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Preface.
A, SCEE .

The Atmospheric Turbulence and Diffusion Laboratory {(ATDL)
in Oak Ridge, Tennesgee, I3 opevated for the Energy Research
and Development Adwinistratiom (ERDAY by the National CQceanic
and Atmogpheric Adminfatration's Afr Rescurces Laboratovies,
a group of reaearch units generally concerned with problems
of environmental pollution and fts control. HMajor funding
is from ERDA"a Divisfon of Bicmedical and Environmental
Repearch. ATDL works closely with various divisions of
Holifield {0ak Ridge} Wational Laboratory (WL} on environmental

prejects of joint Intereat, and alse functions ss a meteorological

sonsultant and advisor teo that laboratory.

The ATDN. 1a organlzed to perform research studies on
armoapheric diffusion, {ranmaport, and remeval of pollutantsa,
fncluding heat, and moisture with most emphasis on scales
up to regional sfze fup to ~ 200 km}. Current reseacch
programa include ailv transport atudies, egpeclally for the
sastern Tennessee reglon; alr pollution stuedies, including
the meteorological effects of cooling towers and energy
centers; research on plume¢ and wake behavior, including
effects of buoyaney, active rhermal convection, and removal
proceagea; extension of atmespheric tranapert, diffusion,
and effluent removal models to apecial asituations such ae
over—-water and over-foresat flows; and study of the role of
forest attucture on the energy balance and on diffusion,

B. FY1975 Highlighes.

A major program completed durlng FY1975 was the Eastern
Tennasgee Trajectory Experiement (ETTEX}, which was conducted
to determine the mesoscale wind field and typical air parcel
trajectories over the eastern Tennegsses Walley. Other
ragearch on atmospheric transpert included madifications to
the Holifield {Cak Ridge) Matlocnzl Laboratory--ATDL air
transport model and majer improvements In the ATDL mesoscale
planatary boundary layer model.

Research on atmeoapherle pellution Included eatimates
aof the matecrclogical affects of large power parka, development
of a aimple photochamical smog model, and comparative
evaluations of several urban alr pellution mwodels.




Work on plume behavior encompassed thegretical study of
dense plumes, calculation of over-water e£flvent concentratlons
intercompariscn of several dry depoaitien models, and
experiments oo the lift-off of a buoyant plume initially
trapped in the wake of an obstacle.

Forest meteorcloglcal studies were devoted to analysis
of solar radiation data obeeiped within a decidugus foresc,
analyals of wind and temperature data taken within a pine
plantation, and limited smoke diffusion experiments.
Instrumentaticn of a new forest site was begun.

C. FY1376 Bighlights,

Atmospheric trangport research will make congiderable
use of ETTEX data for mopdel wvalidation. Regional wind fields
will be used te caleculate air parcel trajectories, and
predicetlon of the behavior of diffusing effluent clouds
wiil be attempted, Both the HHL-ATDL air transport model and
the AIDL mesoscale planetary boundary laver wmodel will alao
be used for trajectory predictions., A potential flow model
for the esstern Tenneasee Valley will be developed ag a
firet approximation to flow over rough terrain.

Reviews of current diffusion, plume rise, and urban air
pollucion wodels have been completed. Models to predict the
rise of muleiple plumes, cloud growth, and nixing layer height
will be developed. The photochemical samog model will be tested
for eaveral U.5. cities. A droné airplane i being construckted
to carry out measurements within the mixing layer.

Analysias of the convective diffuszion results from ETTEX
and of the entrained buoyant plume axperiments will be
completed. Further intercomparisons of dry deposition models
with each other and with fiald data are underway. Diffusion
and depraltion calculations using Monte Carloe technigues and
based on the statistical theory of turbulence are being
initiated. A wind tummel for near-obatacle flow investigations
wlll be procured. Modeling tank studies of plume rise and
gprasd under calm conditions will begin.

Instrumentatfon of the new decldusus forear sire will be
completed. A cooperative program with HNL on sulfur traneport
to this gite {8 plammed, Analysis of the extensive body of
forest solar radiation data will continme, Diffusion rasesrch
ie epntinuing at the pine planration; addirional smoke studies
ag wall as preliminary heat and momentum flux measuremencs are
planned,
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FY1973 Accomplizshments - ATDL.

A. Alr Transport Studies.

The Eamtern Tennegsee Tralectary Experiment {ETTEX), an ATDL
experiment, ronducted with ARL and TVA assistance, way carried
out during a three-week period in July and Aogust. Trajectories
of radar-tracked tetroons were determined for several launch
times (before dawn, mig-day, early evening) and flight durations
of up to & hours, for a variety of weather condltions. On 16
occasiona, two tetroons ware released simuitaneously, and
about ) uygeful tetroon runa were made, 4 grid of five single-
theodalite pllot balloosn stations measured wertical wind
profiles and surface weather wveriables over the eastern
Tennesgee area. Attempts are under way to estimate the regional
wind field using these pibal data, together with synoptilc
information and data obtained from TVA'a metecstrolopical sites.
Alr parcel trajectories calculated from these wind fields will
be compared ta the tetroon obgervations. A convective diffusion
experiment wag also carried sut te provide data for a modal
previoualy developed to pradict the behavior of buoyant plumes
imbedded in convective downdrafts. An airplane equipped with
an MEI "e-meter," a fast-response Cemperature proha, and a
vertical accelerometer was flown in patterns near TVA's
Bull Run steam plant, while a helicoptor samplead Suz,cruss-
sections through the plume. Ground sampling of 504 was
artempted, The object was to aimultaneously measure wind,
temperature, and eddy diffuaivicy proflles, vertical velecitles
on a convective scale, and plume response to these motliona.

A repott deacribing ETTEX dezign has been completed, and
detalled reports on individual experiments and thelr results
are in preparation.

HNL and ATDL entered intc a joinc effort to improve the
HMNL "Air Transport Model." The "Air Transpert Model™ is
part of an overall program to follow the pathways and assess
the environmental insult of trace contaminants in the
atmosphere. Afrer substantlal revision, the model was tested
against abserved TVA daca and produced correlaclons as high
as r = .90). An addition to the model now causes ic to
gearch for the highest possible one-hour concentracion from
a matrix of wind sources and wind and stability conditions.




The ATDL mesoscale planetary boundary laver model has
been expanded to increase des genmeralicy. Incoming solar
radiation and atmospheric longwave rtadistion at the surface
are calculated at each time step; also, atmospheric cooling
iz now calculated, Advectiom sub-toutines are being developed
which use the mesvacale model's results to create trajectories
of alr parcels. Graphic packages have been added to give
jmmedlate visual results of the model’s forecasts and coaoputed
trajectories. A program has been started wich HNL's Envirconmental
Sciences Division to incorporate their surface evapotranapiratioo
and sensible heat flux hydrologic models into the ATDL mesoscale
sodel. This will elimioate the constant flux layer assumption
from the ATDL model, as well as Iurther extend its generality
to loclude many different surface confipuratious.

E. Atmospheric Polluticon.

Eatimatea of the meteorclogical effecta of power parks wera
pade. The heat release of proposed power parks is abour 100,000 Mw,
which ie nearly &qual to the heat release from the Surtsey
volcanc, brushflres and a2 few other natural and msnmade phencwena.
A major danger of the proposed heat release is the possibility
of the concentration of vorticity. Alsc, there is the posslbilicy
of lncreased rainfall and thumderstorm development. There is
little known about the modeling of eultiple plumes or clouds.

Obgervations of smog corcentrations in Czalifornia along a
trajectory from Los Angeles teo Palm Springs Teveal that an
oxidant front moves with the sea breeze, passing through Palw
Springa 1n the late evening. In the downtown Los Angeles
area, where emigsionz are high, the oxidant curve peake near
noon. In Pomona and Riverside, where emissions are relatively
low but still significant, the oxidant curve peaks near
3 p.m. The delayed peak iz due to advectlon from the dowmtowm
area. In Banning and Palm Springs, emissions are insipnifiecant,
and oxidant variatinns are almost entirely due to advection
from more populated areaza. A simple empirical model was able
to explain the cbserved diurnal variarions of oxidant
concentrations. More complex numerical models were attempted,
but in every case led ta too much removal of oxidants at
night in Palm Springs.

A mathod for the comprehensive evaluation of air pollution
forecast models has been developed and applied to sevaral urban
alr pollution madels. An Immediate result of this etudy 1Is that
models praviously consfidered equel in their abilility to
predict time—-averaged alr pallution concentrations are not
equal in thelr abilicy to predict the spatial and rfemporal
character of observed zir pollution patrerns.




The vertical aerosol lidar program was completed. It
showed a very high correlation (.98) hetween average monthly
aeroacl scale helghts and wonthly solar radiatfon, indicatiog
that selar vadiatlon data is an excellent indicacor of wvertical
diffusivity in the Qak Ridge area.

Eatimates of horizontal diapersion parawmeters were cohtained
from the ERDA'a Tower Shielding Facilicy in Oak Ridge for time
gscalas of mixteen to Eive hundred seventy-six hours. AL these
cime acales horlzontal dispersion was Eound to follow a A
approximation.

C. Plume Behavior.

Theoretical work was initiated on the behavior of denae
gases released near the pground, including the effects of
ground friction, ambient turbulence, and ambient stabllity.
Denze plumesz, hardly ever atudied previosusly, are of considerable
practical iwportance, for example in connuction wlth the
transportation of liquid natural gas, and in certain Industrial
and radiatiom accldent situations.

Experiments on a small scale on the 1iFt-off of a waka-
entrained buoyant plume releszsed at ground level were carried
out in the field., Buoyankt lift-off occurs following plume
dovmywagh, for inatance in mechanlcal draft coecling towers, and
also governs certaln neclear reactor accident hazards.

A Gauseian plume model wae used for calculations of
concantrations aver the open sea, using a number of formulations
for the required dispersion coefficienrs. Data taken off the
California coast and off Long Island were used for validation.
The best prediction of horizontal disparsion was obrained with
a theoretical expression due to G. L[. Taylar, which utilized
obaerved wind speed and standard deviation of directlon as
input parametera. Prediction of vertical dispersion was not
a8 satisfacrory. A ¢ombination of Taylor's expression in the
horizontal, and the usual Pasquill-Gifford curves in the
vertical, weing oshserved wind variablez, provided concentra-
tion estimates to within about 15%, in the mean, with a factor
of & or 8o accuracy for individual cases., More daca, eapecially
on direct obeervatlaons of the vertlecal digpersion parameter,
would be helpful in refining the technique.




A new dry deposition model suggested by Horst of Bartelle's
Pacific Northwesgt Laboratories was investipated and 1s being
programmed for application to compariszons of the relative
efffeiencies of forests and grassland as scavengurs of
effluent material., A second wodel, somewhat similar to
Ceanady's partial reflection medel, ia also being developed
for the same cases. Both of these models have the advantape
of being applicable in gtable conditiens where the uzual
Chamberlain model becomes: unrealistie. All three wodels
will be compared for daytime conditiona) the Horst and parcial
reflaction models will alsa be compared at night, A4 gerious
obstacle to choosing one of these madels as "beat” is the
apparent lack of detalled exparimental data foar walidation
purpoges; research directed at Filling this void is badly needed.

Work continued on the chapters on meteorological effects
of energy production, plume rise, aznd flow and diEfusion near
obataclese, for the book Meteoralopy and Power Production.

D. Forest Mecsaralogy.

Analysils of the deciduous forest solar radiation dara
continued and a major report summarizing the results of this
regearch was completed. Another paper describing a techniqua
for phorographic asaessment of deciduous Forest radiation
regimes wae alae complered, Rerrieval of foresr energy
balance data ceontinued throughout thisz vear and all faulty
tapes have now been corrected or discarded as nonrerrievable.
Ingtallacion of equipment at the new Walker Branch Watershed
Meteorolopy site waz begun.

Instrumentation on the pine plantation's forest tower haa
been fully refurbished. Permanent instrumentation for wind
gpeed profile, wind divection, and temperature difference has
been installed on the pearby field tower. Data obtaimed over
this open field will be used to categorize the “open coontry”
conditiona prevailing during experiments with the forest,

A back-log of wind and temperature data from che forest tower
is being analyzed. A paper describing some of chese Tesults
and their significance with regard te diffusion was published.
Similtaneovs sequential releases of up to 100 smoke puffs were
conducted at various times of the day and night within the
forest and in the open field. Scandard deviations of wind
direction in the forest were found to be between 1.0 and 2.5
tiwes che corresponding values in the open field, depending on
atmospheric atabilicy. Additional experiments are planned to
verify the apparent trends in these data,
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F¥Y1976 - ATDL.

A. Alr Transport Studies.

Alr parcel tyrajectorles caleulated from the estimated
reglional wind fields based on ETTEX daila are being compared
with cbserved tetroon behavior., Prediccion of mescscale
trajectories of pollutant clouds subject to diffusion will
begin. Sensitivity of the results bo varicus diffusion
parameters and to the nature of the underlying terrain will
be examined.

The HNL-ATDL Alr Transport Model 1s being expanded to
include trajectory analysis and chemical changes in vive.
Studies of long-term energy spectra will continue, with
insertlon into the Air Model as the goal.

The ATDL mesoscale PBL model wsing the simplifying
assumption of zero mementunm advection in the planetary
boundary layer will be compared with the same model but with
womenkeunt advection included. Simulations of pollution
transport and diffusion from real and hypechetical sources
in the East Tennessee regiom will be performed.

A potentcial fliow approximaricon to the regienal wind
fleld is being developed and will be compared tg the ETTEX
results for certalin condlticoms,

B, Atmospheric Pollution.

Beviews of mathematical models of diffusion, modela of
plume rise and urban diffusion mgdels have been prepared for
the Aperican Meteorolegleal Boclety Workshop on Meteorological
and Environmental Assessment, to be held in Boston, September 29-
October 3, 1975,

A model for multiple plume rise and cleoud growth will be
developed, for use in the study of the meteorolegical effects
of power parks.

The ATDL simple pheotochemical dizpersion medel is being
applied to data from other citie=, such as Tampa--5t,
Petersburg, Florida, 2nd St. Louis, Missouri,

4 model to predict the mixing layer height will be
developed based on current theorles., Resulits will be compared
with measurements mede with the TVA acoustic sounder.




A large radlo-controlled model airplane 1s being constructed
to carry pressure, temperature, humidity, a2ad acceleration
sensors to altitoudes uwp to 2 km; data will be telemetersd to
the ground for recording. The airplane will be used to determine
diurnal wvariationg of vertical remperature and humidity
prefiles and of miwing layer height, and to investigate
horizontal changes in temperature and humidity over terrain
discontinuities such az forest edges.

C. Plume and Wake Behavior.

Analyslz of the convective diffusion and the eantrained
buoyvant plume lift-off experiments will ba completed. Some
of rhe material will be ineluded in the vevigion of Plume Rise
and in the plume rise chapter of Meteorology and Power Productiom,
beth of vhich will be completed. Small-ccale Eield experiments
on the lift-off of a buovant plume initially trapped in the
wake of an obstacle will conclude, Similar experiments may
be conducted in a wind tunnsl to further wvalidate the datz.

A dry deposition model developed at Lawrence Livarmere
Laboracory using the ADPIC teehnique was compared ta the
utual Chamberlain-Gaussian model. Rather limited field
date indicated that the Gawssian model performed as well
as or better than the ADPIL model. Further comparison: with
the Horst surface depleticn model and wich the partial
teflection model are plammed. A literature search for
more deta will be completed and used te judge the wvarious
oodels.

Diffusion calenlations based on the statistical theory of
turbulence are being Initiacted, following the model suggested
by Barr and Watson of Los Alames Scientific Laboratory.
Obgerved turbulent énergy spectra are required for chis
model, and the calculations use Monte Carlo techniques to
chtain the solution. Collabaration with perscnmel of HNL's
Weutront Physics Division, who are zkilled in these methods,
iz anticipated, ©One advantage of this type of ralculation
is the physically realistie picture of dry depesition cthat
becomes posaible; the probabliity of removal of a particular
surface type can be lncorporated inte the model via an
"accommodation coefficient™ like that uged in rarefied gas
dynawice., Trial computations using this deposition model
wiill begin.




A wind runnel Facility suitable for boch rourine
calibrations of anemometers as well as for investigations of
flow near obstacles immersed in a turbulent shear layer will
be purchased, installed, rasted, and calibrated. Devizes to
produce a suitable boundary layer flow within the test section
will be fabricated and teszted. Initial flow viguvalization
studies will begin, using simple buwilding shapes. Tha chapter
on flow near obstacles for Meteorology and Power Production
will be completed,

Modaling tank ztudies, postponed in FY 1975 due to the
convective diffusion field experiment, will he carried cut
to study the effecte of various stratifications on the rise
and gpread of plumeg im 3 guiescent atmpephers.

D. Forest Meteorology.

Inscallation of equipment at the new Walkar Branch
Warerghad decidvouwz forest study site will be complated and
further stuwdies of decidugus forest anergy balances initiated.
Asgistance 1s being provided te HWL personnel studying sulfur
trangport from power plants to this site. ZSmoke releases to
elucidare the flow over this locally complex terrain will ba
attempted before installing a network of meteorclogical towers.
anaiyeis of forest solar radiation data is continuing and
reductlion of retrieved energy balance data will begin.

Diffusion research is confinuing at the pine plantation.
iritial weasurements of momentum and hear flux over ths
forest, possibly in collaboration with Arpemne National
Laboratory personnel, will be done for several weather
rondicions and time periods. Results will be compared to
those at other sites, including Walker Branch. aAdditional
smoke réleases have been carried out in the ferest and in
the adjacent field; the data are being anzlyzed,

10




I11.

Laboratory Staff,

During FY 1975 the staff of the ATDL numbered 23, 10 of
whom were full-time professional scientists, six were full-
time technician and adwinistrative personnel, and ¥ were part-
time workers, mostly atudents. One professfonal ascientist and
one adminlstrative employee will be added in F¥ 1976. The
ataff 1s frequently augmented by wvisiting scientists from
abroad. Several have come via International Acomic Enevgy
Agency-National Research Council Fellowships, to work on
problems of nuclear meteorclogy. Others have been assigned
here to work on basis problems of akmespheric diffuasion
through various programs such as Oak Ridge Associated
Univeraities (ORAU) faculty research fellowships. 4lso
mich use of universicy students ar various levels is made,
including part-time undergraduate workers, summer Fellowship
students, "Co-op"” students, and parr-time graduate students.
Dalveraity atudencs in rthesa wvariouz capacitiss supplisd
approximately 3 pergan-years in FY 1975, a substantial
fraceion (v 16%) of che ATDL total.

When the ATDL wind tunnel installation iz rompleted,
eiployment of an additiocnal two to three praduate studente
to cellect, reduce, and analyze data is planned; the tesk
programe should be suitable for master's theses in several
departments at the University of Tennesseae.

11
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Meteorclogical Effects of the Cooling Towers
ar the Oak Ridge Casecus Diffusion Plant

II. Predictions of Fog Occurrence and Drift Depozition

By

Steven Ry Hanna
Alr Resources
Atmospheric Turbulence & Diffusion Laboratory
P, 9, Box E
Qak Ridpe, Tennsssaa 37830

Abgtract

The fregquency of vccurrence of fogs and the rate of deposition
of chromate due to emissions from the cocling towers at the Cak
Ridge Gaseous Diffusion Plant are calculated. Gbservations of drift
deposition agree fairly well with calculated values. A detailed
summary of significant findings 1g given at the end of the report.
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Introducticon

In part I of this report, source parameters of the cociing towers
at the Oak Ridge Gaseous Diffusion Plant were described and plume
photographs and hygrothermograph records were analyzed. Hodels of
vigible plume length were tesced with observatiens. In part I1,
madelling of fog occurrence and drift deposicion is described., Tha
methods used are reviewed and outiined by Hanna {1974}. To decermine
fog occurrence, the Gaussian plume dispersion model is used. To
determine drift depositicn, the trajectory of drops is calculated,
accounting for drop evaporation. The drift deposition model is cested

with observed data Ffrom April and June 1973 deposition experimentcs,
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2.1

Fog due to Emissions from Cooling Towers at ORGDP

The water that is emitted from the cooling towers can condense
to form fog or clouds. It can intensify an existing fog or clouds,
Becauge latent hear is releaszed in the condensaticon process, it iz not
strictly correct Lo treat the dispersion of water in the same manner
as the dispersion of an imert substance such as suspended particles.
However, since there is no aceepted way to treat the dispersion of a
substance which changes phase, the calculations in this report assume
that water vapor Is dispersed in the same way as an inert substance.
The ground level fop concenerations ¢alculated by this method are
therefore likely to be too high, since the release of latant heat will

cause the plume to rcise.

In this secrion the climatological humidity variations are glven
and the fregquency of occurrence of fog at distances cut te 50 lun from

the towers is calculated.

Climatology of Meisture in the QRGDP Area.

Weather records at Knoxville have been taken szince the late 1800's
and are summarized in the climatic &tlas of the U. §. (Environmentazl
Data Service, 196E). The distribution of relative bumidities by
season and time of day 1s given io Fipgure 1. It is seen that the month
with the most humid afternoons ig Januwary and the meonth with the

oost humid pre-dawm pericds is July. Heowever, since the saturation
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vapor content or mixing ratic , m, is a strong function of temperature,
az shown in Table 1, saturation due to the cooling tower molsture is

most likely at cold temperacures.

