
ORNL/TM-6930 

Feasibility of Conducting Wetfall 
Chemistry Investigations Around 

the Bowen Power Plant 

N. C. J . Chen 
A. A . N . Patrinos 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

NTIS price codes-Printed Copy: A05; Microfiche A01 

Th is report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States nor any agency thereof, nor 
any of their employees, makes any warranty , expressed or implied, or assumes 
any legal liability or responsibility for any third party's use or the results of such 
use of any information, apparatus, product or process disclosed in this report , or 
represents that its use by such third party would not infringe privately owned 
rights. 

,.-



ORNL/TM-6930 

Contract No. W-7405-eng-26 

Engineering Technology Division 

FEASIBILITY OF CONDUCTING WETFALL CHEMISTRY 
INVESTIGATIONS AROUND THE BOWEN 

POWER PLANT 

N. C. J. Chen A. A. N. Patrinos 

Date Published - October 1979 

Prepared by 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37830 
operated by 

UNION CARBIDE CORPORATION 
for the 

DEPARTMENT OF ENERGY 

..-------NOTICE------, 

This report was prepared as an account of work 
sponsored by the United States Govcmmtnt. Neither the 

1 
United States nor the llnited State• Department of ' 
Energy, nor any of their employees, nor any of their 
contractors, subcontractors, or their employees, makes 
any ~v:uronl)'; f.11:prcu or imP~!ed, or assumes any legal 
liahilily or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, producl ua 
process disclosed, or represents that its use would not 
infringe privately owned rights. 



THIS PAGE 

WAS INTENTIONALLY 

· LEFT BLANK 



)·· 

iii 

CONTENTS 

ACKNOWLEDGMENTS ................................................... v 

ABSTRACT • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 1 

1. 

2. 

3. 

4. 

5. 

INTRODUCTION •••••••••••••••••••••••••••••••••••••••••••••••• • • 1 

SURVEY OF WETFALL CHEMISTRY NETWORK ••••••••••••••••••••••••.••• 5 

2.1 Regional Studies ••••••••••••••••••••••••••••••••••••••••• 5 

2.2 Local Studies ............................................ 8 

REVIEW OF SULFUR WASHOUT MODELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 . 

3.1 

3.2 

3.3 

3.4 

3.5 

Model by Scott and· Hobbs - 1967 ••••••••••• · ••••••••••••••• 

3.1.1 
3.1. 2 
3.1.3 
3.1.4 

Introduction •••••••••••••••••••••••••••••••••••••• 
Model description 
Model predictions 
Discussion of the 

................................. ................................. 
model .. ~ ....................... . 

Model by Hales, Wolf, and Dana- 1973 •••••••••••••••••••• 

12 

12 
13 
14 
16 

16 

3.2.1 
3.2.2 
3.2.3 
3.2.4 

Introductiori ••••••••••••••••••••••••••••~···.···~·· 16 
Model description •••••••••••••••••••••••••••••••··· 17 
Model Predictions ••••••••••••••••••••••••••••••••• 20 
Discussion of the model ••••••••••••••••••••••••••• 22 

Model by Dana, Drews, Glover, and Hales- 1976 ••••••••••• 

3.3.1 
3.3.2 
3.3.3 
3.3.4 

Introduction •••••••••••••••••••••••••••••••••••••• 
Model description ••••••••••••••••••••••••••••••••• 
Model predictions ••••••••••••••••••••••••••••••••• 
Discussion of the model ••••••••••••••••••••••••••• 

Model by Hill and Adamowicz - 19 7 7 •••••••••••••••••••.•••• 

3.4.1 
3.4.2 
3.4.3 
3.4.4 

Introduction •••••••••••••••••••••••••••••••••••••• 
Model description 
Model prediction~:; 
Discussion of the 

............................ " .... 
model ........................... 

Model by Garland- 1978 •••••••••••••••••••••••••····••••• 

3.5.1 
3.5.2 
3.5.3 
3.5.4 

Introduction •••••••••••••••••••••••••••••••••••••• 
Model description ••••••••••••••••••••••••••••••••• 
Model predictions ••••••••••••••••••••••••••••••••• 
Discussion of the model •••••••·••••••••••••••••••• 

25 

25 
25 
25 
28 

30 

30 
31 
3? 
34 

36 

36 
36 
38 
38 

MODEL EVALUATION ••••••••• , • • •••••••••••••••••••••••••••••••••• 41 

STUDIES OF WETFALL CHEMISTRY AROUND PLANT BOWEN •••••••.•••••••• 46 

5.1 

5.2 

5.3 

5.4 

Estimation of Sulfur Washout ••••••••••••••••••••••••••••• 47 

Estimation of Trace Metals Washout ••••••••••••••••••••••• 47 

Spatial Variability in Precipitation ••••••••••••••••••••• 52 

Methodology • • • • •. • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • • 53 



5.5 

5.6 

5.7 

5.8 

iv 

Site Criteria •••••••••••···~··••••••••••••••••••••••••••• 

Network Design •••••.•••••••••••..•••••••••.•••••.•••••••.. 

Data Acquisition, Analysis, and Discussion 

Data Analysis from HASL Automatic Samplers 

............... 

............... 
6. SUMMARY AND RECOMMENDATIONS ··••••••••••••••••••••••••••••••••• 

REFERENCES ........................................................ 

Page 

54 

55 

sa· 
63 

67 

70 



.v 

ACKNOWLEDGMENTS 

The preparation of this report was supported by the Department of · 

Energy as part of the program on the Meteorological Effects of Thermal 

Energy Releases (METER). The authors are indebted to R. R. Turner.of 

the Environmental Sciences Division and E. C. Rise of the Engineering 

Technology Division for reviewing the manuscript. In addition, the 

authors thank S. Lindberg and P. Lowry of Environmental Sciences Divi­

sion for helpful discussions on the manuscript and for the laboratory 

measurements at the initial stage of the program, respectively. Others 

within METER also offered help for this report, including R. L. Miller, 

who obtained weather information for field trips, and R. E. Saylor, who 

collected weekly data from two automatic samplers. 



.. FEASIBILITY OF CONDUCTING WETFALL CHEMISTRY 
INVESTIGATIONS AROUND THE BOWEN 

POWER PLANT 

N. C. J. Chen A. A. N. Patrinos 

ABSTRACT 

The feasipiliy of expanding the Meteorological Effects of 
Thermal Energy Releases-Oak Ridge National Laboratory (METER­
ORNL) research at Bowen Power Plant in northwest Georgia to 
include wetfall chemistry is evaluated using (1) results of 
similar studies around other power plants, (2) several atmo­
spheric washout models, (3) analysis of spatial variability in 
precipitation, and (4) field logistical considerations. An 
optimal wetfall chemistry network design is proposed, incor­
porating the inner portion of the existing rain-gauge network 
and augmented by additional sites to ensure adequate coverage 
of probable target areas. 

The predicted sulfate production rate differs by about 
four orders of magnitude among the models reviewed with a pH 
of 3. No model can claim superiority over any other model 
without substantive data verification. The spatial uniformity 
in rain amount is evaluated using four storms that occurred at 
the METER-ORNL network. Values of spatial variability ranged 
from 8 to 31% and decreased as the mean rainfall increased. 
The field study of wetfall chemistry will require a minimum of 
5 persons to operate the approximately 50 collectors covering an 
area of 740 km2. Preliminary wetfall-only samples collected 
on an event basis showed lower pH and higher electrical conduc­
tivity of precipitation collected about 5 km downwind of the 
power plant relative to samples collected upwind. Wetfall sam­
ples collected on a weekly basis using Health and Safety Labora­
tories (HASL) automatic samplers, however, showed variable re­
sults, with no consistent pattern. This suggests the need for 

·event sampling to minimize variable rain volume and multiple­
source effects often associated wlth weekly samples. 

1. INTRODUCTION 

The Meteorological Effects of Thermal Energy Releases (METER) Pro­

gram was organized by the Department of Energy (DOE), Division of Ad­

vanced Nuclear Systems and Projects and Division of Occupational Health 

and Environmental Research to determine the extent to which the heat and 
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moisture releases from evaporative cooling towers and ponds of large 

power plants influence local and regional weather. Within the scope 

of atmospheric effects of concern· to the METER Program, studies by the 

Oak Ridge National Laboratory (ORNL) currently focus on potential rain­

fall modifications from Bowen Electrical Generating Plant in northwest 

Georgia, which utilizes four natural-draft cooling towers. The study is 

composed of two parts: (1) a collection of 30-year climatological data 

as supplied by the National Weather Service is being evaluated for na­

tural variability, and (2) a high-density recording rain-gauged network 

with 49 gauges in a 7 by 7 matrix that covers a squa-re of 4.1 hy A5 lr.m 

(28 by 28 miles) has been operating since February 1978. Both parts of 

the study are aimed at obtaining quantitative estimates of potential 

plant-induced precipitation augmentation and storm pattern disruption. 

This report considers the feasibility of expanditlg the METER-ORNL 

research to include rain chemistry by using (1) results of similar stud­

ies around other power plants, (2) several atmospheric washout models, 

(3) analysis of spatial variability in rain volume, and (4) field logis­

tical considerations. The intent is to determine the extent to whi~h the 

power plant plume affects rain chemistry locally. 

Wet and dry deposition constitute the principal processes of the re­

moval of ai-r pollnt;:mts. Wet deposition, or wetfall, comprises the in­

corporation ot aerosols and gases in cloud droplets (rainout) and re­

moval by falling precipitation (washout); dry deposition, or dryfall, 

denotes the direct collection of gaseous and particulate spe~ies on a 

land or wa tP.r s1.1rface by grav:f tl'lti . .:•lt<il ~;ettling, impac tiun, and adsorp­

tion during d-ry weathPr. nuring the process uf precipitation, substances 

are removed from large volumes of a gas and concentrated into a small 

volume of liquid- a key phenomenon in remnvRl. of all materiAl!'!. 

Collection and analysis of rainwater on an event basis and excluding 

dryfall will be emphasized in this study. This approach maximizes the 

ability to detect plume-scavenging effects and defines the magnitude of 

contribution by precipitation to sulfur dioxide, hydrogen ion, and trace 

met.als deposition. Samples are to be collected during frontal-type pre­

cipitation events, which offer the most favorable conditions for resolu­

tion of effects because they generally provide uniform rainfall with 
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a long duration. Moreover, target and control areas for these rain epi­

sodes are relatively easy to id~ntify with knowledge of surface and upper­

air winds. 

The collection of rainwater has been pursued systematically since 

early 1946 when the European Atmospheric Chemistry Network (EACN) 1 ,2 was 

established. Data analyses from this network led to the. conclusion that 

acid rain in Sweden is probably imported from air pollution in England. 

Thus, a local "soot problem" was transformed into a regional "acid rain 

problem" as a result of the increasing height of smokestacks and. the in­

stallation of more efficient particle precipitators. Because of the acid 

rain concern, a similar network (but much smaller in scale) was initiated 

in the United States at White Mountain, New Hampshire, by Liken's group3 

in 1968. More recently, the study of acid rain phenomenon was intensi­

fied: regional-scale studies included programs of Multistate Atmospheric 

Power Production Pollution Study (MAP3S) 4 and National Atmospheric De­

position Program (NADP.) ·(NC-141);5 local-scale studies around power plants 

consisted of programs at Bowen, Keystone,6 Centralia,7 Chalk Point,B and a 

large smelter at Sudbury.9 Descripitons of their objectives, network 

size, and species of pollutants monitored are summarized in Chapter 2. 

The washout of sulfur dioxide from the atmosphere was considered the 

primary reason for increased acidity of rain in some areas. Growing con­

cern regarding the environmental impact of acid rain prompted model de­

velopers to parameterize this phenomenon in models as a means to predict 

the ra:f nfall chemical ~..:uii!position and timE' sc.ale for S02 removal. To 

·evaluate feasibility of full-scale wetfall chemistry and to guide network 

design, five published sulfur washout models are discussed in Chapter 3; 

in these discussions, particular emphasis is placed on the basic princi­

ples and difficulties encountered with each model. 

Sulfur washout involves several interrelated processes - the dy­

namics of plume chemistry, thermodynamics, and precipitation chemistry. 

To estimate sulfur washout, the following should be considered simultane­

ously: source characteristics of emission, plume rise, and dispersion; 

mass transport between raindrops and S02 ; and S02 transformation that 

involves in-plume and liquid-phase oxidation in the presence of catalysts. 
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Based on these considerations, each model is evaluated and the compari- . 

sons are presented in Chapter 4. 

In Chapter 5, estimations of sulfur and trace metals (mercury, cop­

per, and lead) washout associated with Plant Bowen are given; the result­

ing optimal METER-ORNL wetfall chemistry network is presented. Analyses 

of raindrop concentrations of so2 and pH values underneath plumes are 

estimated, with two assumptions: (1) Gaussian plume dispersion with the 

modification of particulate fall velocity with respect to the gao plume 

and (2) an empirical washout factor. In ;uldition, thr~e exp1ur;~tory field 

trips tor data acqtlisition arotJnd ·Plant Rot>1Qn, nlong with ~:;ume preliminary 

measurements of wetfall composition at the pl~nt'~ meteorological station 

[5 kut (J miles) northeast of the plant] and the Taylorsville power sub­

station [8 km (5 miles) southwest of the plant] by two automatic samplers, 

are discusRPrl. 

A great amount of knowledge in wetfnll chemistry has been acquired 

through intensified efforts in recent years, both theoretically and ex­

perimentally, but clearly there is still much to learn. The METER-ORNL 

research program at Plant Bowen hopefully will initi~te further inter~~L 

and provide more scientific facts regarding local effects of power plant 

plumes on wetfall chemistry. Finally, a summary of the findines and rec­

ommendations baseu un these findings are given in Chapter 6. 

