re-

moved before this run took place.

It was intended originally that the Gill anemometer results would be employed
to calculate dispersion parameters for use with the washout modeling program.
It was extremely difficult, however, to apply the resulting values to obtain
reasonable or reliable estimates. The major problem in this regard arose

because of the large range of times and distances involved. o values
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TABLE 15. AVERAGE WIND DATA FROM ANEMOMETERS -~ CENTRALIA

Approximate
Time Span u, 6,
Run (PST) cm/sec deg.?
2 1230-1311 747 170
1315-1344 418 176
1348-1417 509 182
1421-1450 578 191
1454-1523 475 191
1527-1549 444 181
3 1510-1538 430 180
1540-1610 531 184
1612-1642 538 182
1644-1705 754 186
4 0919-0959 741 173
1004-1034 770 171
1039-1109 911 177
5b 1230-1545 400 187

%yind direction expressed in degrees from true north.

bThese are averages of the 15 min. averages reported by wind instrumenta-
tion on the plant-operated tower.

calculated from anemometer data were in a reasonable range for receptors on
sampling Lines A and B; they became troublesomely small, however, as the
transit time (and thus the averaging time) became longer, thus filtering out
most of the higher-frequency contributions of the turbulence. 1In addition,
the corresponding sampling times became so long that they often exceeded the

length of record of the anemometer data.

In view of the above difficulties we decided to apply one of the simpler,

more realistic estimates of the dispersion coefficients. For this purpose

we chose the expressions of Smith and Singerl?
o, = 0.36 x° 86 , (19)
o, = 0.33 x"86 , (20)

where x 1is the downwind distance in meters.
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These are somewhat unsatisfying dimensionally, but they have been shown to
represent true behavior reasonably well out to fairly large distances. In
addition, these expressions represent Smith and Singer's findings for neu-
tral atmospheres, which we have deemed most typical of frontal-type rain-

fall conditions at Centralia. The following section discusses application
of these expressions in conjunction with the EPAEC model to provide SO

2
washout estimates.

ANALYSIS OF RESULTS: SO, WASHOUT
“

A striking feature of the Centralia SO, washout measurements is their regu-

lar appearance, reflecting the presencz of the plume in a well-behaved,
quasi-Gaussian manner. This is in sharp contrast to the Keystone results
exemplified by Figures 3 through 5, where extremely complex behavior is in-
dicated. Such features are a strong confirmation of earlier speculations,
listed in Section III, with regard to the influence of reversibility and
background effects. An additional noteworthy point is the difference be-
tween Runs C-2 and C-3 in Line A 802 concentration levels. Run C-3,
characterized by rather small raindrop sizes (cf. Table 12), showed virtu-~

ally zero SO, washout, while Run 2, characterized by abnormally large rain-

2
drop sizes and essentially the same wind speed as Run 3, indicated signifi-
cant washout rates. This is totally in accord with the assumption of re-
versible washout behavior, and is considered to be strong evidence on its

behalf.

The SO2 washout measurements were examined by employing the EPAEC model in
conjunction with input data from the previous section. The pH for each
station was estimated from available data (cf. Appendix A) by linear inter-
polation. Calculations were performed for each experiment using the five

different 802 reaction rate parameters shown in Table 16.

The values given in Table 16 pertain to the first-order reaction

—2 = _kc . (21)
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TABLE 16. FIRST-ORDER RATE CONSTANTS FOR SO, DECAY
USED IN CENTRALIA MODEL CALCULATIONS.

Rate Constant Kk, Corresponding SO, Half-Life,
Hours™! Hours
0 ~ (no reaction)
.35 2
.69 1
1.39 0.5
2.77 0.25

In the probable event that the actual reaction rate does not follow first-~
order kinetics, reaction (21) can be viewed as a linearization approximation
to true behavior. The rate constants in Table 16 fall in the range of ex-
pected behavior from actual plumes, corresponding to observed 802 half-lives
on the order of a few minutes up to the order of hours.

The Centralia results were computed using a special calling program in con-
junction with the EPAEC model. This program memorized the topography and
arrangement of the sampling stations and, in conjunction with the wind
direction, calculated sampling station coordinates relative to the plume
centerline. The EPAEC algorithm was then executed and resulting washout

concentrations were printed in the usual manner.

Plume loft was calculated using the procedure recommended by Briggs.l!3 For
the purpose of modeling washout at the Line A stations, the plume was assumed
to loft linearly with distance downwind from the stack exit. Calculations
for other lines were performed, assuming that the plume had attained its
ultimate loft height, by incorporation of an effective stack height with

zero loft velocity. These provisions for plume loft can be interpreted
visually by referring to Figure 53; effective stack heights and loft veloci-

ties employed for EPAEC calculations are given in Table 17.

EPAEC calculations based on gas phase limited behavior and an 802 reaction
half-life of fifteen minutes are presented in the computer plots shown in
Figures 34, 40, 44, and 49. These particular results were chosen for ex-
amples primarily because these conditions appeared to provide the best
agreement with observation. Lowering the reaction rate in the washout

model does not affect the Line A predictions significantly, but influences
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TABLE 17. EFFECTIVE STACK HEIGHTS AND LOFT VELOCITIES USED IN APPLYING THE
EPAEC MODEL TO THE CENTRALIA RESULTS (After Briggs!S).

Loft Velocity (VERT), Effective Stack Height

Run/Arc cm/sec at Source, m
2/A 216 143
2/B 0 484
2/D 0 484
3/A 215 143
3/B 0 480
3/D 0 480
4/B 0 366
4/C 0 366
4/D 0 366
5/A 230 143
5/D 0 636

the outer line results increasingly with distance of the receptor from the
source. Stagnant drop calculations tend to overestimate washout close to
the source, and converge with gas-phase limited calculations as equilibrium

washout conditioms are approached (cf. criterion of Equation (1)).

An example of the effects of varying the mass-transfer coefficients and re-~
action rate constants is given by Table 18 which presents the total calcu-
lated results for Run 5. From these it is evident that--within the limits
of comparison of calculated and observed values--varying the chemical re-
action rate over the range shown does not affect the quality of the compari-
son strongly, except for the extreme cases on the outer sampling line. Here
variation of the reaction half-life between fifteen minutes and infinity

results in a corresponding change in SO, washout concentrations by approxi-

2
mately a factor of five.

Variation of mass-transfer behavior from gas-phase limited to stagnant-drop
conditions, in addition to providing higher estimates, results in a more
peaked concentration distribution in the crosswind direction. Although the
concentrations themselves are less in agreement with measured values, the
shape of the stagnant drop based distribution is more in conformity with

observed behavior in this case.
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TABLE 18. EPAEC CALCULATIONS OF SO WASHOUT

CONGENTRATIONS ~ CENTRALIA, RUN C-5

Gas-Phase Controlled

Position Concentration, gm moles/cm"_3h_x_ _1_0_9_____

Line Number k = 2.77 hr'! k =1.35 hr"! k = .69 hr'l k = .35 hr'! k = 0 Observed

A 18 1.58 1.61 1.62 1.62 1.63 0
19 14.6 14.7 14.8 14.8 14.8 0
20 23.3 23.4 23.4 23.4 23.4 2.5
21 26.1 26.1 26.2 26.2 26.2 5.5
22 25.6 25.6 25.6 25.6 25.7 3.5
23 16.2 16.3 16.3 16.4 16.4 0
24 2.01 2.04 2.06 2.07 2.08 0

D 28 1.15 2.97 4,68 5.82 7.2 0
29 1.99 5.18 8.09 10.0 12.3 0.4
30 2.32 6.10 9.57 11.8 14.6 1.6
31 2.74 7.46 11.8 14.7 18.2 4.8
32 3.36 8.88 13.8 17.0 20.8 6.2
33 3.75 9.61 14.7 17.9 21.8 2.0
34 3.85 9.63 14.5 17.7 21.4 0

Stagnant Drop

A 18 .15 .15 .16 .16 .17 0
19 4.36 4.62 4.46 4.47 4.48 0
20 54.4 54.9 55.1 55.2 55.3 2.5
21 142, 143, 144, 144, 145. 5.5
22 40.6 41.0 41.2 41.4 41.5 3.5
23 4.55 4.62 4.66 4.68 4,69 0
24 .23 .23 .24 L24 .25 0

D 28 .51 1.35 2.18 2.70 3.37 0
29 1.03 2.67 4.16 5.15 6.41 n.4
30 1.26 3.30 5.12 6.37 7.93 1.6
31 1.61 4.26 6.73 8.41 10.6 4.8
32 2.05 5.18 8.14 10.1 12.5 6.2
33 2.32 5.68 8.82 10.9 13.4 2.0
34 2.37 5.68 8.76 10.8 13.2 0

Irreversible

A 18 2.95 3.00 3.02 3.03 3.05 0
19 112. 115, 115. 116. 116. 0
20 1852. 1875. 1887. 1892, 1899. 2.5
21 9619. 9700. 9741. 9762. 9783. 5.5
22 1050. 1065. 1072, 1076. 1080. 3.5
23 76.8 78.0 78.7 79.1 79.4 0
24 3.54 3.61 3.64 3.65 3.67 0

D 28 11.1 27.8 44.2 55.6 70.2 0
29 28.4 71.6 114, 144, 182. 0.4
30 40.6 103. 165. 209. 265. 1.6
31 63.1 164, 266. 339. 434, 4.8
32 73.7 191, 310, 393. 504, 6.2
33 72.8 188, 304. 333, 493, 2.0
34 62.5 162. 262. 70.2 426, 0
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A comparison of observed and predicted 502 distributions for runs C-2
through C-5 shows that the EPAEC model tends to overpredict on the inner-
most sampling line. Because of the complexity of the situation involved,
it is difficult to speculate meaningfully on the various reasons for this
behavior. This sampling line, which was only 300 meters downwind from the
source, experienced a considerable plume undercutting effect. Consequently,
the EPAEC model encountered the same difficulties with near-miss of a point
source by the raindrops as those which were mentioned previously in the
context of the Quillayute analysis. The approximate treatment of the loft-
ing plume undoubtedly introduced further inaccuracies in the treatment.
Moreover, the longer experiment times at Centralia made it exceedingly
difficult to designate representative spectra to characterize rain condi-
tions. The extreme consequences of any non-representativeness in chosen
raindrop spectra for Line A calculations is indicated in Figure 54, which

is a plot of rain-borne SO, concentrations at ground level versus drop size.

2
For outer-arc conditions (note the curve for Line D) this drop-size depend-
ence is not nearly so pronounced, and here less refined estimates of drop
spectra can be tolerated without severe consequences. In addition to the
above factors, the Line A computations were found to be extremely sensitive
to rain pH. Consequently, any errors in pH measurement caused large corres-

ponding errors in predictions by the model.

Finally, the potential for rain sampling errors arising from SO, desorption

from the funnel surfaces should be mentioned. If the values of2 KXa*/cXA
determined from the Quillayute deposition experiments are applicable to the
present situation, then for the rain rates experienced at Centralia, corres-
ponding sampling errors could be as great as sixty percent (cf. Table 8 and
Figure 26) in extreme cases. Moreover, this situation may have been
worsened by an increase of the actual values of KXa*/ch under Centralia
conditions, which involved higher acidity levels in the rain. This effect
can be explained in terms of the following relationship between the overall
mass-transfer coefficient and the gas— and liquid-phase coefficients:1"

K =
X

1
1, 1 (22)
k Hk

X y
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The Quillayute experiments indicated that deposition on (or desorption from)
the surface water of the samplers is influenced by both the gas- and liquid-

phase stages of SO, transport; that is, kX is of the same order of magni-

2
tude as Hky. Therefore, a decrease in solubility (increase in pH) will

cause a corresponding increase in KX

Since owing to the higher acidity of the Centralia rain the solubility of
502 was indeed decreased, higher values of Kxa*/cXA would be expected
under these circumstances. It is impossible to give a quantitative esti-
mate of this effect on the basis of available data. 1In view of these argu-
ments, however, it appears reasonable to expect a large sampling error in
the Line A measurements under low rain-rate conditions; it is entirely

possible that the EPAEC model predicted values closer to reality than those

indicated by the samplers under such circumstances.

Despite the relatively poor quantitative agreement between calculated and
observed values for Line A, some of the more qualitative trends provide en-
couraging evidence in favor of EPAEC model assumptions. In particular, the
previously mentioned difference in Line A values between Runs C-2 and C-3

is reflected strongly by the EPAEC estimates--this correspondence is further
strong evidence on behalf of the basic EPAEC assumptions. Further dramatic
evidence in this regard is given by the final portion of Table 18, which
pertains to calculations based on irreversible theory. These values were
obtained by altering the solubility function in the EPAEC model to predict
total solubility (H' = 0) under all conditions. The corresponding results,
orders of magnitude higher than both the experimental and reversible theory-
predicted values, are considered to be conclusive evidence in favor of the

existence of reversible behavior in the case of SO2 washout.

From the general results, it is apparant that the Smith-Singer!?

equations
for plume dispersion provide an adequate description for present purposes.
This leads to their recommendation for use in conjunction with the washout
model for applied impact analyses. This recommendation is tempered somewhat
by the comparatively wide washout distributions observed in a number of the
experiments. Much of this behavior, however, was caused by wind shifts dur-

ing the experiments. These were especially prevalent in Run C-2 (note Table
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15). Such behavior could have been modeled more accurately by sequential
computations which accounted for the time-variation of plume position.
Owing to the complications posed by the fact that each sampler was set out
for a different (but overlapping) time period, however, such calculations

were not attempted.

The reasonable agreement of the experimental and EPAEC-predicted results
for 802 washout demonstrated by this study leads us to recommend the use of
the EPAEC model, under the conditions indicated, to predict 802 washout
from large as well as moderate and small plumes under clean-background con-
ditions. Application of this model to contaminated-background conditions

will be discussed in Section VII.

ANALYSIS OF RESULTS: SULFATE WASHOUT

The sulfate measurements obtained at Centralia, as shown by the preceeding
figures and by the numerical data of Appendix A, distinctly indicate the
presence of the power plant plume. As with the 802 measurements this be-
havior is in sharp contrast to that observed at Keystone, and is primarily
a consequence of the relative background pollution levels at these two

sites.

From the Centralia washout results it is apparent that an appreciable frac-
tion of the plume-borne sulfur existed in the form of sulfate. It is also
interesting to note that samples collected on sampling line A showed sig-
nificant amounts of sulfate (and free hydrogen ions) being washed out-~even

under circumstances where extremely small quantities of rain-borne SO, were

2
detected. From past considerations it is evident that this is a direct
consequence of below-plume desorption of SOZ'
Assuming emission primarily as SOZ’ the observation of substantial sulfate
concentrations in Line A rain indicates a significant, rapid reaction to

sulfate near the stack. An additional point of interest is the breadth of

the sulfate washout patterns relative to those for SO Several explana-

2
tions for this effect, involving specific non-linearities in the chemical-
reaction/washout process, are possible; none of these, however, has been
investigated sufficiently to warrant any specific conclusions in this regard

at the present time.
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Past inventories!® have indicated that sulfur leaving power plant stacks is

released almost totally in the form of SO The bulk of sulfate washed out

9
of the Centralia plume must, therefore, have been formed by chemical conver-
sion between the source and the receptors. Under conditions where the ex-
tent of conversion is small the fact that 802 is depleted rather than gen-
erated by chemical reaction within the plume permits its washout to be esti-
mated using a rather casual approach to reaction kinetics. In the computer
calculations of the previous section, for example, we varied the reaction
rate between zero and rather large finite values; although the corresponding
changes in predicted washout behavior were indeed noticeable, they were not
excessively large compared with the deviations between the experimental and

predicted results.