Table 1

Yarilation of saturation mixing ratic m(pm water/kg air) with temperature.

[0 's 10 15 R0 25 30 35 ta0
[
I [ !
m(gm/kg) 1.84 2.71[ 3.94 5.64 7.97 11.1J15.4 21.0 28.5 38.3 | 104.
i

T{"C} -1 =3

As stated in the report OR0O-99 (Holland, 1%53) the average frequency
of hours with rain in the Knoxville Area is 10%. From the Airway Meteorelogical
Atlas {U. 3., Weather Bureau, L24l), it is seen that the average frequency
of hours with dense fog (visibility <L/4 mile) is .7% and with light
fag (visibilicty < & miles) Lis 14X, However, the usual definition of fog
(Meuberger, 14957) specifies a visibllicy less than L km. It is not

possible to ssctimate this [requency from the avallable daca.

The jeoint probability distribution of hourly wind speed, uim/s),
and saturation deficic, Am {mass water vapor/mass ailr), given in Table 2,
was calculated using 3 years of data from the X-10 meteorclogical statcion

in Oak Ridge. Saturation deficit, &m, is defined as the difference

between the saturation mixing ratio and the actual mixing ratlo.




EL

Table 2

Joint Probability Distribution of Hourly Wind Speed and Saturatiom Deficit, X-10 Statiom.

"Saturation deficit

& - - -

class {g/kg) am< .5 kg .. 1 1 2 2 A 4 + ¥
Wind Effeetive saturatcion
Speed eficit {g/kg)
Class Effective wind speed 0 73 1.5 3 s
nfs unfs
Calm .5 mis L0721 L0347 .D459 L0440 L0435 240
5-2 mfg 1.5 LA03 a6 . 0660 L0842 .121 408
2-4.5 m/s 3.9 239 L0202 0362 0423 « 112 . 235
4.5-7 m/s 6.0 00450 JOOF13 0136 .01l L0434 .0B48
=10 m/s 8.0 00147 00200 00438 00416 L0132 L0252
1+ m/s 10.0 000343 000648 L0049 00170 L0503 009240

z . 206 .111 67 177 329 1




This distribution is probably wery aimilar to that at the Oak Ridge
Uasecus Diffusion Plant, since both sites are in valleys with ridges on

either side. The wind rose measured ak the Gaseous Diffusion Flant

{(ltom Hilsmedier, 1961} is given in Table 3.

Table 3

Wind Rese at Qak Eidge Gaseous Diffusion Plant. A Horth Wind BRlows
from che Horth.

Blreckion N KHE WE EWE E ESE 5E Shb
Froequency 23 9 24 G 4 2 3 2
Direction § SeW su HsW W WHHY |11 NNW
Frequency 5% ) 12 5 o 5 & 3

The flow is strongly channeled in the NE-3W direction by the ridges in
the area (see the map in Hanma and PFerry, 1973). In general the Oak

kidge area 1s relatively humid with relatively light windz comparesd to
the reat of the country, and the local flows are grecatly influenced by

local topography.

2.2 Source Terms and Diffuzion Models.

Yinee beginning eperation twenty years ago, the ceooling towers at
the Caseous Diffusion Plant hiave continuously dissipated heat in the
range Erom about 300 MW to 2000 yy. In this report, it iz assumed chat

the heat diszipated 1s 1000 MW, corresponding to a total emisszion of waker,
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G, of 4.6 x 10° gfsec (about 80% of the total heat dissipated is in

the form of latent heat, as measured by Hanona and Perxy, 1973).

The cooling towers can be describud as a finite 1ine source about
500 m lomg. A diagram of the cooling towers is given by Hanna and Perxy {1973).
Thuz the line source strength is about 1ﬂ3 g/m sec. However at distances
X downwind large compared to the length of the tewers, they can be treated
as a peint scurce. In chis report, we use peint scurce formulas
at distances from the source greacter than 1 km, and line source formulas
at distances from the source less than 1 km. The podirnt source formula

is easier to use.

When wind directions are reported in sixteen 22 1/2° sectors, the

average vearly ground level concentration, x( ng3}, in each sector at

a distance x{n) froem a point source is given by the equation (see Gifford,

1968),

2 2
7 o . =h fzuz
n X

3,0 =g (1)

x=

vhere Qf g/eec) is source stremgth, f is the fvaction of the time that
the wind blows towards that sector, hi{m) is effective plume height,

and a3, is the vertical dispersion length.

In part 1 of this report (Hanna and Perry, 1973) it was stated

that the plume from these towvers downwashes at wind speed, u, greater
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than about 3 mfs. In thease cases the effective plume height is close

ko zero. But visual observations suggest thzt the plume recavers from
its Initial downwash, and rises slightly beginning at downwind distances,
x, of about 100 m, For cases when downwash does not ccour, plume rise H

can be calculated using Brigpgs (1969) equation:

H = 2.9 (Ffus)l/3 (2)

K

-2
where sisec ) is the stability parameter ( 4T ) AT /a9z + ,nlanml
L -

and F{m&fsj}, proportional wehe initial buoyancy flux is defined hy:

¢ o T Tpn- 20 ' (3

in these equations Vo s Tpo‘ and Ten are the initial plume wvertical
speed, plume radius, plume temperature, and environment temperature,
respectively, TP iz the plume temperature and g is the acceleraticon

of gravicy., Hanna (1972) showed how equatiaon (2} could be modified to
account for the releasze of latent heat. Effective plume height h iz
the sum of plume rise H and tower height. Based on visual observations
and calculations wvith Hanna's {(1972) modificacion of sguacion (2),
wsing koown climatological values of U and £, the values of effective

plume haight in Table 4 were arbitrarily chosen.
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Table &

Efifective Flume Helghts as 2 Function of Wind Speed

Wind speed U(m/s) 5 mfs 1.5 3 6, 8, 10

Effective plume helght him)} 200 m 160 23 12.5

& detailed measurement program should take place to better determine
the plume rise at these towers. The straightforward application of
equation(2)is complicated by the effects of multiple cells, latent heac,
and downwash. Here it iLs assutmed that the buovaney from all the cells
in a bleck can be added to give an effective buoyancy, but that the

buoyancy from the three blocks does not combine. The blocks are separated

by 200 m and 50 m.

At distances from the towears less than 1 km, a line source diffusion
gquation is used. Because of our lack of knowladge about the degails
al diffusion from such complicated sources, we decided to use the
simplest basic formula. A complicated model is nmot justified wntil
it is verified by an observation program. The sector average concen-
tratlon due to the towers at short distances is thus given by the

formula:

2 2
0f Enh fiuz

2
L |? Y 4
o, U (g~ + 500m) {4)
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where now f is defined as the fractiom of the time the wind blows towards

a sector ‘of width {axf& + 500 m} at distance x from the towers.

The concentration, y, on the plume axis very close to the tower
openings is calculated by dividing the source strength, Qf' by the

2 + UE}IIE' times the cress-sactional area, A,

plume velcecity, {wu
af the towers. The ecross-sectisnal area equals tower width times tower

length. The initial mazimum concentratiom ie therafors:

- Q - ﬁ-ﬁxlﬂsgfsec - 46 gfmgsec
w Y w208 2200 x s000 (u°2+u2)1f2{mfsecj

(53

Far an initial tower plume temperature of 100°F, the saturation water
vapor contant is about 30 gfmg. This concentration should be regarded
asz an upper limit to the calcylated concentrations. The warximum con-

centration will ingrease 1f the initial tower plume temperatute increases.

In all these calculations, it is assumed that the atmospheric stability
is pearly neutral. This assumption 18 mogt valid for long term averages
or for cloudy, windy days. Briggs {1973} recompends that uz(x] during

cthese condicions is given by cthe relation:

.5
g, = .07x/(1 + .0015x) {6)

The smoothed distributions of dimensionless ground level conceutrations

calculaced using equations (1), (4}, and {6) are given in Figure (2)
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for various classes of plume rise. As expected, an incresse in piume
rise zgreacly lowers the maximum ground concentraticon.
2.3 Average annual Ground Level Excess Moisture due to Coaling Tower
Operation
First, ground level excess moisture concentrations were calculated
for each of the wind speed and plume rise classes in Tables 2 and 4.
These values were then weighted by the wind direction and speed class

frequency, ko glve the values In Filgure 3, which are the average

annyal ground level excess molsture concentracions.

From Table 2, it Is seen that the average annual sarturztion deficit
{saturation mixing ratic minus actual mixing ratio) in chi= area is abour
2 gfmj. This figure is not exceeded om Flgure 3. The ratio of average
cooling tower excess moisture o average natural saturation deficlt in
the 5W Directicn is .4, .13, .06, .03, and .02 at distances from che rtowers
of 1, 2, 5, 10, and 20 km, respectively. The city of Osk Ridge {population
30,000) which is the nearest cencer of population to the towers is
abour 10 km to the NE. Here the average contribution at the ground due
to the cooling towers iz about one percent of the average saturatlion deficic.
However, it Is obvious that at some times, when the saturacion deficit iz low,
the excess molscure due co the coollng ctowers will exceed che saturation deficit

and fog will occur.

2.4 Anmwal Freguency of Ground Level Fog due to Cocling Towers,

Depending on the definicion of fog, the matural cccurrence of

fog and regin in this area i about ten to twenty percent. In this
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saturaced environment, the cooling tower plume may form a long cloud
which releases much latent heat. Consequently, the diffusion of water
in this thermodynamic system may act be similar to the diffuszion of
an inert substance. Buk, for simplicity of caleuwlations, we will
azgume that the release of latent heat does not affect the diffusion.
The rezulbting caleuwlatred fop frequencies are therefore probably con-

sarvative (too high),

Calculations of the ground level concentrarion of liquid water
(excess water due to cocling towers minus saturation deficit)} were
made Eor the 30 joint classes of wind speed and saturation defieit
listed in Table 2. These results will first be given in terms of hours

of extra fog per year and then in terms of visibility.

It iz aasumed on the baszis of known frequencies of rain and fog that
the saturation deficit fm iz zeroe for the clazs O < fm< 5. These cases
are examined separately. For the classes where 8m > .5 {i.e. no rtain
or fog) the hours of extra ground fog per year in the area around the
towers are given in Figure 4. HNHo extra fog occurs under these conditions
farther than 2 km from the towers. At distances of 100 to 200 m from

the towers, there is predicted to be about 100 extra hours of fog per year.

Figure 5 contains predictions of the hours per year when exigting
ground fog and rain is intensified by che cooling tower plumes. This
cffecet extends to great distances from the towers. The pAximum
pumber on the figure is 408 hours per year with intensified fog, sthich
occurs abt distances 20 to 50 km 5W of the towers. These calculations

are highly tentative, since thermodynamic effects were not taken inte

account .
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The average predicted fog concentrations and visibilities at
certain distances from the towers are listed in Table 5. WVisibility, V.,
is calculated from Trabert's (1905) formula:

viw) = 2 S— 20w (7)
m“pm  wig/m’)

where D 18 drop diaweter in um and w is liquid water contene in gfms.
It {3 assumed that the drop diameter, I, equals 10 pm, typical of

continental radiation fogs.

Table 5

Average Fog Concentrations Caused by Cooling Tower Operation
and Corresponding Visibilities

x(m} 100 200 500 1000 2000 5000
w(gf’ma) 5.1 2.9 2.0 1.4 .61 .35
V{m} 4 7 10 15 a3 57

Notice that the predicted viglbilities are so low that a person could
bayxely see a few meters. These vigibillities are surely too low, since
we have not accounted for remcval. As liquid water concentratlon in-

creases, droplets come together and are deposited as rain on the suriace.

2.5 Occurrence of a Visible Plume Aloft

Another envirommental effect of cooling cowers is the possibllity
of aun £levated visible plume decreasing the amount of sunlight reaching

a station, The length of the visible pluma was calculated
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for each of the wind speed and saturation defielt classes in Table 2.

For the case 4m < .5, which occurs 20% of the time, it is assumed

that the plume extends indefinitely. This is an effect oftan observed during

naturally foggy or rainy conditions. In Figure &, the hours per

wear with a visible plume aleoft are plotted. It iz seen chat In the
SW direction at a distance of 1 km from the towers there are about
L1500 hrs per year with a visible plume aloft. In (Qak Ridge, 10 km to
the NE, there are 240 hours per year with a visible plume aloft.
Since there is alsc a nacural cloud deck during mosc of these cases,

the cooling tower plume is not very noticable.

The median visible plume length is calculated to be about 1 km.
During the day, the observed visible plume length is only about .2 km
{Harma and Perry, l972%. But we are not able to cbserve the plume very
well in the nighr, when the plume 1s the longest. <Clearly ap extensive

observacion program is needed to test the model prediciions,

brift Deposition

The mechanical draft coeling towers atr ORGDF are abour 20 years old

and release a large amount of drift water, by todayl standards. Hanmna

and Perry‘s (1973} and Envirommental Seiance Corporation's {1973)

measurement of ciwe flux of liquid water from representacive cells of

these towers are summarized in Part I of this reporc seriss. A f£1
. ux of
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about 150 gm/sec of liquid water was observed at a typical cell on
the E-2] towers. A total liquid water flux of about 3600 gm/sec was
emitted during cthe pericd that our experiments were run. A more
typical value for the liquid water flux would be about 14000 gm/sec,
since usually the towers are dissipating meore hear than was the case
during the experimental period. '

The concentration af sodium dichromate in the cocoling water
and the drift water is about 20 parts per milliom. A potential enviromnmental
problem ig the deposition of chromate on the ground around the towers.
In this section of the reporc, the technigueg described by Hanna (1974)

are used to estimate the deposition of drift water and chromates.

3.1 Hacthemacical Hodel of Drift Depoaition.

The mathematical model of drift depesiction that we developed accounts
for the rise of the plume and entrainment of envirommental air inte the
plume. The drop diameter changes due to differences between its vaper
pressure and the vaper pressure of its environment. The model equations

are solved numerically on the IBM 360/75 computer at Oak Ridge Wational

Laboratory,
J.1.1 Plume Eise
The drop is assumedto originate from the center of the cooling tower

cell opening. While it is in the plume, it experiences (see Briggs, 1969)

4 plume vertical speed, w, given by the relation:

Fm 4F %
3 + el 1] i)
= [ .
hd {7
123

me 2Fx

ST S R
B
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whare Fm is proporticonal to the momentum flux:

_ a P
Fm = wd_, r‘:|l (8

The vertical metion of the plune ceases at a distance, x%s given by

the equation:
x = 50m [F(m {s57)

For an imlividual cell at these particular coollog towers, F = 235 m4f33,
*
and the distance ¥ at which maximum plume rise is achieved is about

370 m.

Entrainment of environmental air causes the plume radius, R, to

inerease. The ratio of the volume flux of plume air, V(z) = URE, at

Ir

any height te the initial volume flux, ?o “ﬁsz’ iz found by Hanna

{1972) co equal:

1f2

v(z) (), v

'U'D = [1 + .5 Ru Wfl ] x i x:'l {g)
Q

w ii/2
v |2l ¢ sthexH-my + (:.:-:.:’t}:'z
o U *
U[ﬁlxz - > x> X (10)
o w R
oo

where C i3 a comstant proportional to the rate of spread of the plume
]
aFter final rise is achleved at distance x |
Sipce the plume cools rapidly, we nmake the assumption that the

saturation vapor pressure at the drop surface equals the saturation
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vapor pressure of a drop at the temperature af the enviramment. To be
strictly correct, the actual temperature of the plume should be used.
Furthermore, we assume that the enyironment temperature and vapor pressure

are constant, Independent of height,

3.1.2 Drop eyvaporacion
The drop will evaporate ar & rate dependent on its diameter, the
mass of solute in ic, and the saturation end actwnal vapor pressures of

the enviromment {see Fletcher, 1962, and Flazple and Businger, 1964}
2.0x20-7

=10 I H
dd  =3.0 x 14 2
£ . = 1+ .59 0V ) [pg =———— =-p,] , (11)

= a
{1+1. 3'—'3'}
D

where D(em) is drop diameter, U{emfs) and Ug{cm!s} are wind spead and

drop settling speed, HS{E] is the mags of aolute in the Arop, and Py
{dynesfcm;} and pa[dynesfcmzj are sarurared and actual environmental

vapor pressures. Vapor pressure is related to mixing ratico by:

p{dynes!cmz} = 1.57 » 10E x mi{gm/pm) (12}

As the drop evaporates, its fall speed changes. For small drop sizes,

Stokes law is assumed to apply:

VE = 1.2 x 105 D2 . D < 0093 em water drops

5 2 {13)
Ug =8.0x 107 D Sodium dichromate particlas
For larger drops, we use the following analytical approximations to tha

data given by Engelmann (1968 p 212):
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1.177

v, = 6816.D 0093 em < D < .068 em
v, 2155.n° 7 *€ 068 < D < .26 em {14)
v, = 1077.D 224 .26 cm < D

For small drops in a dry envirenment, the drop evaporates to a particle
& few pm in diameter. If this happens, the motion of the particle is
governed by diffusion and is treated similar to the diffusion of fog in
section 2, The plume of particles dips dowm relative to the gaseous
plume due to the slight settling of the particlez. The depesition,

hﬂgfmzs}, is then given by the relation , = V For vs greater than

g Yo’
1l emfs, the actual settling speed is used 1n equation (15). Fer ¥ less
than 1 ¢w/fs, if is assumed that dry deposition cccurred, and Fg iz set
equal to 1 cn/s in equation (15). More refined estimates of the dry

deposition speed can be made following the recommendationa of Van der Hoven

{1963},

3.2 Computer Program

The above syquations wers programmed in Forctram IV for selution on
the ORNL, IBM, 360/75 cumputer., It is assumed that all draps begin their
motions at the center of an individnal ceoling tewer cell, A dovwnwind
distance interval, &%, of .5 m 15 uzed and caleulations are carried out
to a distance of 20 la from the towers, The total number of program
statements is 95,

Input parameters are the saturacted and actual mixing ratios of the
environment, the wind spead, the tower height, and the initial momentum
flux, buoyancy flux, radius,and vertical speed of the plume. In addition,

several ipnitizl drop sizes are input.
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The output consists of the final size of each drop or particle
and the distance from the tower at which it strikes the ground. If the
drop does not reach the ground, its final hefight and sizes are liasted,

Plume rise is also giwven.

3.3 Calculation of Chremate Deposiiion Rates.

The results of the computer program give information on the distance
Erom the tower that a drop of a given size strikes the ground. From theze
numbers, it le possible to caleculate the chromate deposition rate. For
example, the program is run for a variety of initial drop diameters. It
can be assumed that the drops of a given initial diameter fall uniformly
between the polnt halfway between the points where that drop ard the drop
of next largestdiameter fall, and half way between the points where that
drep and the drop of next smallest diameter fall. This concept is illustrated
in Figure 7. 1If long term average deposition rates are desired, the
sector averages can be employed, similar to the technique in equation (1),
In this case the dyops blowing in a given divection on a 16 point wind
direction scale fall uniformly within a 22 1/2° angle centered on that directicn.
For simpliciky, the 22 1/2 sector concept cap alsc be applied to inatantaneous

deposition, This assumption is most correct for nearly neutral stability.

3.4 Results

Drift deposition rates are summarized for the period in June, 1973,
during which observations were made, 2nd for sverage annual conditioms.
3.4.1 Drift Deposition During June, 1973, Experimeants.

Heasurements of drift deposdition during the last week of June, 1973,
arve plocted on Figure 8. The ATDL (Haopa and Perry, 1973) and ESC

{Shofner ex al., 1973} observaticons, made with sensitive paper, were
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generally from a leocation under the cencer of the visible plume. 1In
contrast the BENL {Lee et al., 1973) observations were made with a flat
plate, and the station locations were fixed. Consequently, the BENL
stations wers nmet often beneath the plume, which meandered about with
the variable wind directicpns during this week.

The calculated drift depositicn vates are alse given In this figura.
Deposition rates are interpolated between the curve for a single cell

at » equoal to 50 m and the cuorve for 20 cells at x equal to 300 m.

Environmental conditiens typical of theose during the experiment are

assumad ;
n = L0238 . = (133 U = 150 cm/sec

Input source parameters have already been outlined by Hanna and Perry
(1973} .

The calculated and observed deposition rates agree [airly well at
distances of L0 and 13 m, where it is likely that only one cell influences
the deposition, The ESC (Shofner et al., 1%72) measurements at distances
of 35 and 80 m are about a factor of twe greater than che calculated
depositicon rate, poessibly because cheir sensitive paper was tilted a few
degrees from the horizental.

Since the ESC sensors were moved to insure that chey were always
beneathk the plume, their measurements at these distances are greater
than the BPNL (Lee et zl, 1973) measurements. The BPNL aensors were
beneath the plume only a fraction of the time, and their measured

drift depesition rates are an cvder of magnitude less chan the calculated
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plume centerlire depesition rates. If we assume that the plime blew
over the BPYNL sensors only 102 of the time, then calculated and chaerved
deposition rates agres within a factor of two. The observations and

the model estimares are therefore reconcileable at distances from 10 m

e 1500 m from the rtower.