·-. 
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2. SURVEY OF WETFALL CHEMISTRY NETWORK 

In this chapter, existing wetfall chemistry networks on both regional 

and local scales are described for the feasibility of expanding the METER­

ORNL research at Bowen Power Plant to include wetfall chemistry. Emphasis 

is placed on the description of various networks. For theoretical aspects 

of the studies (acid rain, sulfur washout, and trace metal washout), the 

reader is referred to Chapters 3, 4, and 5. Some background information 

is provided here. 

Sulfur dioxide is one of the principal pollutants from the combus­

tion of fuel. The worldwide sulfur emission is estimated to exceed 19.5 x 

1010 kg year-1 (Ref. 10). The major portion of atmospheric S02 is prob­

ably removed by rainout and washout. 11 Rainout is the removal of so2 
within clouds, and washout is removal by precipitation below clouds. 

Acid precipitation was defined as rain or snow with pH values of 

less than 5.6 (Ref. 12). The unpolluted rainwater is not neutral but is 

slightly acidic, with a pH of about 5.6 or 5.7. This is the minimum pH 

value expected for pure water in equilibrium with an ambient concentra­

tion of atmospheric carbon dioxide (320 ppm). 

The observed pH of rain and snow falling on much of northern Europe 

and the northeastern United States has been lowered to between 3 and 5 

(Ref. 13). These regions are the recipients of global winds, which trans­

port the acidic fallout of pollution released from the upwind industrial 

areas of western Europe and the American midwest. Trends in fuel consump­

tion, fuel preference, and pollution control technology, such as increas­

ing the height of smokestacks and installing particle precipitators, ap­

parently transformed local "soot problems" into a regional "acid rain 

problem." 14 

2.1 Regional Studies 

On the regional scale (>500 km), three programs are identified and 

summarized in Table 1. They are compared in terms of major characteris­

tics, such as objl:!ctives, chemical sper.i.es determined, and network size. 



Table 1. Summary :>f ,precipitation chemistry networks - regional studies 

Pro~ram· 0bjectives 
Chemical species 

aa!]Jpled 
Remarks Sources 

EACN 

MAP3S 

NC-141 

Sources: 

To study the transport of constituents through the atmosphere 
from geochemical aspects: source characteristics, amount, 
cjrculation, and transforma!ion processes 

To determine the ecological importance of ~arious elenents 
·deposited from the atmosp1ere on the eant's surface' 

To study long-term trend a·~d spatial varlability in w:t depo­
sition 

To characterize physical and chemical properties, traasforma­
tion, and removal of atmoe:pheric energy-re.Lated pollutants 

To determine processes and parameters go•e~ning the vertical 
and horjzantal transport cf pollutants 

To develop and verify numerical models 

To determine sensitivity of soils and vegetation to deposi­
tion of acidic and ot'her. s·Jhstances in precipitation 

To characterize the physiolo~:lcal and ecological effec:s of 
atmospheric deposition on ~rcwth and reprod~ction of ~ish, 
wildlife, trees, etc. 

To determine the prevalent patterns of meteo·7ol·:>gical c~is­

persal and d=position of s~bstances from the atmosphe1e 

To determine ~he nature and rates of chemical changes ~n 
nitrogen, sulfur, and other Co)mpounds durine· transport from 
sources to receptors 

Same as !':!\CN, with ad­
ditional measurements 
of so2 , No3-, and P04

3-

Same as EACN 

Network size: )3000 km; 
~aximum number of sites: 
120; operational period: 
1946 to present 

Network dimension: 1500 
x 1700 km; number of 
sites: 12; operational 
period: 1976 to present 

Network size: eastern 
two-thirds of United 
States; number of sites: 
40; operational period: 
1978 to present 

1, 2 

3, 4 

5, 6 

1. L. Granat, "On the Variability of l!ainwater Composition and E::-rors in Estimates of Areal Wet De!·osition," P• 531 in Pr-ecipitation 
Scavenging, ERDA Sym.posium Series "1, Report CONT-7~1003 ( 197•). 

2. L. Granat, "Sulfate in Precipitatic·n as Observed by the European Atmospheric Che'llistry Network," Atmoa. EnViT'on. 12, 413--424 
(1978). 

3. ~. c. MacCracken, "MAP3S: An Investigation of Atmoe:pheric Energy-Related Pollutants in the Nort~eastern United States," Atmoa • 
. F:nvi1'on. _g, &49-659 (1978). 

4, Battelle Pacific Northwest Laboratories, The MAP3S FT'ecipitati.~n C'he:rriatry Net1Jo1'k: Fi1'at PerioJ.ic Sum:nrl1'y Repo1't (September' 
1976-.Jrme 1977}, Report PNL-2402 {O.:tober 1977). 

5. J, N, Galloway and E. B. Cowling, "The Effects of Precipitatio:t on Aquatic and Terrestrial Ecosye:tems: A Proposed Precipitation 
Chemistry Network," J. Ai1' PoZZut. Cor.t1'ol Assoc. 28, 22~235 ~1978). 

6. R, Semon!n and H. Volchok, "Site Selection and Ce::-tification," Site Committee on National Atmospteric Deposition Pr·:>gram, NC-141 
{1978). 
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Although their objectives differ somewhat, the programs all involve es­

tablishment .of a large dense ne~work for the creation of a sufficient 

data base. 

The EACN1 ' 2 program is the only network that has operated since early 

1946. Although the number of stations varied from year to year, the data 

were consistent and of good quality. Data analyses from this network led 

to the conclusion that acid rain in Sweden is probably attributable to air 

pollution in England. 

The program MAP3S, 4 funded by DOE, was initiated in 1977. This pro­

gram involves many research·centers, inciuding Brookhaven National Labora­

tory, Argonne National .Laboratory, Battelle Pacific Northwest Laboratory, 

Health and Safety Laboratories, and the Illinois State Water Survey. 

Finally, the recently initiated program NC-141 (Ref. 5) is a joint 

effort of a number of organizations. These include the U.S. Department 

of Agriculture, the Department of Energy, North Carolina State University, 

the University of Minnesota, Colorado State University, Illinois State 

Water Survey, the University of Florida, Purdue University, and Virginia 

Polytechnic Institute and State University. By following the EACN approach, 

samples of precipitation and dry particulate matter will be collected and 

shipped to a central laboratory for analysis to minimize changes in or 

contamination of the samples during transport prior to analysis. 

In contrast to the regional scale, the Hubbard Brook Experimental 

Forest (HBEF)3 program is a much smaller scale study (not really a net­

work) but provides the longcot knowh !'Pr.ord (1964--1974) for pH of precipi­

tation in the United States. This remote forest in the White Mountain of 

the northcentral portion of New Hampshire is maintained by the U.S. Forest 

Service for long-term, in-depth studies of hydrology, biogeochemistry, and 

ecology. Because of the prevailing westerly winds that have passed over 

major industrial centers in the eastern and midwestern United States, HBEF 

offers a prime site for monitoring chaneP.s in precipitation chemistry. In 

addition to pH, the species monitored include: S042-, N03~, Cl-, K+, Na+, 

Ca2+, Mg2+, Mn2+, A13+, Fe3+, and P0 4
3-. 

While the programs of EACN, MAP3S, and NADP placed their emphasis on 

wetfall deposition, the programs of Sulfate Regional Experiment (SURE) 15 
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and Midwest Interstate Sulfur Transformation and Transport (MISTT)l6 con­

centrated on dry deposition. Because,wet and·dry deposition are two major 

atmospheric inputs to terrestrial and aquatic ecosystems, the SURE and 

MISTT programs are mentioned. 

The SURE program, funded by Electric Power Research Institute (EPRI), 

has operated since 1976 and is expected to be continued through 1980. 

The main concern is placed on air quality by the use of ground and air­

craft measurements. The SURE program has a threefold purpose: (1) to 

acquire air samples using aircraft, (2) to develop a special emissions 

inventory of SOx from ~;;elected major urb~n center!il and regional com­

plexes, and (3) to develop and evaluate air quality by mAthematicnl 

models. There are 54 ground stations distributed in the northeastern 

quadrant of the United States (scale > 100·0 km). 

In contrast to SURF., which otudies alr quality in regions without 

plumes, the program MISTT, funded hy the Environmental Protection Agency 

(EPA), places its priority on the studies of plumes rather than of dry 

deposition. Major objectives include (1) studies of in-plume sulfur 

transformation mechanisms, (2) aircraft samples, and (3) m.<~thelllatiovl 

model deveiopment. 

2.2 Lo~al ~tudies 

On the small-scale studies, six projects involving field measure­

ments around power plants are identified and summarized in Table 2. These 

projects are compared for sourcP rharacteriotk.~, nt!Lwurk oize, numLer 

of sites, and range of measured concentr-"'tion underneath plume~;; and for 

sulfur dioxide and pH in rainwater under the plumes. In most cases, de­

pending on weather conditions, a variability of more. than twn ordere of 

rnagniLude -was observed in precipitation S~ and hydrogen ion concentra­

tion. 

Metal smelters in Sudbury, Ontario.,9 emit about 1.8 million metric 

tonG of sulfur v~r year. This represents about 1% of the total annual 

anthropogenic global emissions of sulfur. These emissions may be widely 

distributed because they are discharged from a height of 381 m, the tall­

est stack in the world. Studies by the Atmospheric Environment Service 
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Table 2. Summary of wetfall networks - local studies 

Characteristics 

Generating capacity, MW 

S02 emission rate, Mg day-1 

Smokestack height, m 

Network si2:e: radial distance from 
the source, km 

Number of sites 

Investigator and year 

Range of measured [S02 ), ~moles 
liter-1 

Range of measured pH 

Sudbury 

4000 

381 

2o-70 

56 

AESa 
1973-1974 

NAf 

3. 5_2-4. 84 

Bowen 

3300 

500 

300 

3-25 

50 

ORNLb 
1978-1981 

0. 7-12e 

4.2-4.72 

a 
bAtmospheric Environment Service, Downsview, Canada. 

Oak Ridge National Laboratory. c 
dBattelle Pacific Northwest Laboratories. 
eUpiv,ersity of Maryland. 
jEstimate:i values from Chapter 5 of this report. 

Not available. 

Power plant 

Keystone 

1800 

260 

240 

2-6.4 

194 

PNLc 
196~1970 

0.1-29.1 

3.~5.6 

Centralia 

7_00 

140 

143 

O.lr-11 

90 

PNL 
1974 

3.3-33 

4.1~5.1 

Chalk Point 

710 

240 

133 

0.~5 

13 

mf 
1973 
NAf 

3.o-5.7 
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at Downsview, Canada, involve the sampling of precipitation on an event 

basis to detect sulfur and trace metaL deposition within an area having a 

radius ~so km from the source. Estimates indicate that less than 1% of 

the sulfur emitted during a precipitation event is deposited in this area, 

whereas the fraction for trace metals is at least an order of magnitude 

higher than for sulfur. 

ORNL is undertaking a preliminary study on wetfall chemistry around 

the Bowen Electric Generating Plant, a coal-fired 3200-MW(e) power· plant 

near Cartersville~ Georgia, about 64 km (40 miles) northwest of Atlanta. 

Plant Bowen is the site of an ongoing ORNL study on the potential precip­

itation modification effects of thP pl-ant's four natural-draft ~nnling 

rowers. This study involves the METER-ORNL network, 17 which is an array 

of 7 by 7 recording rain gauges and four windsets centered at Plant Ro~o1en 

and covering an area of ~2050 km2 (800 sq miles). The wetfall chemistry 

study will utilize the sites of the inner 5 by 5 core of the METER-ORNL 

network plus numerous temporary sites. The predicted ranges of S02 con­

centration and pH of rainwater underneath the plumes, as derived by the 

analysis in Chapter 4, are contained in t.<~hnli\r material in Chapter 4. 

The Keystone project, one of the earlier sulfur washout experiments, 

was conducted by HalP.A Pt al. 6 of Battellt! Pac:U'1C Nnrtht.Teit Laboratories. 

The primary objective was to assess the effectiveness of precipitation 

washout as a mechanism for removing sulfur compounds from the plume of 

the Keystone plant; the secondary objective was to evaluate the relative 

importance uf various interaction and atmospheric variables. The field 

invt!::;llgatiort extended over three one-month periods in Keystone, where 11 

to 23 tons of sulfur dioxide (depending on power output) were released 

hourly from two 243-m (800-ft) stacks. During rain episodes in October 

and November 1969 and April anrl May 1970 and during snowfall in February 

1970, a total of 22 experimental runs were made. Precipitation samplers 

were placed at intervals of 4 to 12° on sampling lines encircling the 

Keystone station at radial distances of 2, 4, and 6.4 km (1-1/4, 2-1/2, 

and 4 miles). Chemical analyses were performed in a mobile field labora­

tory. 

The Centralia project7 (the plant is located in southwestern Washing­

ton State) was another field experiment conducted by the Battelle Pacific 

..,. 
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Northwest Laboratories. From data analyses, the ·conclusion was reached 

that (1) sulfate concentrations, in rainwater underneath plumes appear 

insignificant at downwind distances less than about 10 km; (2) ammonium, 

nitrate, and soluble phosphate ion concentrations were at or near normal 

background levels; and (3) the only species measured that showed plume­

related deposition patterns at all distances where samples were collected 

(0.4 to 11 km) were so2 and ff+. 

The Chalk PointS study is the smallest (in scale) described. It was 

conducted by the University of Maryland and involved a network that encir­

cled the power station from 0.5 to 5 km. Rainwater pH was found to vary 

between 3.0 and 5.7. Wind dependence of acidic washout from the plume was 

also noted, but the degree of correlation was not clear. 