Owing to the fact that sulfate is generated rather than depleted within the
plume, its washout should be expected to be much more critically dependent
on chemical reaction behavior. Varying the reaction rate from zero to any

positive value will, in contrast to similar treatment for S0O,, result in an

2’
infinite relative change in predicted sulfate washout. Any truly adequate
theoretical assessment of sulfate washout, therefore, must attempt to treat

reaction behavior in a more rigorous manner.

Determination of SO,-sulfate reaction kinetics is not a goal of the present

2
project; in a field study of this type, one cannot expect to describe ex-
plicitly the microphysics of the sulfate conversion and removal process.
Because of the noted dependence on reaction behavior, however, the sulfate
washout results of this study provide a number of important inferences with
regard to SO, oxidation. The following subsections are addressed to the

2
analysis of sulfate washout in this context.

Limiting Values of Washout and Reaction Parameters

There are a number of processes by which sulfate can be formed in, and sub-
sequently removed from, industrial plumes. Formation can occur through
liquid-phase reaction processes where 802 is converted to sulfate inside
raindrops, or in the cloud-size (~ 10u) water droplets which are likely to

exist in such plumes in rainy weather. Gas-phase reaction processes may
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lead to free particles of sulfate whose sizes cover the range of the natural
aerosols. Subsequent removal mechanisms, then, cover a corresponding range
of possibilities including irreversible gas washout, aerosol washout, and

cloud droplet nucleation processes.

In spite of these complexities, one can provide some insight into the prop-
erties of the overall process by expressing sulfate formation in terms of
an equivalent first-order gas-phase reaction. By applying this approach in
conjunction with the Centralia data, upper and lower limits for the reaction-
rate constants and washout coefficients can be established. The fact that
measurable sulfate was indeed washed out at Centralia precludes at the out-
set the choice of zero as a lower limit for either the pseudo first-order
reaction constant or the washout coefficient. There is nothing initially
obvious, however, that rules out the choice of infinity as the upper limit
of one or the other of these parameters; the observed washout rates could
be attributed, for instance, to a very fast (essentially infinite) reaction
rate, with a finite washout rate being the rate-controlling step of the

process.

Assuming that the upper-limit reaction rate is indeed infinitely fast, one
can estimate a corresponding lower-limit washout coefficient. The well-

known expression

A== s (23)

can be modified for this purpose, upon making the conservative assumption
of zero upwind removal of material in the plume, to obtain the following

form for the lower-limit washout coefficient:

A = . (24)

In the above expressions M' is the molar rate of sulfate deposition (moles/cm
sec) at a given downwind distance X5 and Q' is the molar flow rate of
sulfate across the plane defined by g M' can be estimated from the
Centralia measurements by crosswind integration of the amounts collected at
the individual sampling positions. Figure 55 provides a schematic indica-

tion of the significance of the various entities employed in this discussion.
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In a parallel sense, the lower-limit reaction-rate constant (corresponding
to an infinite washout coefficient) can be obtained. Since in this event
sulfate is assumed to be washed out the instant it is formed by reaction,
the washout rate equals the reaction rate. Again assuming negligible de-

pletion of SO, upwind from the receptors, a material balance on a volume of

2
atmosphere defined by a vertical slice of thickness dx in the proximity
of Xy provides the following expression for the lower-limit, pseudo first-

order reaction-rate constant:

k = — . (25)

The similarity of Equations (24) and (25) is not surprising in view of the
fact that they both result from attempts to express washout in terms of

first-order irreversible processes.

The extreme upper and lower limits of the rate constants and the washout
coefficients obtained by applying the above analysis to the Centralia data
are shown in Table 19. The actual ranges of washout coefficients, however,
can be restricted further by replacing the infinite upper limit with more
realistic limits obtained from washout theory. The semi~empirical analysis
of Slinnl!® for example, can be used for this purpose. In his analysis
Slinn presents the washout coefficient as a function of particle size, as
shown in Figure 56; these curves are observed to approach upper limits as
aerosol size is increased. The curve for a mean raindrop-radius of 0.2 mm
represents a conservatively high estimate for the rains experienced at
Centralia, and can be used in conjunction with the normal assumption of
proportionality of A to the rainfall rate to obtain the revised upper
limits of the washout coefficients shown in Table 20. For this estimation,
a rainfall rate averaged for all sample lines is used to represent that of

each run.

Corresponding lower limits of the washout coefficients could be obtained
using the minima in Figure 56 in a similar manner. This proves to be im-
practical, however, since the resulting values are lower than those esti-
mated using the Centralia results in conjunction with Equation (24), and
therefore do not result in any further restriction in the ranges of the

extrema.
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TABLE 19. EXTREME LIMITS OF SULFATE WASHOUT COEFFICIENTS
AND REACTION RATE CONSTANTSZ

Run/Sampling Line Lower-Limit Parameters, hr~!

Ay, o Kk,

.0062
.033
.058

.048
.035
.043

.00061
. 0049

P
N

?
w o~
Opr UOoOw Ow>

aUpper limit values for k and A are infinite.

The problem of estimating lower-limit rate constants based on these revised
estimates of upper-limit washout behavior is not a trivial one. It can be

approached in a somewhat superficial sense by formulating a simplified model
of the washout process and calculating values of the rate constants from the
corresponding equations. Thus, if one begins by assuming oxidation to be

the primary mechanism for plume-borne SO2 removal (dry deposition and wash-
out of 802 negligible), then the molar flow rate of 802 in the plume at any

downwind position x, 1is described in terms of the expression

1

NQ - ko = =
dt kQ; Q=Q at x=0 , (26)

where k 1is the reaction-rate constant. If sulfate is assumed to be pro-
duced only by reaction (26) and removed only by washout, the corresponding

equations

%%_.= -AQ' + kQ; Q'=0 at x=0 , (27)

are obtained.

Combination of the above expressions, integration, and substitution of
Equation (23) results in the form
AkQ

2 k)[exP(—kt) - exp(-At)] , (28)

‘" - O
M= sus
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which can be utilized in conjunction with the Table 20 values to obtain

estimates of the limiting reaction-rate constants.

The rate constants thus calculated are shown in Table 20, which provides
revised estimates of the extrema in k and A. Interpretation of these
values, of course, must be weighted in view of the numerous linearizations

and other simplifying assumptions used in their derivation.

TABLE 20. REVISED EXTREMA OF SULFATE WASHOUT COEFFICIENTS
AND REACTION-RATE CONSTANTS.

Washout Coefficients, hr~! Reaction Rate Constants,hr‘1

*

Run/Sampling Line Ak=w Auﬁ kA=Au£ kuﬁ
2 A .00622 4.8 0.065 ©

B .033 4.8 0.061 o

D .058 4.8 0.063 %

4 B .048 7.0 0.086 o

C .035 7.0 0.044 L

D .043 7.0 0.046 ©

5 A .00061 2.2 0.006 o0

D .0049 2.2 0.006 o

*Based on analysis of Slinn!® assuming A 1is proportional to average rain-
fall rate for all sample lines of run.

In spite of the restrictions of parameter ranges obtained here, the extrema
shown in Table 20 are still too widely separated to be of quantitative use.
Further extension of this simplified analysis, however, can be employed to

provide some insight pertaining to absolute values within these extrema.

Such an extension is described in the following subsection.

Non-Limiting Values of Washout and Reaction Parameters

Equation (28) expresses the washout rate M' as a function of the two
parameters k and A. Since the Centralia experiments provided for measure-
ment of more than one value of M' during each run (one value for each
active sampling line), it is possible to express corresponding forms of
Equation (28) as simultaneous equations, and solve for "absolute'" values of
k and A directly. Such a treatment presupposes that k and A are in-
variant with distance downwind from the source--an assumption that was used

previously in the formulation of Equation (28).
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Such calculations may be performed most conveniently by constructing plots
of A versus k, as dictated by Equation (28), corresponding to the meas-
ured values of M'; points of intersection of any two curves then denote
solutions for appropriate combinations of k and A. An example of such

a determination is shown in Figure 57, which presents the solutions to
Equation (28) for measured results from three sampling lines of Run C-2.
This figure illustrates an unsettling aspect of this method: the fact that
Equation (28) is symmetric with respect to k and A permits two possible
solution pairs (A, k) for any two curves. Accordingly, solution pairs for
all of the applicable Centralia runs, listed in Table 21, are presented in
terms of the two possibilities with subscripts "high" and "low" indicating

the alternative cases.

Examination of the numerical results in Table 21 yield the conclusion that

the solutions corresponding to large A and small k (A klow) can be

high’
excluded on the basis of previous findings. The reaction rate constant,
for example, is observed to fall in the vicinity of 0.05 hr'_l or less, which

corresponds to SO, half-lives in the neighborhood of 15 hours or greater.

2
Such lifetimes are more than an order of magnitude greater than those ex-
pected on the basis of numerous previous measurements of in-plume 802 oxi-
dation behavior by other investigators.!7 21

In addition, the high values of A, about 5 hr_l, are unrealistic. Although
washout coefficients of this magnitude are certainly not impossible on the
basis of Figure 56, they do pertain to near-optimal conditions, involving
washout of either extremely large or extremely small particles. Finally,
the computed 502 washout results from the previous subsection provide some
further (albeit weak) evidence in this regard. The observation of superior

agreement between experimental and computed SO, washout rates using higher

2
reaction~rate constants in the model appears to indicate that the low reac-

tion rates predicted by the solution set (A klow) are inappropriate

high’
for present purposes.

The alternative solution pair (A appears to conform with ex-

low’ khigh)’
pected behavior in a more acceptable fashion. The washout coefficients, on
the order of 0.05 hr_l, correspond with those for particles in the neighbor-

hoods of 10“3 and 1 micron (cf. Figure 56). The reaction-rate constants
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Table 21. SOLUTIONS TO EQUAE}QN_}ZS) FOR APPLICABLE
CENTRALIA SAMPLING LINE PAIRS

Run Sampling Lines Alow’ hr—l khigh’ hr_l Ahigh’ hr_1 klow’ hr_l
2 A, B 0.056 5.7 5.7 0.056
2 A, D 0.063 5.1 5.1 0.063
2 B, D 0.064 4.7 4.7 0.064
4 C, D 0.048 5.7 5.7 0.048
5 A, D 0.005 4.1 4.1 0.005

from the pair (A khigh)’ about 5 hr_l, compare reasonably well with

17-20

low’

previous measurements in view of the increases in reaction rate ex-

22  Because of these considerations

pected under high-humidity conditions.
we shall proceed on the assumption that the most appropriate solution sets
are (Alow’ khigh)’ and shall focus all subsequent discussion on these
values.

It is interesting to note that values of A and k are obtained which
approximately satisfy all three sample lines for Run C-2, and these are
close to those found for Run C~4, Lines C and D. (Run C-4, Line B deposi-
tion data were fragmented due to the gap in the camnling array; M' and ¢t
are very inaccurate for this line, and estimated values for them do not
lead to a solution with either Line C or Line D.) This agreement, while
somewhat encouraging, is probably rather fortuitous and cannot be cited as
a strong argument on behalf of the precepts leading to formulation of
Equation (28). 1In addition the Run C-5 results, while indicating a rate
constant comparable to the previous runs, suggest that the washout coeffi-
cient should be an order of magnitude lower. Other than the observation
that the pH of the background rain was significantly lower for Run C-5 than

for the preceeding runs (4.7 versus about 5.5), there is little that is

obvious to explain this reduction in washout rate.

A relationship between pH and sulfate washout rate could be used also as a
plausible explanation for the observation of relatively wide crosswind dis-
tributions of this species in rain. Unfortunately there are insufficient
data from this study to permit an adequate evaluation of the effect of

background pH on sulfate washout rate. There is, however, ample evidence
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from laboratory investigations?2-28 to indicate that a lowering of M’

with pH should indeed be expected. Beilke, et al.,?® for example, shows
that the sulfate-formation rate should be approximately proportional to the
inverse square of the free hydrogen-ion concentration over the pH ranges
encountered at Centralia. This is certainly in qualitative accordance with
our Centralia findings, although on this basis one would expect the reduc-
tion in M' to be caused primarily by a reduction in k, rather than A

as implied in Table 21. Further sulfate washout data with simultaneous pH

measurements would do much to elucidate this behavior.

The predicted reaction-rate constants in Table 21, while in fair conformity
with expectations from previous studies, are insufficient to explain total
behavior observed at Centralia. Corresponding SO, half-lives are about ten

2
minutes or less, and are probably too short to explain the airborne SO2
levels actually observed on the outer sampling lines. In a retrospective
analysis of the preceeding considerations it seems apparent that the in-

plume SO, oxidation process proceeds very rapidly as the plume leaves the

2
source and attenuates as distance downwind increases, leaving higher amounts
of 802 at larger distances than would be predicted on the basis of linear
kinetics in conjunction with the given rate constants.

In view of its simplistic interpretation of the sulfate washout process it
is difficult to state just how far Equation (28) should be utilized in in-
terpreting these field results. From previously mentioned studies in the
laboratory and in the field it is strongly apparent that the assumption of
first-order reaction kinetics is useful only as a first approximation.
Moreover, it is evident that the effective washout coefficient used in
Equation (28) is strongly cross-correlated with reaction phenomena, and the
simple explicit behavior implied by this equation is not actually followed.
Thus changes in reaction kinetics will be accompanied by corresponding
changes in the apparent washout coefficient, and any microphysical interpre-
tations using Equation (28) become of doubtful validity. In addition, in-
exact analysis of field behavior arising from plume undercutting, non-

vertical rainfall, and approximate cross-plume integration of washout fluxes,

present additional complications in this respect.
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Additional direct measurements of in-plume 802 oxidation rates would ob-
viously be of high interest in this regard. Also, a more refined analysis
procedure which could calculate sulfate washout for a more realistic model
of rain-plume conditions would be beneficial--both as a method of diagnosing
suggested models of sulfate-formation microphysics and as a future tool for
related applied impact analyses. The EPAEC model can, with a reasonably

modest effort, be updated for this purpose; this modification is recommended

as a topic of continued research.

Application of Sulfate Washout Results

In spite of the noted shortcomings of the approximate model of sulfate wash-
out given in this subsection, it still may be applied for empirical estimations
of sulfate washout behavior under relatively high background pH conditions
(pH 2 5.2). For this purpose we recommend the application of Equation (28)
using a reaction rate constant of 4.16 hr_l (SO2 half-life = 10 minutes).
This value is suggested because it is in approximate conformity with a
majority of the experimentally observed behavior. Owing to the insensitiv-
ity of washout to the reaction constant in this range (cf. Figure 57), the
deviations between this value and those in Table 21 do not result in any
appreciable deviation in A. Insertion of this value in Equation (28) and
solving for observed washout rates for Runs C-2 and C-4 yields the follow-
ing expression for the sulfate washout coefficient:

A~0.0263 (hrY) (29)

. R . -1 . :
where the rainfall rate J is in units of mm hr ~. The constant in this
case represents an average of the values of A/J as derived from the

Equation (28) curves for Runs C-2 and C-4.