3.4.2 Average &nnual Drife Deposition

The average annual emission of drift water ia about four cimes the
emission assumed for the June, 1973, period. The drift depesition com-
puter nodel was run for the follewing combinations of environmental

PATAMEL2T S

Supmer day; m, = L0238 w, = 0138 0= 150 co/s
Summer alghe: L 017 u, = 017 ¥ = 50 cm/fs

Winter day: n, = 0080 m, = 0048 0= 250 cmfs
Winter night: m_ = ,0037 w = .0031 U= 100 co/s

The four calculated values of depositien rate never differ by more than
an order of magnitude, The average anmual depositicen rate at any distance
x from the towers, plotted in Figure 8, is assumed to be given by the
average of the depeaition vate for the above four combinations. The
rezulting annual deposition rate of chromate in the area within 20 km of
the towers is given in Figure %. Fipgures are given for each 22 1/2°
wind direction sector at distancesgreater than I km., Closer to the
towers, the finlre size of the line sources is accounted for by com=
bining sectors. For example, at a distance of 50 m to the east of the
tower center, the deposition rate is nearly the same whether the wind

is from the west or northwest. The deposition rates close to the towers

are lisced in Table 6.
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Table 6
Average Annual Chromate Deposition Rates (ugfmzs) Close to

Cooling Towers

¥ {(m) Easr Sactor West Sector

5m 231.2 pgfun’s 26.7

10 m 4.6 5.3

20 m 1.3 1.5

50 m .23 27
100 m 08 0%

There is great variation in caleulated deposition rate with
distance from the tower. Chromate deposition wvaries from about 20
ug!mzs near tha rtower to about 5 x 10_5 ugmeE at a distance of 20 km
from the tower. At distances greacer than 1 lkm (i.e., bevond the plant
boundary) chromate depesition rate is caleulated to be less than about
5% lﬂ_ﬁ ug!mzsec, or 80 g/acte yr. The measured concentration of chromate
in plants near the towers is being anmalyzed by F. Taylor of Oak Ridge
Hational Laboratory and will be related ro the deposition rates cal-
culated gbove, These are the only data available to test the model far

average annual deposition ac this sice.

3.5 Limications

The depozition calculations must be regarded as tentative. In the
first place there are no really good validation data for the model. Ouar
method does not account for thermodynamie procegses. To be strictly correct,
the drops shoyld originate at various locationz acrozs the mouth of che

tower. In our technique, where all drops are started at the center of
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the rower, a crictical drop size iz found during cases when relative
humidity iz lezs than 70%. Drops smaller than this critical size do

not fall from the plume, but remzin in the plume and eventually evaporate.
Drops larger than this critical size fall from the plume and strike the
ground within 200 m of the tower. A much mere complicated medel could

be developed, but would not be justified by the current state of the are
of the theery and measurement of drift depesition. The figures calculated

here are probably accurate swithin a factor of five or tem.

4. Summary

The main resulis of thiz study can be summarized:
4.1 Average wind speed at this site is 2 m/3; average saturation
deficit is 7 g/kg. This site has a relatively high potential for
environmental problems with cooling tower plumes, due te the relarively
low wind zpeed and zaturation deficit.
4.2 The coaling towers are represented as a finite line source, with
average total moisture {(gaseous plus liquid) output of 4.6 x l«‘:l-5 g/ sec.
Average drift water output is 1.4 x lﬂIl glsec.
4.3 Heighbering plumes from the cells in a bank merge after a distance
of about 50 m. Plumes from the three banks, initiallyseparated by about
100 m, merge after a distance of about 500 m. Teoctal plume rise averages
about 20 m.
4.4 The ratlo of average cooling tower excess molsture to average
natural saturation dafieit {2 g/kg) in the SW direction 1s .4, .13, .06,
.03, and .02 ac distances from the tewers of 1, 2, 5, 10, and 20 Lk,

respactively.
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4,5 When latent heat is relessed during naturally rainy or foggy
conditions, a ¢loud forms aleft with comstaat base height. This

fccurs abeut ten to twenty per cent of the time.

4,6 When naturally occuring rain ot fog 1s absent, it ie predicted

that the cooling towers will cavae sbout 100 extra hours of fog per

year at distances of 100 to 200 m from the towers, The standard
Gavasian plume medel 15 used to make these predictions. HNo extra

fog ie predicted to occur under these conditlons at distencesgreater
than 2 km from the towers.

4.7 A visible plume alefr 13 calculated to occur over the cicy of

Oak Ridge, 10 km to the NE, about 240 hours per year. During almost

all of this time, a natural cloud deck willl also be present.

4.5 Drifc deposition is calcuolated using the Gavssian plume model for
drops with diameters less than 200 pg. The trajectory approach is used
for larger drops. The variatlon of vertical speed in the plume and

the evaporation of drops are accounted for.

4.9 Prediccions of chromace deposition at distances from 10 m to 1500 o
from the towers agree fairly well wich observatlons duriong the June,
1973, experiment.

4.10 Calcunlaced average annual chromate deposition rakes vary from about -
20 ugfmzs at: distance of 5 m from che towers to lﬂ-ﬁ ugfmzs at =2 distance

of 20 km from the towers.
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Figure 3: Average annual ground level watrer concentration (gmeJ
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Figure 4a: Extra hours per year of fog caused by cocling tower operation,
excluding casea when rain or fop naturally occuxs.
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Figure 4b: Same as Fiqura 4a, but with s¥vanded scale,
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Figure 5b; Same as Fioure 5a, but with expanded scale,

48




ORHL - WG T4—131T7
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CCDLNG TOWER
ENNIRONMENT-1974

Proceedings of 2 symposiom held at the University of Maryland
Adule Eduestion Center  March 4—6, 1974

METEOROLOGICAL EFFECTS OF THE

MECHANICAL-DRAFT COOLING TOWERS OF
THE CAK RIDGE GASEOUS DIFFUSION PLANT

STEVEN R. HANNA

Air Resources Atmaspheric Turbulence and Diffusion Laboratory, National Oceanic
and Atmoaspheric Administration, Ozk Ridpe, Tennessec

ABSTRACT

The mechanical-draft cooling towers at the Qak Ridge Gaseous Diffusion Plant dissipare
abhour 2000 MW of heat. Downwash occurs aboat 40% of the time, when wind speeds
excesd abour 3 misec. An glevated cloud farms abour 10% of the rime. The length of the
visible piume, which is rypically 100 or 200 m, is satisfactorily modeled if it is 2ssumed that
the plumes from all the cells in 2 cooling-tower bank combine.

The calculation of fog concencranion is complicated by the facr thar the moisture is not
inert but is waking part in the cnergy exchanges of a thermodynamic system. Calculations of
drift deposition agrec fairly well with obscrvations.

In 1973 an interdisciplinary study was wndertaken of the environmental effects
of the mechanical-draft cooling towers at the Oak Ridge Gascous Diffusion
Plant. Some resuits of this study are presented here {Alkezweeny, Glover, Lee,
Sloot, and Wolf, this volume, and Taylor and Mann, this volume). Other results
have been presented in lengthier repors.’™ Potential environmental problems
are local fogging and deposition of chromate carried from the rower in drift
water. The major problem in modeling plume risc and dispersion at this site is
how to account for the merging of the individual plumes from the 60 cells,
Photographs and deposition measurements are used o estimate the degres of
plume merging at various distances from the rowers. Models of visible plume
length, fog frequency, and drift deposition are compared with observatians.

SOURCE PARAMETERS

Figure 1 shows rhe size and location of the cooling towers. Each bank of
towers is about 20 m high. The southernmost (K-31} bank is 3 crossflow tower

ATDL Contribution File He. 8% .
25



e OVERLOOK
PICTURE SPOT

Fig.1 Muap of arta around Ozk Ridge Gaseous Diffusion Plant cooling towers.

containing 16 cells, and the northernmost (K-33) bank i3 2 counterflow tower
split into two sets of 22 cells each. During an intensive observation period in
June 1973, the averape radial distribution of vertical velocity (shown in Fig. 2)
was measured on the K-31 cells. A typical temperature distnbution is shownin
Fig. 3. From these measurements we can caloulate the iniual buoyancy flux, F,
and volumme flux, ¥, as defined by Eriggs.—5

6




¥V =wyR2 = 330 m? rsec (1}

i T:_u V(Tp, ~ Tep) = 25 m? fsec? (2)

wheze g is the acceleration of gravity and wy, Ry, Tpy, and Tep are the initial
plame vertical speed, plume radius, plume temperature, and environmental
temperature, respectively. At the time of these experiments, the total hear
dissipation was only about 250 MW, which is a fracrion of its nermal value !
From our measurements, total volume flux was abour 2600 m*fsec at the K-31
tower and about 2000 m*/sec at the K-33 tower, Total buoyancy flux was about

8 T : |

DISTANCE FROM CENTER OF CELL,

Fig.2 Average updraft speed measured ac che mouch of cell & of rhe K-51
cooling tower during the period June 25—June 29, 1973, . Atmospheric
Turbulence and Diffusion Laboratory ———, Environmental Systeme Corpora-

non.
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Fig. 3 Temperature disqibution along west and south radii of cell 2 of the
K-}1 coaling tower ot 10:00 a.m., June 27, 1973, Amblent mmperature,
22° C; relative humidicy, 83%, calm winds.

200 m*/sec® at the K-31 tower and about 150 m®*/sec? at the K-33 tower, The
energy released by latent heat was measured to be about five times the buoyancy
flux.

A sensitive-paper technigue devised by Engelmann® was used to measure the
size and flux of drift droplets. Our technique, which is most accurate for drops
with diameters geeater than about 500 um, complements the concurrent
measuremenss taken by Shofner, Schrecker, and Wilber,” who could detect
drops with diameters less than about 1000 pm. The composite drop-size
spectrum is given in Fig. 4, Total drift flux from each cell of the K-31 tower is
measured to be abour 170 gfsec, piving a drift rate, or ratio of drify flux to
circolating-water flux, of about 0.1%. This drifr rate is high when compared with
the rate at most modern towers. But these towers are about 20 years old and
employ older, less efficient, drift eliminators. Total drife-warer Rux from the
towers duting the June experiment was about 2000 g/sec. Since the concentra-
tion of sodium dichromate in the drift water is 20 ppm, the flux of sodium
dichromate to the air was about 0,04 gfeec,
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Fig. 4 Liquid-water flux per unit deop diameter, K-¥1 cooling tower. Week of
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Laboratory {(ATDL), ¢ell 6. ===, ATDL, average over all cells. -.—, best it to
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DOWNWASH FREQUENCY

Two techniques were used to measuee the frequency of downwash. In the
first the plumes were photographed almost daily for a period of 4 months. In the
second bygrothermographs were set in standard shelters 10 m cast and west of
the K-31 cooling tower. When downwash occurs, it causes an increase in
temperzture and humidity at the hygrothermograph that the plume touches.
Wind sperd and direction are measured at 2 height of 20 m on a pole located in a
field about 100 m south of the K-31 tower.

Downwash is observed on the photogriphs about 653% of the time. In
general, downwash is abserved on the photographs when the wind speed exceeds
about 3 m/sec. However, when the wind direction is wichin #10° of the axis of
the towers, downwash 15 not observed even for wind speeds as high as 5 m/fsee,
[n this case, as suggested by Reisman,’ the zowers present less of an obstacle to
the wind and the plumes merge more gasily.
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During extreme downwash conditions, temperature differences as great as
3°C and relative humidity differences as great as 50% are observed between the
hygrothermographs on either side of the tower. Downwash frequencies of abour
40% are observed during the daynume and of about 30% during the nightuime.
The frequency esrimated from the hygrothermographs is lower than thar
estimated from the photographs since the plume sometimes downwashes on the
photographs but docs not quite descend o the level of the weacher sheliers.

Briggs® suggests the following downwash cricerion: if the product
4{wo/U —1.5)Rg 15 less than 1.5 cimes the bulding height, then doewnwash
occurs; the parameter U is the wind speed. Thus the cheoretical crirical wind
speed is about 2.4 m/sec, which is close to the observed critical wind speed of 3
m/sec. Currently we are studying the criverion for lift-off of a plume thar has
been brought to the ground by downwash. It appears that these plumes have
sufficient buoyancy to continue rising once they escape the tower cavity region,
which e¢xtends zbout 100 m downwind of the towers.

CLOUD DEVELOPMENT

From the photographs it i3 concluded char ¢loud development is initiated by
the cooling-tower plumes about 10% of the time. On a cold afterncon (—5°C}in
Janvary, with nearly calm conditions, 2 comuolus cloud of 0.5 km depth was
initiated ac a height of 0.5 km. On rainy days the cooling towers form a scratus
cloud that exrends to the harizan. We are studying rainfall records from the Oak
Ridge area to determine whether rhe presence of the towers has significantly
increased local rainfall. On one occasion” a light snowtall extending many
kilomezers downwind of the rowers was reporced.

VISIBLE PLUME LENGTH

The ¢nd of the visible plume is the point where the flux of excess water in
the plume, Vamg, is just equal to the flux of water necessary to saturate the
plume, Vi{my; —m.). The difference (m; — m.} is commonly known as the
saturatin defieir, The parameters mg, mg, and my are the initial, sacuration, and
environmental mixing ractios {grams of water per gram of air), respectively. The
ratio of volume flux ac heighe 2 to initial volume flux is given by Hanna:'°

%12
A" z fU -
Vo " [1 +0.5 Ry (‘-‘To) ] (windy) (3}
%r; = (1 +0.2 R—zﬂ): (calm) {4)
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Thus we obtain the following equations for the height and Iength of the visible
plume under conditions of no downwash:

Windy:
%I Y ]
heh = 2R { YOYE[f_me Y4 _
height h' = zn.,( U) (ms il me) | (5)
Hor% wik % %
length {' = 1.7 Ro U™ Wg ( Mo ) -1 (6)
F% mg — my
Calm:
r m 4
height h = 5.0R, [(—0-—) = 1] {7
Mg — Mea

Since it 15 assumed that environment conditions are constant with height, then
these formulas should be applied only during well-mixed conditions at heights
less then about 200 m.

First caleulations with these formulas, using the radius and buoyancy flux of
a single cell, yielded plume lengths and heights that were far oo shorr. Clearly
the cell plumes were merging. The photographs show thae generally neighboring
celi plumes merge by a distance of abour 20 m from the 1ower. Plumes from the
three banks of cells do not merge ontil they are several hundred meters from the
tower. Consequently the predicted visible plume lengths and heights in Tzble 1
are caleulated by assuming that the 16 cells of the K-31 tower combine. The
effective buoyancy flux is then 400 m’/sec® and the effective radius is
{16 X Ry = 13.6 m, Cases when downwash oecurs are not considered in this
table.

Good correlation is obtzined in Table 1 betwesn obsarved and calculated
visible plume lengths and heights. The ratio of calculated vo cbserved plume
heights is 0.86. However, the ratic of calculated to ohserved plume [ength is
0.49. Apparently the plumes are merging in such a way that the actual visible
plume length is greater than expected.

As anorher test, the pureiy empirical formulas

] 4
h' b )

B Uimg — m,}

were compared with observations. The data in Figs. 5 and 6 suggest that, with a
equal to 1.5 m?/sec and b equal to 1.0 m®/sec, these formulas simulate the
observations fairly well. Correlation coefficients between observed and caleu-
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TABLE 1
CALCULATED AND QBSERVED VISIBELE PLUME LENGTH AND HEIGHT

Observed Calculated Observed Caleulated
plume lengeh plusme kemgth plume height plume height
Dhare {r,), m {Ie), o “":} Yom '"‘;.‘.L m
Dec, 29, 1972 Calm 150 D
Jan. 10, 1973 500 200 200 290
Jan. 11, 1973 Calm 200 210
Jan. 31. 1973 Calm 17% 135
Feb. 1, 1973 250 i00 200 155
Feb. 5, 1973 125 70 1% 1005
Feb. 6, 1973 1040 &) 73 BO
Febr. 7, 1973 200 &0 200 145
Feb. 26, 19712 Calm ) 75 81
Mar. 2, 1973 Calm 75 a3
Mar. 12, 1%73 Calm i0 i5
Mar. 20, 1973 S00 400 500 20K}
Apr. B, 1973 150 0 100 103
Apr. 19 1973 100¢ 65 100 190
Apr. 24, 1973 1500 1450 531 330
May 10, 1973 Caim 200 ' 240
May 17,1973 F00 430 500 &80
ricbs., calc.) = 0 P& tiobs., calc.) = 0LB7
LA, = 0.49 hethy = 0BG

lated values are 0.46 for visible plume length and 0.66 for visible plume heighe.
The cases in which downwash occurs are included in this comparisen. These
empirical formulas work fairly well for this site and these conditions but shauld
nat be used ar other sites.

FOG OCCURRERNCE

Calculations were made of the extra hours per year that fog occurred owing
to emissions of water from the cooling towers. At a dissipation rate of 1000 MW,
there ate 4.6 X 10° gps of water vapor emitted to the atmosphere. The Gaussian
plume model, as integrated for a finite line source,)' was applied to this
problem.? During otherwise clear weather approximately 300 extra hours of fog
per vear were caleulated co occur at distances less than 3 km from the towers in
the direction of the dominant wind. However, there are several reasons why this
figure 15 probably much teo high. First, because of plume lifr-off, 2 plume thar
initially suffers downwash may rise to heights of several hundred meters.
Consequently our issumption that effective plume rise is 10 m during downwash
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Fig. 5 Observed visible plume height as a function of (am+UF'. », with
dowmeash the correlation coefficient is 9.27. o, with no downwash {windy}
the correlation coefficient is 0,75, &, with no downwash (vertical plume} the
correlation cocfficient & 0.90. For sl peints the correlation coefficient is
0.66.

conditions will lead to overestimates of ground-fog occurrence. Second, when
condensation oceurs in 2 plume, latent heat js released and the plame follows the
thermodynamic laws of cloud physics. Thus the Gaussizn plume model, which
assumes that the substance being modeled is inert, is no longer valid. On a
typiczl day when the plume is visible for great distances, it looks like a long,
narrow stratus cloud with a well-defined constant ¢loud base. Third, we have
never observed the visible plume at the ground at distances grearer than 0.5 km
from the rowers,

A good model for the dispersion of water should take into account
thermodynamic processes. The Gaussian plume dispersion medel will lead <o
caleulations of fog wccummence which are too pgreal. A cooling-tower plume
provides modelers of cumulus clouds with an excelient contrelled experiment
since input heat and moisture fluxes zre known accurarely.
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Fig. 6 Observed visible plume length as a funceion of (am-UF'. #, with
dowrwash the correladon cocfficiont is 0.54. ©, with noe downwash the
corceladion. coefficient is 0.39. For all paints the comeladon coefiicient is
nl4ﬁ.

DORIFT DEPOSITION

During the last week of June 1973, measurements of drift deposition around
the towers were taken by three groups.!**>** We used sensitive paper to detect
drift deposition at a distance of 10 m from the towers. This technigue i< limited
to drop sizes greater than about 500 um, but close to the towers this limitation
is not significant since only the largest drops fall out so close to the tower.
Chromare deposition rate is caiculated by multiplying the water deposition rate
by the concencration of chromats.

Shofner et al.® of Environmental Systems Corporztion (ESC) measured drift
deposition by the same method at distances of 15, 3%, and 80 m from the
towers. Their sensitive paper can detect smaller drops than ours, however. Lee,
Sloot, and Wolf? of Battelle, Pacific Northwest Laboratories {BPMNL}, measured
dry chromate deposition at distances out to 1500m from the rower.
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Unfertunately the wind did not cooperate very well during this experiment, and
the Battelle instruments were not often beneath the cooling-tower plume. The
deposition measurements are given in Fig. 7.

A model of deift deposition was developed for comparison with the
observations, I¢ is assumed that the deposition rate out to distances of 30 m
from the wowers is due to emissions from 2 single cell (water flux, 170 gps) and
that the deposition rate at distances greater than 500 m is a result of the merging
of the plumes from all cells {warer flux, 20 X 170 gps}. The drop-size spectrum
in Fig, 4 is divided into 14 regions, with calculations made for the median drop
size in gach range.
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Fig. 7 Calewlated drift-deposltion rates. ., calculated, o, Hanna and Perry.!
&, Shoiner, Schrecker, and Wilber.! o, Lee, Sloot, and Wolf?
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As recommended in the review by Hanna'? of methads for caleulating drift
depaosition, if the final drop diameter is less than 200 gm, the drops are assumed
to diffuse according to the Gaussian plume model,'' with the drop plume
descending relative to the gascous plume at a speed equal to the gravitationsl
settiing speed of the drops. To estimace settiing speeds, Stokes’ law is used for
drops or particles with Jdiameters less than 50 #m, and the table given by
Engelmann’? is used for targer drops. Deposition rate for chese smaller drops
equals the concentration of chromate ar the ground times the sertling speed or
the dry deposition speed, 1 am/sec, whichever is larger.

Drops with diameters larger than 200 pm are assumed to start at the center
of the cell opening and then follow a trzjectory determined by their settling
speed, the vertical speed of the plume, and th¢ wind speed. While the drop isin
the plume, it experiences a plume vertical speed given by®

[ Fmn 4Fx
O STE T T
w= (10}
FrpX , 2B %
{1/3 + VY U2 ~ U°

where Frp, is proportional o the momentum flox:
Fm = wd R} (11)

The vertical motion of the plume ceases at a distance, x*, given by the equation
x* = 50 F¥ (12)

where x* is in merers and F is in m® /sec?

Entrainment of environmental air causes the plume radius, R, to increase.
The ratio of the volume flux of plume air, V(z) = UR?, at any height to the
initial volume flux, V4 =woR}, is given by Eq.3 for x < x* and by the
following equation for x > x*.