Another local-scale study to note is the one currently under way at 

the Walker Branch Watershed in Tennessee.l8 The primary objective of this 

study is to quantify the atmospheric input of trace elements. The network, 

subjected to three power plant influences (Bull Run Power Plant, Kingston 

Power Plant, and Y-12 Plant), consists of six rain-activated wetfall col­

lectors. Wetfall has been collected through a combination of event and 

continuous sampling at four throughfall, one ground-level incident, and 

one above-canopy incident precip.itation sites. Samples have been analyzed 

for pH, conductivity, sulfate, and trace metals (such as Cd, Mn, Ph, and 

Zn). 
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3. REVIEW OF SULFUR WASHOUT MODELS 

The washout of sulfur dioxide from the atmosphere (in the presence 

or absence of smokestack plumes) is a phenomenon that contributes to the 

production of acid rain. 19 Effective models of the washout process are 

useful in predicting the rainwater chemical composition and the time 

scale for so2 removal. 

To answer the question of whether plume dynamics and model wasliUut 

priciples suggest a possibility of detecting an effect of the plume on 

wetfall chemistry at any point in time ii!.nd apace, awl, also to determine 

the state of the art on sulfur washout, five publiohGd mou~ls were re­

viewed. The coverage of each model includes an introduction, model de­

scription and predictions, and a general discussion of the model, 

rwu principal types of washout models have been devised: physical 

and chemical. The following definitions are given by Hill and Adamowicz. 19 

The physical models are mass transfer models in which the soluble gas is 

nominally regarded as inert but has a distribution coefficient that var.­

ies with so2 uptake, thus taking into account in :1!1 ~pproni.matc WHY the 

variation in hydrogen ion concentration which occurs as S02 dissolves in 

the falling raindrops. In thP chemical mod~ls, mass transfer is taken to 

hP infinitely rapiu. Consequently, the composition of the falling rain 

is always in equilibrium with the concentration of so2 in the atmosphere, 

subject to the electroneutrality condition and to the extent of produc­

tion of sulfate ion by oxidation of hiRnlfit~ and 3ulfiL~ lun. 

3.1 Model by Scott and Hobbs- 1967 

3.1.1 Introduction 

The Scott and Hobbs model20 was specifically develop.ed for predict­

ing rainwater sulfate concentration in the absence of plumes. This 

model is included in this review because many other models (described 

later) widely adopted its simulation of the chemical processes involving 

multiple reactive gases in raindrops during plume scavenging. This is a 

chemical model and describes the chemical equilibria for the S02-NH3-

liquid H20 system, including carbon dioxide equilibria. The model 
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introduced a first-order rate oxidation mechanism for so4 production, with 

emphasis on the catalytic actio~ of ammonia. Predicted results of sul­

fate concentration compare favorably with those of laboratory experi-

ments. 

3.1.2 Model description 

As noted in the introduction, this is a chemical model and therefore 

does not include plume dynamics. Scott and Hobbs considered the chemical 

equilibrium for the S02-NH3-liquid H20 system in the presence of carbon 

dioxide. These equilibria are: 

The corresponding equilibrium constants are defined: 

~s 

K 
lS 

K 
2S 

~ [NH3 • H20] /P NI·I 
3 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 



14 

Kla 
+ -

[NH4 ][OH ]/[NH3•H20] • (14) 

~c [C02 ·H20]/PC0
2 

,. (15) 

Klc 
. + -
[H ][HC03 ]/[C02•H20] (16) 

K2c [H+][C0 3
2-]/[HC03-] (17) 

K w 
[H+] [OH-] . (18) 

This system requires an electroneutrality state, as given by 

(19) 

Finally, Scott and Hobbs assumed that the formulation of S04 2- is 

an oxidation involving the S03 2- ion. If S04 2- is produced by a reaction 

between so3 2- and sufficient oxygen, the rate of production of so4 2- is 

given approximately by the f~rst-order rate equation 

(20) 

The average carbon dioxide concentration in the gas phase was taken 

as 311 ppm, and the co3 2- concentration was omitted in the range of in­

terest. 

3.1.3 Model predictions 

Using the input data listed tn Table 3, the model predicted (see Fig. 

1) that, when NH3 and S02 are present in water droplets in concentrntinns 

similar to those equal in the atmosphere, the concentration of sulfate 

produced after 24 hr is about two orders of magnitude greater than the 

concentration that would be produced in the absence of NH3. Figure 1 

does not show the case when NH3 is absent from the system. In this case, 

however, the model showed that, when the partial pressure of so2 is equal 

to 7 x 10-9 atm, the concentration of sulfate after 24 hr is only 0.5 ~g 

cm- 3• 
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Table 3. Parameters and values of 
the equilibrium constant of 25°C 

used in'model calculations 

Pso
2 

= 7 x 10-9 atm (20 ~g m-3) 

PNH3 = 7 x 1o-9 atm (5 ~g m-3) 

K = 1.67 x 10-3 sec-1 

Khs = 1.24 moles liter-1 atm-1 

Kls 
K 

2S 

Kha = 

K 
la 

1.27 x 10-2 moles liter-1 

6.24 x 1o-8 moles liter-1 

57 moles liter-1 atm-1 

1.77 x 10-5 moles liter-1 

Khc 
K 

lc 

3.4 x 10-2 moles liter-1 atm-1 

4. 45 X 

K = 4.68 X 
2C 

Kw = 1.008 X 

5 

10-7 moles liter-1 

10-11 moles liter-1 

10-14 (moles liter-1) 2 

ORNL-DWG 79-4656 

10 15 20 

TIME (hr) 

ETD 

25 

Fig. 1. Theoretical results for the concentration of sulfate in 
water drops as "" fnnct;J.on of time. Source: W. D. Scott and P. V. Hobbs, 
Fig. 1, p. 56 in "The Formation of Sulfate in Wattn· Droplcte," .. r. AtmoR. 
S~ien~es 24 (1967). 
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3.1.4 Discussion of the model 

The predicted results by the Scot't and Hobbs model suggested that 

ammonia catalyzes the reaction for ammonium sulfate production. When 

Scott and Hobbs compared their predicted results with those of experi­

ments by Junge and Ryan, 21 a qualitative agreement was found. Junge and 

Ryan showed that the concentration of sulfate in water reached a limiting 

value after about 5 hr. They also observed a direct proportionality be­

tween the limiting value of the sulfate concentration and the partial pres­

sure of the S02 in the atmosphere. Although the general shapes of the 

predicted curves shown. in Fig. 1 are ~lmilar to the experimental curves 

of Junge and Ryan, the Scott and Hobbs model does not show the conceulra­

tion of sulfate reaching a limiting value even after 24 hr; neither does 

the model predict a direct proportionality between thP concentration ui 

:iultatc and Lhe partial pressure of the S02. These discrepancies may 

result because, in the experiments of Junge and Ryan, FeC12 was used as 

a catalyst. 

On the liquid-phase oxidation, the model assumed that formation of 

so42- in water drops is duf' tn so3z- oni_datiuu. Th~s assumption was used 

widely by the other models, but the chemical processes involved are not 

well understood. In the Scott and Hobbs model, the oxidation r~te ,.,as 

~xtrapolated from Van den Heuval and Mason's22 experiment that has con­

centrations of S02 and NH3 much larger than those found in the atmosphere. 

3.2 Model by Hales, Wolf, and Dana- 1973 

3.2.1 Introduction 

The Hales et al. models,23,24 which are of various complexities, 

have been const~ntly updated and revised for a variety of applications. 

A theoretical study of gas scavenging by rain, developed by Hales,2 5 is 

used as a basis for the general description of the model. However, only 

the results predicted by ~ linearized verslun of EPAEC are reviewed. This 

model, a special application of the generalized derivation from the mass-. 

transfer theory, is one of the physical models widely used for predicting 

washout. It describes reversible gas-sorption behavior and liquid-phase 
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mixing but does not include the chemical reaction~ The model assumes 

vertical rainfall, constant transport, and solubility properties and 

employs a Pasquill-Gifford bivariate-normal plume for sulfur dioxide 

dispersion. With these assumptions, an analytical solution is derived. 

The predicted ground-level raindrop concentration of S02 is compared 

with field data. 

3.2.2 Model description 

According to Hales, 25 the interaction between rain and air pollut­

ants may be described in terms of a two-phase system. The equations of 

continuity for the air pollutant in the gas phase and the pollutant 

in rain (liquid phase) may be expressed by 

and 

apAx 

at 
4TIN 

0 

3 

(21) 

(22) 

where pAx and PAy denote molar densities of liquid- and gas-phase pollut­

ant A, respectively. Similary, VA and Vt denote average velocity vectors 

for the pollutant in air and in rain, and rAx·and rAy are the correspond­

ing terms for generation of the pollutant by chemical reaction. The time 

rate of gain of pollutant mass in the liquid phase by washout is defined 

by w, per unit volume of space. N0 represents the concentration of drops 

in rain, and c is the concentration in the drop. Note that w appears in 

both equations and provides o coupline mechanism. For conditions of spher­

ical, noninteracting raindrops, w can be given as 

(23) 
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where NAo denotes the average flux of material from the surface of a rain­

drop with radius a. 

The model further assumed that the system is linear in the sense 

that the mass-transfer coefficient Ky and the effective Henry's law con­

stant H' are constant with concentration. In addition, it assumed that 

(1) a steady state exists, (2) chemical reaction is negligible, (3) the 

washout rate is small compared with the d:f.vergence term in Eq. ( 21), and 

(4) all raindrops fall through vertical trAjectories. 

The.above assumptions effectively decouple Eqs. (21) and (22) so that 

an expression for flux nf r:=d.nbornc pollutant (mules cm- 2 sec ··l) through 

an incremental area at the ground ~an be written as 

(24) 

Because of the assumption of noninteraction between drops, an. equa­

tion pertaining to any individual raindrop C'.An he derived in lt!nus. of the 

liquid-phase concentration 

.!}£. 
dz 

(25) 

where XAb denotes mole fract:i,on of pnllutant in gaR-rhasoi.! bulk, and z is 

the vertical distance above the ground. ThiR may be integrated willt .re~ 

spect to z to obtain 

c(a,o) = ~ ( 0 

exp (-
3

-K..._Y_H_"z-) 
vzajoo v a 

z 

(26) 

at ground 1 evel. 
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By uslng a Pasquill-Gifford bivariate-normal plume equation to de­

scribe XAb• the integration can- be carried out to obtain 

c(a,o) -2-/2:;;-:-:-: y-~- exp (- -:-: y-2 + _a_~-r,;-) 

[ (-cr~r,; - h)] 1 - erf 
· ·a /2 

z 

[
. f-a2r_ + h)u 

+ exp (-,h) 1- erf \ :z/2 ~ (27) 

where 

3K H" 
r_ y_ 

v a 
(28) 

z 

3K 
t; = _:t_ 

v a 
(29) 

z 

and F is a fa~Lor included to account for depletion of the plume by wash­

. out. 

Regarding the mass-transfer coefficients for gas absorption by fall­

ing drops, the model considers two limiting conditions- those posed by 

· gas-phase limited and by stagnant drop behaviors. The gas-phase mass­

transfer coefficient ky is estimated from the Frossling equation 

2k a 
.y 

DA c y y 
( 

2avz) 1/2 ( v )1/3 
2 + 0.6 -- --

\) DAy 
(30) 
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where 

cy = total concentration in gas-phase (mole cm-3), 

DAy diffusivity of 802 in air (cm 2 sec- 1), 

ky gas-phase mass-transfer coefficient (mole cm-2 sec-1), 

v = kinematic viscosity of air (cm2 sec-1). 

For stagnant drop conditions, the liquid-phase mass-transfer coeffi­

cient is calculated using the formula describing diffusion into a sphere: 

where 

k 
X 

SDA c 
X X 

ex= pollutant conccntra~ion in liquid phase (mole liter-1 ), 

DAx molecular diffusivity of 802 in water (cm2 sec-1 ), 

kx liquid-phase mass-tran.sfer coefficient (mole cm-2 sec-1). 

The overall coefficient for the limiting cases is then given by 

1 

K 
y 

H ... c 1 
__ x+-

k k 
X y 

3.2.3 Model predictions 

(31) 

(32) 

Hales et al. used their ltnear model to predict washout concentra­

tions in rain by a set of input data (Table 4) covering source, disper­

sion, and transport properties perti.nent to a controlled experiment con­

ducted at Quillayute, Washington, during March 1971. Two methods were 

employed in washout concentration calculations: (1) a distrihntPn system 

was used by performtng a number of calculations using Eq. (27) for se­

lected drop sizes and then combining the contributions to evaluate a 

mixed-mean concentration corresponding to a collected rain sample; (2) a 

mass-mean diameter method was used by lumping the raindrop statistics into 

one representative drop size and subsequently solving Eq. (27) once. Cal­

culated results are shown in Fig. 2, along with the measured concentration 

depicted by vertical bars. Concentrations calculated on the basis of the 
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Table 4. Data used in model calculations 

Parameters 

so2 release rate, Q (moles sec-1) 

so2 release height, h (m) 

Mean wind velocity, u (m sec-1) 

Downwind rain sampling distance (m) 

Dispersion parameters (m) 

Oy 
Oz 

Ambient temperature (°C) 

Diffusivity of so2 in air (cm2 sec-1) 

Diffusivity of so2 in water (cm2 sec-1) 

Kinematic viscosity of air (cm2 sec-1) 

0.0816 

7.62 

3.5 

121 

29.4 
9. 4 

9 

0.136 

9 X 10-6 

0.133 

Measured raindrop size distribution · 

Diameter interval 
(em) 

Q--0.0249 
o. 0249-0.0299 
0.0299-0.0360 
o. 0360-0.0430 
0.043o-Q.0515 
0.0515--0.0615 
0.061.5--0.0740 
0.0740-{).0900 
0.090Q-0.107 
o. 107-{).129 
0.129-0.154 
0.154-{).169 

Fraction of drops 
in size range 

0.098 
0.123 
0.105 
0.241 
0.173 
0.073 
0.054 

. o. 023 
0.050 
0.027 
0.028 
0.005 

well-mixed drop behavior were denoted by solid curves, while those based 

on the stagnant drop assumption were shown by the broken curves. 