Application of this set of values for A and k in conjunction with
Equation (28) results in the washout rates given in Table 22. As seen from
the comparison of measured and fitted values, this procedure provides a
fairly consistent order of magnitude method for sulfate washout prediction
and is recommended for impact analyses of sulfate washout in the vicinity
of fossil-fueled power plants under ''clean' background conditions. This

recommendation is tempered by the noted deficiencies of the analysis, and
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by the realization that plant-to-plant variations in plume properties and
meteorological situations are likely to result in considerable deviations—-—
especially with regard to chemical reaction behavior. In view of the lack
of more comprehensive results, however, the washout rates calculated using
the above procedure are expected to constitute the most reliable estimates

presently available under these circumstances.

Present results indicate that sulfate washout, under conditions where the
background rain pH is of the order of 4.7, can be described in terms of
Equation (28) using the same reaction rate constants and a washout coeffi-
cient of 0.005. The Run C-5 data providing this indication however are
insufficient to warrant any recommendations for Equation (28)'s use under

these conditions.

TABLE 22. COMPARISON OF SULFATE WASHOUT RATES: OBSERVED VERSUS THOSE
CALCULATED USING EQUATIONS (28) AND (29) - CENTRALIA

Washout Rates, gm-moles/m hr

Run/Sampling Line Observed Calculated [Eq. (29)]
c-2 A 0.0107 0.011
B 0.G560 0.u58
D 0.1000 0.092
Cc-3 A a 0.004
B a 0.019
D a 0.052
b b
C~4 B 0.0971 0.050
C 0.0713 0.115
D 0.0856 0.227
c-5 A 0.00206 0.012:
D 0.0165 0.109

aNo measurement

b .
Uncertain, see text
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SECTION VII.

FURTHER ANALYSES OF KEYSTONE RESULTS

The washout analyses described in this report have been applied in Sections
V and VI to situations involving plumes in low-background environments. A
more severe test of their predictive capability is in their application to
the complex environment of the Keystone plant. This section presents
comparisons of EPAEC-predicted and measured washout behavior under such
conditions. Also presently considered is an application of the first-order
washout and reaction rate analysis of Section VI, for comparison with Key-

stone sulfate measurements.

Because of the lack of comprehensive support data, particularly pH measure-
ments, the comparisons of this section will be limited to one case. The
case chosen for this purpose is Run 4 of the original Keystone series (cf.

HTW), whose SO, washout distributions were presented in Figure 5 of this

2
report. Additional information regarding this run is summarized in Table
23. Run 4 was chosen as a test example because it exhibits many of the
apparent anomalies that were observed during the Keystone field series. 1In
particular, the "negative washout” etfect is highly apparent here, and it
is of interest to determine the behavior of model predictions under these

circumstances.

SO2 WASHOUT

EPAEC model predictions for SO, washout corresponding to Run 4, Arc A, were

2
obtained by executing computer runs using data given in Table 23. Computa-
tions were carried out for each station on the sampling line using pH values
obtained by interpolating between the centerline and off-plume measurements.
A first-order reaction-rate constant corresponding to a 15 minute 502 half-
life (k = 2.77 hr_l) was employed for these computations. The results are
shown in Figure 58, with the computed values depicted by the superimposed
curve, and the measurements denoted by radial bars. The fact that the
computed values do indeed conform with measurements in indicating a negative

washout is considered to be rather dramatic evidence on behalf of the basic

precepts employed by the EPAEC model.
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This application of the model can be criticized on the basis of the fact
that it employs some rather uncertain base data in its computations, par-
ticularly with regard to pH values and reaction rates. These are admittedly
only best estimates used in lieu of more comprehensive measurements. The
fact that these reasonable estimates of basic properties can be employed to
predict the complex behavior exhibited in Figure 5, however, is still strong
confirmation of the practical utility of the computational procedure. It
leads to our recommendation for its use in applied washout analysis under
high background conditions as well as for less complete atmospheric circum-
stances. The final section of this report describes a recommended procedure

for application of the EPAEC model in this respect.

SULFATE WASHOUT

The semi-empirical sulfate washout equation of Section VI was applied to the
Keystone Run 4 results to assess predictive capabilities in a manner similar
to that used above to test the 802 washout model. This is a somewhat diffi-
cult comparison, since the high sulfate background levels and scattered data
characteristic of the Keystone sulfate measurements permit only rough esti-
mates of the corresponding washout rates. On the besic of prcvious consid-
erations (HTW, pp. 101-103) this rate for Run 4, Arc A, at Keystone can be

estimated to be roughly 0.01 gm-moles/m hr.

Predictions from Equation (28) for the conditions of Run 4 are shown with
the measured washout rate value in Table 24, From this comparison it is
apparent that the sulfate washout parameters corresponding to high pH
Centralia conditions (Runs C-2 and C-4) substantially overpredict the wash-
out observed at Keystone during Run 4. Washout parameters obtained from
the low pH, Run C-5 results agree with the Keystone measurements in a more
acceptable manner. Since the background pH's at Keystone were relatively
low (5.1 or less) this is considered to be additional evidence of the nega-

tive effect of acidity on sulfate washout.

An additional factor to be considered is the higher sulfur-compound concen-
tration existing in the Keystone plume. It seems likely that the resulting
increases in acidity may have contributed rather substantially to the lower-

ing of washout efficiency under these circumstances. In view of these
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complexities we cannot recommend the use of Equation (28) under low pH con-
ditions at the present time, except as an order-of-magnitude approximation.
As future washout data are acquired, however, limits on k and A should
become more well established, and this equation could possibly become more
valuable as a practical means of sulfate washout estimation. Additional

field measurements taken under a wide variety of circumstances would be an

important contribution in this regard.

CONCLUDING REMARKS

Although all quantitative aspects of this field of study are not presently
defined in a totally satisfactory manner, the factors discussed in this and
the previous sections lend to the significant qualitative conclusion that
precipitation scavenging of both SO2 and sulfate from power plant plumes
becomes less efficient when concentration levels of these species are in-
creased. In addition, since dry deposition processes share a number of
mechanisms with those of precipitation scavenging, one can reasonably specu-

late that similar nonlinear behavior occurs for dry deposition as well.

These findings imply that (over meso- and larger scales of distance), ambi-
ent levels of 802 and sulfate originating from a power plant will not, gen-
erally, be linearly proportional to the strength of their source. Doubling
the sulfur compound output from a power plant, for instance, would be ex-
pected to more than double its original ambient pollution contribution at
some point located, say, ten miles downwind. Conversely, a given decrease
in source strength can be expected to result in a more favorable resultant

modification in ambient levels than would be expected on a strictly propor-

tional basis.

Such behavior is of significance in the context of controcl policy considera-
tions; it suggests that control policies such as the well-known "linear-
rollback" approach may be rather lacking, at least when mesoscale and larger
distances are involved. In view of these findings we suggest that evolving
control policy plans, in order to achieve optimal benefit, should be designed
to account for such nonlinearities in atmospheric response, and should be
sufficiently flexible to incorporate additional aspects of atmospheric be-

havior as such features become known and validated through future studies.
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SECTION VIII.

RECOMMENDED APPLICATIONS OF THE EPAEC MODEL
FOR ENVIRONMENTAL IMPACT ANALYSIS

The purpose of this section is to outline a procedure for application of
the EPAEC SO2 washout model to general environmental impact analysis. The
complete model is listed in Appendix C; we present here salient points re-
garding recommended input parameters and sub-models. In general, these
recommendations derive from the experimental knowledge gained from this
project; for example, the plume loft and diffusion parameters considered
reflect continuous, frontal-type rainfall conditions (- neutral stability).
However, by example, we expect that it will be clear what modifications

are required for other situations. The following may be considered a typi-

cal procedure; features of the approach which are variable, depending on

the user's situation, are noted.
BASIC INPUT

The basic input to the model includes the following entities: plant operat-
ing characteristics and site factors; physical constants related to the
pollutant gas, rain, and air; diffusion and other plume parameters; site
meteorological parameters. The first two categories include various user-
specified terms and known physical constants. These are summarized in

Table 25. The latter two categories involve greater sophistication regard-

ing choice of terms; our recommendations follow.

Plume Parameters

Briggs' revised formulael32 for power plant plume rise under neutral atmos-

pheric conditions are given by
5

Ah = 1.6 F3x3/u (x < 3.5 g F§) , (30)
and 1 2 5

Ah = 1.6 F3(10 h)3/a (x > 3.5 cg F8) , (31)

where F 2 3.7 x 107° QH, m'/sec3

QH = rate of heat emission from the stack to the atmosphere, cal/sec
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TABLE 25. SUMMARY OF REQUIRED INPUT DATA FOR THE EPAEC CODE,

AND RECOMMENDED VALUES FOR INITIAL USE

Input Parameter Computer Symbol Value and/or Source
A. Plant and Site Characteristics
Receptor location XBUK,YBUK,ZBUK  Set XBUK as dictated by user;
(cm) Set YBUK and ZBUK equal to

zero (see text)
Grid-spacing parameters DELTAY,DELTAZ Set equal to zero

(cm)
S0, release rate Q Plant characteristics
moles/sec
Temperature T As dictated by user
B. Physical Constants
Diffusivity of SO, in
water DAX 9 x 1076 cm?/sec?
cm?/sec
Diffusivity of S0, in
air DAY 0.136 cm?/sec?
em? /sec
Kinematic viscosity of
air XNU .0133 cm?/sec?
cm?/sec
Atmospheric pressure P 1 atm.
atm
C. Plume Parameters
Excess hydrogen-ion HEX 3.16 x 107% molar or as dictated
concentration molar by user
Effective release height H Equations (30) and (31)
SO, reaction-rate constant RK 0.00077 sec™}
sec™!
Plume-dispersion param- SIGPHI,SIGTHE Equations (32) and (33)
eters cm
S0y background BKG Zero or as dictated by user

mole fraction

D. Meteorological (Climatological) Factors
Raindrop spectrum
parameters N,D(I),F(I) Representative values (see text)
number,cm,cm“1

Rain rate XNT As dictated by user
cm/sec

Loft Velocity VERT See Appendix C
cm/sec
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h = stack height, m

x = distance of interest downwind, m

U = wind speed, m/sec

cp = Briggs' constant: = 14 m for F < 55 m%*/sec3, = 34 m for

F > 55 m* sec3

The separation into two equations reflects an approximate description of
the bending over of the plume at distance; thus, the effective stack height
H=nh+ Ah 1is obtained through a choice of Equation (30) or (31) depending

on the distance of interest to the user.

2 ag discussed in Sections VI and VII, pro-

The Smith-Singer relationships,!
vide a reasonably adequate estimate of diffusion parameters on a power plant
siting study scale of distances. The parameters for neutral stability
(which are not greatly different from those for unstable conditions), given
in Equations (19) and (20), may be written in terms of the model's input

requirements, as:

0y = 0.36 x—- 14 , (32)
oy = 0.33 x—-14 . (33)

On the basis of behavior observed from this study, a reaction-rate constant

pertaining to a 15-minute SO, half-life (k = 2.77 hr‘l) is recommended for

use with power plant calculaiions. Insertion of SO2 background levels and
excess hydrogen-ion concentrations will depend on the information available
to the user. If these levels are unknown, the use of a zero S0, background
level and a hydrogen-ion concentration of 3.16 x 107® molar (co;responding

to a pH of 5.5) will result in conservatively high washout predictions.

Meteorological Parameters

Certain meteorological parameters (or more properly, climatological, when
dealing with year-round impact) are required, including wind speed and
direction, rainfall rate, and raindrop size characteristics. The problem
posed by variations in meteorological conditions and the corresponding
difficulties in interpreting long-term washout behavior can be addressed by

proceeding through the sequence of steps listed below:
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1. Obtain wind and rain frequency records for the proposed plant
location. Divide the wind speeds into three or more ranges, and note asso-

ciated frequencies of occurence and directions.

2. From the rain records, divide the rain rates into three or more

ranges and note associated frequencies of occurence.

3. Obtain representative drop-size spectra for each discreet rain in-
tensity. These can be acquired from local measurements if available; if

not, generalized spectra??>30 can be employed.

4. Employ the EPAEC model under the conditions specified in this sec-
tion to obtain cross-plume washout distributions for each chosen set of

wind-velocity-rain conditions.

5. Combine the computed washout distributions according to the pre~
viously acquired synoptic records to obtain estimates of long-term washout

behavior.

INTRODUCTION OF DATA

The physical data necessary for calculations involving the EPAEC code are
sumnarized in Table 25. These are read using the general-purpose main pro-
gram listed in Appendix C; an excerpt of this program showing the data-read-
ing sequence is given below:

100 READ  (5,320) N,J1,J2,J3,J4,J0PT,JP,JEND

IF (J1.EQ.1) GO TO 110

READ  (5,330)  (D(I),I=1, N)

READ  (5,330)  (F(I),I=1, N)
110 IF (J2.EQ.1) GO TO 120

READ  (5,340)  DAX,DAY,HEX,XNU,P,T,XNT,RK
120 IF (J3.EQ.1) GO TO 130

READ  (5,350) SIGTHE,SIGPHI,U,H,Q,VERT,BKG
130 IF (J4.EQ.1) GO TO 140

READ  (5,360)  XBUK,YBUK,ZBUK,DELTAY,DELTAZ

The first READ statement reads the number of steps in the discrete raindrop-
size spectrum (N) (cf. Table 12), in addition to a series of control vari-

ables. 1If these are set as follows:
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J1-J4 = 0

JOPT =1 for gas-phase limited conditions. JOPT = 0 for
stagnant-drop conditions.*

Jp =1

JEND = 0 s

then the program will proceed to calculate a distribution of washout con-

centrations about the plume's centerline, and integrate to provide a wash-

out rate for the specified physical conditions of the problem.

Input formats for a typical application are shown in Table 26. For

further details regarding formats, options, and extensions of the EPAEC

model's capabilities, the reader is referred to the comprehensive de-

scription in Appendix C.

TABLE 26. EXAMPLE INPUT DATA FORMAT FOR EPAEC CODE

5 0 0 0 0 1 1

.01 .02 .03 .04 .05

.05 .10 .25 .45 .15

9.E-6  1.36E-1 3.16E-6 1.33E-1 1.0EQ 1.3E-4 1.16E-3
.062 .056 5.13E2 1.17E4  3.7EO

3.0E5

*Gas-phase limited conditions recommended for impact analyses.
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SECTION X.