¥V UMRgl{wo/UY*+ 0.3Z + Clx — x")1?

(x> x%) 13
VD WQR% { )

where C is a constant proportional to the rate of plume spread afer final rise, Z,
ig achieved at distance x*.

The drop will evaporate at a rate dependent on its diameter, the mass of
solure in it, and the satwration and actual vapor pressure of the environ-

men.t 9015
dp -7 x 1¢7° . 2.0x107 /D
Tl L [1+0.59DV 1"-"l( e ) {14}
dx uD : g I Ps 1+13 M,IDE' Pe
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where D = drop diameter, cm
U} = wind speed, cmnfsec
Vg = drop sertling speed, cm/sec
M; = mass of solute in the drop, g
ps = saturated environmental vapor pressure, dynes/cm?®
P. = dctual environmental vapor pressure, dyneasfern?

1¢ is assumed that the plume temperature equals the environmental temperature.
Vapor pressure is relzted to the mixing ratio by

p=157 x 16% X m {15)

whers p is in dynes/em® and m is in g/g. Owing to entrainment, the
vapor pressure, pp, in the plume gradually decreases from a saturared value
to the value in the air around the plume. Equations 3 and 13 are used to
caleulate the entrainment,

Using the above techniques, we can calculate the distance from the tower at
which the median-size drop of each drop size range strikes the ground. Constant
wind speed and direction are assumed, Deposition is assumed to occur uniformly
in a 22%° sector bounded by the distances halfway berween the distances at
which the drops strike the ground. One of the drawbacks of this method is that
it is difficult to determine the area over which the drops of a given size range are
depaosited.

Another drawback is the zssumption that all drops originate from the center
af cthe cell. As a result, if the relztive humidicy is less than abour 70%, there isa
definite critical drop size. Drops above the critical size fall from the plume and
strike the ground less than 100 m from the tower. Drops below the critical size
remain in the plume and evaporate, and the resulting dry particles do not strike
the ground within 50 km of the towers. To improve on this assumption, we
should calculate several trajectories for a drop of 2 given size, varying the
position of the beginning point of each trajectory across the cell mouth.
Probably 2 more serious drawback, however, 15 that we do not know the rate at
which the plumes merge with downwind distance,

Figure 7 gives the calenlated dnfr-deposition rates, Deposinon rates are
interpolated between the curve for a single cell at x equal to 5¢ m and the curve
for 20 cells at x equal to 500 m. Environmental conditions typical of those
during the June experiment are assumed: mg =0.0238, m, = 0.0138, and
U =150 cm/sec. Input source parameters have already been outlined in this
paper and in the more complete reporrs.’ 2

The caleulated and abserved deposition rates agree fairly well at distances of
10 and 15 m, where it is likely that only one cell influences the deposition. The
ESC (Ref. 3) measurements at distances of 35 and 80 m are about a factor of 2 -
greater than the czlculated deposition rate, passibly because their sensitive paper
was tilted 2 few degrees from the borizenatal.
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Since the ESC sensors were moved to ensure that they were always beneath
the plume, their measurements ar these distances are greater than the BPNL
{Ref. 4) measurements, which were twaken from positions fixed during the
week-long experiment. Owing to the variability of the wind, the BPNL sensors
were benzath the plume only 2 fraction of rhe time. Consequently thewr
measured  drift-deposition rates are an order of magnitude less than che
calculated plume center-line deposition rates. If we assume that the plume blew
over the BPNL sensors only 1{M% of the time, then calculated and observed
deposition rates agree within a factor of 2. The observations and the model
estimates are thersfore reconcilable at distances from 10 to 1500 m from che
tower. The model is now being used o calculate average annual deposition rates
for comparison with measurements by Taylor and Mann (this volume) of
chromate zccumulation in vegetation and soil near the towers.

FURTHER COMMENTS

It must be stressed that caleulations of fog concentracion and drnft
deposition from cooling towers are highly tentacive. Irregular sonrce geometries
and thermodynamic processes make the usuwal diffusion and rrajectory calcula-
tions uncereain, Extensive measurements of diffusion and drift deposition from
cooling towers, including detailed measurements of source terms and environ-
mental parameters, are necessary before these calculations are regarded as firm
bases for legal decisions.
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DISCUSSION

Slinn: Steve, three questions: First, in your Gaussian plume model, in
addition to tower height and the serting term, did you account for the plame’s
trajectory, h = h(x}, for example, using the “% law"? Sccond, you staced that
you have seen plumes coast along underneath a strarus deck withourt spreading as
much as you expected, but what abour the point of view: if there was a stratus
deck, then the atmosphere was probably quite stable and cherefore the o's would
be small? Third, where did you let the drops break free from the plume?

Harma: The drops are all assumed to start their travel on the axis of the
plume, which is rising according to the % law, and break our of the piume when
they settle a distance equal to the plume radius. The atmosphere beneath a
stratus deck is usually well mixed.

Hales: In response to Slinn’s question, the lapse rare within a stratus cloud
typically is saturated sdiabatic. The lapse rate below a stratus clowd typically is
unsaturated adiabatic, Thus 2 stratus cloud is typically in and 2bove neweral (ie.,
dry and saturated adiabatic) lapse rates. Typically the strats ¢loud is capped by
an inversion. Some such inversions may be very small.

Manning: At the time of the early phatographs, where the plumes settled to
the ground m the downwash, was any e present? Were any agricultural effects
measured or detected from the chromate fallout?

69




Hanna: [cing was not observed. Agricuitural effects are reported by Taylor
et al, {this volume).

Qvercamp:  What rechniques were used 1o measure the drift deposition by
tha three research groups?

Hanna: Drifr deposition was measured by our group and by Enviconmenzal
Systemns Corporation using droplet imprints on sensitive paper exposed 10 the
drift in a horizontal position for several seconds. Knowing the warer deposition
and the concentration of chromate in the water, we could ¢stmmare the chramare
deposition. Battelle collected the chromate deposited on a plate and estimared
the toral amoune of drift deposition by chemical analysis.

Shapire: Snowfall reported as the contribution of the Gak Ridge Gaseous
Diffusion Plant towers was observed only onee during a peniod of 30 years of
aperation. lcing of plant reads in the vicinity of the towers has not ¢ccurred,
althaugh freezing temperatures are experienced in winter.

Has ther# been any attempt to disunguish whecher large droplers visually
abserved ac the top of the rower are actually drift {conrtain salts) or are acrually
condensate drops that have blown off structural members?

Hanna: The chemistry group zt the Gaseous Dhffusion Plant attempted
unsuccessfully to find chromarte in the residue left on the sensitive paper by
single drift drops. Possibly the lack of success is due to the fact thar at 20 ppm
concentration only about 1077 ' g of chromate would be left on the paper by a
100-um-diameter drift drop.

Gifford: The snowfall observed near the Oak Ridge Gaseous Diffusion Plant
was reported by Culkowski [Mon, Weather Rev,, 90: 914-916 {May 1962)].
Fortunately, as it turns out we used the word “anomolous™ in the tirle, though
at the ime 1 confidently expected this Lo oceur once or Twice every winter. The
snowfall was about 2 mile wide and 16 miles long, and in spors it was nearly an
inch deep. As far as we know, it has not happened again, at least to this degree.
We should probably wy to figute ourt why-—rthough ar the time nothing
especially unusual seemed ro be going on mereorologically.

Carson: How do the operating conditions (warer temperature, approach
range, ctc.) of the Oak Ridge towers compare with those of nuclear power
plants?

How are such things as plume rise, downwash, erc., affected by these
differences?

Shapiro: [ believe that 1 can znswer Carson's guestion. Cooling-tower
operation at the AEC diffusion plants differs from normal power plants in two
significant ways:

1. Ar diffusion planrts the warer remperatures ace higher than for power
cyeles by about 25°F,

2. The warer contains warter-treatment chemicals, such 25 zine and
chromium, for corrosion inhibirion which are generally not necessary under
power-generating conditions.
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RELATING EMISSIONS TO AIR QUALITY 1IN TENNESSEE

by

Steven K, Hannma

.\ Alr Resources
Atmoepheric Torbulence and Mffuzion Laboratery
Hational (keanic and Atmospheric Administration

Post OfFice Box E
Oak Ridge, Tennessea 37830
March 1974

Abstrack

Average annual emlselons of suspended particles, SDZ, and CO
from each of the 95 counties in Tennessae during 1970 are compared
with observed air quallty. Due ta the lacation of air monitoring
instruments clase to large local sources, the readings of thase
Instruments are found to be usually not represantative of regional
air quality. In crder to adequately test reglonal disparsion models
in Tennessee, it is neceseary ro inetall addicional alr monitoring
stations that are not influenced by large loacal sources.

The variations of county pollutant concentrations acrosa the
state are generally within a factor of three, while the variaticna
of county pollutdnt emissions ara generally over saveral orders of
magnicude. The wind gpaed therefore strongly controls the day-ro-

day background level of air pollution in the state.

To be published ag a chapter in the 1975 edition of Industrial Air
Pollution Control, adited by K. Noll and published by Ann Arbor
Science Publighers.

Tl ATDL Contribution File We. 90 .




Introduection

When model ing diffusion on tegional scales (length scales
greater than about 10 km}, it is necessary to account for tapo-
graphy and changing metecrolegleal condlticons along the trajectory
af the pollutant, Many sources and receptors are usually Included
in the model. We are currently developing a regional diffusion
madel which will be solved numerically on a large digital computer.
This model will first be used to estimate diffusion in the Tennessee
valley. However, at the same time that the model i= being developed,
it I5 necessary to study existing emissions and air qualicy data.
Hopefully, certaln patterns between emissions and aic guallcy will
ke revealed.

In this report, data from the 9% counties in Tenneasee are
analyzed. These data were collected by the state in 1970 in erder
te comply with federal regulations and develop the Alr Follution
Controi Jwplementation Plan (1972). Average annual emissione of
suspended particles, SOZ, co, Hﬂx, and hydrocarbons are published.

In the four major metropolitan areas (Memphis-Shelby Co., Hashwille-—
Davidson Co., Chattanocoga-Hamilton Co., and Enoxville-Knox Co.),

more detalled emissions and air quality were cbtained. Air quality
data for suspended particles and 502 vere colleceted in about one

third of the counties. In almost all cases, alr monitoring instruments
were intenticoally located near the pollution scurces. Consequently,
there are very few stations which represent rursl areas. In 1970,

only a2 handful of CO, HO“, hydrocarbon, and czone date were collected.
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More diata are currently being collcected, but is not in a form
suitable for analysis. The 95 counties are listed in Table 1,
along wich their areas and populacticons, and suspended particle
emissions.

We have developed a simple urban dispersion model {Hanna, 1972,
Gifford and Hanna, 19723) which states that concenctration, y(ug!mjj,
is directly proporticnal to area emissions, Q(Efmzsec], and inversely

proportional co wind speed, Uim/s);:
=c 9
¥ = C u (1)

where C is a dimensionless parameter, roughly equal ro the repion
length divided by the depth of the pollutant clouwd. This formula
is intended for use in urban areas, but can be applied (o regional
data in order to determine rough relationships between emisalons
and air quaiity. The Tennesses data are used to work backwards
in equacion (1) and estimate the parameter C. The correlation
betwesn published emlssicons, 9, and concentraticons, x, 13 alsc

studied.

Suspended Particles Datsa Analysis

Suspended particles are studied firs{ becsvse there are more
daca aveilable for this pollutant. Furthermore, chemical trans-
formatinons are generally unimpertant since most suspended particles are

lnert. Dry deposition and precipltdation washout are the main
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mechanlzms for removal of suspended particles from the atmosphere.
'he emissions data For suspended parcicles are listed in Table 1.

3¢ thal the dara can be compared on a common basis, emissions per

unit area are given. Emissions per capita are calculated and

liated in the table in order to determine whether it 1s possible

ko estimate suspended particles emissions as @ Function of population.

The emis=ions race for each county is plotted as a function of popu-
lagion in Figure 1. There 1= a great deal of scatter among the

data. For counties with populations less than 10,000, the relation
=4
Emisgsions = 8 x 10 ~ g fsec x populatiom

Ls gecurare within about a factor of two. Put for counties with
populations in the middle of the range no such relatienship is
valid, zince emissionz are dependent on the type of industry in
the county rather than on the population. For example, among
counties with populations of about 30,000, emissions range ovaer

three order: of magnitude. In the four metropolitan arsas, however,

the relation

Emissions = 3 1[}-2 g /eec x population

ig aceurate within about a factor of three. Apparently the degree

of industrialization in large Tennessee cities 1s fairly uniform.
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Che map of Tennessee in Figure 2 contalins the county by councy
emissions and aiv guality data for suspended particles. Ic {5 seen
that the [enpessee valley region In the eastern part of the stace
has the highest emissions per unit area. Average emissions over
the state ate .17 gfkmz sec. Observed annual average suspended
particle concentrations for some counties ate also glven on the
flgure. lo the counties where there was mote than one mowiteobing
station, the number glven is the average over 2ll the stacions,

It is interesting that while the county emissions vary over three
ordersi of magnicude, che observed concentratiens vary only by a
factor of three, from 30 ugfm3 to 154 ug!mj. The amall wariation
in concentrations is partly due to the ¢ontinual presence of a
"background" amount of suspended particles, whose origin is natural
and man-made sourceg upwind of the region, The anmual average back-
ground of suspénded particles in Roane County was [ound by Hanna
(19¥3) to egual about 40 ugfm;. which agrees reasonably well wich
the pinimm obséerved in this study. Two statlons Lo saburban ©
Davidson ( vuniy registered annual average suspended particle con-
centration of zbout &40 ugfmj.

Emisslons and air quality are not well correlated in Figure 3,
which sugegests that the afr monltoring sctations were not situated
0 that thelr measuyrements would represent.the regicnal average.
Inatead, most of the monitering stacions were intentionally locared

close to large polluclon sonrcesz, Consequeatly the three highesr
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concentrations were recorded in counties with very low total
exissions. To record a truly representative regional average
using & single monitor, it is necessary bo locate the monitor
Lar 2ncugh Erom large point sources that they do oot stromgly
influencye the measurement.

If it is assumed that the background concentratien of sus-
pended particles is &40 ug!mj, then the average coatribution to
the suzpended particle concentration due b0 sources in the region
is about 50 ug!m3. Thug the dimensicnless parameter £ in equatien

(1) ean be calculaced ko equal

c o X . ax 107 5553 x 1 m/s
q 1.7 x 1077 g/m’s

= H8p .

In urhan areas, Gifford and Haona (1973) find thae € vquals about
220, If we interpret C as the ratio of the region length to the
depth of the pullution cloud, and assume that the depth of the
pollution <loud ie abeut 1 km, then the region leageth is about

B0 law. This iz roughly the length of Tennessee along the dominant

wind direction.

Carben Monoxide Data Analyeis

Carbon Monoxide {(CO), which iz the most inert of the three

gubstances studied Iin this report, is emitted mainly from cars
and trucks. Tennessee emissions of CO during 1970 averaged
B3 gfkmz gec and were more evenly diseributed than emiszions

of suspended particles. County CO emissions plotted in Figure &
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vary by a factor of only aboutr 2U and are better correlated

wich populacien than suapended particle emissions. Again, the
Tennessee valboey region has significantly higher emission rates

tlien the rest vE the state. The only two available 1970 measurewments
of €0 concentraricn are in Memphis {l.& ppm} and MNashville (1.5 ppm}.
since these air quality data ave taken near highways in large cities,
cthey are not representacive of the vegion, Using equation (1) apd
assuming thar ¢ equals 880, ic is possible teo predict the expected

annual average contribution of Tennessee to the total concentration

of €0;

.62 x 1078 p/m’s

x = 880 2 =~ 280 - 182 4%
u J wfs m
or 15 ppm

The background concentration of (O is approximately equal to this
value {see Air Quality Criceria for CO, 1970). Thus the toral

reglonzl CD concentration is expected co be abour .3 ppm.

Sulfur lioxide Data Analysis

Chemical rransformarions o sulfates cause sulfur dioxide
[502} to be a non—conservative pollutant. lcs average snnual
emission rate over Tennessee is .37 gfkmzs. About two-thirds of
the 502 emissions in Tennessee 1s from the TVA power plants, whose
tall stacks and buoyant plime rise cause (he poliution to be dis-
charged at an effective height of from 200 to 500 m above the

surface, These power plancs were designed so that Iccal, ground-level
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alr gquality criteria for 592 are not exceeded. However, the

Kredt ameuntcs of Sﬂz emitied by these plants contiribute to the

wrong flux of 5&2

County vmisgions and air qualicy observaclons of SDZ are

over the state,

Listed in Flgure 5. The heaviest 502 emissions are from the
Tennessee valley. The highest {by far} annual 502 concentration
is 240 ugfmj in Gopperhill in Polk Ceunty. This monitor is located

ten clese to a large smelter te be of use ln estimating a regional

average. With the exception of this {igure, the average 50, con—

2
K]
ceptration in Tennessee is 21 ugfwm”™. As Ls true for suspended

particles and GO, the air quality monitors were usually placed in
towns or close te large sources, so that the resulting observations
are neot representative of reglons. Consequently there is poox
correlation between observed concentrations and emissions. Instru-
mental ecrors may also contribute to this lack of correlation. For
example, it is difficulc to believe that che lowest Sﬂz concentraclon
{10 ugfm3] would cccur in Shelby County, in which Memphis 15 located.

From these data, che parameter € 1s calculated co have the value:

W21 x 1078 g/m° x 3 m/s

Q .37 x 1078 g/n%s

L = 170 .

This nmober iz about a factor of five lfess than the value for ¢
calculaced for suspended particles. Gifford and Hanpa (1973)
found the =zame difference using pollution data from many urban

areas, and attributed part of the difference to the fact that 502 is
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generally emitted much higher in ihe atmospherce than suspended
particlesz. Conseguently ground level cencontrations of 502 arce

relacively low. Chemical transformalions further remove 502
telacive Lo <uspended particles.
Eemcov.al by dry deposition and precipitation washout is

3lsc Important. Hannma (1973) developed the (ollowing rough

apptoiimacion for accounting for deposition and washout:

Yy
x=cR o +22, 2)

where vd{mfs} is the dry depesition speed, h(s-l} i the washout

coefficient, and dx is the region length. Letring £, Ax, and vd

equal BEBO, 800 km, and U0l onf=, respectively, we find that dry

deposition can decrease the flux of pollutant over Tennezsee by

about 253%. During rainy periods, it can be assumed that A equals
-4 -]

10 s , and consequently about 93% of che flux of pollutant over

Tennessee is carried to the surface by rain,

Further Comments

While the emissions data for an and hydrocarbons are fairly
complece, there are very few air qualitv measurements of chese
substances. A revised emissions Inventory is currently being compiled,
and there are now more extensive and more accurate air monitoring
instruments in operation. However, it is clear from this stody that
the air monitering ipstruménts do net represent regional air guality,
defined as the average ground level pollutant concentration over a

coynty. Instead, the monitoring Iinstruments were usually placed

79



in the largest towm in the county, close to major pollurion
sources. A few instruments showld he lecated in rural or
suburban atreas, or at leasl sufficiently far from major sources
that they do net Jominace the reading at that statiom.

The annual average concentrations of 50, and suspended

2
particles, reported on Flgures 2 and 3, do not vary mucl across
the statsa. Thus, from equation (L), the wind speed governs the
general lewvel of alr pollukion In a region on a day to day bazie.