Figure 2 pertains to a single experiment and therefore. provides only 

a partial predictive capability of the model. For a better comparison be­

tween the theory and experiment, a more complete test is shown in Fig. 3, 

which is a plot of predicted washout rates vs those measured for so2. during 
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/
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CROSSWIND DISTANCE 

· Fig. 2. Observed crosswind distribution of so2 concentrations in 
rain compared with those predicted Ly llnear washout model. Source: 
J. M. Hales, M. A. Wolf, and M. T. Dana, Fig. 2, p. 295 in "A Linear 
Model for Predicting the Washout of Pollutant GRsP.s from Indu~trial 
Plumco," AICJhE' _!! (197.3). · 

a number of field experiments. The mass-mean diameter method was used. 

Limits on the horizontal lines r.orrP~pond to the limlls of Well-mixed 

and stagnat"IL drop behavior. 

3.2.4 Discussion of the model 

The physical modPl of Halcf:l et al., quire·sophisticated in its 

treatment of mass-transfer behavior, was tested with field data. The 

following discussion highlights the important model features. 

Regarding the S02 solubility, because there arc limited data-pertain­

ing to the solubility of trace concentration of so2 in water, Hales et al. 

extrapolated from data obtained at much higher concentration to the range 

of interest. Whether this is justifiable must be resolved by more experi­

mental work. 

~. 
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Fig. 3. Comparisnn of observed washout rates with those predicted 
using the mass-mean raindrop size in conjunction with the linear model. 
Dashed lines denote deviation by a factor of 2. Source: J. M. Hales, 
M. A. Wolf, and M. T. Dana, Fig. 4, p. 296 in "A Linear Model for.Pre­
dicting the Washout of Pollutant Gases from Industrial Plumes," AIChE 19 
(1971). 

As pointed out by Hales et al., the solubility of S02 in water de­

pends on concentration in a highly nonlinear manner. The curves .in Fig. 

4 imllcate a rather strong dependence of solubility on pH. Such depend­

ence is important for two reasons: (1) this would lead on~ to expect a 

general lowering of measured washout rates with decreasing pH, and (_2) 

the dependence would be expected to decrease the effectiveness of wash­

out in the plume, because the plume itself contains acid-forming material 
' (e.g., sulfates, nitrates) which could serve to lower pH. 
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Fig. 4. Estimated solubility of sulfur dioxide in water. Source: 
J. M. Hales, .J. M. Thorp, anrl M. A. Wolft Fig. 3.10, p. 59 1rt Field In­
vestigation of Sulfup Dioxide Washout fpom the Plume of a LaPge Coal­
FiPed PoweP Plant by Natupal PPe~ipitationJ NTIS Report PB-203,129 (1971). 

Those results shown in Fig. 2 must be considered. For the well­

mixed drop behavior, calculations based on thP. m€'thod of n mass-mean •11-

ameter provide closest agreement with pP.Ak concilntration Vl'll •JoO-:ii. Total 

washout rates that are proportional to areas hPnP~th the curves, howeVI::!t", 

are matched more closely by the method of distributed system calct.tlations. 

Conversely, for the stagnant drop behavior, calculations by either thP. 

mass-mean uiameter method or the distr.ibuted drop-size system showed sim­

ilar results and, obviously, provided a low estimate of true behavior in 

thic example. 

For the collective prediction shown in Fig. 3, the results indicate 

a rather wide scatter. Limits on the horizontal lines correspond to the 

limits of the stagnant drop behavior and the well-mixed assumption. Dis­

crepancies between the theory and experiment may be caused by a number of 
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assumptions that have been incorporated into. the model •. These assump­

tions include the limiting mode~s of mass-transfer behavior, a Gaussian 

plume dispersion model, the linearized solubility behavior, and a linear 

system composed of vertically falling, spherical, noninteracting drops 

of static size distribution. 

Hales et al. further noted that all data presently available for 

comparison pertain to relatively close distances from the source. At 

much greater distances, significant plume modification may occur from 

dry deposition and other effects, thus requiring creation of a modified 

equation based on the altered distribution of the plume. 

3.3 Model by Dana, Drews, Glover, and Hales - 1976 

· 3.3.1 Introduction 

·The Scavenging Model Incorporating Chemical Kinetics (SMICK) devel­

oped by Dana et a1. 26 is an extension of EPAEC, 23 which is reviewed in 

Sect. 3.2. While EPAEC focuses on the scavenging of a single plume con­

stituent only (i.e., S02 washout), SMICK describes the wet removal of 

multiple reactive components. The model_assumes the liquid-phase so2 ox­

idation mechanism of Scott and Hobbs 20 with catalytic action of ammonia. 

The SMICK model, a combination of physical and chemical models, predicts 

liquid-phase chemical reaction and possible desorption of multiple plume­

bound pollutants as they interact with falling raindrops and are ulti- . · 

mately deposited on th~ ground. 

3.3.2 Model description 

SMICK is a combined physical and chemical model. The part that in­

volves physical modeling is similar to that of EPAEC, already reviewed in 

Sect. 3. 2. The part that involves chemical modeling is :f.dentical to that 

of Scult and Hobbc, reviewed in Sect, 3.1. 

3.3.3 Model predictions 

. 2 . 
Dana et al. used SMICK to predict the S02 and S04 - concentration in 

rainwater at gr01.md level for a number of cases. Input data are presented 

in Table 5 and Fig. 5. Table 5 provides actual experimental input data 



Table 5. Basic =xperimental data from Centralia as i~put fo'r mocel ,:alcula tions 

Averc:ged wind data 
Mean distance Rainfall ratea Effective c Sulfur Background Run Date from stack (mm hr-1 ) Azimuth stack height emission rate 

(km) u angleb ~n) (g-mole sec-1 ) pH 
(m sec-1) 

(deg) 

C-2 2-28-72 ,: .• 1 2.7 5.3 182 ~43 9. 31 5. 7 
ll. 5 2.3 5.3 182 LE;4 9.31 5. 7 

C-3 3-1-72 2.4 0.75 5. ·5 183 LEO 13.5 6.1 
10.9 1.2 5.o5 183 1;80 13.5 6.1 

C-4 3-5-72 l.4 2.5 8.! 174 .:66 16.1 5. 4 N 
0\ 

7.0 3.5 8.~ 174 366 16.1 5.4 
11.2 5.6 8. ~ 174 366 16.1 5. 4 

C-5 3-9-72 11.2 1. 3 4.(1 187 636 11. T 4.7 

F-3 12-f0-:"4 4.5 0.8 7. ] 174 NAd 25.4 5.3 
7.0 0.8 7.~ 174 N\ 25.4 5.3 

11.2 o. 8 7. I 174 NA. 25.4 5. 3 

F-4 12-12-74 ' 4.3 2.4 5.0 180 N.A 25.7 5.4 
7.0 2.4 5. 0 180 N4 25.7 5.4 

10.2 2.4 5.0' 180 N4 25.7 5.4 

a 
Average of all collectors on sampling line. 

b From true north. 
cAt sour·::e, method of Brig&s is used. 

dNot avalla!;lle. 
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Fig. 5. Cumulative frequency of raindrop size distribution for 
Centralia. 

·for two Centralia field series, and Fig. 5 summarizes raindrop size dis­

tribution in which the majority of runs involved significant collection 

of frontal-type precipitation over time periods varying from 1.5 to 5 hr. 

The calculations, shown in Figs. 6 and 7, were~performed for values 

of K = 0.0017 sec-1, an oxidation rate suggested from an experiment by 

Van ~Pn Heuval and Mason22 at PNH = 1 ppb, a typical background level 
~ 

for the Centralia area. Furthermore, all calculations employed the Smith 

and Singer27 formula for the plume standard deviations. Both in predic­

tions and measurements, so2 concentrat~on is referred to the sum of the 

concentration of aqueous-phase S02 , HS03-, and S03 2-. 

Figures 6 and i, showiug the ground-level concentr;:~t1.on of S02 and 

so42-, resp~r.tively, as a function of downwind distance, were plotted from 

tabulated values predicted by SMICK and. observed by Dana et; al. for a num­

ber of runs. Predicted values for so4
2- are in the same order as those 

of observed values, but the predicted S02 exceeds that observed by more 

than one order of magnitude. 
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~. '3. 4 DlucmJ!310rt of tlt~ model 

The SMICK model employed a liquid-phase oxidation catalyzed by am­

monia, a mechanism proposed by Scott and Hobbs. Three assumptions were 

identified regarding the use of this mechanism in the model: constant 

ammonia solubility, fixed equilibrium constants, and constant oxidation 

rate. First, the ammonia solubility in water, like S02, is nonlinear in 

character, and the use of a constant solubility in the model extrapolated 
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terline rainwater so42- concentration as a function of downwind distance. 

from data obtained at much higher gas-phase.concentrations required lab­

oratory verification. Second, the equilibrium constants involved in in­

termediate steps for concent.ration calculations are temperature depend­

ent. Fixed values at 25°C used in the model need to be modified. Third 

(probably the most important assumption made in the model is the K value), 

the oxidation rate at the final step concerning the conversion of S03 2- to 

S042-, which is highly controversial, needed to be reexamined. A labora­

tory experiment about the K value has been studied in detail recently by 

Beike, Lamb, and Muller.28 

The results presented in Figs. 6 and 7 serve as a test·of the ammonia 

model's ability to account for the observed values of rain concentrations 

of so2 and so 42~ at ground level. In F!g. 6, the concentration is plotted 

vs downwind distance. The large pr~dicted concentrations of dissolved 
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S02 result directly from the increased alkalinity because the solubility 

of S02 is a strong decreasing function of excess ~ concentration. In 

Fig. 7, the predicted values for S0 4
2- concentration are the same order of 

magnitude as those observed, but the method by which they are derived is 

inappropriate. Clea·rly, the presence of ammonia is required in this mech­

anism for any significant sulfate to appear, but the process also leads 

to rather large ammonium ion concentration and high pH; a partial list of 

their results (including NH4+ and ~ concentration) is shown in Table 6. 

Tabie 6. Comparison of predicted values 
by SMICK with field measurement 

[Concentration (g-moles cm-3) x 109] 

Predicted Observed 

NH4+ ·H+ . + 
NH4 H+ 

531 5.0 2.4 79 
371 4.0 3.6 79 
274 2.5 2.5 63 
497 5.0 19.5 32 
336 .. ~.? 5.0 32 
24q 2.5 (,. ~ 32 

3.4 Model by Hill and Adamowicz - 1977 

3.4.1 Introduction 

Like SMICK, the Hill and Adamowicz model 19 combines the physical and 

chemical approach but is different from the assumption in the S02 liquid­

phase oxidation mechanism. This model assumed a two-layered atmo.sph~r-e 

with clean air lying above polluted air. It introduced a bisulfite liquid­

phase oxidation mechanism for sulfate ion production and further predicted 

the time scale for S02 removal as a function of atmospheric S02 concentra­

tion, initial rainwater pH, droplet size, and the raindrops' fall distances. 
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3.4.2 Model description 

Hill and Adamowicz's model' consists of a number of processes regard­

ing physical and chemical reactions in a falling raindrop. These pro­

cesses are Henry's law, ion equilibrium, electroneutrality, mass trans­

port between air and raindrops, and liquid-phase oxidation. 

Henry's law for raindrops' S02 uptake is assumed by Hill and Adamo-

wicz: 

where 

Henry's law constant, 

liquirl-phase SOz concentration in raindrops, 

equilibrium gas-phase so2 concentration. 

(33) 

Like most other models, equilibria of chemical reactions subjected 

to electroneutrality conditions are included in the model 

So H 
..__ + 

2 + 20 ~ H + HS03 

with 

and 

[H+] [HS0 3 -] 

[S02•H20] 

where 

[H+] hydrogen ion concentration in raindrops, 

[Hso 3-] = bisulfite ion concentration in raindrops, 

[H~xl background excess acid or base in raindrops, 

K1 dissociation constant at equilibrium, 

Kw = dissociation constant for water, 

[SO 4 
2-] = sulfate ion .concentration in raindrops. 

(34) 

(JS) 

(36) 
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The total sulfur compound concentration in a raindrop is given by 

(37) 

where [ST] is the total sulfur content in raindrops. Equilibria involv­

ing bisulfate· ion and sulfuric acid are neglected in the model. 

The rate of accumulation of all compounds of sulfur in each falling 

drop is assumed by Hill and Adamowicz to be equal to the rate of mass 

transfer of S02 across a fictitious laminar air film surrounding each 

drop: 

where 

u z 

3/R area-to-volume ratio of the drop, 

kg gas-phase mass transfer coefficient, 

R ... drop radius, 

uz = drop terminal velocity, 

z = fall distance, 

Xso • amhtent gas-phase S02 'concentrflti.on. 
? 

(38) 

Finally, Hill and Adamowicz assume that the sulfate ion is produced 

by a reaction that is first order with respect to the bisulfite ion; 

u 
z 

where k0 x is the rate constant for bisulfite oxidation. 