NOMENCLATURE

Units: & = length; t = time; none = dimensionless

a Raindrop radius, &

a* Area of precipitation collector covered by water, 22

A Horizontal area of precipitation collector, 22

A% Total area of precipitation collector surface, 22

B Accuracy parameter for chemical analysis

Cavg Representative average concentration of SO, in water on

precipitation collector surface, moles/%3

Ceo Concentration in collected rainwater that would exist at
4 ambient air concentration under equilibrium conditions,
moles/%3
Ce Concentration of SO, in the rainwater collected in the
sampler bottle, moles/%3
c, Concentration of SO, in the rain impinging on the precipitation
collector surface, moles/23
CSO Air concentration of SO, used in rate expression, moles/SL3
2
, Total concentration of liquid phase, moles/%3
cy Total concentration of gas phase, moles/%3
CR Concentration of pollutant in rainwater collected during
release (Quillayute) or sampling period (Centralia), moles/%3
DAx’ DAy Diffusivity of SO, in water, in air, 22/t
DEx’ DEy Effective diffusivities of SO, in liquid, gas phases, 22/t
D,D,D Effective eddy diffusivities in x, y, z directions, 22/t
x* Ty’ Tz
E Error in chemical analysis
F Plume depletion factor to account for upwind washout
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H'

H*

Flux of SO, to precipitation collector by dry, wet processes,
moles/22t

Total flux of SOy to precipitation collector by dry and wet
processes combined, moles/22t

Stack height, ¢; functional equilibrium relationship
Effective stack height due to plume, %; Henry's-law constant,
i = (yAb/xAb)equilibrium

"True" Henry's-law constant for undissociated 802 in water

O —
H = ([50,18/[50,129) o 15 rium

Modified Henry's-law constant
H' = H/cX , 23/mole
Modified Henry's-law constant, H* = H(cy/cx)
Total intensity of turbulence in 6, ¢ directions, 2/t

Rainfall rate, £/t
SOz—sulfate reaction rate constant, t
Mass-transfer coefficient in liquid, gas phase, moles/%%t

Overall mass—transfer coefficient: based on liquid phase
driving force, based on gas phase driving force, moles/%%t

Dissociation constant for first ionization of SO2 in water
defined by Equation (40), moles/%

Washout rate of 80,, sulfate, moles/ft

2
Number of discrete data portions in wind sample

Flux of pollutant A away from water drop at its interface,
moles/%2t

Molar flow rate of 802 across plane at downwind distance
x = ut, moles/t

Rate of heat emission by stack to atmosphere, (energy)/t

802 source strength, moles/t

Molar flow rate of sulfate across plane at downwind distance
x = Ut, moles/t

Sensitivity limit of chemical analysis technique

Laplace transform parameter
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Time, t

Time of pollutant release, t

Dimensionless time parameter

Wind velocity in x direction, £/t
Mean wind speed, %/t

Wind velocity in y direction, &/t

Terminal fall velocity, &/t

Wind velocity in 2z direction, &/t; washdown velocity, £/t

Rate of transport of SO, to precipitation sampler by dry
processes, moles/t

Downwind distance, %

Interfacial mole fractlon of pollutant A in liquid phase
Initial mole fraction of pollutant A in liquid phase
Interfacial mole fraction of pollutant A in liquid phase

Crossplume distance, 2

Mole fraction of pollutant A in gas phase

Gas phase mole fraction that would coexist in equilibrium
with the mixed mean mole fraction in the liquid phase LIRS

Vertical dimension, 2%

Parameter defined in Equation (55) et seq.

Parameter defined in Equation (4) et seq.

Parameter defined in Equation (4) et seq.; Parameter defined
in Equation (55) et seq.

Diffusion film thickness, £; also length parameter defined
in Appendix D.
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A Distance between precipitation collectors, £

£ Radius of region on Bromwich contour

Z Fourier transform parameter

6 Mean wind direction, degrees

A Sulfate washout coefficient, t~!

v Kinematic viscosity of air, 22/t

E Fourier transform parameter

o, Standard deviation of vertical wind velocity, &/t

oy, °, Plume dispersion parameter in vy, z direction, £

Tgs o¢ Plu@e dispersion parameter in azimuthal, elevational direction,
radians

Zmi Total mass of SOs collected on sampling line, moles

T Time~integration variable, t

X Measured air concentration of SO,, moles/23

SUBSCRIPTS

aq Aqueous

A Pollutant A

b Bulk

d Dry deposition

e, eq Equilibrium

ex Excess

E Effective

f Final

g Gaseous
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Initial

Plume origin or surface condition
Rain

Total

Vertical component

Liquid phase in x direction

Gas phase in y direction

z direction

Azimuthal direction

Elevational direction
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APPENDIX A.

TABULATIONS OF MEASURED 502 CONCENTRATIONS,
QUILLAYUTE SECOND SERIES AND SO,, SO;, H' CONCENTRATIONS,
CENTRALIA

In the following tables, the position numbers correspond with those of

Figure 9 for Quillayute, and Figure 28 for Centralia.
Missing data indicate no measurement made or measurement lost.

The lower limit SO, air concentrations relate to the approximate minimum

2
measurement capability.
The columns of data are aligned to indicate the approximate radial align-

ment of the sampling positions (cf. Figures 9 and 28).

CR is the concentration of the material in rainwater collected during the
release (Quillayute), or during the time of sampling (Centralia; cf. Table

11).
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TABLE 27.

MEASURED SO2 CONCENTRATIONS - RUN 11

(Units: gm-moles cxn_3 x 109)
In Rainwater In Air
West Grid East Grid
Arc Arc Arc C Line D (East) Line D
Pos. i Cr cR Pos. # CR Pos. # cR Pos. # _ x
(No Release) 10-14 O 10 0 10 < 0.1
15 0.384 11 3.14
16 3.20 12 7.57
17 8.21 13 10.0 13 < 0.1
18 13.6 14 11.2
19 11.7 15 9.94
20 10.0 16 9.94 16 < 0.1
21 7.04 17 9.54
22 4.44 18 11.3
19 11.6 19 < 0.1
20 3.8
21 0.77
22 0 22 < 0.1
23 0

25 < 0.1
28,31,34,36 < 0.1
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TABLE 28.

MEASURED SO, CONCENTRATIONS - RUN 12

(Units: gm-moles cm 3 x 102)

In Rainwater

West Grid ____ _East Grid
Arc B Arc C Arc C Line D
Pos. # CR CR Pos. # CR Pos. CR
10,13-14 O 0
15 2.02 1.38 10 0 1 13.92
16 6.29 6.16 11 0 2 19.52
17 11.7  14.5 12 0 3 10.72
18 20.8  25.0 13 0 4 0.614
19 22.7  23.5 14 0 5
20 18.4  27.6 10 0.3462% 6
21 14.7 18.3 110 7 0
22 3.28  6.10 12 0 8
23 0 0.369 13 0 9
24-25 0 0 14 0 10 0
28,31,33 O 0 15 0 11 0
16 0 12 0
17 0 13 0.764
18  5.77 14 4.53
19 3.90 i5 7.21
20 0.463 16 6.00
21-22 O 17 4. 84
25,28,31,33 0 18 0.463
19,22 0

a802 from west source.
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In Air

(East) Line D
Pos. # X

1 0.742
4 0.318%
7 <0.1

10 <0.1

13 <0.1

16 0.508

19,22,25 <0.1



TABLE 29.
MEASURED SO, CONCENTRATIONS - RUN 14

(Units: gm-moles cm > x 10%)

In Rainwater In Air
West Grid East Grid
Aéc B Aéc C Arc CC Line Dc (East) Line D
Pos. # R R Pos. R Pos. # R Pos. # X
10,13 0 0
14 1.51 1.61 4 4.40% 4 < 0.1
15 13.1 10.3 5 0
16 34.8 22.4 10 0 6 0
17 37.6  43.1 11 0 7 0.390% 7 <0.1
18 44.6  48.0 12 0 8 0
19 44.0 53.1 13 0 9 0
20 29.6 43.4 14 0 10 0.628 10 < 0.1
21 27.5  27.8 15 0 11 3.44
22 16.1 16.6 16 2.90 12 5.19
23 4.85 6.33 17 6.80 13 10.0 13 0.64
24 0 0 18 12.7 14 12.7
25 0 0 19 12.2 15 12.4
28,31,33 O 0 20 10.8 16 10.6 16 0.32
21 6.97 17 9.67
22 4.88 18 6.28
23 0.958 19 4.60 19 < 0.1
25,28,31 0 20 3.52
21 1.53
22 0.247 22 0.64
25 0 25 < 0.1

a
S0, from West source.
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TABLE 30.
MEASURED SO, CONCENTRATIONS - RUN 15

(Units: gm-moles cm 3 x 10%)

In Rainwater In Air
West Grid East Grid
Arc A AEC C Arc CC Line D : (East) Line D
Pos. # R R Pos. # R Pos. # R Pos. # X
10-12 0 0

13 1.66 91 4 5.72° (all < 0.1)
14 3.02 7.05
15 10.2 25.4 10 0
16 19.4  32.0 11 0 7 0.338%
17 22.2 55.0 12 0 8 0
18 26.9 58.8 13 0 9 2.94
19 33.8 48.5 14 0.438 10 11.0
20 24.3 44.6 15 1.37 11 14.9
21 10.9 27.6 16 7.80 12 16.5
22 2.74 19.8 17 11.6 13 18.9
23 0.525 6.49 18 15.8 14 17.2
24 1.07 0 19 12.1 15 15.7
25 0.443 O 20 8.74 16 14.6

21 3.09 17 11.8

22 0.564 18 6.70
28 0.446 O 23 0 19 4.54

24 0 20 0

25 0 21 0
31 0.716 0 28,31 0 22 0

25 0

a802 from West Source
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TABLE 31.

MEASURED S0, CONCENTRATIONS - RUN 16

(Units:

gm-moles cm 3 x 109)

In Rainwater In Air
West Grid East Grid
Aéc A Aéc C Arc CC Line DC (East) Line D
Pos. # R R Pos. # R Pos. # R Pos. # X
10,13,16,19 0 0
20 1.40  1.08 9 12.2% (No Measurements)
21 6.25  1.80 10 3.95% 10 20.2%
22 12.8  12.8 11 13.2%
23 21.6  26.1 12 14.92
24 25.7  43.2 13 5.402 13 24.0%2
25 24.3  36.2 14 4.96% 14 11.2°
26 28.2  35.2 15 3.77% 15 10.4%2
27 19.5  29.0 16 3.922 16 8.55%
28 6.2 23.0 17 8.16%
29 15.8  15.8 18 5.25%
30 8.93  3.03 19 0 19 5.09%
31 0 0 20 0 20 6.41%
21 0 21 3.85
22 1.90 22 3.97
23 6.14 23 7.11
24 11.5 24 12.9
25 16.8 25 17.4
26 18.6 26 21.0
27 6.34 27 18.9
28 2.42 28 16.6
29 0 29 9.38
30 5.37
31 0 31 0.73
32 0

a
50, from West source.
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TABLE 32.
MEASURED SO, CONCENTRATIONS - RUN 17

(Units: gm-moles cm 3 x 109)

In Rainwater In Air
West Grid East Grid
Aéc A Aéc C Arc C . Line DC (East) Line D

Pos. # R R Pos. # R Pos. # R Pos. ¢ X
10-16 0 0

17 0.462 10.9 (No Measurement) (No Measurement)

18 1.78 19.0

19 6.44 38.6

20 13.0 43.6

21 12.5 52.4

22 12.3 38.6

23 5.15 31.1

24 1.24 19.3

25 0 0.44
26-33 0 0
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TABLE 33,
MEASURED SO, CONCENTRATIONS - RUN 18

(Units: gm-moles em 3 x 109)

In Rainwater In Air
West Grid East Grid
Arg B Arg C Arc g Line DC (East) Line D
Pos. # R R Pos. # R Pos. # R Pos. # X

14 1.47 0.765 (No Measurement) (No Measurement)
17 1.32 0.903

20 1.10 0.903

23 1.49 1.18

24 2.16 1.08

25 4.26 3.24

26 9.90 19.3

27 20.9 26.9

28 46.2 42.0

29 36.7 32.2

30 30.0 25.3

31 21.2 23.8

32 16.8 23.4

33 16.4 17.7

34 11.3 12.3

35 2.18 2.92

36 1.20 1.57

37 1.86 1.37
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TABLE 34.
MEASURED S0, CONCENTRATIONS - RUN 19

(Units: gm-moles cm 3 x 109)

In Rainwater In Air
West Grid East Grid
Arc B Are C Arc C Line D .
C C C C Line D
Pos. # R R Pos. # R Pos. # R . X
22-30 0 0
31 1.73 8.04 (No Measurement) (No Measurement)
32 3.72 12.3
33 10.9 23.8
34 10.7 30.0
35 14.5 26.8
36 12.4 24.8

37 10.8 9.36

TABLE 35.
MEASURED S0, CONCENTRATIONS - RUN 20

(Units: gm-moles cm 3 x 10%)

In Rainwater In Air
West Grid East Grid
Aéc B AEC C Arc g Line DC (East) Line D
Pos. # R R Pos. # R Pos. # R Pos. i X
19,22,25,28 0 0
30 2.44 8.03 (No Measurement) (No Measurement)
31 9.49 29.0
32 24.2 38.9
33 29.8 56.4
34 20.2 26.4
35 2.77 3.82
36 0 2.68
37 0 0
40 0 0
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TABLE 36.

S0, CONCENTRATIONS - RUN Cl, LINE A

(Units: gm-moles em™3 x 109)

In Rainwater

Sample Position Concentration
19 a
22 a
28 a
34 a

aNo rainfall.

bUncertainty due to loss of bubbler fluid.

TABLE 37.

SO, CONCENTRATIONS - RUN Cl, LINE B

(Units: gm-moles em™3 x 10%)

In Rainwater

Sample Position Concentration
17 a
20 a
23 a
26 a
29 a

aNo rainfall.

bUncertainty due to loss of bubbler fluid.

149

In Air

Concentration

< 10-°
2.4-3.9°
187
82-102°

In Air

Concentration

< 10°S
102
b
300-600
25.2
< 1075



Sample Position

TABLE 38.

SO, CONCENTRATIONS - RUN Cl1l, LINE C

32
35
38
41
44
47

aNo rainfall.

(Units: gm-moles cm™3 x 109)

In Rainwater In Air
Concentration Concentration

a < 1079

a < 1073

a 169

a 266-332°

a 111—222b

a 19.2

bUncertainty due to loss of bubbler fluid.
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TABLE 39.

S0, CONCENTRATIONS -~ RUN C2, LINE A

(Units: gm-moles cm™3 x 109)

In Rainwater In Air

Sample Position Concentration Concentration

11 0

12 0.3

13 0.4 < 1073

14 0.9

15 0.7

16 2.1

17 9.4

18 12.5

19 15.8 0.004

20 14.7

21 9.8

22 6.9

23 6.1

24 7.9

25 7.2 < 1073

26 5.

27 2.0

28 0.3 0.0111

29 0.2

30 0
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TABLE 40.

SO, CONCENTRATIONS - RUN €2, LINE B

(Units: gm-moles cm™3 x 109)

In Rainwater In Air
Sample Position Concentration Concentration

5~7 0
8 0 0.0824
9
10 0.9
11 2.5 0.0159
12 5.3
13 9.7
14 11.3 0.113
15 6.4
16 4.3
17 4.7 0.0368
18 5.6
19 3.2
20 2.7 0.0834
21 2.0
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Sample Position

TABLE 41.

S0, CONCENTRATIONS - RUN C2, LINE D

gm-moles cm™3 x 109)

In Rainwater In Air

Concentration Concentration

21-22

23

24
25
26

27
28
29
30
31
32

33
34
35

36
37
38

39
41

0 < 1075

2.6
0.5 0.010

0.7
1.6
2.6
2.7
4.0
2.8 < 1073

2.1
1.8
1.0 0.021

0.8
0.5
0.5 < 1075
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TABLE 42.