The main uze of a regional diffusion model would be to account

for perturbations on this background due to local sources,
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Table 1

1970 Suspended Particles Emlsslon for cthe Counties of Tennessee

Suspended Exission
Parcicle Emissions per unit
County Area Population Fmissions pet capita area 7
(kn?) (g/=) {mg/s pectson) (g/s km")
Anderson 858 60, 300 160 2.65 . 186
Blount 1472 03,744 99.0 1.56 L0672
Bradley 556 i, 686 16.2 0.317 R
Campball 1154 26,045 35.9 1.38 L0312
Carrer 591 43,259 354 8.18 397
Claibornoe 1137 15,420 11.1 5.73 00976
Cocke 1G85 25,283 22.8 0.893 Q214G
Grainger 722 13,948 7.3 0.518 L0102
Greene 1570 47,630 22.0 0.461 L0140
Hamblen 397 18,696 380 9,82 957
Hancock 584 6,719 3.80 0.576 0645
Hawkins 122% 33,757 2466 12.6 Z.00
Jefferson 70z 24,940 13.9 Q.347 0143
Johnson 150 11,569 6.74 #.576 . 00399
Loudon 606 24 166 16.4 9.691 Rir¥ai
McMinn 1106 35,462 53.0 1.50 LOhTY
Melgs 488 5,219 6.91 1.32 L0l42
Monxoe 1690 23,475 51.6 Z.19 . 0305
Folk 1110 11,669 34 .4 Z2.%4 L0310
Fhea 798 17,202 11.0 0.a3 .0L38
Roans 897 38,881 381 14.9 . 648
Sevier 1530 28,241 11.5 0.403 . 00752
Sullivan 160 127,329 i634a 12.8 1.54
Unicol 473 15,154 1.29 0,461 .0L52
Union 543 g,072 4.8 0. 490 . 00807
Washington 827 73,924 53.8 0.720 0651
Bledsoe 1033 7,643 5. 64 0.749 . 005406
Coffee 1il0 32,572 61.5 1.90 L3557
Cumbert Land 1738 20,733 1.7 1.04 0125
Fenttress 1275 12,593 32.9 2.62 0258
Franklin 1416 27,289 218 8.01 .154
Grundy 811 14,631 6.62 0.634 L0072

g2




Table 1 {continued)

Suspended Emission
Farricle Emissions per unic
Count v Area Fopulation Emissions per capita area 5
(km?) {gfs} {mg/s person} (gfs km“)
Marion 12453 20,577 873 §Z.1 674
Morgan 1360 13,619 17.2 L. 27 0125
gverton Lize 14,366 13.9 W 922 L0123
Picketr 404 3,774 2.4% U, &2 . 00606
PulLr ai 1037 35,487 8.3 TITE.) L0176
Scatt 1392 14,762 14.4 0.479 L0031
sequatchie 6499 b,331 7.11 L.12 .0102
Van Buren a5l 3,758 7.03 1. 87 .GL08
Warcen 1L 24 26,972 26.4 0. 979 L0235
White a7g 16,353 124 7.37 .127
Bedford 1233 25,039 Ful . 288 L0589
Cannen 695 5,467 22,5 2.65 L0324
Cheathan 781 13,199 6.85 0.318 NI EL
Clay 596 B,024 12.7 1.93 LY
Dekalb 7l 11,151 62.0 5,36 UM 2
DMckson L1241 21,577 24,6 1.12 L0198
Giles L3HS 22,138 21.2 W 350 0134
Hickman 1562 12,095 &.09 U 3ib o062
Houston 514 9,853 3.28 U347 .00638
Humphreys 1358 13,568 3661 2T, 2.70
Jackson B17 8,141 3.83 0. 451 LY
Lawrence 1622 29,097 5.67 W4 195 00549
Lewis 7 6,761 2.949 0.374 -035s
Lincoln 14835 24,318 12.¢ 0.318 L OD&RY
Macon 778 12,315 37.1 .02 T
Marshall D55 17,319 Z28.1 1.6l L0291
Maury 1582 G4 028 1318 20,7 L8131
Montgose L1381 62,721 17.8 0. 288 L0129
Moore n? 3,368 2.48 1.691 L0073
Percy 1051 5,238 4,54 0.664 .D0436
Robertson 1219 15,102 155 5.33 127
Rutherford 1366 59,428 26,13 0.432 L0168
Smith arz 12,509 48.4 3.49 L0592
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Table 1 {continued)

Suspended Emission
Farticle Emisszions peC unit
Louncy Area Populatian Emissions per capita area »
(km2) (g/s)  (mg/s person) (g/s km)
SLewart L204 7.319 7.63 1.04 00634
Sunmmner 1367 36,284 248 4.41 .181
Trousdale 292 3,155 3.11 J. 605 0107
Wayne LE52 12,365 3.56 0. 461 0293
Williamsen 1320 34,423 0,59 0. 276 L00631
Wilson 1452 36,399 ol U, §0& L2207
Benton 1002 12,126 27.5 2.28 0274
Carrell 1326 25,741 .87 g, 34 L0064 7
Chester 730 9,927 4,26 0,432 .00583
CrockeLt b9 14,402 B.84 4. 605 L0128
lecacur 863 9,457 l.66 0.374 L0042
Dyer 1355 30,427 12.5 G403 L00923
Fayerte 1802 22,692 10.3 2.461 .00572
Gibson 1554 47,871 57.9 1.21 L0373
Hardeman L&g0 22,4235 13.3 F.6U5 00792
Hardin 15G2 18,212 45.4 2.51 0302
Haywood 133G 19,596 8.96 .46l 00674
Henderson L3192 17,360 7.4%9 .432 00568
Henry 1452 21,749 231 9.73 159
Lake 428 8,091 5.52 0,691 L0129
Lauderdale 1220 20,271 8.35 3,403 L0684
Madison 1435 b5,774 6.9 0.547 L0257
McHairy 1457 18,369 7.92 0.432 00544
Obion 1424 29,935 0.3 0340 00723
Tipten 1175 28,001 15.6 0. 547 .0133
Weakley 1474 28,827 43.3 l.41 L0271
Shelby 1930 722,111 1460 ). 0370 . 756
Davidson 1300 447 877 754 0.0490 . 580
Hamil ton 1404 254,236 478 3.0547 . 339
Knox 1300 276,291 1385 0,10 1.07
B4
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County emission rates (g/s) of suspended particles
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Proceedings of a symposium held ar the University of Maryland
Adult Educanion Center March 46, 1974

PLUME RISE FROM MULTIPLE SOURCES

GARY A, BRICGS
Air Resurces Atmospheric Turbulense and Diffusion Labotatory,
Wational Oceanic and Armospheric Administearion, Ogk Ridge, Tennessee

ABSTRACT

A simple enhancement factoar for plume rise from mulriple sources is proposed and tested
againgt plume-nse observations. For bent-over buoyant plumes, thiz results in the
recommendation thar multiple-source rise be caleulated as [(N + S)A1 + S)™ times the
single-zource tise, Ah,, where N is the aumbear of sources and S = & {roral width of source
configuration/N"% ah )% For calm condicions a crude but simple method is suggested For
predicting the height of plume merger and subsequent behavior which is based on the
geomeiry and velocicy variztions of a single buovant plume. Finally, ic is sugpested thar large
Clusters of buovyant sources might occasionally give rise Lo concentrated vortices eicher
within the source configuration of just downwind of it

1n spite of extensive fiterature on the subject of plume rise,' many questions of
practical consequence are still unanswered. One of these is the queston of plume
rise at large distances downwind in neutral conditions, where the few available
data show no leveling; one can “fic" a linear, a powerlaw, or an asymptoric
exponentizl curve 1o these data, depending on which data ave selected, how they
are weighted, and, to some extent, on one’s personal prejudices. On the other
hand, there are several special cases for which simple power-law approximations
have been confirmed both by fullscale observations of plume rise and by
physical modeling; this bolds especially for buoyant plumes in the close-in rising
stage, where wind velocity is the only atmospheric variable of consequence, and
for final rise in stable conditions.?

One inadequately answered question is whether single-source plume rise is
augmented by the presence of nearby plumes, This question is of decreasing
importance 1o the il stack problem since the trend has been to cambine as
much effluent as possible into one or two tall stacks, which assures the

AT Contribution File No. 31
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maximum possible plume rise. However, large cooling towers are frequently
paired, and clusters of up to 30 towers are being considered. Even with plume
rise depending only on the ', power of buoyancy flux, it is possible that the
plome from such a cluster will combine and rise three times as high as the plume
from a single tower isolated from the cluster.

A GENERAL APPROACH

Obviously, if the sources are very close to each other, the plumes will
combine, and, if they are very far apart, the plumes will rise separazely, It seems
reasonable to assume thar the resuliane rise will be the single-source rise times
some function of the number of sources and the ratio of spacitg between the
sources te the single-source rise (this assumes sources of approximarely equal
magnirude): '

Ahy = Ahy £(Ng/Ah) {1)

where Ahy is the rise from N sources and ¢ s the center-to-center spacing
between the sources. An alicroative that suggests itself in the case of a line of
gources is to replace s with the spacing perpendicular to the wind direction, sy
(54 15 zero if the wind is parallel o the line of sources). As previously noted,” at
one TV A power plant greater rise ¢nhancement was observed when the wind was
parallel 1o the line of three stacks. .

The rise enhancement is not necessarily 2 monotonically decreasing function
of s/Abhy. As can be visualized with the help of Fig. 1, in between the
uncombined stage of rise (4h < s) and the fully combined stage (4h 2 s5) ic an
intermediate stage where che doublevortex flows associated wich isolated
bent-over plumt54 may interact in a complex way, possibly causing increased
antrzinment and deécreased plume rise. However, this is a transient stage, and,
given the normal scatrer observed in the behavior of tucbulent plumes even in
quiescent surroundings,” it is likely thar the rise enhancement will appear to be a
monotenic function anyway,

It was decided to wy fitting daia from multiple sources to a simple
monotonic function of s/Ah; thar has che correct asymptores, namaly,

Ahy N+ 5y (2)
EN=4—M=(W)

where Eyy will be called the “cnhancement factor,” § is a nondimensional
spacing facror, and &h, is proportional to the ntb pewer of scurce strengih.

Several possibiliies were tied for 5, the most obvious of which was
5 & 3f&h; . The other possibilitics were based on the notion that, if onc has 2 line
of evenly spaced sources and N = <, the number of effectively combined plurnes
would be proporuonal to the resultant rise divided by the spacing:

a2




Ell‘r“ =N+SGEN &hl
N 1+8 5

(3)

This assumpron leads to Ep « (Ahy /5)%110) 0 which in turn leads to
§ o N(s/Ahy Y/0-0) 4f N® S and §2 1, 1e, if the number of effectively
compined pluines it much less than N bur muoch greater than 1. An alternanive
formulation, equally valid when N2> 1, is

e (N = 13 141-n) (4)
N Ah,

In chis case $1 has a simple intcrpretation; it is the ratio of total line width o
the tatal possible rise if 21l the plumes combined. This has the advantage of being
eatily applied to a cluster, as well as a line, by merely using the largest dimension
across the cluster in place of the total line width.

Thest formulations assume that n << 1. If n2 1, it would be possible for Ey
to “jump” from E = 1 to E = N® below some crirical value of s/ah, . For a large
[{NY% 3 1] homaogeneous two-dimensional array of sources, the term on the right
side of Eq. 3 would be squared, which results in an equation similar to Eq. 4
except that the exponent becomes 2/(1 — 2n). This leads ro similar behavior of
the rise enhancement except for a mere abrupr rise as s/Ah, decreases, with a
jump in Enyifonz %,

COMEINED
STAGE

ENVELOPE OF
_AREA SWEPT BY
A SINGLE PLUME

e

CONFLICT AND
RECQRGANIZATION

UNCOMEINED STAGE

VIRTLAL ORIGING

Fig. 1 Cross sections of o adjacens bent-over plumes showing geomermry of
flow at three distincdy differenc stages of rise.
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APPLICATION TO BUOYANT BENT-OVER PLUMES

The best datz available to test the above approach are extensive observations
made by the Tennessee Valley Autherity (TVA) in 1963 o 1945 {Rel. 6). These

inclade many obscrvations with one or two stacks operating {at two sites both
N=1 z2nd W =2 cases are available} and some observations with lines of three,
four, eight, and nine stacks operating. These plumes are buoyancy dominated
beyond a distance of about 5 sec times the wind speed and in the great majority
of cages are bent over {x 2> Ah, where x 15 the distance downwind of the stack).
Therefore [ undertook a comparison of these data with two well-proven

formulas for buoyant bent-over plumes,? namely,
Ahy = C Féy ' x¥ (5}
and
Ah ( F )h 6
-G o ()

where C; and C; = dimensionless constants
u = mean wind speed at plume height
F = flux of buoyant force in the plume divided by # rimes the
ambient density 2
: = restoring acceleration per unit verrical adiabaric displacement
in stable zir

More specifically,
a0 _ gT(aL 1°c ) -

where g 15 gravity, T 15 the ambient absolute temperature, and 39/3z is the
ambienr porential temperature gradient. Experience has shown that bhesc resulis
obtain when 98/9z is averaged berween the source height and the top of the
plume. For the isothermal case {(0T/gz = 0), Gl 3000 sec?, Also, for plumes
in which buoyancy is due to sensible heat fiux, Qg we can write

. EQH
B ﬂchT

(8)

md
= 8.9 — Qu/(MW)
5eC

a

m
=37 — 0¥ cal
3 e Q107 ealfses)
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where ¢p is the specific heat capacity of air. The approximarions are for sea
level; F 15 inversely proportional ro ambianr pressure.

Reporied values of C; range from 1.2 1o 2.6 and values of C; cange from 1.8
to 3.1 when applied to the plume center line.? The wide range is due partly to
different measurement techniques, to greatly different scales of sources, and in
some cases to extraneous local effecrs. Since the zpparent enhancement facror
Ep is going to depend direcily on whar is accepted as the correet singlesource
values of C; and C;, it seems most appropriate to establish them on the basis of
the same data set, especizlly since it includes many single-stack experiments.

The distance x = 1000 fr was chosen to test Eq. 5, the “2&, law," besause this
distance is well into the buoyancy-dominated region of rise, is well shorr of che
distance at which atmospheric turbulence might dimsnish the rise, and is well
represented by the zvailable data. To limit the extent of stability effects, |
omitted peniods in which 1000 ft > 2uG™ % since the % law rise is diminished by
more than 10% in such cases.” On the other hand, since experiments® have
substantiated the theoreiical prediction that a bueyant plume reaches ics
maximum rise ai x = MG h, 1 chose x = 4uy” % 25 the “standard distancs™ for
testing the prediction of Eq. 6. Beyond this distance the number of available
data diminished rapidly. Some of the perieds of observation were suitable for
testing both formulas, containing data as far as x = 5000 {1 or more. In most
cases, however, the distapce x = 4uG % was not reached, the stratification being
close to newral {G — 0). Consequently, fewer data were available to test Eq, 6.

Some additional periods to test Eq, 6 for three and four stacks were found in
some 1957 observations made at the Colbert power plant by TVA (Ref, 8). In
these observations the plume top and battom elevations were determined by
SO, sampling with 2 helicopter at %, % . 1, and 2 miles downwind and in some
cases at further distances. In chis analysis the average of the rises ag these fou
distances was used aXeept in pwo cases: in one case there wias no determinarion
at % mile and in another the % -mile value was less than 4G

Few plume-rise data are free of extrancous cffects, and in some cases the
data do not make sense if these sffects are ignored. For instance, on the one day
at the Widows Creek power plant when the winds came from the southeast
quadrani, the observed values of €, were much lower than those observed on
the other three days. However, there is an unusual topographic fearure at rthis
site, namely, a plaeau escarpment 900 ft above grade about 7000 fr 10 the
southeast (the plateau runs southwest—northeast). [n wind tunnels che cavity
region of such drops is observed to end at roughly 10 times che height of the
drop downwind with pronounced subsidence in this ar¢a. It seems likely that the
plume was imbedded in such an area of terrain-induced subsidence on rhis day,
so these three periods were climinated, Some form of downwash is also
suspecied at the Shawnee plant since rthe observed values of C; are very low
except when the wind speed is less than 12 fps. This suspicion is reinforced by
the facr thar in most of these cases the bottom of the plume was observed to
drop helow the stack top, i.¢., the reported plume depth was greater than twice the
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center-line rise. This plant is situated in very flat terrain, and the stacks are 2%
rimes the building heighr; but it may be char the line of ten stacks itself forms a
vigorous wake {the sracks average 19 fr in ourside diameter and are spaced 83 fi
apart). Periods were omutted when the rano of plume depeh to center-line rise
1.6 1o eliminate such cases of likely downwash (rhe median value at x = 1000 fi
for single plumes was .85, with an average deviarion of £22%). Since the
bottom of a plume 15 more susceptible to stack- or building-nduced downwash
than the top, as a furcher precaution the rise of the plume top above stack heighe
was used n this analysis instead of the cencer-line rise; in fact, comparison
showed that rhe scarter resulting in observed values of € and C; was less or
unchanged in every case.

In addition, three periods were eliminated from the :umparlsan with Eq. 6
because the measured temperature profiles did not extend to the top of the
piume {Gallatin, 3/18/64, and Shawnee, 4/1/65). This left only one suitable
period of dara ac Shawn:-: with nine stacks operating and che stravification only
slightly stable, Unfnrtunatcl}r the obscoved value of C; was a lincle less than the
average for single stacks, sc the nine-stack data seemed altogerher inadequate for
the present purpose.

When the dara were compiled by TVA, they were divided inro periods
maostly ranging from 30- to 120-mun duration, averaging about 90 min; the
period length chosen depended on the relative constancy of mereorological
conditions and che temporal spacing of helicoprer soundings to measure
temperature profiles and pibal releases 1o measure wind profiles. Within these
periods the number of photographs of the plume at the distances specificd above
ranged from zero to move than 30. Ir was arbitrarily decided that four or more
observations (phetographs) ac thac distance would be required for 2 period 1o be
used in this analysis in order that it be adequately represented,

With such a range of period duration and mtmber of abservarions per period,
how to weighe the daea was problematic. The more periods, the more likely that
the wide range of possible merezorological conditions will be well represented,
The longer the period duration, the better it is represented by temperature
profiles (usvally ane per hour) and wind prefiles (usually two per hour). The
larger the number of cbservations per period, the betier the plume risc is
represented. There is also the question of whether to use average or median
plume rises. The former is more commenly employed, but, in a noplinear
relation, the average of the function is not necessarily the function of the
average argument; it probably s not. On the other hand, if the relation is
monatonic, the median of the fun¢tion 5 given by the function of the median
argument. Perhaps more clearly we can write: average x{Ah) ¥ x(average 4h),
but median x{AL} = x{median Ah}, provided the relation is monctenic. This
condition is satisfied in the case of Gaussian plume-diffusion models provided
that ¥ is the ground concentration at any point. Furthermore, when the number
of data are few, the median is less affected by an anomalous datum, although ic
may be more erratic if the distributien of values is bimodal.
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The criticality of the weighring techmque employed is illustrared by Tables 1
and 2. Reading down any column, we find the expeered crend of plume nse with
the number of stacks and the spacing factor. Reading across any row, however,
we note large disparities in observed values of Ahy/Ah, depending on which
kind of average or mediuan is used. In generzl, median values are Jower than
average values in the case of the % law (Eq. 5). indicating that anomalous rises
tend to be higher than expected; it may be that the measured wind speeds are
too high in these cases owing to inadequate sampling. The same is true for the
stable rise formula (Eq. &) for one stack, except char wind speed is not such a
strong determining factor in chis case. Curiously, the two “high rise” periods
here are also the two periods of the greatest wind-direction shear {105° and
170%). The median and the average rises compared with the predictions of Eq. 6
are in good agreement for N 2> 1, but unfortunacely substanrial differences
appear when these rises are divided by the single-stack rise compured by the two
methods. This emphasizes the imporrance of cbuaining good base values of C,
and C; for single sources for comparison with mulriple-source valugg, Un-
fortunately only 10 periods were suitable for dewermuning Cz. The value of €,
was determined from 33 periods and shows good agreement between the averape
values and the median values.

Table 3 shows the resulting values of s/Ah® and the observed values of the
dimensionless spacing factor § calenlated by twe different methods [Ab* =
F*0 " x% or (Frus)¥ was used to nondimensionalize data for each peried}. The
values designared {av.) were calculared by using the average of averages of s/.3b™,
Ahy fAh* and Ah JAh* =C, or C;. The values designated {med.} were
calculated by using the median of medians for the same quanrcities. Such values
are shown for (Ahy/8h*) +C; and C; in the last two columns of Tables 1 and
2. The value of S was calculated from the relation 5= (M — E%}!{Eﬁ, — 1) with
En = (Ahy/Ah*) + €, or C;. It is readily seen that the zype of calculation used
makes little difference with regard to s/Ah* but greatly affects S, parucularh in
the stable case.

Finally, both estimates of § were used to develop optimum 2pproXimations
of § based on N and s/Ah, [for the latter, (s/Ah*) + C,; or C; was used) . Threz
formulas were tried in each case:

S-ijh-l )
: s=sm(ﬁ)’* (10)
S’S’[N’aahl] av

as discussed earlier (in Egs. § and 6, n = %). Optimum values of §,, 51, and 5,
were camputed from the above formulas and the values of §, s/3h%, Gy, and G
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TABLE 1

MULTIPLE-SOURCE RISE COMPARED TO &h, = C, F¥y Lyhe

Number Number Averages by Medians by Average  Median
of of Range of s + Dura  Ohserva- Dura-  Observa- of of
starks  perinds o 'x™  Pericds Hons ting Periods  tions o sverages  medians
1 53 (2,11 (220 (2,18} (2,14 217} {214} {2.18) {2.14)
2 13 094 o 1,30 1.17 1.11 1.12 1.10 1.04 L.o8 113 1.08
2 13 029 w 0.87 1.29 122 1.1& 1.21 1.1% E.15 1.22 1.21
3 5 0,15 o 0.58 1.53 146 1.47 1.41 1.41 1413 1.48 1.41
9 1 0.26 o 020 1.462 1.51 151 1.51 1.4% 1.51 1.35 1.51
*Values of O, are in parentheses,
TABLE 2
MULTIPLE-SOURCE RISE COMPARED TO Ah, = C; {Ffus)¥*
MNumber MNumiber Avereges by Medians by Average  Median
of of Range of s = Durs- Observa- Dura- Obzerva- of of
atacks periods {Flug¥ Perlods  rions thoms Periods  tiomy tivns sverages medians
1 19 {430 (4.68) {423} {3.94) (470 (331} (4.40) (3.98)
2 10 0.40 1o 030 1.15 1.05 1.14 1.2% 1.01 1125 112 1.20
3 4 070 o021 124 1.7 1.29 1.39 1.17 1.4% 1.23 1.39
it 4 0,66 o 0.70 1.13 1.04 i.15 1.27 1.0 1.32 1.10 1.27
4t 4 0.51 (o 0.5 1,32 1.22 1.34 1.43 1.21 1.49 1.29 1.43

*Values of C, are in parencheses,
11957 data {by $&, sampling},




TABLE 3
NONDIMENSIONAL SPACING FACTORS

Mumber
of
Equation stacks AR {av.) sfAah*(med.) S{av.} S{med )
5 Z 1.16 1.18 1,22 290
5 z 0,66 3,70 21 0.33
5 3 0.46 46 KEN > N'HK) 0.04
5 9 0,264 24 195 2.23
) z 0.68 0654 152 0,39
1] 3 0.76 .70 1,31 a.1%
G it .72 0.725% 4,79 091
1] 31 0.33 0.55 1.58 0.55

1957 data (by 50, sampling},

shown in Tables 1 to 3, Within ¢ach group the 5 values ranged considerably; so
an overall “opsimum’” value was chosen using & weighted geametric average. The
weighting factor was the number of periods per subgroup times — d{ln
En)/d{ln 8) ar the observed 5 value, as calculated from Eq. 2. This derivative
imdicates in a rough way the sensitivity of the plume-rise prediction to 2
compromised value of 5, deviating from the specific optimum.