(39) 

The employed terminal velocity was given by the experiments of Gunn 

and Kinzer, 2 9 and the mass-transfer coefficient was obtained from the 

Fr~ssling correlation. 

3.4.3 Model predictions 

The washout model of Hill and Adamowicz was initially used to test 

equilibrium assumptions and later extended to examine the influence of 
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oxidation, .both for single drop sizes and for the full spectrum of a model 

drop-size distribution given by, Best. 30 Moreover, the model predicts the 

half-lives for so2 removal from the model atmosphere. Only these results 

using the Bests's drop-size distribution will be reviewed. 

The composition of rain found in a collector at ground level includes 

contributions from a full spectrum of drop sizes. Thus, the mixed average 

composition at ground level is equal to the flux of the species of inter­

est for a given drop size summed over all drop sizes and divided by the 

rainfall rate. 

'Hill and Adamowicz have used this method to predict the raindrop 

concentration as a function of fall distances for two cases; these are 

described in Table 7, and the results obtained are shown in Figs. 8 and 

9. The results are, as expected, intermediate to those for the large 

and small drops. From Figs. 8 and 9, the model predicts that, in the 

absence of bisulfite oxidation and with an acidic background pH (pH = 
4), the composition of rain reaches equilibrium with S02 in the atmo­

sphere after falling 100 to 200 m through a well-mixed pollutant layer 

1 km deep. In contrast, no equilibrium is reached within a fall dis­

tance of 2000 m for a basic background pH (pH0 = 10). Introduction of 

bisulfite oxidation led to an enhanced S02 uptake at pH0 = 4 and a di­

minished uptake at pH0 = 10. 

Table 7~ Input parameters used in model calculations 

Common parameters 

Ambient gas-phase S02 concentration, ppb 
Ambient air temperature, K 
Mixing layer height, km 
Rainfall rate, mm hr-1 

Raindrop radius range, mm 
Oxidation rate, sec~1 

Specific parameters 

Initial pH value in raindrops 
pH0 = 4 (Fig. 8) 
pH0 ~ 10 (Fig. 9) 

Xso
2 

= 10 
T = 298 
h 1 
p 1 
R = 0 to 1.5 
kox = 0 or 10-3 
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3.4.4 Discussion of the model 

b 

The Hill and Adamowicz model is not verified by any field data. The 

model int.roduced a number of assumptions. Three of them- well-mixed 

drops, two-layer atmosphere, and liquid-phase oxidation- are dis~ussed. 

U~ing Llu:! wt:!ll=mixed drop assumption, Hill and Adamowicz assumed 

that diffusion or mixing within the drops is so rapid that no concentra­

tion gradients develop. With this assumption, the present model will 

place an upper limit on the rate of S02 uptake. 
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On the two-layered model atmosphere (i.e., clean air lying over pol­

luted air), the model will predict a uniform rainwater concentration at 

ground level. 

With the liquid~phase oxlr1Rtion, the model assumed that sulfate ion 

production is proportional to that of bisulfite ion concentration. Be- · 

cause of limited theoretical or experimental information on the oxidation 

mechanism, a full evaluation of this particular assumption is impossible. 

Further research on the oxidation mechanism - a controlling factor for 

sulfate production- is recommended. 
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Finally, the specific purpose of Hill and Adamowicz's model was to 

predict washout of a single gas (sulfur compound in this case) in the 

rainwater; however, with modifications, the model can be generalized to 

predict the washout for multiple reactive gases, such as a system composed 

of sulfur dioxide, carbon dioxide, ammonia, and rainwater. 

3.5 Model by Garland- 1978 

3.5.1 Introduction 

Garland's model t 
31 like that of Dana et al., is a combined physi­

cal and chemical model but i!'l m1.1ch simplified. It assumed a two-layerPii 

atmosphere for gas-phase so2 concentratfon and a well-mixed model for 

liquid-phase S02 transport. Further, the model introduced an effective 

Henry's constant to account for dissociated S02 that dissolved into well­

mixed raindrops. With these assumptions, the concentration of so2 in 

falling raindrops as a function of height can be expressed analytically 

in a closed form that is distinct from those models involving elaborate 

computer programs. 

3.5.2 Model description 

In his model, Garland assumed that S02 is the only pollutant com­

ponent in raindrops and that raindrops are well-mixed as a result of 

rapid convection within drops. 

For this single species system, according to Garland, sulfurous 

acid is formed immediately after so2 absorption. On dissolution, bi­

sulfite and sulfite ions are formed: 

Kl 

H2S03 ""- HS03 + H+ -,- (40) 

and 

K2 

HS03 ""- so32- + 
-,- + H ' (41) 
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with 

[HS03-] [H+] 
Kl [(SOz) ] aq 

(42) 

and 

[S0 3
2-] [H+] 

Kz 
[HS03-] 

(43) 

By assuming uniformity of concentration within the drop and [so3
2-] 

<< [Hso3-], Garland introduced an effective solubility: 

[ (
K1M) 1/2] 

H 1 + Hx , (44) 

where H is the ratio of dissolved undissociated SOz to the concentra­

tion of so2 in air at equilibrium, and M is the molecular weight of so2 • 

Following almost the same approach as for the model of well-mixed 

drops derived by Hales, 25 Garland assumed that mass transport across the 

drops is proportional to the difference between the ambient concentration 

X and air concentration at equilibrium with the SOz already dissolved into 

the drops. It follows that 

de 

dt 

3Sh D 

2a2 

a drqp radius, 

c = SOz concentration in raindrops, 

D = diffusion coefficient of SOz in air, 

t • time. 

Sh = Sherwood number. 

(45) 
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The solution is 

(46) 

with 

(47) 

3.5.3 Model predictions 

Using the closed-form solution [Eq. (46)] and the input pRr~metero 

li~Lt::tl fn Table Mt Carlautl derived the model predictions shown in Fig. 

10. The calculated S02 concentration in various sizes of raindrops is 

plotted as a function of the fall distances for two values of ambient so2 
concentration. In general, the concentration of S02 in raindrops in­

creases as fall distances increase. until the P.rp.dlibrium state ls reached. 

At a given ambient S02 concentration, the curves are displaced to the 

right as droplets incrPA~e in oi3e. 

Table 8. Input parameters used for model prediction 

Sherwood n~mbera Sh = 2 + 0.6 Rei/? sel/3 

Molecular weight of sn,, ~ mole- 1 

First ionization constant, rnolP. liter-1 

Henry constant 

Diffusion coefficient of S02 in air, 
cm 2 sec- 1 

M • 04 

Ki .. 1.8 x 10-·2 

H 30 •. 9 

D 0.13 

aThis is the Frossling equation in which Sh. Re, an.d Sc are 
the Sherwood, Reynolds, and Schmidt numbers, respe~tively. 

3.5.4 Discussion of the model 

This simplified combined physical and chemical model provided an 

elegant exact solution but is not verified by field data. The closed-
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form solution is made possible by a two-layered atmosphere, along with 

two basic assumptions dealing with the chemical equilibrium and the mix­

ing within drops. 

For the simple S~-liquid H20 system, Garland ignored the second 

dissociation [see Eq. (43)]. This is well justified because the second 

equilibrium constant (about 10-8 mole liter-1 ) is much smaller than that 

of the first equilibrium constant (about 1.~ x 10-2 mole liter-1). Fur­

thermore, Garland assumed that the concentration of. [HS03-l is comparable 

to that of [H+]. This is true if S~ is the only component .present in 

the ra:tndrops and if there are no cont'l'ibutors of [H+] other than H2 S03. 

With these assumptions, Garland introduced an effective solubility. The 

general agreement is that .a thorough understanding of solubility is a 
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prerequisite for any quantitative evaluation.of absorption behavior. Un­

fortunately, experimental data on the solubility of trace concentration of 

S02 in rainwater are sparse. In addition, strong dependence of solubility 

on initial pH value is not included in the model. 

For the assumption on the well-mixed drops, Garland argued that, 

even for a larger drop (1 mm in diam), the mixing time ( .... 10-2 sec) is 

very short compared with the time taken by the drop falling to the ground. 

This might be reasonable in the absence of chemical reactions, as the model 

assumed. Chemical reaction in the liquid phase may complicate the mixing 

time scale estimate consideJ:ably. · Furthermore, the problem will be com­

pounded if several reactions occur simultaneously, as the "real" raindrops 

suggested. 
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4. MODEL EVALUATION 

The major characteristics of the five S02 washout models reviewed · 

are summarized chronologically in Table 9. These models are being class­

ified into three categories, depending on the assumptions involved in the 

models: (1) chemical, (2) physical, and (3) combined physic~l and chemi­

cal. For the definition of these terms, the reader is referred to the 

introduction of Chapter 3. 

Compared in column 3 of Table 9 is the assumption on so2 dispersion. 

With the exception of the Scott and Hobbs model, which deals with the at­

mosphere in the absence of plumes, two of the models use the Gaussian 

plume model, and the other two employ a two-layered model. Although a 

two-layered model simplifies the mathematics (on occasion, an analytical 

solution is possible), this model ignores the effective plume dilution 

and may considerably affect the subsequently estimated wet deposition. 

Conversely, the models which use the Gaussian plume model treat the plume 

dilution properly but only over relatively flat terrain. Whether the 

Gaussian plume model can be appropriately applied to elevated smokeplumes 

over rough terrain was never satisfactorily proven and will require fur­

ther exper~mental verification. As an interim guideline for rough ter­

rain, the K-theory for S02 dispersion is highly recommended. 

Chemical species studied in raindrops are compared in column 4. 

Most of the models are considered only for a single species- S02 gas. 

Chemical anolyocc show that snlfate and nitrate are the main ingredients 

of acidity, and the low pH values are attributed to so2 and NOX, pro­

duced by the combustion·of coal. These are partially neutralized by 

species such as NH3 and basic metal oxides on particles. Consequently, 

any model that intends to accurately predict wetfall chemistry should 

include all major species that are present in raimhuJ,Js. 

In the last column, the sulfur oxidation mechanism- a control fac­

tor for sulfate production in raindrops - is being included for com­

parison. Most of the models assumed an uncatalyzed liquid-phase oxida­

tion of S~ by oxygen. The sulfate production rate is assumed to be 

proportional to the sulfite and bisulfite ion concentrations by the mod­

els of Scott and Hobbs and Hill and Adamowicz, respectively. Generally, 



Investigator 

Scott and Hobbs 
(1967) 

Hales et al. 
(1973) 

Dana et al. 
(1976) 

Hill and Adamowicz 
(1977) 

Garland (1978) 

Table 9. 
a 

Su11.mar? of model c.har:acteristics for wet-deJ:OSition-rate predication 

Model 

Che..ical 

Physical 

Combined physical 
an:: chemical 

Comtined physica! 
and chemical 

Simplified phys.ic.ai 
and chemical 

S02 dispersior 

No pluae 

Gaussian ;>lume 

Gaussian -,lt:me 

Two-layered atmosphere 
(clean a~r above ~ol­
luted air) 

Chemical species studied 

Single spe:ies 
(S0 42- with NH3 as 3 ca:alyst) 

Single species 
(dissolved S02 only) 

Multiple s~ecies 
(S02, S04--, W, a:td NH,.+ with NH3) 

Multiple sl('ecies . 
(S02, so4L-. and w- wi tl-out NH3) 

Single species 
(dissolved and disscciated S02) 

aSee Chc;;pter 3 for n:>del desc.riptions. 

Sulfur oxidation 
mechanism 

Liquid-phase oxidation 
d[So 4

2-J b 
--d-:-t'--- = Kl [S032-J 

None 

Same as Scott and Hobbs 

Liquid-phase oxidation 
d[S042-J _ c 

dt = K2 [HS0 3 ] 

None 

bso3
2- and so 4

2- are sulfite. and sulfate ion conce:1traticn in raindrops, respectively; K 1 denotes oxidation rate constant 
(K 1 1.67 x 10- 3 sec- 1 c;;t 25"C). 

c[HS03-l represents bisulfite ion concentration. in raind~~ps; K2 denotes another o~idatiJn rate constant (KL = 10-3 sec- 1 at 
2 5 "C). 
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this proportionality constant - the pseudo first-order rate coefficient -

·in the reaction varies with the,pH of solution. However, fixed values 

were assumed in both models. Such pH dependence has been discussed and· 

compared for various studies by Hegg and Hobbs32 and Beilke and Graven­

horst.33 

Apart from the difference in proportionality among models, the-spe­

cies being oxidized.are also different. The combined effect is best 

demonstrated by plotting sulfate production rate vs pH of the solution. 

When this is done :l.n a semilogarithmic scale (Fig. 11), a surprising sim­

ple linear relationship is revealed with slopes of 1, 1.5, and 2 for the 

Hill and Adamowicz, Fuller and Crist34 (as modified by McKay35 ),* and 

Scott and Hobbs models, respectively. For comparison purposes, the ex­

perimental results have been extrapolated over a range of pH val~es using 

the derived rate law shown in Tahle 9, along with the one used by Fuller 

and Crist, as modified by McKay: 

with 

K K K.. 
1 s 2s-ns 

where K
1 

, K , Kh are equilibrium constants for the first and second _s 2s s 
dissociation ionization and Henry's constant for sulfur dioxide; K3 and 

K4 are rate contstants; Ps02 is the partial pressure of S02 in the at­

mosphere, and [~] is the hydrogen ion concentration. 

These equilibrium constants and their values at 25°C are defined and 

given in Sects. 3.1.2 and 3.1.3, where the model of Scott and Hobbs is re­

viewed. In addition, the partial pressure of SQ2 and rate constants used 
-8 X -2 -1 P 0 = 1.4 x 10 atm, K3 = 1.3 10 sec and s 2 . in calculations are: 

K4 = 59 sec-1 M-1 fl. 