S0, CONCENTRATIONS - RUN C3, LINE A

(Units: gm-moles em™3 x 109)

In Rainwater In Air
Sample Position Concentration Concentration
11-17 0 (all < 1075)
18 1.0
19 0.9
20-30 0
TABLE 43.

S0, CONCENTRATIONS - RUN C3, LINE B

(Units: gm-moles em™3 x 102)

In Rainwater In Air
Sample Position Concentration Concentration

5-9 0

10 9.2

11 13.9 0.088
12 23.2

13 21.5

14 15.5 0.031
15 4.8

16 0

17 0

18 0

19 0

20 0 < 1073
21 0
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Sample Position

TABLE 44.

S0, CONCENTRATIONS ~ RUN C3, LINE D

21
22

23

24
25
26

27
28
29

30
31
32

33
34
35

36
37
38

39
40
41

(Units: gm-moles cm™3 x 109)

In Rainwater In Air
Concentration Concentration
.2
4.0 < 1075
6.6
11.1
13.3 0.030
9.6
.1
8.1 0.043
7.
4.0 0.026
.6
0.
0.3 < 1075
< 107°
< 107°
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TABLE 45.

SO, CONCENTRATIONS - RUN C4, LINE B

(Units: gm-moles cm™3 x 109)

In Rainwater In Air
Sample Position Concentration Concentration

10-12 0

13 2.5

14 15.2 1.24

15 7.4

16 13.0

17 4.3 0.070

18 0.3

19 -

20 0.0 < 107°

21 0.1

22 0 < 1075

23 0

24 0

25 0 < 107>

26 0

27 0
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TABLE 46.

SO, CONCENTRATIONS - RUN C4, LINE C

(Units: gm-moles cm 3 x 109)

In Rainwater In Air

Sample Position Concentration Concentration

23 1.9

24 3.5

25 9.3 0.386

26 12.0

27 10.2

28 5.9 0.088

29 2.8

30 0

31 0 0.017

32 0

33

34 0 < 107°

35 0

36 0

37 0

38 0 0.0064

39 0

40 0

41 0 0.0044

42

43 0
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TABLE 47.

SO, CONCENTRATIONS - RUN C4, LINE D

(Units: gm-moles cm™3 x 109)

In Rainwater In Air

Sample Position Concentration Concentration

26 0

27 0.1

28 3.2 0.262

29 6.5

30 9.3

31 11.5 0.116

32 7.4

33 1.1

34 0 < 1075

35

36

37 0 < 1075

38 0

39 0

40 0

41 0 < 10-°

42 0

43 0 < 1079

44

45
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Sample Position

TABLE 48.

SO, CONCENTRATIONS - RUN C5, LINE A

11
12
13

14
15
16

17
18
19

20
21
22

23
24
25

26-30

(Units: gm-moles ecm™3 x 109)

In Rainwater
Concentration

159

In Air

Concentration

0.0011

0.0047

0.0138

< 10”5

< 1075



TABLE 49.

S0, CONCENTRATIONS - RUN C5, LINE D

(Units: gm-moles em™3 x 109)

In Rainwater In Air
Sample Position Concentration Concentration

22 0 0.009

23
24
25 0 0.014

26
27
28 0 0.0010

29
30
31
32
33
34

0.0301

o N O &~ O
o N oo O B

< 1075

35
36
37 0 < 1075

38
39 0
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TABLE 50.

50, and H' CONCENTRATIONS - RUN G2, LINE A
IN RAINWATER (Units: gm-moles em 3 x 109)

Sample Position Concentrations - Less Background

%o

11 0

12 0

13 0 0

14 0

15 0

16 2. 3.2

17 11.5

18 28.1

19 24.0 33.3

20 24.0

21 20.8

22 11.5 15,6

23 11.5

24 19.8

25 18.8 13.6

26 14.6

27 13.5

28 11.5 5.0

29 1.0

30 3.1

Background 6.3 2.2
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TABLE 51.

SOi AND H+ CONCENTRATIONS - RUN C2, LINE B

IN RAINWATER (Units: gm-moles cm 3 x 109)

Sample Position Concentrations - Less Background
so; gt
5 2.1 1.0
6 0
7 2.1
8 2.1 2.8
9 3.1
10 4.2
11 7.3 4.7
12 7.3
13 15.6
14 22.9 16.4
15 14.6
16 30.2
17 13.5 9.0
18 12.5
19 8.3
20 .3 8.3
21 6.3
Background 6.3 2.2
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TABLE 52.

SO: AND H+ CONCENTRATIONS - RUN C2, LINE D

IN RAINWATER (Units: gm-moles cm™3 x 109)

Sample Position Concentrations - Less Background

S0, o

21 1
22 3
23 8.
24 4
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

=
wu

W B N W W w PP W W W WYy NN W HE O

(o) BNV R A B = AT Ve R Vo B (o T e N B > - o <R ]

=~
(3]

Background 6.3 2.2
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TABLE 53.

SO, AND H' CONCENTRATIONS - RUN C3, LINES A, B, D

IN RAINWATER (Units: gm-moles cm™3 x 109)

Sample Position Concentrations - Less Background
s0;, H
A 13 (1) 0
16 4.2
19 21.6
22 0.7
25
28 0.2
"B 8 0
11 48.2
14 32.3
17
20
D 23 11.2
26 30.8
29 14.7
32 6.0
35 2.4
38 0.6
41 0.1
Background 0.8

(1) No measurement - Analytical difficulties arising from low sample volumes.
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TABLE 54.

SOZ AND H+ CONCENTRATIONS - RUN C4, LINE B

IN RAINWATER (Units: gm-moles cm™3 x 109)

Sample Position Concentrations - Less Background

10 0

11 3.1 1.8
12 3.1

13 15.6

14 34.4 48.1
15 17.7

16 52.1

17 11.5 23.1
18 10.4

19 6.3

20 3.1 2.8
21 3.1

22 0 1.3
23 0

24 0

25 0 0.8
26 0

27 0
Background 2.1 3.2
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TABLE 55.

SO, AND H' GCONCENTRATIONS - RUN C4, LINE C

IN RAINWATER (Units: gm-moles cm™3 x 109)

Sample Position Concentrations - Less Background

SOy, H

23 7.
24 7.
25 16.
26 19.
27 15.
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

27.7

18.2

11.9

.
(984
=N W w0 N W W

o O O O O O O O O O N W B o

Background 2.1 3.2
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TABLE 56.

SO: AND H+ CONCENTRATIONS - RUN C4, LINE D

IN RAINWATER (Units: gm-moles em™3 x 109)

Sample Position Concentrations - Less Background

SO, H

26 3.1

27 4.2

28 8.3 16.8

29 10.4

30 13.5

31 14.6 23.1

32 11.5

33 10.4

34 3.1 4.7

35 -

36 0

37 0 0

38 0

39 0

40 0 0

41 0

42 0

43 0 1.6

44 0

45 0

Background 2.1 3.2
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TABLE 57.

SO: AND H+ CONCENTRATIONS - RUN C5, LINE A

IN RAINWATER (Units: gm-moles cm~3 x 109)

Sample Position Concentrations - Less Background

S0, T
11-12 0

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

v L 2 O O O O
o

N
B~
H w o O o0 N N O

34.0

-
19,

(=
=~

19.0

12.0

N O O O ©C O N N

Background 6.3 v16.0
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TABLE 58.

SO, AND H' CONCENTRATIONS - RUN C5, LINE D

IN RAINWATER (Units: gm-molegﬁpm'3 x 109)

Sample Position Concentrations - Less Background

S0y, B

22 0 20.0

23 0

24 0

25 2.1 6.4

26 2.1

27 3.1

28 5.2 12.0

29 5.2

30 6.3

31 9.4 18.0

32 9.4

33 4,2

34 0 6.4

35 0

36 0

37 0 1.8

38 0

39 0

Background 6.3 ~16.0

169



APPENDIX B.

A SYNOPSIS OF THE WASHOUT MODELING PROCEDURE

The reversible gas washout calculations described in this report are based
upon an approach that has been developed over the duration of Battelle's
involvement in the EPA washout studies. This appendix provides a short de-
scription of the fundamentals of this approach, and should suffice to pro-
vide a basic understanding of the theory involved in this report. For a
more detailed description the reader is referred to the previous reports

and publications on this subject.l™%

The basis for all washout calculations utilized herein is the property that

a gas will be absorbed or desorbed depending upon whether the concentration

driving force is to or away from the falling raindrop. Mathematically,

this may be expressed by the form

N ) R (34)

Ao - _Ky(yAb - yAe

where, as shown in the Table of Nomenclature NAo is the flux of pollutant

A away from the drop at its interface. The subscripts A and o denote

"pollutant A" and "interface,"

respectively, in a manner consistent with
terminology used throughout this text; the subscript b denotes 'bulk,"
indicating that the entity being described is an average or ''mixed-mean"
value; Y ab is the mole fraction of A 1in the local gas phase. Yae is

the mole fraction of A in the liquid phase expressed in gas-phase terms

to allow incorporation with Ypp 2 @ driving force; it is, more precisely,
the gas phase mole fraction that would coexist in equilibrium with the

mixed-mean mole fraction in the liquid phase Xpp

The above equilibrium relationship can be expressed by the functional form

Vpe = h(XAb) . (35)

In the event that the gas-phase fraction is linearly dependent on the liquid-

phase value, the above equation reduces to

Yae = Ppp o (36)

170



where H is the Henry's-law constant. This may be expressed in terms of

liquid-phase concentration by the essentially equivalent form
— \]
Ype " H (37)

where H' = H/cX is a modified Henry's-law constant, s being the total
liquid-phase concentration (nominally 1/18 moles/cm3).* Nonlinear behavior
in the equilibrium relationship is accounted for in the numerical model
simply by applying the form (37) and varying H' as the computation pro-

gresses.

502 solubility in water is known to depend upon concentration in a highly
nonlinear fashion. Our previous laboratory measurements have shown this
relationship to be given approximately by the form (cf. DHW, pg. 24),

°502 = [soz]aq + [HSO,]

+ +.2 o
. [502]g —[H30 ]ex + V/[H3O ]ex + 4K1[502]g/H
- o + 2 ) (38)
H

where the bracketted terms denote concentrations in moles/liter and
+ . . . .
[H3O ]ex is the concentration in solution of hydrogen ions donated by

sources other than the SO2 ionization reaction. u° and Kl are the

("true'") Henry's-law and dissociation constants, respectively, for Reactions
(39) and (40):

]
o_ _ 2°g
H [SOZ]aq R (39)

- +
[HSO,1[HL0 1, 0 g

K = . (40)
1 [802]aq

Here it is important to note that [SOZ]aq denotes dissolved, undissociated

SOZ’ while the total dissolved SO, is denoted by c¢

2 802

*Owing to the variety of definitions of the Henry's-law coustant that occur

in the literature, one must take care to insure correct application.
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The flux NAo in Equation (34) is defined as the moles of material leaving

the drop per unit area per unit time; whether the process is one of absorp~

(yAb - yAe)'
Thus if a raindrop contains sufficient dissolved pollutant gas to render it

tion or desorption, therefore, depends on the sign of the term

supersaturated with respect to its surroundings ), then the sign

(yAe 7 Yab
will be negative and desorption will occur. Conversely, if a relatively

clean raindrop finds itself in an environment where is large, then

y
Ab
the driving-force sign will be positive, indicating an absorption process

is taking place.

The overall mass-transfer coefficient Ky can be estimated by expressing
it in terms of "film resistances" on the gaseous and liquid sides of the
raindrop interface. For present purposes this relationship can be written
as

1

W‘l:l‘«

1
+ ? s (41)
y X y
where kX and ky respectively are the liquid- and gas-phase mole fractions

defined as

Nao = R G T X)) (42)
and

NAO = -—ky(yAb - on) . (43)
Here X0 and Ypo 3re the mole fractions of pollutant A existing pre-

cisely at the gas-1liquid interface. The rationale for this procedure may
be shown superficially, at least, in terms of the schematic of Figure 59.
This drawing represents a close-up view of a raindrop interface; pollutant
gas is being transferred to the drop (absorption) and the corresponding con-
centration gradients are established. By assigning film thicknesses and
effective diffusivities to the gaseous and liquid regions, one can apply

Fick's law of diffusion to formulate Equations (39) and (40), where

ky = _5LE_X s (44)
and y
c
k== Ex | (45)
X
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The situation depicted by the above analysis, obviously rather simplistic

in nature, has found extended practical application. Continuing with this
approach, one may employ the well-known Froessling equation to determine

the gas-phase mass-transfer coefficient. This equation, given in dimension-

less form as

2k_a —2avz 1 o 1

¥y = — 2271213

e 2+ 0.60——)2[5—] , (46)
Ay 'y Ay

has been validified for a wide range of conditions and is expected to pro-

vide an excellent estimate of ky for falling raindrops.

The method of estimating the liquid-phase mass-transfer so efficiently is
not so straight forward, and involves a number of inevitable assumptions.
The approach utilized here is to assume that the lower limit of mass tran-
fer will occur if the raindrop is stagnant. In this event (if we treat this
situation as one of pure 'physical absorption" (cf. HTW, DHW)), one can .
solve the equation of continuity for diffusion into a sphere to determine
corresponding mass-transfer rates (HIW, p. 40). Normally this results in
variable mass-transfer coefficients; however, if one calculates for the
special case of a linearly increasing gas concentration, the expression
5D, c

ko= X (47)
is obtained. This equation can be used in conjunction with (39) to provide
a linearized mass-transfer expression, if desired. Alternatively, one can
employ the combined gas-liquid expression derived during this project and
given in Section IV to provide a less direct but theoretically more satisfy-

ing means of estimation.

To calculate washout concentrations using the above approach one must re-

write (34) in terms of the liquid-phase concentration, CAb' The result is
dc 3K
Ab _y ot
dz " v.alam " Hey) (48)

where v is the terminal fall velocity of the raindrop, and the gas-phase

concentration field yAb(x,y,z) must be furnished prior to calculation of
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numerical results. At the present time this procedure uses the Pasquill-
Gifford bivariate-normal plume equation, modified to account for pseudo
first-order chemical reaction and background, to fulfill this purpose. This

is given as

Yao = Fro= e[ 1 {exn [ G2 + exp -3 EH?))
y 2z y z z

kx
exp(- =) + yAbfbkg . (49)

Execution of the EPAEC model consists simply of solving Equation (47) numeri-
cally in conjunction with Equation (48) for a number of selected drop sizes,
and then distributing the results according to the raindrop spectrum to ob-
tain average concentrations. The computer code described in Appendix C
performs this function and allows for a number of sophistications including
nonlinear solubility behavior, lofting plumes, and nonvertical rainfall.

If these sophistications are not included, the above problem can be solved

analytically, the result being given by

3QFk_ r 2 GZCZ

cAb(a,O) =~ —TL—— exp (- _y_2_ + 22 )
2V2r ¢ uv,_ a 20
y ¢t y

—ozg - h —ozg + h
{exp(&h)erfc(——z——:j—) + exp(—Zh)erch—J£-~—-)}
o V2 o V2
z z
* Y kg’ , (50)

where r = exp(-kx/4) and % = 3KyH'/vta.
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APPENDIX C.