Table 4 shows how well these “"optimum' estimates of § predict the average
or median plume rise {Ahy/Ah*} for each subgroup of data, le is interesring o
note that the vse of medians instead of averages improves the performance of all
three estimates for § for both plume-rise equations. For the data compared wiuth
plume-rise Eq. 5, for § Eq. 10 works better than Eq. 9, and Eq. 11 works besrt of
ali. For the data compared with Eq. 6, ali three estimates for § perform about
the same. Another interesting feature of the calculations with medians is that the
optimum values of %;, S:, and $3 turn out to be about the same with €ither
plume-rise formula, in contrast to the calculations using averages. This is a very
desirable result since it permits a “‘universal’ approximation for the nendimen-
sional spacing factor, namely, Eq. k1 with §; = 6:

— IH
5= 5[1':”—”_”] (12)
N%ah,

{see the last column of Table 4). This seems the best chaice since Eq. 11 clearly
works best for the % law of rise, has a simple interpretation, and is easily
adapted to cluscered sources as well as line sources, For n = % chis estimate for S
¢an be readily substituted in Eq. 2 to get the enhancement factor over

singlestack plume rise,
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TARBLE 4

ERROR IN PREDICTING &hysAb* FOR VARIOUS
ESTIMATES OF &

Pume- Mumber
Tise of Medians,

equacion  sracks Eq. 9 Eq. 100 Eq. i1 Eq. 9 Eq.1¢ Eq.11 Eq. 11

Using averages Using mediang

S, =3.19 5, = 1,835, =400 §, = 5085, =2.805, =6.50 5,=6

3 2 -2% - 1% 1% 1 +1% +2% +3%
3 2 -7 -4 — 3% —K% — % —-d% -4
5 3 —13% —11% —12% =1 3% —-11% -12% -12%
5 9 w22 *16% 7% + 2% 12% 2% 3%

8, =122 5, =11258, =226 5§ =3085, =272 §, =552 5, =16
& 2 = 1% +1% i% -1% 0% +1% +1%
L3 3 — 4% - 3% — 0% - 5% — 0% - 0% - T9%
o 3t + 7% + 0% +&% L -+ 1% * 2% +1%
& 44 0% —2% —5% +2% 054 —2% —1%

11937 data (by 5O, sampling).

To adapt Eq. 12 ra clustered sources, one can simply replace (N — 1)s by the
greatest distance across the cluster, This seems a fairly safe procedure since this
equation is not based on a wind-ditecrion-dependent spacing factor, such as sy
The data fairly indiscriminately include cases of wind parallel, perpendicular,
and diagonal to the line of stacks. Since Eq. 12 15 valid whether the plumes
overlap each other vertically or flow together side by side, it seems likaly to
work satisfactorily in mixed cases, although it is possible thar very different
tvpes of plume interaction could occur. As a factor of conservatism, the
coefficient 53 = & does more severely underpredict than overpredict rises in
Table 4.

Incidentally [ did make sumilar ealculations with the directional spacing sg.
[n comparisons with Eq. 5, it worked much betier than s for the three- and
ninesrack dara bur did poorly for the two=stack data (the highest values of
Ahy /Ah* tended ro occur with the larger values of sg/Ah*, contrary to
cexpectations), [n comparisons with Eq. 6, sg again worked pootly for che
twostack dara, although s3/Ah* was remarkably well correlared with Ahy/Ah*,
as was previously noted.® In view of these mixed resulss, the Lmited
applicabilicy of s4 (to lines of sources only), and the presence of large
wind-direction shears with height ar rimes, the emphasis in this paper is on s
instead of 54.

One may be rempred 1o furcher generalize Eq. 12 for orher values of n, such
as might apply for final rise n neurral or unstable condivions, by purting 5,
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inside the parentheses, changing the exponent to 1/(1 —n), and replacing N%
with N®. This would give $17" = 15 times the maximum herizontal dimension
of the source configuration divided by the rise for the fully combined plumes, 1t
seems intuitively reasonable that subgtancial combination will occar if the rise is
15 times the total source diameter, but still I would nor recommend this
procedure since it is too speculartive. It would be safer to just apply Eq. 12 at the
distance where the % law rise terminates for a single source (see Ref. 7) and use

ahy N+ 8Y%
EN-EH(W) {13}

as for the % law. The termination distance is probably t¢xtended when the
plumes combina in neutral and unstable conditions, but no data exist o confirm
this. The rermination distance n srable condinons does not depend on the
source strength, which is why n is the same for Egs. § and 6.

TECHNIQUE FOR BUDYANT VERTICAL PLUMES

The generalized approach deseribed carlier could also be - used ro predic
multiplesource rise in nearly calm conditions, when buoyant plumes rise
vertically until they reach a limiting height in stable air. For rise in uniformly
stratified stable air, one would use Eqgs. 2 and 4, with n =", since the tops of
single plumes ar¢ found ac

h, = SE%G™ % {14)
{Ref. 1}. Unfortunately no data are on hand to test rhic approach for vertiea!
plomes. Furthermore, any resolts for bent-over plumes cannat be adapred o
vertical plumes because the geomerry' of the flow is quite different; eg., in the
rising stage the plume radius R = 0.5z for a bent-over plume and =01z tor a
vertical plume, whexe z is the height.above the vireal point source.!
There is a simple alternative approach, however, based on whar is known
about single-plume vertical-velocity profiles. According ro laboratory measure-
ments on buoyant vertical plumes,” the vertical velocity is given by

W= 6.9 (E)ﬁe-gﬁ{n'z}‘
z

where t is the distance offaxis. This gives 2 volume flux 0.226F"2%, and the
effective plume radius is ar least R = (96) 2= 0.1z (rhis is for a tep-hat profile
with the vertical velocity anywhere within the plume equal to the measured zxial
velogity ), If N sources were clustered in an area of maximum dimension (cencer
to center) D, the plumes would have to combinge ax
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z % (96)5(D/2)A(NYS = SDHN)% or else the total plume cross-seceional area
would exceed (#/4)D?. If the effect of inflow velocity at che circumference
when the peripheral plomes bend toward the cencer is considered, plume merger
accurs at less than z = 4D/(N)H (this was done by assuming horizontal inflow,
differentiating the volume flux to gor entrainment rate at each level, assuming
conservation of entrained radial momentum for the peripheral plumes, and
agsuming the axial value for vertical velacity). This resulc suggests that plume
merger always occurs if the rise exceeds 2,81 {for a “cluster” of 2 sources) and
if the rise exceeds ¢ven 1D when N & 16,

If the single-source rise exceeds the plume-merger height calculated above,
we could trear the sources as a single one, but there is no ready model for
handling the dynamics of the tramsition region. One crude way to handle this
would be to consider the plumes to be separate below the height of merger 2,
and to be one plume above z =z, with a source strength (NF} and a vircual
pointsource height at 2= {1 - {NY%{ z.,,, i.e., below the actual source height.
This vesules in the same 1otal eross-sectionz] area of the plume{s}at z = 2;; and 2
disparity in the axial velocities equal to N, This disparity would diminish above
Z = Iy as the plume adjusts to being unified. Of course, if this technique resulcs
in less total rise than that for a single plume, which can happan if n < ', then it
would be more realistic to usc the single-source rise.

MULTIPLE-S0URCE BEHAVIOR WITH VORTICITY

There is an interesting, and possibly important, question abour the behavior
of the rising plume from a multiple source in the presence of vorticity. Under
the right combination of large-scale horizontal vorticity and vertical driving force
{such as buoyancy), one or more areas of concentrated vorricity can develap.

The exaer mechanism of vortex formarion is complex and nor Fully
understood but can be described roughly as follows: In an arca of steady-state
rotation, in the absence of friction the centripetal acceleration of a fluid is just
balanced by 2 radial pressure gradient. If such an area of rotation with a vertical
axis 15 located over a horizontal surface, the centriperal acecleration 15 zere at
the surface since friction causes the veloeity 1o approach zero chere. The radial
pressure gradient then mduces a horizentzl inflow near the surface until it is
balanced by frictional forces. This herizental convergence can be maintaimed if
some continuous removal mechanism is available, such as suction from zbove or
a continucus supply of buoyancy. Unless overwhelmed by turbulent friction, the
angular momentum of converging fluid tends to be conserved, which leads o a
concentration of vorticity and greatly increased tangential velocity near the
surface arcund the center af the inflow.

This general phenomenon occurs with 2 wide range of scales and intensities
in nature. The hurricane develops from large-scale vorticity due to the earth’s
rotation and maintains itself wich buoyancy generated by latent heat release
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from convertive showers around the eye wall. Tornadoes may be inducad by
“suction” from low pressure created aloft in the “tornado cyclone,” which again
may derive from vertical instabilicy created by latent heat release. 1o contrast,
dust devils {eed on buoyancy generated by dry heat that is most intense at the
ground. Their vorticity may derive from topographically induced eddies,
surface-roughness inhomogeneity, mechanical shear, or convective eddies. Such
codnvactive eddies are present throughout any day that is not heavily overcast,
with vertical and horizontal scales of the order of 1 km and velacities of the
order of 1 mfsec. Waterspouts may generate in a similar fashion, with most of
the buoyancy due to the lower molecular weight of water vapor rather than to
dry heat. Vortices have also been observed dangling from smoke plumes from
volcanoes.!? 15 the case of the Surtsey voleano, wind speeds of the order of
90 misec wete estimated in one of the vortices.'? The vartex field could derive
from either the wake of the volcane or the wake produced by the plume itself.

Concentrated vortices have also been produced in the atmosphere by man's
activities. In France a multiple source consisting of 100 oil burners generated
dust devils near the burners “with intensities equal 1o small tornadaes.” *+1?
This atray, producing z tatal of 700 MW of heat, was built 25 an experiment to
artificially induce cumubus convection, “Fire whirlwinds' have occurred over
fire-hombed cities, over large oil fires, and over natural and intentional timber
burns."® One timber burn produced a 1200-ft-diameter whisl which lifred 30-in.
by 30-ft logs.! * Similar vortices (though less intense) have been produced by
relatively modest burns of less than 100 acres’? and by experimental bonf{ires
releasing only 100 MW of heat.'® lnterestingly, I have not seen any vortex
phenomena reported for a compact source of heat, such as a chimney plume or a
coolingtower plume.,

The conditions necesszry for the formation of concentratsd vortices are
pootly defined by present knowledge., The best presently available rool for
exploring these conditions s physical modeling. A nuomber of laboravory
experiments on vorrices have been performed over smooth plates {see, for
instance, Refs. 15 to 19). Fitzjarald'® wsed particularly simple boundary
conditions, namely, a uniformly heated circular plate surrounded by Plexiglas
vanes tilted uniformly with respect to the local tangent. Depending on the
telative temperature elevation of the plate and the degree of tile, five
qualitatively different flow regimes were observed. The type of flow regime
depends gencrally on the ratio of buoyancy-induced velocity to tangential
velocity at the periphery of the heated region. When this ratio 15 large, a pure
plume {no vortex) develops, and, when this ratio is low, pure swarl develops.
Well-formed vortices are generated at intermediate values. 1 is diffieulr to apply
the results of a smooth-plate (laminar-boundary-layer) experimenc ditectly o
the atmosphere, One interpretation of the above experiment, however, is that
natural convection is likely to produce vortices {namely, “‘dust dewils”), but a
single cooling tower or chimney plume is much too buoyancy-dominated to do
s0. However, a large (~1km?) multiple source might sometimes produce a
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vorgex; if i1 does, the vortex velacities are likely 1o be about three rimes thoge
accurring in natural dust devils {see the appendix).

The smooth-plate laboratory studies on vertices beg many guestions about
their applicability to multiple-buoyancy-source behavior in a field of vorticity.
For instance, what are the effects of ground roughpess, the “spottiness” of the
buoyancy source, the source structure, the ahc:-ve-gmund heat release, and the
presence af a ‘lid"”? These guestions could be at least partially answered by
performing similar laboratory experiments with models simulating prototype
geometry. The “danpling vortices’’ observed on the downwind side of the
Surtsey plume, to my knowledge, have not been modeled; however, since the
phenomenon is more likely to have off-site effects, it would be prudent to model
2 large mulnple source in a low-wind-speed {armospheric-boundary-layer) wind
tunnel as well as for the zero crosswind case, [n ewher case it is important to
scale the imposed velacitics {either the tangential velocity of imposed circulation
or the crosswind velocity) to the scale velacity for booyaney, (F/RI% {F is the
rotal bugyaney flux paramecer for the complex of sources and R is the complex
radiuls}. In other words, characreristic Froude numbers must be the same in
model and procotype.

SUMMARY AND RECOMMENDATIONS

It seems reasanable to expect enhanced plume rise over that of a single
source when two or more sources are in close praximity. A simple enhancement
factor was postulated which had the correct asymprotes for large spacing
{Ej = 1, no ¢nhancement) and very close spacing (Ey = N", where N is the
namber of sources and the single-source rise &h; is proportional to the
single-source strength to the nrh power). This wis compared with TVA
observations of plume rise from lines of stacks (N =1, 2, 3, 4, and 9) for three
different assumed forms of the nondimensional spacing factor and for two
different plume-rise equations:

Ahy = G, FBu ' x % {5}
and
F 4
ﬂh] = Cg (E) (ﬁ}

The % law (Eq. 5} was applied at x = 1000ft when 1000 ft was less than 2uG™Y,
and the stable rise law {Eq, 6) was applied ar x=4uG™l A few periods of
observarions were excluded because of strong reason to suspect downwash or
because of too few plume photographs (less than four).

The nondimensionalized observed rises, and hence the gbserved values of
Epn = Ahy/Ah,y, varied significantly, depending on whether vhe data wers
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weighted by number of periods, number of photographs, or duration of periods
and also depending on wherher averages or medians were employed. Medians
resuleed n the best ordering of data and also in nearly the same opumum
nendimensional spacing factor for both plume-rise formulas. Recommended is

N+SYY
Eyn —(1—+§) {13)
with
— X
S=ﬁ[u] {12)
N% Ah,

where 5 is the spacing between adjacent scureces,

Although rhis empirical enhancement was developed by using line-source
dara, it is suggesred chat it could be conservatively applied ta clusters of sources
by replacing (N — 1)s with the maximum diameter of the cluster. For “‘final”
rise in neutral conditions, for which no adequate data exist, the above formulas
edn again be recommended since n = % is conservative for this case.

No suitable data from multiple sources were found for calm condivions, but,
from basic knowledge of the geometry and dynamics of buoyant peint-source
plurnes, one can infer that plume merger will occur at a height 2, = 4 DANYY,
where D is the diamerer of a cluster of sources. The characreyistics of the merged
plume could be roughly predicred by assuming a single combined source at a
virtual orngin z = (1 = (N% 2.

Finally, it is sugpested chart large clusiers of buoyant sources, in the presence
of vorticiny figlds due to narural convection or due to the wake of the source
and plume iself, may be capable of producing concentrated vortices, Cercainly
they would release as much energy as many natural sources that have produced
strong vortices, and many concentrated vortices have been observed to develop
over man-made area scurces of heat as well. The resuls of one smeoth-plaie
laborarory experiment, if apphicable to multiple sources of buoyancy in the real
atmosphere, imply that a larpe source of chat type could accasionally produce a
vortex on the scale of a large dust devil and with velocitics about three times
those in dust devils. Certainly such an extrapolation is not conclusive, bug
accurate modeling of specific source configurations in the presence of a vorticity
field s strongly recommended when any substantial jump in source size W
propased.

APPENDIX: AN INTERPRETATION OF A CONVECTIVE
VORTEX EXPERIMENT

To apply the results of Fitzjarald’s experiment!® to multiple sources of

buoyancy (rather than a uaiformly heated surfaced, we must estimate the total
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heat flux removed from the plate by the flow. Only the plite temperature
CXCESE, ﬂTP, the tangential velocity, Va, at the periphery {R = 50 cm), and the
vane tilt angle, &, are reporred, We assume an inflow velocity at the periphery
Ue = Vo cot 8. Quuside the vorrex a ceonstant inflow angle = @ can be assumed
with a local velocity V= V. csc @(R/); this satisfies bath conservation of
angular momenturn and continuity. Ourside the vortex the flow appears laminar;
s a4 rough estmate of the local hear-transfer rate can be made by using the race
€ar uniform, laminar flow over a flar plare using (R —¢) sec@ for the travel
distance and che local tetal velocity in place of the velocicy at infinicy 2™ The
resulting total F equals 1.322g(4T,/T) {URR, where v is the kinematic
viecosity. When we define a characteristic buoyant velocity Vg = (F/R)®, we
discaver that the observed inflow velocity U= equals .6 Vg with only 6% average
deviation, i.c., it depends mostly on the buayancy flux calculated above and not
on the inflow angle. Thus V./Vg = 0.6 tan § in this experiment.

The observed flow regimes depended strongly on ran @ and much less
strongly on AT, {Ref. 15, Fig. 12}. Since it is difficult to specify any equivalent
tlat plate AT, for 2 multiple source, ] will interpret the resulrs for variations of
tan & = 1.7V../Vp only, evaluated ar average AT, = 40°C. When the ratio V./Vp
15 less than 0.15, there is no significant vortex. Above this value and below 0,35,
a one-cell (all upward motion) vertex forms, Above 0,35 2 two-cell vortex (inner
core of subsiding air} with much stronger circulation forms, but above 0.6 this
two-cell vortex becomes more turbulent and diffuse. When V./Vp £xceeds 0.9,
the whole flow swirls, with no ¢oncentration of vorticity, At smaller valucs of
ﬂTP, these transition values of V./Vg shift downward, being proportional to
ﬂTI‘},

To apply rhis result to phenomena in the mixing fayer of the atmosphere, we
need o estmare passible values of V., available from natural convection. This
raquires multple-point field daca. In lien of this | used the resulrs of a numerncal
experiment by Deardorff?! 10 sstimate that the maximum possible
V.. = 0.8(Hz;)%, where z; is the height of the mixing layer {usually of the order
of 1 km) and H= EHQF{EFPT}, where Hy is the average sensible heat flux at the
ground (note that H is defined similatly to F; for an area of radius R, F = HR?).
For a strongly convective day (H = 1072 m? fsee® and z; = 10%m), the maximumm
Vo= 1.7 misec, This occurs on 2 scale 2R == z;, abour 1 km. On much smaller
scales the maximum V. = 6(Hz )% (Rfz;).

Mow zpply these estimates to three very diffarent kinds of sources:

1. A large cooling tower with R = 25 m, a total heat rejection of 2000 MW,
and 2 sensible heat rejection of 00 MW. With sensible hear only (no
condensztion), we have F = 32500 m®fec®, Vg = (F/R)¥=35.2misec. On 1
strongly convective day, H= 107% m?/ssec® and Z| = 10° m; soV. < 6(10)%
{25/10°) mjsec = .32 mfsec and V./Vp % 0.06. Thus such sources would not
be expected 1 produce a vortex, This is even more true of smaller cooling
towers and hot plumes from stacks since presumedly the available V. is smaller
with smallar radius,
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2. Twenty (20) of the above towers clusrered over an area with R = 500 m.
With sensible heat only, F=71,000 m*/sec®, Vg = 5.2 m/isec again, and
Vo/Vp 5 1.7/5.2 = 0.33. Vortices, especially the single-cell type, are pussible on
this scale owing to the Yarger available V...

3. Strong natural convection on the same scale as in item 2. F = HR? = 2500
m® fsec? | Vg = 1.7 mfsec, Vu/Vp = 1.7/1.7=1.0. All types of vortices are
possible, depending on the magnitude of V.. Sczles smaller than z; are probably
favored since Vo/Vp becomes smaller for them. The threshold for dust-devil
formation is the scale R %5 (0.15/6)2(HR)Y%/(Hz;)% = 0.004z; == 4m, which is
quite small,

Thus a very large multiple buoyant source in 1 field of natural convection
may occasionzlly produce a vortex on the scale of 2 large dust devil, However, if
velaciries in such vorrices scale coughly to Vg, the velocities in a vorgex
praduced by rhe source in example 2 above would be about three rimes those of
a large nagural dusr devil,
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DISCUSSION

Muschett: Are the percentages of ervors to be interpreted as standard
£rrars, average errors, or neither?

Briggs: They are average ervors for 2 whole group of 2 particuldr number of
sources.

Kennedy: Your starting point for this analysis is an assumed function for
Ah?