* Fuller and Crist's study was not reviewed. For purposes of 
comparison, it is being included. 
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Fig. 11. Rate of sulfate production vs pH of the solution for the 
uncatalyzed liquid-phase oxidation of S02 by oxygen. 
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·As shown in Fig. 11, the discrepancy in the predicted sulfate pro­

duction rate increases with acidity. For the raindrops of interest, with 

pH ranging from 3 to 6, the maximum difference in the predicted rate of 

sulfate production between the model of Hill and Adamowicz and the model 

of Scott and Hobbs is about four orders of magnitude. 

None of the models reviewed thus far consider liquid-phase sulfur 

oxidation by ozone. As pointed out by Hegg and Hobbs, this reaction may 

be important in the atmosphere and cannot be ruled out entirely. More­

over, the effects of catalyzed reactions by trace metals or the mixed 

salts36 have not been accounted for. Recent developments regarding these 

questions are discussed in the proceedings of the International Symposium 

on Sulfur in the Atmosphere and are published inAtmosphePic EnviPonment. 37 

In summary, given the present state of the art, no model can claim 

superiority over any other model without data verification. The Dana et 

al. model, tested against Centralia data, is an excep_tion·. The predicted 

values for so4
2

- are in the same order of that of observed values, but 

the predicted so2 (dissolved and disassociated) exceeds that observed by 

more than one order of magnitude. The discrepancy was attributed to the 

inadequacy of the adopted Scott and Hobbs ammonia model for so2 oxida­

tion. This should be resolved by further improvement, both in model de­

velopment and in field data measurements. 
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5. STIJDIES OF WETFALL CHEMISTRY AROUND PLANT BOWEN 

As stated in the Introduction, the specific objective of this study 

is to determine the extent to which the power plant plumes affect wetfall 

chemistry on a local scale. The chemical species being identified as the 

key constituents in rainwater which will be monitored include S02, S04
2
-, 

pH, conductivity, and trace metals. To study this problem, the feasibil­

ity of expanding the METER-ORNL research at Bowen Power PlAnt in north­

west Georgia to include additional wetfall chemistry is evaluated using 

(1) results of similar studies around othPr p0WQr planta, (2) several 

atmospheric washout models, (3) analysis of spatiAl variability in precip­

itation, and (4) field logistical considerations. With the first two 

considerations, which are discussed in Chapters 2 and 3, the maximum 

plume washout in rPlation to the stack at Plant Bowen during a steady 

rain is estimated. Further, with the last two considerations (to be dis­

cussed in this chapter), an optimal wetfall chemistry network is proposed 

by considering the size of sampling network, the collector density, the 

operational requirements, and the experimental design. 

Sampling of precipitation on a rainfall-event basis maximizes detec­

tion of plume-scavenging effects and will be used to define the magnitude 

of the contribution of precipitation to sulfur dioxide, hydrogen ion, and 

trace metals deposition. Samples will be collected from frontal-type pre­

cipitation events, which provided the most favorable conditions for samp­

ling because they generally provide spAtially uniform rainfall over a 

long duration. Moreover, target and control areas for these rain epi­

sodes are relatively easy to identify with the knowledge of surface and 

upper-air winds. Prevailing surface winds in north Georgia are from the 

northwest, while the predomi.n<tnt storm tracks are from southwest to 

northeast. 38 Under those circumstances, potential wet deposition of 

plume-derived constituents will be at a maximum in the general northeast­

ern area from Plant Bowen. The ease of identification of the control and 

target areas under relatively steady wind conditions will substantially 

enhance the data interpretation. 
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5.1 Estimation of Sulfur Washout 

Concentrations of S02 and pH in raindrops underneath plumes are es­

timated with two assumptions: the Gaussian plume dispersion and an equi­

librium state between raindrops and the immediate surrounding S02 gas 

concentration. 19 Given a warm frontal-type precipitation in winter, the 

worst case (zero plume rise and 100% frequency with which the wind blows 

toward a 22.5° sector) is to be considered. A set of input parameters 

relevant to Plant Bowen is given in Table 10, and the predicted values 

are shown in Table 11. Also included are the dependence of S02 and H+ 

washout on the initial pH values. The maximum predicted washout flux at 

ground level for various types of rainfall is shown in Table 12. If 

rainfall occurs during 20% of the year and one-third of this is of the 

light shower type in northwest Georgia, the annual deposition rate is 

calculated to be about 2.24 g m- 2 year- 1, which is within the range 

of the representative annual average wet deposition in heavily industri­

alized areas in North America (0.1 to 3 ·g m-2 year- 1).37 

Table 10. Input parameters for washout flux 
calculations at Plant Bowen 

Maximum sulfur dioxide em:f.ssion rate = 6 x 103 g sec-1 

Stack height 

Plume L'ise "' 0 

330 m 

Frequency with which the wind blows toward a 22.5° sector ~ 1 

Ambient wind = 5 m sec-!' (typical values for a warm frontal-type 
precipitation) 

Stable atmosphere (Class E) 

5.2 Estimation of Trace Metals Washout 

Many heavy metals or their compounds are toxic to humans, other ani­

mals, and plants. In this study, estimation of the wet deposition of 

trace elements will be confined to the elements of mercury, copper, and 

lead discharged from the smokestacks of Plant Bowen. The reason for this 
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Table 11. Washout 502 and H+ concentration 
for a stable atmosphere (Class E)a 

x (m) 

104 2 X 104 5 X 104 

85 llO 150 

105 

180 

X } <•• m-
3

) 1.54 12.3 28.9 25.3 

502 (ppb) 0.59 4.67 ll 9.61 

11Ho 

pH 
0 

H p 0 

-

(5021 (umoles. liter-1) 

,, 0.7 2 

5 'i 7 

7 8 12 

[~] ~].Jmoles lit.er- 1 ) 

4 

5 

7 

100 (pH = 4) 

13 (pH = 4.89) 

7 (pH= 5.15) 

ax = downwind distance 

Oz = plume half-depth 

X50? = gas-phase 502 concentration 

ppb =parts per billinn 

[Co2 ) - 1 alnd rop su2 concentration 

100 (pH = 4) 

20 (pH 4. 7) 

13 (pll 4.89) 

[H+] = hydrogen ion concentration in raindrops 

pH0 = initial pH value before intercepting plumes 

1 

6 

10 

100 (pH = 4) 

15 (pH Lt.82) 

10 (pH 5) 

Table 12. Wet deposition rates at the maximum ~round-level 502 
concentration location (X ~ 5 x 10 m) 

for neutral rain (pH0 = 7) 

Wet deposition 
Medium 

Rainfall rate rate 
Rainfall type drop size (mm hr-1) (J.l moles m-2 hr-:-1 ) 

(].Jm) 
[502 J [H+] 

Drizzle 300 o. 2 2.4 2.6 
Light shower 850 5.0 60.0 65.0 
Heavy shower 1200 20.0 240.0 260.0 
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particular choice is that mercury is almost totally emitted as vapor, but 

copper and lead are discharged as particulates. The methods of calcula­

tion, however, can be applied to other trace metals as well. 

About 90% of the coal burned at Plant Bowen is from the western 

Kentucky mines. Analysis of the coal composites received on August 15, 

1978, by Southern Company Services, Inc., 39 gave the following results: 

moisture, 4.35%; ash, 12.65%; sulfur, 1.3%; Btu/lb (as fired), 12,400. 

The trace element content in coal can vary greatly between mines 

and even within a single coal bed. Furthermore, composition of combus­

tion products from a single power plant can also vary, depending on 

operating· conditions. Because trace metal concentration in coal burned 

at Plant Bowen is not given by Southern Company Services, Inc., the 

source strength of these trace metals emitted from Plant Bowen can only 

be estimated approximately using literature values for coal composition. 

The washout problem is further compounded by such factors as amount of 

rain, wind speed and direction, washout efficiency, transformation, and 

transport. Consequently, the following calculations should be viewed 

cautiously and verified by field measurements. 

Mercury. Approximately 90% of the mercury in the coal that is fired 

in the boiler is emitted to the atmosphere as vapor in the stack gas, ac­

cording to Billings et al.40 Thus, in the following calculation, mercury 

is assumed to be discharged 100% in the vapor phase and dispersed as a 

Gaussian plume. The maximum ground-level air mercury concentration is 

0. 37 ng m-3 SO km downwiml of the stack for ( 1) ~n P.mission rate of 

7.64 ~ 10-2 g sec-1, (2) mercury concentration in coal of 0.19 ppm by 

weight, 41 and (3) the input data listed in Table 10. 

In the present study, mercury washout is calculated by two ap­

proaches: method of equilibrium solubility and method of washout factor. 

The method of equilibrium solubility is the same as that of so2 washout. 

Detailed processes of the mass transport between mercury vapor and rain­

drops during their fall from plumes to the ground is not considered im­

portant. Instead, the amount of dissolved mercury vapor is determi.ned 

when an equilibrium state is reached between mercury vapor and raindrops 

at ground level. 
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Sanemasa 42 reported equilibrium solubility of elemental mercury 

vapor in pure water and found that the aqueous solubility of mercury 

vapor obeys Henry's law at each solution temperature ranging from 5 to 

60°C. However, his data did not extend into the extreme low mercury va­

por pressure (e.g., air concentration of mercury= 20 ng m-3 or less), 

such as those present. in the atmosphere. 4 3 

For information on mercury vapor pressure and saturated mercury con­

centration in air as a function of temperature, the reader is r.eferred to 

two sources: Handbook of ChemistPy and Physies 44 and a report on MePeUPY 

in the EnviPonment. 45 

Assuming that Henry's law can be applied tn P'll'tremg low mercury c:ou­

c.em:rat:ions (U. 3/ ng m""3 ) in air, the corresponding equilibrium mercury 
' 

concentration in pure water is calculated to be about 1.2 x 10-6 ~g 

liter- 1 • The calculated value is unrealistically low. Perhaps this is 

partly caused by the linear extrapolation of Henry's law to the extreme 

low-concentration region and partly by the use of pure water as a sol­

vent. In reality, the amount of dissolved mercury might be different 

when water, such as rainwater, is not pyre. 46 

In view of the uncertainties involved in the concept of equilibrium 

solubility, the method using washout factor is applied. The w;~Rhnnt fac­

tor ls defined as the ratio of concentration in rain to the concentration 

in air. By this method, concentration of mercury in rainwater is found 

to be ~o.34 ~g liter- 1 , with a washout factor of 103 , a value derived 

from Wraymires' results by Peirson et a1. 47 Although this estimated 

concentration in rainwater (0.34 ~g liter- 1 ) agrees surprisingly well 

with those field data reported by Andren and Lindberg, 48 confirmatory 

studies on the mercury washout by the field experiment around Plant Bowen 

would he v;~luablQ. 

Copper. Copper released by coal combustion is discharged to the 

atmosphere mainly in the particulate form. With an efficient electro­

static precipitator on the flue, the particl.e s.ize of copper released to 

the atmosphere ranges from 1 to 15 ~m. 49 The terminal speed of a 15-~m 

particle is about 5 em sec- 1 • As Vander Hoven50 recommends, for termi­

nal speeds less than 1m sec- 1 , the Gaussian plume model or diffusion 

equation can be used to calculate the diffusion and subsequent deposition 
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of the particulate; however, the particulate plume descends at speed vd, 

the terminal speed, relative to, the gaseous plume. 

By use of the Gaussian plume model for copper dispersion and the 

method of washout factor, the maximum ground-level copper concentration 

in air and rainwater is found to be 68.3 ng m-3 and 46.6 ~g liter-1 

at a downwind distance of 33 km, with the following input data relevant 

to Plant Bowen: emission rate, 0.72 g sec-1; copper concentration in 

coal, 18 ppm; 41 emission factor, 10%; washout factor, 880; 47 terminal 

speed, 5 em sec-1 (assume the maximum particle size for the worst-case 

estimate); and input data listed in Table 10. 

Lead. Like copper, lead released by coal combustion is emitted 

to the atmosphere (mainly in particulate form) and assumes a similar 

particle size spectrum. 47 Thus, the method used for copper calculations 

is applied. The maximum ground-level lead concentration in air and 

rainwater is estimated to be about 114 ng m-3 and 39.7 ).Jg liter-1 at 

a downwind distance 33 km from the stack, with the following input of 

Plant Bowen: emission rate,. 1.2 g sec-1; lead concentration in coal, 

30 ppm; 41 emission factor, 10%; washout fac·tor, 450; 47 terminal speed, 5 

em sec'"" 1; and input data given in Tahle 10. 

The maximum ground-level washout flux of mercury, copper, and lead 

for various types of rainfall is shown in Table 13. Note that the dis­

tance of the maximum deposition location for particulates is three-fifths 

that of gas-phase pollutants from the stack. Also, for the drizzle, the 

predicted wet deposition rate between the two differs by several hundred. 

Table 13. Wet deposition rates at the locations of maximum 
ground-level concentration for mercury (X~ 5 x 10 4 m), 

copper, and lead (X ~ 3.3 x 104m) 

Wet deposition rate 

Rainfall type Rainfall rate (moles m-2 hr-1) 
(mm hr- 1) 

Mercury Copper Lead 

Drizzle 0.2 3.38 X lQ-4 0.15 0.04 
Light shower 5.0 . 0.01 3.fl7 0.96 
Heavy shower 20.0 0.03 14.67 3.83 
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5.3 Spatial Variability in Precipitation 

If a concentration field is used as a means to detect the effects of 

Plant Bowen plumes in wetfall chemistry, given the same washout effi­

ciency in control and target areas, two key elements influencing the con­

centration field should be considered: a steady plume and a uniform and 

persistent precipitation. For the plume, both plume strength (constitu­

ents) and plume position are believed to remain steady during winter 

frontal storms because a stable atmosphere prevails. A frontal-type rain 

is also preferred because it generally provides spatially uniform r~in­

fall of long duration and constant intensity. Without these characterjs­

tics, severe random dilution or ·enrichment of the "underplume" samples is 

inevitable. 