DESCRIPTION OF COMPUTER CODE
FOR THE EPAEC NONLINEAR NONFEEDBACK WASHOUT MODEL

The computer code can be described, in a somewhat superficial sense, in
terms of the flow chart shown in Figure 60. This figure demonstrates that
washout calculations may be performed using the code simply by employing a
main program that performs the following functions: 1) reading of appro-
priate input data; 2) execution of algorithm by the statement CALL MASTER;
3) printing of resulting computed values. MASTER is a master coordinating
subroutine which employs all of the program functions to calculate washout

as indicated in Figure 61.

The utility of the above arrangement is that it allows the code to be
applied generally for a variety of specific purposes; one simply writes a
main program designed to fulfill his particular requirements, and employs
the statement CALL MASTER to execute the basic algorithms required. The
Centralia computations described in Section VI, for example, were executed
using a main program that memorized the topography of the surrounding area,
computed relative distances based on the plume location, and then calculated

corresponding washout concentrations by the statement CALL MASTER.

A generalized main program can be employed to perform the above functions,

if desired. Use of such a program will provide results identical to those
computed using customized main programs, the major disadvantages being
probable increased inconvenience in data input and less control over output
formats. An example of such a generalized program is shown on the pages
immediately following Table 59, which defines the computer nomenclature.
Named EPAEC, this program employs a common statement to facilitate exchange
of information with the subroutine MASTER. The following EXTERNAL statement
designates the function subroutines V, HPRIME, and YAB to be used internally:
this statement is essential to the operation of any main program for this

purpose.

Reading of input data proceeds, governed by the control variables J1-J4

which allow the bypass of designated READ statements if desired. Finally,
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READ INPUT DATA
RAINDROP SIZE SPECTRUM AND RATE (N, F, D, XNT);
MOLECULAR TRANSPORT PROPERTIES (DAX, DAX, XNU)
REACTION RATE CONSTANT (RK);

PRESSURE, P; TEMPERATURE, T; EXCESS HYDROGEN ION CONCENTRATION, HEX;
PLUME PROPERTIES (SIGTHE, SIGPHI, U, H, Q, VERT, BKG);
RECEPTOR LOCATION (XBUK, YBUK, ZBUK);

CONTROL VARIABLES (JOPT, ...)

CALL MASTER

PRINTING OF COMPUTED WASHOUT CONCENTRATIONS
CGRND (I), CAVG, CEQ
AND/OR
STORAGE FOR SUBSEQUENT COMPUTATION

FIGURE 60. SUPERFICIAL FLOW DIAGRAM OF EPAEC MODEL.

[ SOLVE |
MTC YAB

FIGURE 61. SUBROUTINE HIERARCHY IN EPAEC MODEL.
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an optional, internally-generated receptor spacing (DYDUM) is calculated.
This provides for performance of subsequent calculations at 5-degree in-

creasing cross-plume distances.

Upon printing the input data, MASTER is called. Execution of this sub-
routine pertains to a single receptor location. Upon completion of the
calculations controlled by MASTER, appropriate printing is performed, in-
cluding that of REF, which is the variable denoting height above the source

passed by individual raindrops at x = 0.

At this point, depending upon the current value of the control variable
JEND, the program has two options. It can either proceed to the adjoining
cross—-plume location, perform subsequent computations, and integrate to
provide (ultimately) a downwind washout rate (WORATE) or it can read new
input data and proceed to calculations for other conditions. In the event
that cross-plume integrations are performed, the program terminates when
relatively low concentrations are encountered on the edges of the plume,

and the downwind washout rate is printed.

The program is terminated completely whenever no additional data cards are
found, or when the control variable JEND is set equal to 1. An example

data set for use with EPAEC has been given previously in Section VII.

DESCRIPTION OF BASIC COMPUTATIONAL ALGORITHM

Exclusive of the input-output functions governed by the main program, the
basic computational algorithm can be described by the hierarchy of sub-
routines shown in Figure 61. The primary function of this algorithm is to

solve the drop-response equation

- u
dz - vaUa " He) (48)

which was given previously in Appendix B. The calculations performed by
the computer listing given here envision a rain-plume situation as shown in
Figure 62. In this visualization a single raindrop of radius R falls
through the plume to a receptor over a linear trajectory determined by the
wind speed U and the terminal fall velocity V. A computational grid is

set up along the trajectory, and Equation (48) is solved numerically using
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a Runge-Kutta finite-difference approximation to obtain the value of SIS
(CGRND in the computer code) at the receptor location. This procedure is
repeated for all drop sizes in the discretized spectrum and the results are

averaged to obtain a final mixed-mean concentration (CAVG) for that location.

Y ab values along the trajectory are furnished by a plume model in the form
of a subroutine (YAB). At present this subroutine is written to accomodate
the Gifford-Pasquill Bivariate-Normal plume model,6 modified to account for
quasifirst-order chemical reaction, plume loft, and ambient background. De-
scriptions of the subroutines shown in Figure 61 are given individually in
the following text. Listings of these subroutines are provided at the end

of this appendix.

Subroutine V provides the terminal fall velocity dz/dt, as a function of

raindrop radius R. This internal function is simply an empirical poly-

nomial fit to measured terminal velocity data.3l

Subroutine HPRIME utilizes Equation (38) or appropriate variations thereof,

to determine values of the apparent Henry's-law constant appropriate to the

current value of either ¢ or depending on the value of the control

Ab Yab’
variable LGOPT. If LGOPT is set equal to 1 in the calling sequence, cal-
culation is based on the value of Y aps otherwise the current value of ab
is employed.

Upon being initiated, HPRIME first computes the dissociation constant

(EQCON) and Henry's-law constant for undissociated 802 (HANK), as defined

by

- +
{HSO ][H 0]
EQCON = 3 3 total , (moles/liter) (51)
[502]
aq
Y Ab
HANK = ———— , (liters/mole). (52)
[502]
aq

This is done in accordance with Johnstone and Leppla's32 measured values as

interpreted in our previous analysis (DHW, p. 23 et seq.).

Upon computing EQCON and HANK the subroutine branches, depending on the
value of LGOPT, to computations based on liquid or gas-phase concentrations.

Each of these branches tests for low-concentration conditions and applies an
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asymptotic approximation to the solubility expression if these conditions
are satisfied. If low-concentration conditions do not exist, the complete
solubility equations are employed for final assessment of the return value

of the apparent Henry's-law constant,

HPRIME = d ( 3/ le) (53)
total dissolved 802 ’ cm /mole).

. \ . 3. s .
Conversion from units of liters to cm™ is completed within the subroutine

prior to returning to the calling routine.

Subroutine MIC computes the overall mass-transfer coefficient Ky' It be-
gins by calculating the gas-phase coefficient using Equation (46). Then,

if the control variable JOPT has been set equal to 1, (gas-phase limiting),
the overall coefficient is returned as the gas-phase value. Otherwise, a
liquid coefficient is calculated using Equation (47), and the gas and liquid
coefficients are combined using Equation (41) to obtain the corresponding

stagnant-drop values.

Subroutine RUNGE, in conjunction with subroutine SOLVE performs the numeri-

cal integration of Equation (48), SOLVE supplying RUNGE values of the de-
rivative chb/dz (F 1in the computer code) and RUNGE returning values of
c,, . RUNGE is a fourth-order Runge-Kutta algorithm which has been adapted

Ab
from a previous work. 33

This algorithm is rather complex and will not be
discussed in detail here, except to state that its expected errors are of
the order of the fractional grid spacing to the fourth power. For a com-
plete discussion of this method the reader is referred to the work of

Carnahan, et al.33

Subroutine YAB, as mentioned previously, provides values of the gas-phase

mole fraction of pollutant as a function of spatial location x, y, and z.
Equation (49), which is the Gifford-Pasquill Bivariate-Normal equation,
modified for quasifirst-order gas-phase chemical reaction, is employed for
this purpose. The subroutine computes values of the dispersion parameters,
and proceeds directly with a solution of Equation (49) to provide the re-
turn value YAB. H in this subroutine is a virtual value, and depends upon

the value of emission height supplied by the calling program.
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Subroutine SOLVE performs the function of establishing the computational

grid and implementing RUNGE to obtain the solutions to Equation (47). The
routine begins by initializing variables and then testing for the occurrence
of equilibrium scavenging. This is accomplished by calculating a virtual
emission height (HSTAR) and an appropriate dispersion parameter (SIGMAZ).
This is followed by determination of an effective Henry's-law constant,
which is employed in conjunction with the criterion of Equation (1) (GROUP

> 15) to determine whether or not equilibrium scavenging occurs. If equi-
librium conditions are indeed predicted, the scheme bypasses the solution

of Equation (47) and simply returns the equilibrium washout concentration

value.

In the event that equilibrium conditions are not predicted, the routine in-
itializes the concentration of pollutant in the drop, C(1l), to its appro-
priate above-plume value, and proceeds to establish a computation grid. In
performing this function it first tests for plume undercut by the raindrop
(REF < 0). 1In the event that undercutting occurs, the grid network is es-
tablished by dividing the vertical distance between the saunpler and the
height at which the drop crosses X = 0 into thirty equally-spaced measure-

ments.

If plume undercutting does not occur, a '"mormal" grid spacing is established.
This is accomplished by finding an appropriate vertical spread parameter
SIGMA) for early stages of the drop-plume encounter and (rather arbitrarily)
beginning numerical computations at an elevation equal to the effective
release heights plus three times the computed spread (HSTAR + 3 * SIGMA).
Grid spacing is set at one-sixtieth of the vertical distance between the

receptor and the point where calculations are initiated.

A final modification of the computation grid structure is performed if the
raindrop encounters a plume having a low degree of spread ("compact plume").
This is done simply by testing for whether the current spacing is less than
one-fourth the computed spread parameter SIGMA. 1If not, a top grid spacing
(TDZ) is set equal to SIGMA/4 (SIGMA/8 if SIGPHI is greater than 0.5). If
"compact' plumes are encountered, this finer grid spacing is employed for

25 increments, and the original grid spacing, DELTAZ, is employed thereafter.
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The choices of grid spacings described above were arrived at after experi-
mentation with various arrangements. This system provides for general
stability and accuracy of the algorithm, with reasonable economy in execu-

tion time.

As described earlier, numerical solution of the object equation is accom-
plished using subroutine RUNGE. This subroutine is called repeatedly, and
control is transferred between it and the calling subroutine SOLVE, which
updates the downwind distance (x) and effective release height HSTAR.
SOLVE also updates the derivative function F(1) and supplies this value
to RUNGE, which in turn provides calculated values of the concentration

C(1).

Calculations continue until the receptor location is encountered. Then the
value of the ground-level rain concentration (COBJ) is calculated and re-

turned with other pertinent variables in the calling sequence.

Subroutine MASTER coordinates calculations for the ensemble of drops in the

descretized spectrum, and combines the resulting concentration values to
obtain mixed-mean levels. MASTER simply calls subroutine SOLVE for each
raindrop size in the spectrum, saves the individual concentrations in the

array CGRND(I), and averages according to the equation

N

3 F(I)D(I)>CGND(I)
CAVC = + 3 . (54)
5 F(I)D(I)°
1

Control is then transferred to the main program for subsequent printing

operations.

MODIFICATION OF THE COMPUTER CODE

The modular form of the general computer code enables it to be modified
easily for use in other applications. Such modifications can be categorized
into two types, depending on whether they are meant to improve the accuracy
of the calculations or to adapt the algorithm for use with substances other

than SOZ'
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The first type of modification--an incorporation of an improved plume
model for instance--can usually be accomplished by modular replacement of
one or more subroutines in a straight-forward manner. The second type of
modification usually can be accomplished easily, depending on the materials
of interest. If this material is a nonreactive gas, one simply must re-
place the solubility function HPRIME with one appropriate to the gas in
question. Other routines are generally applicable, and corresponding
modifications are accomplished automatically by changes in the physical~-
properties input data. Scavenging of a totally soluble gas, for instance,
can be calculated simply by modifying the function HPRIME to return a zero

value whenever it is called.
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TABLE 59.

COMPUTER NOMENCLATURE

Symbol Units Definition _

AA cm2 Summing variable for calculation of average
concentration

B gm moles/liter Dummy variable in subroutine HPRIME used for

storage of sum of the equilibrium constant
and the excess hydrogen ion concentration

BKG dimensionless Mixing ratio of pollutant in gas phase back-
ground (moles/mole)

C gm moles/cm3 Mixed-mean concentration of pollutant in a
specific raindrop

CAVG gm moles/cm3 Mixed-mean concentration of pollutant in a
collected rain sample

CAVGCL gm moles/cm3 Mixed-mean concentration of pollutant in rain
sample collected beneath plume centerline

CCUM gm moles/cm3 Cumulative concentration used for integration
across the plume to calculate washout rate

CDUM gm moles/(liter)2 Dummy variable used in HPRIME

CEQ gm moles/cm3 Concentration of pollutant in rain in equilib-
rium with ground-level gas-phase concentration

CGRND gm moles/cm3 Mixed-mean concentration of pollutant in a
specific raindrop at receptor

CLAST gm moles/cm3 Dummy variable used for performing cross-plume
integration

COBJ gm moles/cm3 Mixed-mean concentration of pollutant in a

specific raindrop at receptor

3 . . ]
CSET gm moles/cm Mixed-mean concentration of pollutant in a
specific raindrop used for calculation of
mass—-transfer coefficient in subroutine TKY

3
CTEST gm moles/cm Dummy variable used to test for cross-plume
integration termination conditions; also used
to establish compact plume characteristics in

SOLVE
D cm Raindrop diameter
DAX cmz/sec Molecular diffusivity of pollutant in air
DAY cm2/sec Molecular diffusivity of pollutant in water
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TABLE 59 (Cont'd.)

Symbol Units Definition

DELTAY cm Cross-plume spacing of calculation points

DELTAZ cm Vertical grid spacing employed under non-
compact plume conditions

DYDUM cm Cross-plume spacing of calculation points
generated by computer if no value is entered
as data

DZ cm Vertical grid spacing

DZTST cm Test variable for assessing compact plume
conditions

EQCON gm moles/liter Equilibrium constant for first dissociation
of 802 (cf. Equation (40))

F cm—3 Probability~density function for raindrops of
size R in a distributed system; also denotes
derivative used in subroutines SOLVE and RUNGE
(gm-moles/cm%)

GR dimensionless Dummy variable used in subroutine SOLVE

GROUP dimensionless Dimensionless group used to evaluate equilib-
rium scavenging conditions (cf. Equation (1))

H cm Effective emission release height

HANK liters/gm mole Henry's-law constant for undissociated SO, in

- 2
water (cf. Equation (39))

HEX gm moles/liter Hydrogen ion in rain other than that contrib-
uted by dissolved 802

HPRIME cm3/gm mole Effective Henry's-law constant for total
dissolved SO2 in water

HSTAR cm Plume height, or effective release height

HTEST cm3/gm mole Effective Henry's-law constant used for
evaluation of equilibrium scavenging conditions

I Index integer

ICP Internal control variable in subroutine SOLVE
providing for grid spacing modifications in the
case of a compact plume

IGRND Internal control variable in subroutine SOLVE
providing for termination of the algorithm as
the raindrop encounters the receptor

18 Internal control variable communicating status

of solution between subroutines SOLVE and RUNGE
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TABLE 59 (Cont'd.)