Briggs: Yes, 1t 15 2ssumed, but there is a body of data 1o support it.

kennedy: Dnd you work backward to quantify the entrainment cocfficient
that is implicit in your analyses to see how this is affected as the aspect ratio.
For example, for the large circular plume, the vortices have a great influence on
enrrainment. Bur rhis effecr would be more lirnited for the slor plume.,

Bripgs: These are not quite slot plumies. [ did not try to work backward 1o
caleulate entramnment cocfficicnts, because [ think it is hopeless to get that much
from these dara. There is a greav deal of searrer which rthese simplified rables do
not show, .

Slinn: Gary, 1 know that 2 lot of people will be interested in reading your
paper carefully because zn estimate of the plume rise from multiple sources is
badly nceded. But, when the combined power production in & concenrrated
region is tens of thousands of megawacts, there are probably mare significant
topics to address than plume rise, and your comments about the possibility of
concentrating mesoscale vorticity into a smaller space scale is racher wnsettling to
say the least. Can you give us the benefic of any other ball-park estimates rhart
vou or other members of your group might have made for this preblem
concerncd, for example, with possible updraft velocities, cloud formarion, etc,?
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Briggs: For a very large complex of cooling towers, say 20 or 30
2000-MW towers concentrated on 2 1-km? area, the toral heat flux is 30 to 100
times the maximum natural sensible heac flux from such an area. This certainly
is strong encugh a “‘chermal” 1o frequently initiate small convective showers in
humid condirions, Using the methods suggested in my paper for vertical buoyant
plumes, we find that such a source would entrain roughly 107 m*/sec of
ambient air from a 1-km-deep mixing layer. if the air is just moderately humid
{dew point, 53°F), this amounts to 10° kgssec of warer entrained {100 tons a
second!), aboutr four times the amount evaporated by the rowers. 1f the water is
spread over 100 km?, this gives a precipitation rate of about 0.43 cm/hr, ie.,
over 4 in. 4 day. Given very humid conditions or a deeper mixing layer, you can
double these figures. Thus the amount of latent heat “organized” by such a
source can easily be an arder of magnitude larger than the source value itself, up
to the range of a large thunderstorm.

Plumes from such a source will merge at roughly 700 m above the tops of
the cooling towers and will have 2 verucal velocity of 10 to 20 m/sec at the top
of the mixing layer, depending on the mixing-layer height and on whether or not
condensation occurs, With this much “puanch™ the plume can penetrate 1 or 2
km above the rop of the mixing layer and on many occasions will condense—
even on days when no natural condensation occurs. Should condensation occur
after enrrainment of mederarely humid air in the mxing layer, the rogal
buoyancy can easily be boosted 25 times the original owing 1o sensible heat of
the cooling-tower plumes, boosting the toral rise to abour 6§ km (20,000 £t), This
assumes normal atmaspheric stability aloft {approximately wet adiabatic) and 2
saturated environment.

Should an ordinary vortex like the commuonly observed dust devil ar fire
whirtlwind develop, the experiment discussed in the appendix of my paper
suggests maximum Ttangential and vertical wvelocities ronghly 10 times the
buoyant scale velocity, Vg, For the large complex of coeling rowers, these
velocities would be of the order of 50 ro 60 m/sec.

[t seems quite likely that there sometimes occurs unstable ambient-
temperature and moisture scratifications for which such a source could “trigger”
a much greater release of encrgy, but [ consider this area to be cutside the
competence of aur group.
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DISCUSSIONS

MODELLING URBAN AIR POLLUTION*

[n the paper “Medelling urban air polluton™ Hamezd makes an imporiant gbservatsn abouturban air polluton
moddels, one 1o which we hearoly subseribe He says, “IF the proposed model canmor forecast che specific para-
niricrs beiler than persisicnce then the model 15 of questionable value™ Hanna {197 %) carber wade the same
poirtt 1o nearly Whe same words, in sdying that, “If 2 new model i 1ot any more accurate Lthan a8 simple model
such as pornstance, then the now rmodel o3 ool ustlul a5 an dpphed medel® Unfgriupately, the remamder of
Hameed's paper 15 based on 2 quite distorted application of the simple wrban polluton medsl recommended by
Grfford and Hanona {1971, 197} Hameed ¢ompares cur model, quite unfavorably, with Banderson's {1 970y model
of i polluion i Nashwille The rcun obyectuons o this companson are the Following

I Hameed bases hok compartson on ab dvalud ion of our patameter, o, équatios (3} i hes paper, thal uses
values of the verocal aimospheri dispersion parameter Lypical of average merorological conditions over @ cily
Bui, a5 emphasizéd by Chlford and Hanna (19731 this stabiliy aspamptron 15 sinctly wahad only for Jong-term
average concentration conditions and ke an werl conaminant, ke partculates For 305 we pomted owl
1k refergnce Lhat it x necessary to dinde £ by 225080 = 4 5, 10 compengaté for removal or other precesses alfect-
wmg 5O pround concentratpns (The case of a rcactng sysitm has sub=ztquenily been dispussed by Hanna
(19730} ) When 1he Sonctntraliot valugs aboulaizd by Hameed From dur equahion ane soroscted by ths Facter,
they arc seen 1o have quite reasenable levels. cssonually aulhfping the commeats in bus Secien 3 and most of
hes conclusions The revisad Table | ineluded here provndes thase sormected valsts

2 In spate of the rather good agrezment of e aveénipe concentranon keyvels with observed data shown by this
corrected applcation of our method, however, we ourselves would ot use ol in practce b an applcabon ke
Nashwille. (e For a shoriterm (2 b} concentraiion prediction Randersons solulion to the Nashville problem was
aninicial valoe cileuiation based on obgerved valpes of 1he conseniraions at hme 2¢ro Where mital vatude ans
wvalable, we too have always based short-lerm urbdn copeenirabion cshimaies on these, rather than the apph-
caton of our model that Hameed suggesie This wag tbe procedure used for shart-term tstimates by Gifford and
Hanna (1971, 1973}, Hanna (L97), 1572, 1373 and Gilfoad {1972, 1973) Our mode] works best, as poinied oal
by Chfford and Haona (1971) and Hanna (1971} or [ong-2em averaged concentranen valuee The reazon i thal
shori-term aur pollution concenirations are sirongly affected by varwus factors, including the complesety un-
known short-term vanabilicy of (he source sirengths, which make (them wory uncerzun objects fior any model

To mmimize 1his source o wneertamity 1t seemg 1o us ke be glearly preferable 10 make vge of, rather than w
1gnons, 1he grven, knawn imtal canpcenanon valugs We do nol ok on domng thes ag m any sense 2 Bilure,
or shoricoming of oot method Indeed we exmisader b i be part of nortmal procedure We have always operaied
on this bass and would view Hameed's suggesied applicaton, which ignores the given conceniralion values, 25
foolhardy—ecomethong hike trpng 1o make a local shori-lerm weather forecast without leoking out the window

Tt bollows, Il in addilion Lthe wind speed, stabiiny conditons, and source srenglhs, 1he vanablcs i our model,
are also constanl donng the grven 2-h pensod, thai our method results in an astmate of concentraton levely and
paltern thar 3 identical with ihe assumpuon of persisience, undesr these speciel condioons This 1es behand Hi-
na's remark quoted above

Tt 19 mirmstng o nowe irom Table | that the resutbt of pllowmg our vsal procedure § & assunong perssience)
 this pariscubar case kads to 2 gher atea pattern coreedabien (093 compared with 081) but 2 larger relative
error of the concentravem kevel { =053 compared with 023) In Bol Mashyille 505 concentratwens aciually in-
creased dlighily durning the focecast period 418 00=20 00 h C5T), while manizinmg much the same areal patiern
Sinoe a shghl decrease in wind and ncrease in verccal stabalicy are normal Far (s nme of day, Lus 15 consisienl
with the physacs of our medsl That a correct dirsct apphication of our method, Hame=d's equatwons (2 and 3
corrected o S0r;, gives the smallest relative emror (15 Ihe closcst concemiration kevel) of all the moethods conm-
dered (023 15, we beleve, samewhat Iorontauy 1t supports m general the basic 1dea of whal we recommend,
bl we would po1 always eapest such good sgreement i such at appleanon onkess wind apeed and s@baity
changes could be ipduded duweelly We would be very interested to determine the effects of varanon of any of
the vanables of our model on the 2-h Mashville resulls As o so ofien the case, unfortenatsly, no data have been
reporied

3 Hammxed refixs o a sngle appheaton of Randersor’s model Actuatly Randerson (13700, with admiratde
candor, reported the resulic of Iwo distinet applicaiiang, 1o the same MNashwlle data 2l of the @me nunercal
urban difusion moded In ihe Rrat of these, all the @il siack 50y sources in Mashwlle were cluded st the upper
boundary of the model, ve sl or pear the ponl cortespanding to then actual physcal beght Baszd on the
natural arrangement of Ihe sources, 1he resulvmg pround kevel coteenimusn patkerm, afer 2 h of model ome (and
15 mon of dagnal computer neme), seas calculated to have 3 Barly sizeable neagate correlalion with the obaerved
values The concentraton fevels for the calelanon averaged about four umes ihos: values included as Rander-
gon's midel grediciens im Hameed's Table |

" HamrED 5 {1574) Armospheric Envronment B, 555361
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AN

Tabk | Comparson of ohserved concenirainons of 55 i Mashrlle with predocirons of several theore hoal medels Concenirations are expressed m pprhm | L pphm
equals 2 7 x 10~ *g m~* of 50;) For an explanation of difzrencas rom Hamesd's Table |, sse iext

Imtaal Dbserved Kandcrson—I1 Randerson—IL tnfford and M uliaeel
Ohservation  conceniralion fimal mipde] moded] Equaton [ |1 Hanoa mokel Perosienor

slahon {obs | COnCEnoraon canc coRs ) {com | madr] (cone ) {conc | conc )

1% 35 5a 50 31 022 W0 40 33

dg 58 136 5 65 02 1| 1 58

a2 o 9 Jas nd iy &2 3z o0

56 20 (3 g5 av s 08 L1 20

o 14 200 63 40 040 187 i3] 14

82 55 112 &7 43 435 153 36 45

M 13 d) L-]1] 27 s Tl 9 33

Corrclatson coefficiznt -f3a 089 074 131 1301 093
Meap relative error 21 -0353 —097 211 - 36 -5}

* tn Hameod's paper
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Dhiscussont

Tocorrcct thes problem, Randerson arbiatran |y relogated the strong poml sources, whith represent 16 per comi
althe (13l aumbor of sources but probably 75 per cent o mote of 1he tonal 8C, emissions 10 Nashwille [nsisad
af plaging them ai the top model bowndary, a1 @ ponl 2pgrosimaung ther acual physical kcanon, he placed
them i the surface i his seeond run, reapporsoning thew outpel among (he nesghbonmg ared souroes” As 3
eesult fug paticrn corrclation increaged from —003d W0 O6F wamy evaily the same mped The vanous con-
ceatralon values [or these cases aré included n Table | as Randerson—I1 and Randersan—11 The latrer 15 the
anly case that lamesd mernans

Ot poand 15 not that such a refroactve, artatrary, and physeally unrsaluie ttodifcauon of a model v necess-
arily incorrcel Mavbe this as the only adjustment thad can be made 1o Randerson's scheme thae will pecmt
10 work rcasonably well OH couwrse, in the absence of any furiher data comparizon W verily this panl. there
13 just o way to-tekl Perhaps aneourely different adpustiment would have 1o be made for & different source set-up
n some otheT ¢y It o't possible 10 say

Harmeed says of such comples models that, “a modsl i which an sifort 15 made 10 sysiematically consider
e v 0w s phyacal and chemcol processes  albows us 1w analyoe e reasons fgr the short-commgs of the model
and ihe methods by which they may be corrected” Az a broad gemeraleavon this siaiement would be hard 10
argus wiih, but n certainly doesn’apply 1o Randerson’s model Hameed further goes on 1033y that a “sophicica-
ied”, 12 a complex madel presumably ens such as Randerson's, “can be depended upon to predict polluhicn
condemirauon (¢ within a facier of, say, 2 on the awrage”™ This 5 an astomshing statement We know of no
#ture bases far it m the Digvalure, certamly nong mvolving ¢aldnine compansons whh daa e certamly hot
supporied by Hameed™s enample Basd on Randersons owo analyss, his method 15 52en 1o give resulis varying
by a large Lac1or w ponoe pIraton depeadimg o where you decide to assume the olevated peint sources are localed
Hameed has either used 1he wrong example or drawn the wrong concluswn

4 Thas l=ads us to maks & commani abowl the word “sophistcaicd” which, ag used by Hameed as well ag
others in characigrizing urban pollutien models, has a disuinguy pejorative connotatien with respeci to the simple
models Lhat we study Giffard (£973) pamied oud that “simgpla™ o the oppasie rol af “wopbisuciled” bul of “com-
ples”™ The antonym of “sophishicated” i warve”™ Simple urban polluton moedels ace ol necessarily narve, and
iy i Lect represent the esseace of sophiscation Conversaly complex models can be, 25 we believe s amply
Aapparctt from ihe above distpanon, quite Aave

5 Hameed ncluded i big Table | gome reswdiy of an appleaiion to the Mashwlle data of his “mubl gl
mpdel, details of which have ngl yet bren publizhed HBased on his contemirstion values the magnuude of the
refdlive error Rpurs that e gaves for s model should be mereased by abowi [0 per cend, from =033 w0 =03
Also the correspondmg crror figure for persisience shoukd be reduced. lrom —0 55 o —031 These numerical
correclions have been incorporated inle cur Table |

6 Hameed makes the pomt i oy Section 4, that §hw and X are nowwell correlated for the gross annual 50,
and particle polluben date from 29 U S cilics sted w Tabie | of Giftrd and Hanna {19723 This 15 quite e
and 15 one reason why wee did nol uss these daia for s purpos: We were oo the contrary trymg, using thess
data, 10 esiabhizh the valoe of the parameter ¢ m the telanon, X = cQe, wheh equalion we had previously de-
rived by alher logee Al the e, (hese dala represenied the mam published wilormaton on ar polluton con-
ceniralions T4 4 conskderable extend thus s stilk true Quor opamon i3 that much, perhaps mst of (the large ary-w-
oty variabihily m ¢ deteronned from (hiz wformation 15 due o oncertainty i esimatmg (he rue pollulion souree
arca A, as opposed o the goven, siandard meircpoln siatistecal areas The resuliing large, noa-meteorologicl
unéEflanty it drea saurce sirenglh & primanly reflscts political. socal, and exonomic mAusaces which we could
only hope averaged oun The eacellem agreenent of the average o5 determuned this way with values we had
prevarbsly calewlared gave us donfidence Lhal this wag so

Paremthetically, Yooking a1 Hateed's Fig 1 leads us 1w remark Lthat f ong really for somie reason wishes to
apply our formula at the imi of w2ey Jow ad-concedlfabiom, 14 o the problem of mof-pollution, then back-
ground mist cerlamnly be taken inte acceunt Owr formwla was only presented as o method for accounnng for
the effect on ambent e quabiny of goven urban palluhen sourtes This setnved 20 OB VO0E LD U a6 BOT Lo have
required any spegial explanzicn In (he light of Hameed's crungism we sz Lhal we were wrgng about thes, 2nd
that na methodalogy, however imple, can ba made enticely fool proold

7 Finully, kst all the above e msinierpreied as & genera) deouncation of complex urbao pollution modcls
on SUr pard, we most take issue with anstber of Hameed's siarements He says thal, based on cur swudies osing
samph moadels, we “concluded wthal efforts 10 develop more sophisueaced models for simulaung polluuen disper-
s10m are nol necessary” (By "sopiancaied” Hameed means whal we ntend by the ward “complex™ as explained
abowe ] W have pever said or imphed s and we don't belreve M The statement Smply 50 irve Hanna (19734}
dizcussed the rofes of both simplke and complex models 1 the analyss &nd estimaton of uthan ar pollanoen
Complex models ars clearly necessary for the dotaled study of many difficuli problems m the phyaics and che-
mustry of urban polution On (ke other hard. appled pollulion studies of all kindz require 1he simplest possible
modets 1hat can successlilly cxplan the parigular problem pvdved

W hat we doelaim and have repeatedly emnmphasieed 15 that oif 3 complex urban potlobion model can nol esomane
abserved condiiions beiter than a simple model like persiste nee, a bax-modsl, or our seheme, then it 15 not yselul
m apphed studizs and s development for Lins purpose s nol anly unnecsssary bul unptofmbls
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DhigCusssrns

In conclusigon we wish 1e draw ancption o what could well be called Fanolsky's law Recallmg Parkinzon's
well-known law of burcaucranc prowih, Erwn Panolsky {1962} pomicd oul that “The equally seascless growth
of schiohirly [oeratere w5 dormndied by the somRew L ntlogous reebe ol the meore reseanch §R) 15 done on
a smaller number of subgeets (53, the more ovr undersanding (L) seems 1o donsh U = 5B 15 4 wrnes [our
pages aboul a given problem, o takes B osixteen (o refule bimy, and © needs sixty-kaur (o restore—moarce oF
less—the slatus quo” We do ned especally emjor playing (he parl of C. and apologize to readers for the lengih
of oyr comments But we felt ot necessary i (g insiance to iry o0 restore—mie or less—the stans quo

FRLINDAA F A CGiFrcnz
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AUTHOR'S REPLY

Gifford and Hanna suggest thal 1he predichons of therr model agree with obeervations. if multmiecd by the facior
3G/225 = 1j4 5 They obtain tins lactor from the equaoons X = S04 and X = 22500/ which they have pro-
pased lor 50, and parhicukates raspeciively T s shown in Jacoon (4) 5713 that these hncar relationships between
X and {3y} are nol supported by the data vasd by Gifford and Hapna 10 deduce them 1w therelors difficuly
o see any (ualifcarson for uding these relatans (o obamn e Bolgr 154 5

One may alsa consider the remaval mig of 50; to mvestigaie of 5O derays rapadly enough 16 gustify a loss
facior of 14 5 For concetitrabions of Lhe arder 1O pphuo, 3 value of 4 5 h (Randersoo, see §) for hall-dde of 50,
1t réalilie accord gt presenl exlimates To obfan a remowal lBetor of 1745 would requiz 2 hall-bie af lesg
than an hour which 1 realizte only for conditsons im siack plomes (Weber, 1971) Alse, a muli-gell calculalion
of the same duspersion problem by the present author se= 1) and 2 cabeulalion of ibe same disperson evend using
an tniegral Method (Lebedellang Hameed, | 2751 withaut ary remaval mechanisms, both veclded resules in gond
agresmenl with observations It w3 clear, therefore, thal the agsumplion of a large removal [aclor s pol necessary
to explamn the ohseTvaigns 1 may alse be noted 1hat use of the factor 14 5 has not been indicated i the =loole-
bt by CGiford and Hanna for S0, dispersion m Bredien (Cifford and Hanbna, 1971)

Wh regard 10 Secnon T of Gifford and Hanna's commenis, 1 regrel thal [ misendersiood (e implicanon
of theyr papers 10 be “thal efaris 10 develop maore sophipcaled madels for smulatng pollwison dispersian are
nod necessary Jagree with them m che concluzion thal a sinede model 15 10 be preferred if o5 resutis are conss-
Iently as gaord as those of a more detaled model [1shoutd be possible, and 1= certamly desirable, to ma ke ssmphifi-
calons i dispersion medelling, depending upen the physical parameters imporiant for the siuaion beung
merdelled Howaver, o 12 nedessary to andersiand, and adhers 12, the phisical condiions under which 3 simple
method approsimater the tolunon of the fundamenial wanspon equauens which descobe dispersson of conta-
minanls i Che aivspnere
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NASA, Now York 125 U X A
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Comparisons of the ATDL simple urban 4iffusion model with the
outputs of other mxlels and with urban pollution data, described in
a previous report to this grouwp {Gifford, 1973), have continued,

Somg recent results will be sumnarized briefly below, The derivation

of cur model was given in sope detadl in the reference,

The copparisons reported praviously consisted of pairs of corrsla-
tions of the cutput of the simple model and othepy models with data,
Many wrban polluticn models have been applied to Los Angeles County
pollution data because the available data from geveral limlted obser-
vational perieds there are guite complete, A problem with model-data

comparisona of this type is that it isn't clear exactly in what sense

the correlation coefficients involving a number of models can legitimately

be compared with one another, In particular space correlations for

different arrayz of sampling locations are strongly influenced by the
particular sampling pattern involvad. Thus it isx desirabla, in ordar
to compars many models on a common basis, to werk as much as possible

from the same data baxe.

Froblems of this kind have influenced a study by Nappo (1974)
in which a nunber of urban models, spplied to the same Los Angeles alr
pollution problem, are being compared, Figures } and 2 display some=

preliminary results from this study. The pollutant is in each
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case carbon monoxide, In addition to the ATDL simple model and

various other published modeling results, persictence has also been
incivded. 1In Figure 1, for sach model, the plotted point indicates

two correlations: 1) the correlation of the predicted with the ob=-
sarvad time pattarn of C0 concentration, for data that have been
avaragsd ocver all the eight CO marpling stations in Los Angeles County:
and 2) _the correlaticn of the predicted with the cbserved space pattern
of CO concentration, for data that have been averaged over the (12 hour)
time pericd at each station. The basic concentration, source strength,

and wind data are those previcualy presented and discussed by Hanna (l27%3a).