The spatial variability of four storms occurring at the METER-ORNL 

network were investigated to evaluate the uniformity. Results are pre­

sented in·Table 14. The values of spatial variability in rainfall volume 

ranged from 8 to 31%. This limited comparison suggests that spatial vari­

ability decreases as the mean rainfall increases. 

Table 14. Variability nf precipitation fut· four storms 
ove:t.' 740 km? at Plant Bowen 

Storm type 

Stationary front 
Stationary front 
Cold front 
Warm front 

Date 

Feb. 28, 1978 
Mar. 7, 1978 
Dec. 21, 1978 
Jan. 23, 1979 

Number of 
stations 

25 
25 
25 
25 

Mean rain 
(in.) 

0.25 
0.25 
0.50 
O.R4 

Standard 
deviation/mean 

0~) 

31 
29 
12 

R 

The spatial variability in concentration and deposition at Plant 

Huwen cannot be evaluated because no data are currently available •. How­

ever, spatial variability in concentration and deposition has been evalu­

ated at other networks of similar size and collector density. The work 

by Stout and HuffSl cited by Gatz 52 indicated that, for event samples, 
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the relative variability increases in the order of rainfall, concentra­

tion, and deposition. 

5.4 Methodology 

The approach to collection and analysis of wetfall around Plant Bo­

wen as outlined in the following paragraphs is fundamentally common to 

all studies of wetfall chemistry, differing only in details. 

Equipment 

In most wetfall chemistry studies, wetfall is collected using a 

rainfall-activated device that automatically opens a collector (e.g., 

bottle-funnel or widemouth container) whenever rainfall occurs. During 

dry weather, the collector is sealed against the influx of dryfall. Such 

collectors are expensive and normally require 110 V ac for operation; 

thus, they were impractical for a preliminary network-wide investigation 

of wetfall chemistry around Plant Bowen. 

Given sufficient manpower, accurate weather forecasts, and good lo­

gistical planning, a network of manually operated wetfall collectors can 

be used s'uccessfully to investigate wetfall chemistry l'lr.ound power plants. 

For the Plant Bowen studies, a simple inexpensive collector was designed 

consisting of·an 11.5-cm-diam polyethylene· funnel inserted into a !-liter 

polyethylene bottle that is supported in a collar atop a pole ~2 m above 

the ground. Collection of wetfall alone is achieved by manually uncover­

ing the funnel, which is covered by a plastic bag, just prior to the onset 

of rainfall and recovering the funnel at the cessation of rainfall. 

Collector preparation 

In preparation for rainfall sampling, the polyethylene bottles,· 

lids, and funnclc are thoroughly cleaned in the laboratory using dilute 

(2N) nitric acid and high-quality distilled-deionized water. Following 

the acid cleaning, the bottle, lids, and funnels are rinsed and soaked 

repeatedly in fresh distilled-deion~zed water until all traces of resid­

ual acid in the rinse watf:'r are absent. The bottles and funnels are then 

packaged in. individual plastic bags for transport to the field sites. 
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Collector operation 

Pursuant to the requirement of excluding dryfall from the collec­

tors, as far as practical, installation and uncovering at field sites are 

delayed until just before the onset of rainfall. Of course, the exact 

time of onset cannot be known in advance, and, thus, reliance must be 

placed on forecasts from the National. Weather Service. With 5 field 

persons, ~1-112 hr are required to install and uncover the 50 collectors. 

Thus, to ensure that all collectors are open prior to the first rainfall, 

the first collector must be uncovered no later than 1-1/2 hr prior to the 

forecasted time of rainfall onset. The collectors can. be uncovered ear·· 

lier, but, to minimize incorporation of dryfall,, it was decided that no 

collectors should be open longer than 3 hr prior to the first rainfall. 