Symbol Units

Iy

J1

J2

J3

J&

JEND
JOPT

JP

LGOPT

P atm

PHI

Q gm moles/sec
R cm

RE dimensionless

REF cm

RK sec

Definition

Internal control variable providing a runaway
trap on cross-plume integration sequence

Index integer

Read control variable providing for optional
reading of raindrop size distribution data

Read control variable providing for optional
reading of physical properties data

Read control variable providing for optional
reading of plume data

Read control variable providing for optional
reading of grid data

Program termination control variable

Mass-transfer coefficient option control
variable (JOPT = 1 gives gas-phase controlled
coefficient; JOPT = 0 gives stagnant-drop
contribution)

Print control variable (JP set equal to 1
suppresses printing of individual raindrop

data

Control variable for gas (= 1) or liquid (= 2)
based solubility calculations

Internal/external control

Integer for RUNGE and SOLVE

Number of discreet drop sizes in descretized
spectrum; also number of simultaneous equations
in RUNGE

Ambient pressure

Internal computation variable in RUNGE
Source strength of plume

Raindrop radius

Reynolds number for falling drop

Height above release point where raindrop
passes x =0

First-order reaction constant for decay of
pollutant in plume

(Integer) status variable used in subroutine
RUNGE--counterpart of variable IS in subroutine
SOLVE
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TABLE 59 (Cont'd.)

Symbol Units Definition

SAVEY dimensionless Mixing ratio of pollutant in gas phase at
receptor

sC dimensionless Schmidt number for falling drop

SIGMA cm Internal estimate of plume spread in z-
direction--utilized when compact plumes are
encountered

SIGMAY cm Plume spread in y-direction

SIGMAZ cm Plume spread in z-direction

SIGPHI radians Plume spread in ¢-direction

SIGTHE radians Plume spread in 6-direction

SIGY cnm Plume spread in y-direction at receptor

SIGZ cm Plume spread in z-direction at receptor

T °K Ambient temperature

TDZ cm Compact plume grid spacing

TEST1 liter/gm mole Test variable for asymptotic dilution conditions

TKY gm moles/cmzsec Overall mass-transfer coefficient (cf. Eq. (41)

TDZ cm Grid spacing for compact plume

U cm/sec Mean wind velocity

\ cm/sec Terminal fall velocity of raindrop (fall in +z
direction)

VERT cm/sec Plume loft velocity

WORATE gm moles/cm Downwind washout rate

X cm Downwind distance from source

XBUK cm Downwind distance of receptor from source

XCL cm X position where drop falls across release
elevation

XK gm moles/cmzsec Liquid-phase mass-transfer coefficient

XNT cm/sec Rainfall rate

Y cm Crosswind distance from source

YAB dimensionless Mixing ratio of pollutant in air (moles/mole)

YBUK cm Crosswind distance of receptor from source

YK gm moles/cmzsec Gas-phase mass-transfer coefficient

Z cm Distance above stack base

ZBUK cm Distance of receptor above stack base
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PROGRAM EPAEC (INPUT,OUTPUT s TAPES=INPUY, TAPE6=OUTPUY)

PROGRAM =+«EPAEC+*s TO SOLVF NONLINEAR=NONFEEDBACK MODE|, FOR GAS
SCAVENGING, PROGRAMMED IN FINAL FORM MARCHs 1973 BY

do B¢ nabE5 UNDER CONTRACT TO THE DIVYICION OF METEQRO' Onv,
ENVIRONMEN AL PROTECTION AGENCY,

iaNel

PROGRAM REEDS IN THE NUMBER OF DISCRETE DROP SIZES In THE RAIN

SPECTRUM AnND THE VARIOUS DEBCISION VARIABLES. IT YHEN READS THE

RAIN DISTRIBUTION DATA AND (OPTIONALLY) THE LIQUID~PHASE MASS~

TRANSFER COEFFICIENTS, SUBSEQUENTLY 1T READS IN THE PHNYSICAL

PROPERTIESs THE WIND VELOCITY AND SOURCE STRENGTHe AND THE

LOCATION OF THE RECEPTOR, CALCULATION THEN PROCEEDS AS DOCUMENTED

THROUGHOUT THE PROGRAM, THIS CODE USES THE CGS SYSTEM OF UNITS,

FXCEPT FOR PRESSURE, WMICH IS IN ATMOSPHERES. AND FOR SOME

CONCENTRATIONS EMPLOYED IN THE SOLUBILITY CALCULATIONS

WHICH ARE GIVEN IN MOLES PER LITER, CONVENTIONAL CONCENTRATION

UNTTS ARE MOLES PER CUBIC CENTIMETER,

COMMON D (20) oF (20) yCGRND (20) s SAVEY No Ul sJ20J3sJbesJdOPT Py JEND,
10AX DAY sHEX s XNUsP ¢ Te XNToSIGTHE 4 SIGPHI yUsH e Qo XBUK 9 YBUK o ZBUK o
2DEILTAZ+SIGY+SIGZ¢CEQeCAVGsRKsBKGyVERT

EXTYERNAL V¢HPRIME,YAB
100 READ (59320) NesJleJ2eJ3eJasJOPTHJPyJEND

IF (Jl.EQe]1) GO TO 110
READ (5,330) (D(I),1=31910)
READ (54330) (F(I)y1als10)
110 IF (J2,£Q.)) GO TO 120
READ (59340) DAX9DAYIHEX s XNUsP s ToXNT¢RK
120 IF (J3,EQ.1) GO TO 130
READ (59350) SIGTHE,SIGPHIsUsH)QeVERT#BKG
130 IF (Js,EG,1) GO TO 140
READ (54360) XBUKy»YBUKEBUKDELTAY(DELTAZ
DYDUM=2, 087266+ XBUK
IF (DELTAY.LT.1s) DELTAY=DYDUM
140 IF (J4,EQ.])) YBUK=g,
WRITE (6¢230)
WRITE (6¢240) DAXsDAYsXNUIHEXsP,T
WRITE (6+250) SIGTYHESIGPHIUH,4Q
WRITE (6+260) XBUK,YBUKS$ZHUK

OGO YN

CCuM=0,
Ivy=0
150 CALL MASTER
o TESTING FOR INITIAL COMBUYATION

IF (1Y.GT.0) GO TO 160
WRITE (6+270)
c PRINTING OF BULK RESULTS
160 WRITE (6¢280) SIGY,SIGZ¢CEG,CAVG
WRITE (6+¢310) SAVEY
IF (JP.EQ.1) GO T0 180
0O 170 I=1,N
R=D(1)/2,.
REF=ZBUK=XBUK®V (R} /U~H
c PRINTING OF INDIVIDUAL RESULTS
170 WRITE (6+290) D(I)oCGRND (1) +REF
IF (JEND,EQ,3) GO To 100
c TESTING FOR WHETHER RECEPTOR IS ON CENTERLINE
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180

190
200

210
220

230

240
250
260
270
280
290
300
310
320
330
340

350
360

IF (1Y.EQW0) GO TO 190

IF (JENDLEQ.2) GO YO 201

TEST FOR OFF=PLUME CONDITYIONS
CTEST=1,~{CAVGCL=CAVG)/€EAVGCL
CCuM=CCUM+ (CAVG«CLAST)

IF (CTEST.LTeo001) GO TO 210
GO TO 200

CAVGCL=CAVG

YBUK=YBUK+DELTAY

1Y=aIY»]

IF (JEND.EQ,2) GO TO 100

IF (1Y.GT.35) GO To 220
CLAST=CAVG

CALCULATION AND PRINTING of DOWNPLUME WASHOUT RATE (MOLES/CM SEC)
WORATE=CCUMsDEL TAYxXNT

GO TO 150

WRITE (6+300) WORATE

IF (JEND.NE.1) GO YO 100

CALL EXIT

FORMAT (1H1//410XemPRECIPITATION WASHOUT ESTIMATESM"y//9SX,
1"VALUES GIVEN IN GM=MOLE ~» CM « SEC UNITS UNLESS SPECIFIED OTHERWI
2SENy//7/7420X"INPUT DATAN)

FOQMAT (1H 9DAX 3 nyF12,9¢% DAY 3 NeFT7,%41 XNU = W ygFT,5," HEX =
1"4F13464" MOLAR P = W eF6, 394t ATY T = #,FT,2¢" DEGREES Kn)

FORMAT (1H o"SIGMA THETA = MeFQ,4s" SIGMA PHI = MyF6, 49" U = ¥,
1E13,69" H = WeE13,64" Q@ = "yE13,6)

FORMAT (1H +10Xe"XBUK = "y E13,64" YBUK = #,E13,69" ZBUK = ",E13,6)
FORMAT (1H ¢//420X+"COMPUTED VALUES™)

FORMAT (1H o///9¢" SIGY = M E13,64" SIGZ & M,E13,69" CEQ = "9E13,6
1" CAVG = 1",El3,6)

FORMAT (1H "D = MyFT,44" COND = MW E13,69" STACK INTERCEPT = W,

1E13,6)

FORMAT (1H o¢//41H ¢nCROSSWIND WASHOUT RATE = w,Elée,T4v MOLES/CM SE
1C"y/7)

FORMAT (1H +//91H 4n"GAS PHASE MOLE FRACTION AT GROUND LEVEL = v,
1E14,74/7)

FORMAT (815)

FORMAT (10FT7.4)

FORMAT (8E10,6)

FORMAT (2F10,6+5E10,6)
FORMAT (5E10,6)

END
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SUBROUTINE MASTER

C SURROUTINE FOR CALCULATION OF wASHOUT CONCENTRATIONS JN RAIN
C AT GROUND LEVEL USING GENFMALIZED NONLINEAR MODEL, 1Y ACCEPYS
o INPUT DATA FROM MAIN PROGRAM THROUGH THE COMMON STATEMENT AND
[ THEN PROCEEDS YO CALCULATYF RAINDROP CONCENYRATIONS BY CALLING YHE
Pot REQUIRED SURROUTINES, IT THEN CALCULATES THE AVERAGE
C CONCENTRATION IN THE RAIN SAMPLE AND RYTUNNS CONTROL TO THE
C CALLING PROGRAH
COMMON D(20) ¢F (201 4CGRND (V) 9y SEVEYZN9JLled20J39JésJOPTUPWJEND,
1DAX s DAY s HEX ¢ XNU P s To XNT 3 SICGTHE « SIGPHI gUwHy Q9 XBUK s YBUK 4 ZRUK 5
POELTAZySIGYsSIGZsCEQyCAYGoHK 98KG o VERT
C CALCULATION OF STANDARD DEVIATIONS
SIGY=XBUK«SIGTHF
SIGZ=XBUK*SIGPH]
DO 100 I=14N
R=D(1) /2.
C CALCULATION OF INDIVIDUAL CONCENTRATIONS FOR RADIUS R RAINDROPS

CALL SOLVE (ResCOBJWJOPTADAKGDAY s HEX«XNUIP o ToSIGTHE ;SIGPHIsUsHO 4 XR
1UK s YBUK s ZBUK ¢y SAVEY ,RK¢BKG+ VERTyCEQ}
CGRND (1) =COBY
100 CONTINUE
CAyG=0,
AA=0,
C COMPUTATION OF AVERAGE CONCENTRATIOJ BY DISTRIBUTION OVER DROP SIZES
DO 110 I=lN
110 AAxAA+F (1) D (1) we3
DO 120 I=1.N
12n CAVG=CAVG+F (1) »CGRND (I)sD (1) es3
CAvG=CAVG/AA
RETURN
FND
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SUBROUTINE SOLVE (RsCOBUsJUPTsDAXsPDAY yHEXs XNUsP s ToSIGTHE ySIGPHT s U+
1HeGQyp XBUK e Y+ ZBUK s SAVEY »RKy8BKGy VERT+CEQ)
SURROUTINE FOR CALCULATION OF INDIVIDUAL RAINDROP CONCENTRATIONS,
PROGSRAM SETS UP APPROPRIATE COMPUTATION GRID FOR NUMERICAL
SOLJUTION OF THE FIRST~ORDERe ORDINARY DIFFERENTIAL EQUATION
NESCRIRING DROP RESPONSE, IT THEN CALLS THE RUNGE-KUTTA
ALGORITHM REPEATEDLYs PROGWRESSING FROM THE TOP OF THE
COMPUTATION GRID TO GROUNN LEVEL,
DIMENSION C(1)sF (1)
INTTIALIZATION OF VARIABLES
ICp=0
M=)
1G6aND=0
C(1)=0
I=)
C BYPASS TESY FOR EQUILIBRIUM SCAVENGING CONDITIONS
HSTAR=H+VERT#XBUK /1)
SIGMAY=SIGTHE *XBUK
SIGMAZ=SIGPHI «XBUK
SAVEY=YAB(TyPeUsHSTAR Qe XBUK Y4 ZBUK ySIGTHE y SIGPHI ¢RK ¢8BKG)
HTEST=HPRIME (SAVEY  HEXsTyPe])
IF (HTEST.LE.0,) GO TO 100
CTEST=SAVEY/HTESY
CALL MTC(RyDAXIDAY o XNUsT4PeJOPToCTESTIHTEST o TKY)
GR2]18.9*TKYsHTESToUsSIGMAY*SIGMAZew28EXP (450 ,52YsY/SIGMAYS#2)
GRe=GR/ (V(R)*R)
GROUP=GR*SAVEY/ (82,*Q*T/P)
CORJ=CTEST
CEQ=CTEST
IF(GROUP.GT,15,) GO Y0 190
c CALCULATION OF INITIAL RAINDROP COMCENTRATIONM
C(1)=BKG/HPRIME (BKGyHEX9T+Py 1)
o TESY FOR PLUME UNDERCUT
100 REFz~XBUK*V (R) /UeZBRUK=H
Z=REF+H
IF (REF,GT.0,) GO TO 120
C SPACING FOR UNDERCUT GRID
DELTAZ==XBUK*V (R)/ (U*30,)
GO To 130
C SETTING OF NORMAL GRID SPACING
120 XCL=XBUK+U=* (H=ZBUK) /V (R}
SIGMA=SIGPHI*XCL
HSTAR=zH+VERTsXCL/U
Z1=HSTAR+3,sSIGMA
IF (Z1,LTe2Z) 2=27)
DELTAZ=Z/60,
c TEST FOR COMPACY PLUME
DZYST=SIGMA/4,
IF(SIGPHI«GT4e5) DZTST=DZTST/2,
IF(DZTST.GT.DELTAZY GO YO 130
C SETTING OF COMPACT GRID SPACING
TDZ2=aDZTST
1CP=)
C START OF NUMERICAL INTEGRATION LOOP
130 IF (ICPoNE,1,0R,1,6T,25) GO TO 140
DZ=-TD2

OO0

(e}
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60 70 150
140 DZs~DELTAZ
c INITIATION OF RUNGE=KUTYA ALGORITrM
150 CALL RUNGE (13CoF9290ZsISeM)
IF(C(1),LT.04) C(l)=mO,
IF (IS.NE.1) GO TO 160
XexBUKeUU# {Z2=ZBUK) /V (R)

HSTAR=H+VERT=X/U
c CALCULATION OF MASS~TRANSFER COEFFICIENT
CALL MTC (RsDAXsDAYsXNUGToP2JOPT4C (1) sHEXsTKY)
c DETERMINATION OF FIRST DERIVATIVE FOR R=K ALGORITHM