This is, of course, a compromise necessitated by limited manpower and the 

~~~~ nf rhe network. 

At the cessation of rainfall, the collectors are covered and re­

trieved as rapidly as possible. Timing is considered less important on 

the retrieval because dryfall at the end of a storm is likely to be mini­

mal and any that occurs is likely to be trapped on the moisturP on th~ 

funnel and not incorporated into the sample. Thus, it was decided that 

retrieval should be complete within 6 hr of rainfall cessation. 

Rainfall dot!!:! not :~lways begin and continue without interruption. 

Thus, some operational definition of an "event" is necessary. For this 

study, a rainfall "event" is defined as beginning at the first few drops 

of rainfall and ending if rainfall is interr11pted for more than 6 hr. 

5.5 Site Criteria 

The wetfall chemistry collectors are sited to conform as nearly as 

possible with the following criteria, as suggested by the North Central 

Regional .Project NC-141 Atmospheric Deposition. 53 

1. No moving sources of pollution, such as routine air, ground, or water 

traf·fic, shall be within 100 m of the site. 

2. No surface storage of agricultural products, fuels, or other foreign 

materials shall be within 100 m of the site. 
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3. No continuous sources of pollution shall be within 50 km in the 

direction of the mean wind direction for the site and 30 km in all 

other directions. 

4. Sampler shall be installed over undisturbed land, preferably grass 

covered, with no objects within 5 m of the sampler. 

5. No object shall project onto the sampler with an angle greater than 

30° from the horizontal. Give particular attention to overhead 

wires. 

Thus, the addi tiona! collectors should be placed along major high­

ways for easy access but should be placed at a clearing bank at least 

30 m from the highways to minimize contamination caused by traffic. The 

major concern here is the dispersion of exhaust fumes under strong sur­

face winds. 

Once the site is located, an information sheet (see the following 

page) covering the important points necessary to evaluate the site should 

be completed and returned to ORNL as soon as possible. 

5.6 Network Design 

The METER-ORNL wetfall chemistry network was designed to provide a 

high probability of detecting the effects of Plant Bowen on local wetfall 

chemistry. The optimal network design resulted from combined considera­

tions described in the previous subsections, that is, predicted sulfur 

Rnd trace metal~ deposition in the vicinity of Plant Bowen, an analysis 

of precipitation spatial variability in proposed METER-oRNL wetfall chem­

istry network, site selection criterion, and practical methodology for 

data acquisition. 

To maximize the cap~bilities of the field study, the sampling net­

work is to cover an are& of 7'10 km2 (?J~q sq miles), that is, the inner 

5 hy 5 matrix measuring 27 km (17 miles) on a side (see Fig. 12). Plant 

Bowen is situated 4.8 km (3 miles) west of the network center because the 

target area for the vast majority of storms would be in the.eastern half, 

rather than the western half, of the network. 

The size of the wetfall chemistry network was limited to a scale 

smaller than that of the existing rain-gauge network primarily because of 
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METER-ORNL WETFALL CHEMISTRY NETWORK 

Information Sheet 

DATE: ________________________ __ 

SITE NUMBER: LOCATION: ----------------------- ----------------------
COLLECTOR OPENING TIME: -----------------------
COLLECTOR CLOSING TIME: ----------------=-----
S'l'ACKPLUME DIRECTION (BY- OBSERVATION): -------------------------------
COOLING TOWER PLUME DIRECTION (BY ORSF.RVATION): -----------------------
GENERAL DESCRIPTION OF COLLECTING SITES: 

(1) TYPE OF ROAD SURFACE: ------------------------------------------
(2) HOW FAR FROM THE ROAD IS COLLECTOR SITED? (m) ---------------------
(3) HOW CLOSE CAN A VEHICLE APPROACH THE COLLECTOR? (m) 

(4) TREE: MAX. HEl:GHT: _________________ (m) 

DISTANCE: (m), DIRECTION: ----------------- -----
(5) BUILDING (TYPE): HEIGHT: _____________________ (m) 

DISTANCE: (m)' DIRECTION: 

(6) OBJECT: HEIGHl': 
--------------~~----

(m) 

DISTANC:F.: (m), DIRECTION: 

(7) OTHER (e.g., OVERHEAD WIRES, MASTS, HILLY TERRAIN OR FLAT, etc.): 
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ORNL-DWG 78-4197A 
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Ff.g. 12. Map showing the METER-QRNL wetfall chemistry network in 
relation to METER-QRNL rain-gauge network. Entirely darkened circles 
represent rain-gauge sites, and open circles indicate chemical sites. 
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limited manpower but also because of model considerations. The predic.ted 

downwind locations of the maximum plume washout are about 33 and 50 km, 

respectively, for particulates (copper, lead) and gases (sulfur, mer­

cury). This is calculated by assuming flat terrain. However, in slightly 

hilly terrain such as around Plant Bowen, atmospheric diffusion may be 

enhanced, causing the locations of maximum ground-level concentration to 

be closer than expected. 

The longest sampling distance from the stack in the target area 

(northeast sector of the 5' by 5 network) is about 25 km. Under stable 

conditions, the maximum plume width at that distance i.s e.sti.lllated to be 

3.13 and 2.24 km (1.95 and 1.4 miles), respectively, for the stahility 

classes E a1~ F in rural areas. Both widths are l~ss than one-half the 

distance between any two sites, that is, typically 6.4 km (4 miles). 

Because of the very narrow plume, the density of the wetfall collector 

network to be placed at the regular sites of the precipitation network 

appears too low. Thus, this density had to be increased by adding one or 

more collectors between the regular sites. Approximately 50 collectors 

will be used to ensure adequate coverage of the probable target areas. 

Half the collectors will be installed at the 5 by 5 network nodes; the 

other half will be installed between the rPelll.:tr sites. The number of 

additional collectors to be placed between s1 tes will depend on s1 te 

accessibility. 

Installation of wetfall collectors in close proximity to the power 

plant calls for special attention. Unless ~he devosition nf h~~vy matnlo 

can be proven important close to the source, it is recommended that no 

collectors be placed within a radius of 1.6 km (1 mile) from the plant. 

Thus, the complication arising from sources other than the smokestack 

plume, such as the natural-draft r..ooJi.ng tower plumes ~nd the coal pile 

dustfall near the stacks, will be avoided. 

5. 7 Data .. A_cquisi tion. Analysis, and Discussion 

To gain field experience and acquire data for analysis of spatial 

variability in wet deposition, three field collections were attempted 

without success: the first on January 10 through 12, 1979, the second on 
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January 26 and 27, 1979, and the third on March 29 through April 1, 1979. 

During all trips, weather prediction was followed closely by frequent 

contact with the National Weather Service Forecast Offices at the Atlarita 

airport; Dobbins Air Force Base, Birmingham, Alabama; and Knoxville, 

Tennessee. The contacting frequency depended on the distance between 

the storm system and the network and increased from daily to every 4 hr 

and then to hourly. 

The first trip was decided after two of the three forecaster~ (Knox­

ville, Tennessee, was not consulted) predicted the same onset of the 

rainfall event and amount of rain. However, the storm system arrived in 

northwest Georgia earlier than forecast; thus, attention was shifted to 

the next storm that was forecast to move in. After a long period antici­

pating the second storm, the experiment was called off prior to collector 

installation. After the event, most gauges showed a recorded amount of 

rain less than 6.35 mm (1/4 in.) for that period. 

For the second trip, because all forecasters agreed on the time of 

onset and the rainfall amount, the collectors were installed at preas­

signed sites ~1 hr before the expected onset, according to plan. This 

was accomplished during the evening of January 26, 1979, (from 9:30 to 

11:00 PM). Rain started at approximately 11:00 PM, but, unfortunately, 

the total amount was very small (trace). Another storm occurred around 

12:00 noon the next day, but, by that time, the collectors had been ex­

posed to an extended period of dry deposition. 

The third trip was undertaken during the end of March after two of 

three forecasters agreed on.the storm onset time and precipitation amount. 

However, the low system was stalled .over Oklahoma because of a strong 

persistant Bermuda high system off the Atlantic coast. After a three-day 

waiting period, the decision was made to deploy the collectors at 

preassigned sites prior to an expected storm forecast for 11:00 PM on 

March 31, 1979. The collector deployment was accompHshP.d by four field­

men during the same evening (from 6:30 to 10:00 PM). Unfortunately, the 

forecasted storm arrived 1-1/2 days later than expected. The sto~ in­

tercepted the southwest corner of the network at 2:00 PM on April 2 and 

ended at 6:00 AM the next day, yielding more than 127 mm (5 in.) of rain. 
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Although the samplers were overflooded and contaminated by two days 

of dryfall, they were retrieved for bulk studies. Dryfall was expected 

to be at a minimum over the weekend. The retrieval was done by two staff 

members over a 5-hr period, 4 hr after the event terminated (from 10:00 

AM to 2:30PM on April 3, 1979). Samples were refrigerated to reduce any 

chemical or biological activity and were analyzed the next day for pH and 

conductivity at room temperature. 

Results are presented in Figs. 13, 14, and 15 for precipitation 

amount, pH, and conductivity, respectively. Isohyets are shown in Fig. 

13. The amount of rainfall for the convective sto.rm range.~ from 78.7 to 
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ORNL wetfall chemistry network on April 2, 1979 (started at 2:00 PM, 
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Fig. 14. Contour of equal pH in the METER-QRNL wetfilll chemistry 
network for the storm of April 2, 1979. 

142.2 mm (3.1 to 5.6 in.), with a uniform band of intense rain oriented 

in the southwest-northeast direction decaying almost symmetrically from 

the band to left and right flanks. Contours of equal pH are shown in 

Fig. 14. Data with obvious conlamination (e.g., bird d:rnps, etc,) were 

disregarded. The pattern is surprisingly smooth. The range of pH is be­

tween 4. 48 and 4. 81, with a mean, standard deviation, and coefficient of 

variation of 4.63, 0.1, and 2%, respectively. The low and high values 

were found to be in the southwest and north sectors, with a difference in 

[w+] hy a factor of 2. Low values coincide with the target area as de­

termined by a NNE surface wind measured at a windset 0.8 km (1/2 mile) 
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Fig. 15. Contour of equal conductivity for the storm of April 2, 
1979. 

• 

• 

• 

north of the plant. Finally, the contours of conductivity are plotted in 

Fig. 15. The pattern for conductivity, as with pH, was smooth, and the 

range of c-.onrl11ctivl Ly wno b<!tween 10.90 and 20.80 )Jmhos cm- 1, with a 

mean, standard deviation, and coefficient of variation of 15.67, 3.03, 

and 19%, respectively. The observed high conductivity and low pH in the 

WSW target area should be vi~ed with skepticism becau~e evaluating the 

contribution to wetfall from dryfall components is impossible. In addi­

tion, the collectors were overfilled. 
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5.8 Data Analysis from HASL Automatic Samplers 

Two HASL automatic wetfall-only collectors were installed at strate­

gic locations to accumulate weekly samples for exploratory studies. Be-; 

cause most storms in the network move from southwest to northeast, one 

collector was installed at the plant's meteorological station [4.8 km 

(3 miles) to the northeast] and the other at the Taylorsville power sub­

station [8 km (5 miles) to the southwest] to capitalize on a potential 

control-tar.get situation at these locations. 

The collector at the meteorological tower has been in operation 

since November 14, 1978, but installation at the Taylorsville site was 

delayed until January 11, 1979, because of a power supply problem and 

malfunction of the rainfall sensing element. Weekly samples were ana­

lyzed routinely by the staff of Environmental Sciences Division of ORNL 

for pH and conductivity, while the concentrations of major cations and 

anions were analyzed by the staff of the Analytical Chemistry Division 

of ORNL. Rainfall amounts were measured by the recording rain gauges at 

nearby stations of the METER-QRNL precipitation network. 

Preliminarly results of chemical analyses of samples from the auto­

matic collectors ar.e given in Tables 15 and 16. At the meteorological 

station, shown in Table 15, both ff+ and conductivity among the collec­

tion periods varied by a factor of about 3. The average, standard devia­

tion, and coefficient of variation for ff+ are 37 ~moles liter-1 (mean 

pH= 4.43), 12 x 10-6, and 32%, respectively, and for the conductivity 

19.64 (~mho cm-1 ), 6.51, and 33.2%, respectively. The association of 

the observed highest pH with a heavier rainfall seems to be reasonable 

due to the dilution of [H+] concentration caused by the large amount of 

rainwater collected. In addition, a weak negative correlation between pH 

and conductivity is suggested from the data, but evaluating the actual 

degree of correlation is impossible Qecause of the small data base. 

Analyses of samples.from the Taylorsville site (Table 16) reveal 

much the same pattern: for ff+, average= 38.1 ~mole liter-1 , standard 

deviation= 15.6 x 10-6, and coefficient of variation= 41%; for con­

ductivity, average= 21.31 ~mho cm-1 , standard deviation= 7.24, and 

coefficient of variation = 34%. 



Date 

Nov. 14-22, 1978 
Nov. 22-30, 1978 
~ov. 3D-i>ec. 7. 1978 
Dec. 7-14, 1978 
Dec. 14-21, 1978 
Jan. 1-1-18, 1979 
Jan. 18-25, 1979 
Feb. 1-8, 1979 
Feb. 15-22. 1979 
Feb. 22--Mar. 1, 1979 
Mar. 1-8, 1979 
Mar. 8-14, 1979 

'\teasured by the 
station. 

Rainfall 
an:ounta 

(in.) 

0.75 
1.00 
2.00 
1.50 
0.75 
0.35 
2.70 
1.45 
1.60 
3.20 
5.20 
0.60 

recording 

Table 15. fuasured wetfall cc·mposition by the automatic collector installed a·: the 
. meteorc·logical stat lor., t.. 8 Jc:n (J miles) northeast of Plant Bowen 

pH 

4.33 
4.31 
4.60 
4.58 
4.32 
4.43 
4.42 
4.68 
4.35 
4.52 
4.67 
4.25 

Conductivity 
(~mho cn:- 1) 

23.6-
21.1 
11.9 
10.9 
23.0 
22.0 
18.1 
15.5 
29.4 
16.1 
13.2 
30.9 

ca.z+ 

0.3 0 052 0.02 
0.26 0 02 0.01 
0.22 <0 01 0.07 

0.07 
0.10 
0.16 

22 
23 
lL 

7.5 
9.6 
5.3 

O.l4 
0.18 
0.1)4 

1.4 
0.86 
1.0 

5.4 
7.4 
3.9 

0.17 
0.22 
0.52 

1.53 
1.57 
1. 70 

mg liter-! 

0.280 
0.235 
0.152 0.068 

rain gauge at Sta~ion 18 (METER-ORN~ precip-itation network), at-cut 4 km (2-1/2 mi.iLes) north of the meteorological 

<0.001 
<0.001 
·<0.001 



Date 

Jan. 11-18, 1979 
Jan. 18-25, 1979 
Feb. 1-8, 1979 
Feb. 15-22, 1979 
Feb. 22-Mar. 1, 1979 
Mar. 1-8, 1979 
Mar. 8-14, 1979 

~easured by the 
sui: station. 

Rainfall 
amounta 

(in.) 

0.45 
2.50 
1.50 
1.50 
2.00 
5.40 
0.45 

recording 

.. 

Table 16. Measured wetfall composi~ion by the automatic collector installed at the 
Taylorsvi]le power substation, 8 km (5 miles) southwest of Plant Bowen 

pH 

4.40 
4.48 
4. 72 
4.2 
4.48 
4.60 
4.27 

Conductivity 
(l!mho cm- 1:• 

2.2.3 
18.5 
11.1 
32.0 
19.4 
16.7 
29.2 

mg liter- 1 

0.28 0.026 0.04 0.11 
0.24 0.02 0.03 0.09 
0.26 <0.01 0.02 0.02 

25 
23 
31 

6.5 
12 

4.5 

0.53 1.2 
0.21 1.3 
0.14 0.67 

8.1 
7.1 
3.8 

23 
25 
15 

0.19 1.46 
0.17 1. 51 
0.19 1.00 

mg liter-! 

0.366 
0.178 
0.149 0.053 

<0.001 
<0.001 
<0.001 

rain gauge at Station 31 (HETER-ORNL precipitation network), about 2.4 km (1-1/2 niles) southwest of the Taylorsville 
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Intersite comparison of the analytical results revealed signifi­

cantly higher concentrations of K+, Na+, Cd2+, Cl-, and so4
2- at the 

meteorological station than at the Taylorsville station for the first 

week in February. Although this finding at first suggested the possi­

bility of a plume effect at the meteorological station, subsequent anal­

ysis of wind data for the same period eliminated any such possibility. 

Only one storm passed over the network during the week of February 1. 

This storm started at 12 noon on February 6 and ended at 4 AM the next 

day. During the storm, the surface and upper-air winds were easterly and 

southerly, respectively. With these winds, the target arga would be lo­

cated in the northwest quadrant rather than in the northeast. The appar­

ent abnormality at the meteorological station thus could probably be at­

tributed to local industrial emissions at Cartersville, Georgia, under the 

persistent easterly;surfacP wind. These resulls clearly indicate some of 

the complexities associated with wetfall chemistry studies in areas with 

multiple local sources. 
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6. SUMMARY AND RECOMMENDATIONS 

From the review of sulfur washout models, three basic models are 

identified, depending on the assumptions involved: chemical, physical, 

and combined chemical and physical. The majority of models apply a Gaus­

sian model for plume dispersion, consider a single species in raindrops, 

and assume an uncatalyzed liquid-phase oxidation of S02. 

The main finding from this review is that the discrepancy in pre­

dicted sulfate production rate differs by about four orders of magnitude 

(from 10-14 to 10-lO moles liter-1 sec-1 for a solution with a pH of 3). 

Some of these discrepancies can be attributed to different assumptions 

about the variation of sulfate production rate with pH. The sulfate 

production rate is found to be inversely proportional to the hydrogen 

concentration raised to the powers of 1, 1-1/2, and 2 for the Hill and 

Adamowicz, Fuller and Crist, and Scott and Hobbs models, respectively. 

Thus, the assumptions on sulfate production rate (either being propor­

tional to sulfite or bisulfite concentration) are crucial in determining 

sulfur washout. 

At the present time, gr'ven the state of the art, no model can claim 

superiority over any other model without data verification. Tile Dana et 

al. model, tested against Centralia data, is an exception. Predicted 

values for so42- are in the same order of those observed, but the pre­

dicted so2 (dissolved and dissociated) exceeds that observed by more than 

one order of magnitude. The discrepancy was attributed to the inadequacy 

of the adopted Scott and Hobbs ammonia model for so2 oxidation. This 

should be resolved by further improvement, both in model development and 

field data measurements. 

Highlights of the preliminary measurements and predictions associ­

ated with studies of METER-ORNL wetfall chemistry network at Plant Bowen 

include the following. 

1. WHh a light shower rainfall type (5 mm hr-1), the, predicted 

maximum wet deposition rate is about 60 and 0.01 ~moles m-2 hr-1 for 

gaseous sulfur and mercury. at. a downwind distance of 50 km from the stack 

and 3.67 and 0.96 ~moles m-2 hr-1 for particulate matter of copper 

and lead at 33 km from the· same source. 
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2. There are presently no data on sulfur and trace metals rleposi­

tion to verify the predicted maximum wet deposition rate; however, the 

predicted sulfur wet deposition (about 2.24 g m-2 year-1) is comparable 

to the maximum representative annual average wet deposition in heavily 

industrialized areas in North Arner:f.ca (3 g m-2 year-1). 

A continuous monitoring of rainfall rate, pH, conductivity, and 

other key constituents using HASL automatic samplers at Plant Bowen's 

meteorological station over a period of 12 weeks and at Taylorsvil~e 

power substation over 7 weeks showed variable results with no consistent 

pattern. One abnormality in concentration of K+) Na+, Cd2+; 01-l,, ancl 

S042- during the week of February 1 through 8, 1979, at the meteoro­

logical station is attributed primarily to the local emissions from in­

dustries located at Cartersville, Georgia, rather than to emission from 

Plant Bowen. Thf.l': suggests the need fof event sampling to minimize vari­

able rain volume and multiple-source effects often associated with weekly 

samples. 

Based on considerations of theoretical estimates and on constraints 

of the existing rain-gauge network, manpower, and site acc-.P.f'Hdhi,lity, the 

METER-QRNL wetfall chemistry network was designed for pilot studies to op­

timize network density and siting. ThP re11ulting network ls eomposed ot 

the 5 by 5 inner subset [27 by 27 km (17 by 17 miles)l of thP 7 by 7 r~in­

gauge network, with 18 temporary sites located at preassigned control and 

target areas. 

Guided by the present study and those re~ommPn~~tionc of th~ work­

shop on dry and wet deposition, 37 research is needed in the following 

areas for a better understanding of precipitation scavenging at Plant 

Bowen so that the process may be more realistically included and param­

eterized in models: 

1. adequate emissions inventory for SOx, NOx, and trace metals data 

(source characteristics); 

2. quantitative understanding of so42- incorporation into precipita­

tion, including aircraft measurements of vertical profiles, correla­

tion of precipitation sulfate.with atmosp?eric so2 and so42- con­

centrations, and measurements of dissolved so2 in precipitation at 

various heights; 

• 
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3. measurements of all possible precipitation constituents that affect 

sulfur and trace metals che~istry and acidity. 

Finally, some guidelines for precipitation-scavenging experiments at 

Plant Bowen are given in the following discussion. 

With respect to data acquisition, one of the most important elements 

is the need for a uniform and persistent precipitation. Without. that, 

severe random dilution or enrichment of the "underplume" samples is in­

evitable. The success of data acquisition further depends on the accu­

rate weather predictions. To avoid depending entirely on the weather 

forecasts and, at the same time, to avoid investing in an expensive, to­

tally automatic network, three alternate plans are suggested. 

1. The first alternate plan calls for an increase in the confi­

dence level of the forecasts above which a field trip for sample col­

lection would be initiated. Although this increase of confidence level 

[e.g., from a 60% chance of rain to a 90% chance with the amount of pre­

dicted rainfall exceeding at least 19 mm (3/4 in.)] may cause a high 

probability of missing several acceptable storms, the chance for a suc­

cessful operation once initiated is relatively enhanced. 

2. The second alternate plan calls for a reduction in manpower. If 

a compromise in sample standards and the number of sites can be reached, 

the reduction in manpower is considerable. This can be achieved by ig­

noring temporary sites and allowing the proposed tolerance in duration of 

dryfall contamination to be extended from 3 to 12 hr. Under these con­

ditions, it is theoretically possible for one fieldman to prepare the 

regular 5 by 5 network for collection in one day. 

3. The last alternate plan calls for the installation of up to 12 

automatic collectors at strategic locations. Based on information of· 

surface and upper-air winds, some strategic sites in the control and tar­

get areas could be identified. Continuous monitoring of wetfall chemis­

try over a period of one or more years and trajectory analysis would pos­

sibly provide the· necessary statistical significance of any potential wet 

deposition effect from the smokestack plumes. 
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