FU1)=(34*TKY/(ReVIR})) s ¢YAU(ToPsUsHSTARIQ1XoYsZ9SIGTHEWSIGPHIyRK 3
1KG) =~HPRIME (C (1) ¢ HEX s TePo2)®C (1Y)
GO TO 150

C TEST FOR APPROACH TO GROUND

160 2TEST=sZ2+¢DZ~2RBUK
IF(2TEST.LT.1004) GO TO 1lTU
Izfe]
GO TO 130

170 IF (IGRND.,EQ,1) GO TO 180
IGRND=}
DZ2=2Z28UK=Z
GO YO 150

180 CORJ=C (1)

190 RETURN
END

SUBROUTINE MTC (RyDAXsDAYsXNUsT Py JOPTCSETHEXsTKY)
SURROUTINE FOR MASS-TRANSFER COEFFICIENT CALCULATION,
GAS COEFFICIENT BASED ON FROESSLING EGUATION, LIQUID
COEFFICIENT 1S BASED ON CONTINUITY EQUATION SOLUTION FOR
RESPONSE TO RAMP CONCENTRATION FORCING FUNCTION,

s e NeNe Nala)

CALCULATION OF GAS-PHASE CUEFFICIENY
REs=2.,¢«R*V (R) /XNU
SC=XNU/DAY
YKu (1e¢o3%REs* S2SCax,333)«DAYsP/ (RaTeR2,057)
TKy=YK
IF (JOPT.EQ.1l) GO TO 100
c CALCULATION OF LIQUID~PMASE COEFFICIENT
XKmo2778sDAX/R
TKYE1/ (HPRIME (CSEToHEXsToPe2) /XKe1/YK)
100 RETURN
END
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FUNCTION YAB({TsPsUsHsQeXoYeZsSIGTHE SIGPH]I RK»BKG)

SURROUTINE FOR CALCULATING MOLE FRACTION OF POLLUTANT IN GAS PHASE
PASQUILL-GIFFORD BIVARIATF~NORMAL EQUATION IS MODIFIED TO ACCOUNT
FOR POSSIBLE BACKGROUND COMTRIBUTIONS AND FIRST-ORDER, GAS PHASE
REACTION,

IF(XeLE,04) YAB=BKG

IF (X4LE.O0,3 GO TO 100

SIGMAY=SIGTHE «X

SIGMAZ=SIGPHI»X

YAB=]3,059RsQ#T«EXP (=Y242/(2¢SIGMAY#32) ) w (EXP (= (ZwH) ne?/ (29SIGMAZ»
1#2) ) SEXP (= (Z¢H) %22/ (2%SIGMAZ*%2)) ) / (SIGMAY+SIGMAZalisP)

YAB3YAR#EXP («RK#X/U) +BKG
100 RETURN
FND

OO0 080

FUNCTION V(R)

SBBROUTINE FOR CALCULATING VELOCITY OF FALLING DROPs USING POLYNOMIAL
FIT TO KINZER-GUNN DATA,

70 KINZER=GUNN DATA,

VZRT10,8584R=18029,72%R++2-32184,4BsR#s3

VzaV

RETURN

END

(e ReNel

194



FUNCTION HPRIME (CoHEXsTePoLGOPT)
C SUBROUTINE FOR CALCULATINL APPARANT HENRYN"S=LAW CONSTANT USING
C JOHNSTONE=LEPPLA PARAMETERS,

IF(CeGT4=14) GO TO 110

HANKSEXP (9,94~3040,/T) /P

EQCONSEXP(~=1043+1780,/T)

c TRANSFER POINT FOR LIQUID= OR GAS<=PHASE BASED CALCULATIONS
IF(LGOPY, .EQ,1) GO TO 100
RzFQCONeHEX
CDUM=EQCON=1000,»C
c TEST FOR LOW=CONCENTRATION CONDITIONS
TEST134,#*CDUM/Bee2
C ASYMPTOTIC EXPRESSION FOR LOW=CONCENTRATION CONDITIONS

HPRIME=1000,% {HANK-HANK*EQCON/B)
IF(TEST14.LT,4001) GO 7O 11U

c SOLUTION OF TOTAL SOLUBILITY EQUATION
HPRIME=HANK® (]l = (=ReSQRT (Rew2e4 ,«COYM) )/ (2000,+C))1000,
GO TO 110

c TEST FOR LOW=CONCENTRATION CONDITIONS

100 DUMMY=HEX*HEX#sHANK/ (6*EQCONC)
TF (DUMMY.LT,1000,) GO TO 1US

c ASYMPTOTIC EXPRESSION FOR LOW~CONCENTRATION CONDITIONS
HPRIME=1000,*HANK*HEX/ (NEX+EQCON)
GO TO 110
c SOLUTION OF TOTAL SOLUBILITY EQUATION
105 CTEST=(C/HANK® (=HEX+SQRT (HEX#%2+4*CeEQCON/NANK) ) /2171000,
HPRIME=C/CTEST
c RETURN VALUE OF HPRIME WAS UNITS OF CENTIMETERS CUBED PER MOLE
110 RETURN
END
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SURROUTINE RUNGE (NoYoeFeXoMeSeM)

c SUBROUTINE TO SOLVE DIFFERENTIAL EQUATION DESCRIBING CONCENTRATION
c RESPONSE OF A FALLING DROP. RUNGE=-KUTTA ALGORITHM IS ADAPTED FROM
Cc GENERAL VERSION GIVEN BY CARNAMAN, LUTHER, AND WILKES,

DIMENSION SAVEY (1) +PHICD)oF (1) oY (1)

INTEGER S

MzMe

GO TO .(10091109130,41504170)¢ M
100 Sx)

GO 70 190

110 DO 120 J=1N
SAVEY (J)=Y (J)
PHY (J) sF (J)
120 Y(J)uSAVEY (J) ¢ sS5eHeF (J)
XxXeSul
Se)
GO T0 190
130 DO 140 U=l 4N
PHI(J)2PHI (J) +2 4sF (J)
140 Y(J)=2SAVEY (J) ¢ ¢SeHeF (U)
S=]
GO TO 190
150 DO 160 J=l,N
PHI (J)sPHI (J) «2,F (J)
160 Y (J)=SAVEY (J) oHsF ()
XzXe,58H
S=]
GO T0 190
170 DO 180 J=1l,yN
180 Y(J)=SAVEY (J) e (PRI (J) oF {J) ) sH/6,
M=(
S=?
190 CONTINUE
RETURN
END
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APPENDIX D.

REDISTRIBUTION OF A GAS PLUME CAUSED BY REVERSIBLE WASHOUT*

In Section IV we presented an expression (Equation (5)), for concentration
in a plume modified by the sorption-desorption action of rain; this appendix
presents a derivation of that equation. In proceeding with this derivation
we start by assuming the rain to be composed of homogeneous, vertically-
falling drops. As discussed elsewhere,® this assumption can be used to
approximate actual conditions reasonably well under most practical circum-
stances.

Having made this assumption, one can focus attention on any single drop of
rain falling through a gaseous plume. As the raindrop traverses the plume,
sorption will occur and the drop's concentration will approach a saturation
value with respect to the concentration in the plume. It then can emerge
from the plume with a concentration, supersaturated with respect to that of
its surroundings, and desorption of the gas may occur. This can result in
an effective lowering of the plume with an increased dosage to low-level

receptors as well as a modified washout pattern.

We proceed with the further assumption that mass-transfer and solubility
behavior can be linearized (invariant mass-transfer coefficient and Henry's-
law constant). In addition, we utilize a majority of the assumptions neces-—
sary for derivation for the Pasquill-Gifford plume equation, i.e., neglect
of longitudinal diffusion, constant effective eddy diffusivities in the
vertical and crosswind directions, negligible wind shear, and a point-source

release.

With the above assumptions the coupled equations of conservation for pollu-
tant in the gas (air) and liquid (rain) phases set forth in previous pub-
lications reduce to mathematically tractable forms. In presenting these
equations here it is convenient to drop some of the subscripts used in
previous nomenclature, since the following derivations are rather cumber-

some, and since there is no danger of ambiguity at present. Thus we will

*The work of this section was sponsored in part by Battelle Institute,
Physical Sciences Program.
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denote the mixed-mean gas- and liquid-phase concentrations of pollutant A,

cAy and ch’ simply by the symbols X and c¢, respectively.

With the above assumptions, the conservation equations become

2 2
gi D §—§-+ D Q"g-+ Be R (55)
M ay oz
and
-J 5'; = aX - BC ’ (56)
where a = - 3JK /ac v, and B = - 3JK /aH*c v_. Here the nomenclature is
y x t y X t

consistent with our previous usage; H* is a modified, apparent Henry's-law

constant defined by the relationship
X = H*c at equilibrium . (57)
CASE 1: 1IGNORING DIFFUSION

We look first at the simpler case for which diffusion of the plume can be
ignored. 1In this case, if we let t = x/u, then Equations (55) and (56)
simplify to

X _ _
at = BC G‘X s (58)
and
ac _
=-J 5; = aX - BC . (59)

If ¢ 1is eliminated between Equations (58) and (59) we obtain an equation
describing only the plume:
2

o X
dzot

X
at

Ix

+

=3J 2
-3 (60)

¥
N
™|y

To solve Equation (60), a Laplace transform (parameter s) is taken in time.
Solving the resulting ordinary differential equation in 2z, subject to the single
boundary condition i(z + »o,8) = 0, gives

X (z,0)

L(z,8) = T + jﬁ-————————~ j Xoe—Ade . (61)
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where A = (B/J)(s/(a+ s)).
Equation (61) is trivial.

profile: Xo(z,o) exp{-at}.

Inverting the first term on the right hand side of

It leads to an exponential decay of the initial plume

The second term is a little more difficult. The integral to be evaluated

is the integral on the Bromwich contour:

Az - ¥) st
1= E%I j e S—ds . (62)
B.C. (s + a)

Point -a in the complex s plane is an essential singularity because of the

s dependence of A. If near s = -a we take s = ¢ - a, then the expansion

of the integrand for small ¢ leads to

A(z - Z) + st
: 7 = % eXp{i“q - at}[l + et + (Et) + ...]

(s + a)

[1+99E+-;—!—(§lg—@)2+

Te ool , (63)

where 7 = X - z. By collecting all terms of the coefficient of s_l, and

identifying the resulting series as titat for a first order modified Bessel

function, we obtain the residue

as —a _

el n - et @ (64)
2 _ 8 . . .

where q~ = 4at J(Z - z). The solution is then obtained from Equation (61) to

be

a
- - E(Z - z)
X(z,) = X _(2)e™ ™" + % ™ J @ X STy Al @ (65)

z

Into Equation (65) can be substituted any initial plume concentration, including,

for example, a plume which has diffused to any realistic provile downwind of the
stack.

A particular case for Equation (65) is quite informative. If initially the plume

is a delta function at the height h, then subsequently, X = 0 for

z > h, and
for z < h,

- qI, (q)
X(z,t) = 8(z - h)e at + % exp{-at —4% -z)} (hl - s (66)
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with q2 = 4at %(h - z). A plot of this solution is given in Section IV. The
large q behavior of Equation (66) can be found using the known asymptotic

expansion of I,(q) and leads to

X(z,t) ~ Tg}——z—)—(%;)% exp{-[(at)¥ - @ (b - 2" 12311 - %E +...) . (6])

To obtain the concentration in the rain, we return to the original equation,

Equation (59), and obtain

B, o By
=g J J
c(z,t) = 3 J X(Z,t)e dz . (68)
Z

In particular, if the Green's function (66) is substituted into Equation (68),

and if known integrals of Bessel functions are utilized, then for =z = h,

c(z,t) ='% Io(q) exp{-at - %{h - z)} . (69)

THE "WASHDOWN' VELOCITY

It is of interest to obtain an estimate of the rate at which the plume is
"washed down'" by precipitation. One way to evaluate this is to determine the
centroid of the plume as a function of time. If the centroid is taken about the

top of the stack, then for the case of a delta function initial plume Equation
(66) yields

—at e _E
e at J £ aJ
<z> = - 3 dt e ql(q) = - E— t . (70)
)
The "washdown' velocity of the plume is then
d<z> aJ
w = dt = - B . (71)

GENERAL CASE: INCLUDING DIFFUSION

We now return to the general case given by Equations (55) and (56). 1In this

_case, when the effects of diffusion are included, some approximations will be
made. These will be justified using the results of the previous section. If
the liquid phase concentration is eliminated between Equations (55) and (56),

there results the single equation for the gas-phase concentration
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2 2 2 2 3
oy Zysdyp 22 4p X sp TEL s 2% (72)
7 ay 9z M ozay oz

where w = aJ/B 1is the washdown velocity and & = J/B is a characteristic
length which for the example shown in Figure 8 is about 5.5 m. Equation (72)
is to be solved subject to the boundary and initial conditions: X(t - o,y,z)

= Xoé(y)é(z - h) ; X(t,y > £%,z) =0 ; and X(t,y,z - *») = 0, These con~

ditions correspond to the case downwind (t x/1) of a stack of height h
and source strength XO, for those situations when the influence of the ground

can be ignored.

To solve Equation (72), the method of multiple transforms will be used. Taking
first a Laplace transform in time (parameter s), then infinite Fourier trans-
forms in y (parameter T) and 2z (parameter Y), leads to the algebraic
equation which contains the boundary conditions:

. Xoe_izh(l - i52)
X(s,m,2) =

NCE)
2+ 60,¢)))

[s(1 - i6y) + nzny + gzoz - &G+ 5D
Inverting the Laplace transform is trivial since there is only one simple-pole
in the complex s-plane. Next, the simple m~Fourier transform is inverted.

Finally, the ostensible inversion of the Z-transform leads to

1 Xo 22
X(t,y,z) = Em exp{~- ieh }

wt

te 2
. { exp{—tDAzg - 4thy + 4z - — (74)

v
5 WU E
The integral in Equation (74) is rather difficult to evaluate. It converges

only in the region IImé] < IRQC]; there is an essential singularity at ¥ = —-4{/5;
in order to find paths of steepest descent it is necessary to find the roots

of the obvious cubic in Z. Rather than pursue the interesting mathematics
involved in evaluating Equation (74), we attempt to simplify the last term in

the exponential for the cases of practical interest. From the previous section
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we notice that for the washdown of SOZ’ 5~ 5.5 m. On the other hand, the
largest Z value that will contribute significantly to the integral is seen
from the first term in the exponential to be ~ (tDz)_%. Thus ¥ is small
compared with 6~1 provided t >> 62/Dz. This condition is satisfied, for

the case with Dz as small as 1 m?‘sec_l

and for the 802 Plume considered in
the previous section, provided only that t >> 1 minute. This is not at all
a serious restriction. Then expanding the last term in the exponential
according to

- %]—E- '@Téz/—&-y o~ /(’_th - Wtﬁéz ’ (75)

and performing the simple integral, we obtain

2 2
-y -[z - (h - wt)]
Pl T w, v )
X(t,y,z) = X L z - , (76)
° (4meD ) [4nt (D + w5)]?

which was presented earlier (in the form of mixing ratios) in Section IV.

Thus in the general case (for the approximations stated), the influence of the
reversible scavenging by rain is that the plume diffuses about the effective
plume height (h - wt), where w = JH* is the washdown velocity, and the
diffusivity is slightly enhanced by the factor w§5.
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