In Figures 2 another statistic based on the same data and space
amd time averaging is presented for each model. This is the standard
deviation of the ratio of the predicted to the chserved concentration

values 2t each station for each hour,

In my previous report to you {Gifford, 19733 I prescented a series
of currelationslwhich indicated a generally favorable lewvel of perfor-
mance of our gimple model, compared to wvaricus other, more complex
nodele. orrelationz of sither space or time concentration patterns
for the simple model were generally as high as or a bit higher than
thogs for the complex models. For the particular Los Angeles CO-
pollution data get, hawavay, Figures 1 and 2 seem to show a more com=
plicated pictura, The simpla model {ATDL=1} provides, in Figure 1, a

reaonably high correlation, R!t]s, of the space=averaged time=
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canceatration patern, as high as most of the cothar models. The
corregponding space-correlation, ETE}t. of the time=averaged values

is howsever rathor low in this case, both in abzolute value and relative
to that of other models. Of course these models in almost all cases
represent years of develeopment and adjnstment inveolwving the same data,
In no case {except for the predictions of the simple ATDL model and of
parsistence) coild these results be aceepted as defining the final
model performance level without wverification on independent data.

Put it seems unlikely that future, independent testing would modify

radically the pattern of results in Figure 1.

The situation displayed in Figure 2 is of even more CONceIrf.
It appears that the detailed, hour-by-hour predicticons of the simple
model for cach station exhibit considerably more variability than do
all other models, including persistence. Mr, Happe has proposed what
is probably the correct interpretation. Examinatien of the data
{see Hanna,l?73} show that the excessive variability and “over-
prediction" exhibited by the simple model almost always occurred
when the observed wind speeds were low. This happensd mainly at locations
{Burkank, West L. A., Reseda)l that the surface wind fieid analysis
{se=e Roth, 1971} indicated to be near areas of horizontal convergence

which, of course, the simple model does not consider,

Tha remady is a simple one. If the wind speeds for each hour

ars first averaged over all statiens prior to forming the time=

120




pattern statintics, and for each station are first avaeraged over all

the hours prior +o forming tha space-pattern statistics, the points

labeled ATDL~Z on Figures 1 and 2 are obtained by application of the
ainple model. This modification results in 2 much more satisfactory
parformance level and iz in fact a moreR reasonable interpretation of

the transport wind speed, u, that is the required input to our model.

In discussion during the previous meeting of this group, Dr. Olsson
Buggested that the performance of a simple mo2el such as ours, applied
to a short=period pcllution forecast, could be improved by including a
correction to account for the diurnal march of stability., This is
accomplished in our model simply by modifying the stability-dependent
parameter ¢, To check on this suggestion, the time-concentration pattern
of the previcus version of ocur model (ATDL=2) was arbitrarily medified,
{The gpace-pattern statiastics are of course not affected). The modifica-
tion consistead in (arbitrarily) redueing the value of ¢ by 50% between
OB} hrs. and 1200 hrs, and then increasing it slightly after 1300 hrs.
The regults appear in Figures 1 and 2 as thae points labeled ATOL=-3, These
are agsn o provide a conziderable improvemant ovar the previous space-—
avaraged time-pattarn statistics, just as Dr,.0lsscon supposad would be

the case,

QOf course i+ would ba desirable, in the first place, to introduce
the diurnal stahility influence oh ¢ on some basis related to the

obgerved micrometeorsological fields and to its definition, for which
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sea Glfford (1973). “Then too, of course, this and the previous
modification should be verified on independent data {asz should, also, the
developmental results of all the other urban models). Heverthaeless

it i3 interesting that such simple, resasonable adjustments

of the ATDL model result in sizeable improvements in data correlation.

As to the futurs, we plan to contlnue model-data somparisons in an
attempt to define an optimum regional-scale transport and diffusion model
vhich we need for many applications, At the same time we are continuing

developmant of the chemical-reaction model described by (Hanpna, 1571b),
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Figures:

Pigure 1, Correlaticons, for the indicated models, of observed vs, predictad
concentrations for Los Angeles carbon monoxide alr pollution data;
ETE]E rafars to time=pattern correiaticons of space-averaged datas
ET;lt refers to space=pattern correlations of time=averaged data,.

Figure 2, Standard deviation=, for the indicated models, of the ratio of
predicted to observed cagggpsmnnnxide concentrations at Las Angalas
aiy pollution monitors; oit)” refers to space -averaged data
and oz} refers to time-averaged data,
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Fog and Drift Deposition from Evaporative
Cooling Towers

By Staven K. Hannma*

Abstrpet: Metdeds of determiting fog and Jdnft depogisim dur
o cAnissions from evaporgiive cowling Fowors are reeie wered wopd
Jormulas suggosted tard con be wsed as o basis for colealsbions,
T Gaussien plume forngiie i recommended for colerianng
fop conoenrations from which viziifity am be osifmared, For
drift droplors wirk digmeiers greater Ran 200 pon, deperition is
cofciclared Wy halKiries e e, knowing the onWromnicnfal

wird speed and relacivy framiidine and the voepivel veliscity of

the pleme sad Hre dropler, Beapovation of Hn dreoplely i
accented foe, Dir droplen with Waeselers feos Han 200 gm
ure aesreed B e diizpeesed aeeording to e Gaussien rlome
formerele, weiek the plome piced devonward o aveount fur the
My spaeed af Hhe drapler.

There i3 currently much concern aboul Lhe environ-
mental effects of evaporative couling towers, Many are
in operation, and many more are being planned for
kirge power-generating stations and other industrial
planis, These towers aperale by passing air over warm
wuter, which evaporales and thus dissipsies excess
heal. A thorough discussion of caolhzg-lower operaling
characleristics is given in the review by Aynsley and
Carson.!

The environmental problems due to evaporative
cohing towers that are of greatest convern al this lima

“Sieven R. Hunna reeepved the B5, M5, and FhoD.
degrées in meteoroksgy from the Pennay Ivania Stare Uadversily
in 1964, 1966, and 1967, reapeclively. Since 1967 he has
werked ax oy Reszareh Metesrobogitt at the Alr Roaources
Atmpspherk: Torbolence snd Diffuson Labomiery of the
Matienal Cweanic and Aimospheric Administration in Quk

Ridge, Tann,
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are lTog and drifl deposition. both of which sre mast
apparent 1o an obssrver al the ground. Fog (drop
diameter 2|0 gam) is defined as water drops Tormed in
the atmosphere by condensation and thus is relatively
free of impurities: Drift s defined as water drops
formed by he splashing apart of the dreulating
cocling water i Lthe 1ower. The drift droplets are then
carfed aleit oy the air stream, |1 the cooling waeer
conizine chemicais, the drift droplets contain roughly
the same concentrations of these chemicals and could
aileer vegetytion, animals, und sicuciures downwind of
the cooling Lower. Ln g tower that uses sah waier for
cooting, the drift waler iz salty whersas Lhe fog is
relatively pure. Several researchers’™’ durmg the past
3 years have dewised amalyticsl methods For caleulating
drift depetition or fog potentia), Thezs methods are
baged in some cases on quite differentl sssumptions,
and soww are geared to application al a specific site,
Many of the more important cecent papers on the
subject af fog and drifi deposirion are reviewed here,
and same formulas that can be used a5 @ basis for
¢alculations are suggesied.

SOURCE CHARACTERISTICS

The two types of evaporative cooling towers in
common use are rutual-deeft gnd mechamical-drafi
lowers, A power station in the 1000-MW{e) range may
use from 1 to 3 natural-draft towers or 10 to 30
me chanical-draft towers. Mechanical-draft 1ower cells
are genecally grouped inte lines of about 10, As its

94 .

T——————

ATDL Contributicn File No.




nasie niples, the natoral-dralt tower does not use lans
10 move air but 1eles onots large siee {150 m Lall, &0 m
top dunncler) to creale a densty dillgience hat Loroes
¢ verhical speed ed aboul & mfsec Lo contrast, shorter
(20 and parrower {1 mp mechamcal-drall lowers
rely o Tans 1o Torce the air gver the warm waler aL a
speed of abgul 10 mfsew In both Lypes of towers, the
air 1% saturaled and 15 at 4 temperature sveragng trom
10t JO°C above ambient when it leaves the towers
The Tux ol latent heat v three (o tive lines the Dux ol
wensiple  beal Usually  Tog  Dwaler  conceénlration
ahovt 1 gfm? ¥ is abvwr wistle i e etluent

Recomt measurements show that the amwount ol
dalt cinted at conhing towers 3 much less than hed
previcusly  been capected "' Y Typial messured
values fap dratt bess gt oodern owers rynge frem O G40
tr QY ol dhe  grcolanngwarer flow Al oa
LOO)-MW(e) power statiom, these values correspond 10
dott Muxes rangwop frwm 2 1o 20 galfrun (120 1o
1200 pfsech Sioee the tobul fhex of excess water (dnh
drops, log drops, und excess vapor) s typeally aboul
5% 10° ghee, ol 15 choar that the Tux of water vapor s
seveéral orders of aupoiude laeger than the NMux of
hquid water {drtl plus log)

Most of the salbler drll drups (dameter 100 to
500 pmd anigimate from splashng m 1he tower packing
mateial , some o the Larger dnlt drops 500 pm} may
torm by bemg blown oflT structural members i the
upper part of the tower Thus the dropki-size distnbu.
e wan be omulnmodael oand 13 certanly  strongly
dependent on the type of dnlt eluminators, the fan
speed. and orher physial characiensies of the tower,
The 1ew reported messurements of drop-size distribu.
tion'™ % suggest that 1he mass ol the drops ermlled by
mesdern fowers 15 [arly evenly disinboted in Lhe
drap-diameter range Irem 50 to 300 um Al some of
the alder mechamial-drafy towers where outdated dnft
ehminators are 1w use, doft droplews wath diameters up
to 0.5cm can be observed Owang to the cube
dependence of mass on dizmeter, il 15 eaty to reduce
the wtel miass of dolt enussion substantially by
captunng i few large drops,

CALCULATION OF FOG
CONCENTRATIONS

Ground fog downwand of the cooling tower can be
created by the dispersion of water, which can be
valculated i the same way as the dispersion of any
other substance, suuh as suspended parackes” The
Gaussian plume model for 2 pomt spurce can be
recommended According to this model, the hourly

dverage Loncaidration y of water in the plume 12 given
by

* 2"‘5""31HT:'LW( Iai)

_ gl 2
x exp[—“—h;-l]-rexp[-f—;;i] (n
F

where source strength @ {gfsec) is the o014l flux of
excess water lrom the 1gwer and the paramelers oy, o7,
U, y. 2, and N are, respectively, the horszontal and
vertical dispersion lengths, the wand speed, crosswind
distance (roun the plume 4xs, heighl 2bove ground, and
the effschive suurce heghl The second exponential
lerm nvelving z sccounts lor the reflection of the
plume from the ground A0 10 is necessary to calculaie
yearly averages the formul for ground-level congen-
traion of x along a 22%° arc at a distancs x from the
source 15

b
2 i ki
x= (?) Uo, (nxi8) **F (‘ "2?;) 2)

where £ 15 the frequency wath which the wind blows
toward 4 given sector * It 15 assumed that there are L6
wind-direction  sectors. Graphs of o, and a9y 28 2
function of stabilily and downwind dislance were given
by Gifford * Eifective saurce heighl & 1s the sum of
stack hesgbt B, and pluse nse M, which can be
sstunaled [rom initial plurme charactensqics and enwvi-
ronmenld Londinons wsing the plume-nse theory of
Briggs” as modihed for coobng-lower plumes by
Hanna ' *

In & stable atmosphere with the wind blowing at a
speed grealer than ibout | mfsec and the wisible
coohng-lower plume gvaporating a short distznee from
Lhe (ower, plume nse A 35 esumated wung

H o= 2 WFUg)» {3

where the mtial buoyaney flux F and Lhe stabulity
parametar 5 arg delined by

F-—%_ wRY {Ty - T,) (4)
and
:-%(‘gf) +001°Kfm (5




wiierg g = acecleralion o gravily
W bl vesiieal specd of the an ol e lower
OpEnang
K= Lowen opeming sl
Tp = absolute tenperatare of the plame ar
Ty = abworludr temporatoce of (e ambient

Since the airmosphere wousoally shighely stable and the
wind 5 usually blewang, thes formuld apphes 19 most
vases of antercst The reader 15 referred to Briges® ior
plums rise lormutbas applying W calm ur neulral cases

11 the atimosphers 1s nearly sadurated and the plume
remains wsthle lor severdl hundred melers dewnwind
ol the Lwer, much aof the latenl heal tn the plume has
probably been released and should be mcluded w the
sl buoyancy Mux & The i done by adding the
latend heat Aux, (gdjo, TowR? {mp mg), 10 the
sensable hoat fMux caloulated Trom BEgq 4 and subsiitul
ing Hhe resuling 1ol beal Nux for F e kg 3o order
10 Lalulsie plumie rise The symbals £, cp g and /M,
are nepectively, e larent heat ol vaponization of
water Lhe specilic heat of gir 4l constanl pressure, and
Live waier vapor mixmg rains (prams ol water/ grams of
ar) of the plume qir and the aminent o In Lases
where only part of the lalent heal 15 relesased, an
steraive procedure descpbed by Hanna'® Lun be used
Tov esfmale p'UITIE FIse

Owing e aerodymam, downwash, the eifecive
sanree hewht A al the plume from 4 mechamical-dran
coallng lower 1k 7o when The wingd speed excesds the
verlical speed of the plume ol the 1ower openimg '®
Howewver  foor matural draly jowers, the plume very
rarely washes down Lo the ground '
AL dislinces of less than aboul 1 km from 2 bank
mechanicak-drafil lowers, the 1owers should be
Irgated as o fimte hine source racher than a paint
sourre  Gifford® goves equalons and references for
nnite hine sources Ganerally 1hese equanons result
from integration with respeci lo v of &g |

Restfinan et al ® and England, Enscher, and Tan'?
Jare analysing the dispersion of water from coolng
towers by sodving the diffovon eguation, wheh re-
quires the sapecilicauon ol an eddy diffusiviry, K We
bope this approdch &l work better than the simple,
nnrodined Gussan plume model 1y areas where there
dre sgnihicant erran vanahicns of nonumform fow
and stabihily paiterns Howsever, the Gawssian plame
madel has been used n mosu of the pubiished swuches
that  walculate fog  conenranons  and  (requen-
aes T8 1y most cases (he resulis are expressed n
terms ol 1he excess number of hours of fog per season
caused by 1he coohng tower Fogis assumed 1o form al

[l ]
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J pond where (he comcenlratin of water consed by the
cioling tewer v satlicient 1 s2lurate the ar Type
cally o lew doeen exira hours of log per yedr are
cawsed by g 1000-MW{c) power plamt dunng the winter
db 4 distance ol 10 km {rom the plam

The length of 1he wisible plume wan be calcu
lated" " '® on the haws o e Chardcienstics of the
Gausndn plame mede! We wan see from By 1 tha, o
A is the vimible lengih of the plume au s aas then the
plume will be visible at the ground only of distances x
[rom the sonurce such that the Tollowing condidion s
salisfied

e AN 00 X) > Oylx) ggix)eh’ 120l ) (6)

A numogram lur determinng condibons of plume
visibality 4t the ground for source heighis ol 50 and
103 m and neutral and wery slable condilions 15 given
by Hanna and Swisher '

Recently 1t has become mmporiant 1o also deter
mme visibihily i the fog vaused by evaporauve cooling
terweirs Even ol the awr 43 nod saturaled, inureases an
water vapor vonlenl an decrease wisthiliy owing io
the absorplion of waler vapor by condensauon nucla
As reported by Neuberger ' Junge observed o linear
decrease 1n visibdity from 40 to 10 mles as relative
humudity increzsed from ¢ to ¥ This process
depends strongly on the concentration of condenzauon
nucler 1n the air, which depends on Lthe nearnesz of the
air mass Lo such natoral or man-made sources of nuclel
as seashores or steel mulls

By defimtion, log occurs when visibilty 15 less than
1 km The amount of hquid water in (g vanes within
wide hmails A dense sea Tog, wih visibilny less than
30 m, has 3 hquid-water content of about 3 gim? A
light wvalley fog, with wisbsly of about | ke has 2
hquid-water content'? af about 002 g/m? An equa-
ton for expressing visimlity, ¥i(m), n 1¢rms of
droplei-auze  distnbution and  hquud-water content,
w {gfm*}, was [irst derived by Trabere *°

3
yegZipl B ')
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where the parameiers @ and fi are constanis 2nd ap &
the number of diops of dizraster O (um) The
simplificanon i vahd f drop-size spactra have sumlar
shapes On the bass of observaions,*' the constant §
has the approxmate value 2 gA{m*Wum) Thus the
wiabilily mcreases as bquid-water conient decreases or
a5 average drop sze ncreases,
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For companson, the observed parameiers®! of
mland {radianon] and coastal (advectron} Tops are
hsted in Tabke L. To assess the annual enviconmental
impact of fogs caused by cooling towers, we musi

Table | Physical Fog Models

Fog parametees Raduimn Advecipon
al the (inbamd} {eadatal)
surface fog fog
Aversge drop dramele;, wm L 20
Ty vl drop=-uIe rAnge, um 4o & & Lo 64
Luguid-water contesl, g 411t alr
Droplel concentzatsaty, oo ! 200 40
Yerunal depth of fog. m
Ty prdl LoD 200
Severe O &)
Horzontdl viabslily, m J0HD 30

avquire yont disinbution functions of source strenglh,
wind speed and direction, stability, and emaronmental
saturation deficil (saluraticn water-muing rateo manos
actual water-muung ratio} After the concentranans of
fog are caleulzted using Eq 2, Table | and Eq 7 can be
used to determing the visshiity wn the fog, agsumrig
that cooling-tower fogs have parameters i this range.
A measuring program should be carned out 1o deter-
mimme whether 1l 15 vahd 10 agsurne 1hal the charaster-
wti. parameters of cooling-tower Topgs aré v the range
of those of maturzl Fogs.

A related problem is the extent of the vistble plume
aloft and s shadowmg #ifact, Bogh et al % avaluated
the cenlerhine concentration of log in 1he plome, uang
Bgs | or 2 to determune 1he frequency of occurrence
ol wsible plumes of vanous lenglhs They Tound 1hat
the plume caused dess than 1'% seduction i sonshine
near the plant

CALCULATION OF DRIFT DEPOSITION

Since the setchng speed of fog droplecs 15 less than
d jew cenumeters per second. i 15 assumed wn the
preceding caloulations thal they do not appreciably
seltlz ta the ground However, unce dnft droples
selile al 4 speed of roughly | mfsec, ther deposttion
an the ground must be accounted for. The affect of
surface deposation of drift water droplets in the region
dround the coolimg towers could be good or bad,
depending on whether addiuonal tmn » benefical or
deirmmental 1o plan? gad ammal big iz the vicirity The
amounl ot addmional e and g2 due to dnifc Mrom
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typwal towers has been calculaled and chsered 10 be
insignificant, exceptl i the érea within a Eew hundred
meiers of the wwer 2 2? lang of roads, trees, and
power hnes 1s also chserved to be magnificant except
i the ynmediate area of the tower. The majyor probkem
with dnft deposbion occurs when seawater 15 used for
cooling or when such substances ag chromum are used
as boodes of st mhimios, There 15 2 potenibal
problem, for exampk, at the Chalk Pount, Md., power
plant, where scawater will be used for ¢ooling and
1obacco 13 gown on the farms in the area, The state of
Maryland 15 sponsonng a majer research program®® 10
determine the envirormental effects of the coolng
wewers at Chalk Point A study is also under way af 1he
effects of vsing chromium i 1he coohing towers at the
Ozk Ridge, Tenn, Gaseous Diffuscn Plam In both
these studies, observed doft deposioon wall be com-
pared wnih the predichons of mwodels, using observed
source and meteorologcal parameters as input.

The terminal fall speeds ¥y of dofu dropleis are 1n
the range'® given m Table 2 Typical turbulent fuctua-
tons of vertical wand speed are 010 10 10 misec.

Table ¢ Termunal Full Speeds of Pore-Water Dvops

Dhiariie iy,
Fall speed ¥y, mysec

0
aol

104
0.15

200
T

400
Lé

&00
13

Drops with termunal Fall speads grealer than the
turbules fluctuations fall through the turbulence and
art not greatly dispersed by it. As Van der Hoven?*
recommends, for termmal fall speede greater than
about | mfsec, the affect of turbulent duffosion on the
ground deposition patiern can be neglected. The
problem then becomes that of calewlatng drop tra-
Jectones, uung tha appropnate fall speed of sach drop
and the wind weloeity. For termunal fall speeds less
than 1 mysec, either the Gaussian plume model or the
dilfusion equation can be uwsed to calculate the
diffuston and subsequent deposiion of the drops. In
this case, the dropler plume descends at speed ¥,
relaiive (o the gaseous plume

¥anous combinations of the trajectory and diffu-
ston techniques for caleulating drfl deposiion have
appeared in the Idevature For example, Hosler, Fena,
and Pena® uge the trajeciory techroque. Roffman apd
Gnmbie® soive 1he diffusion aquation analytcally,
accounung for both trgyectones snd diffusion, Wisirom
and Ovard® use the method described above, i e, the
trajectory techmque for drops with duamezers greatey
than 200 um and the Gaussign plume techmgue for




denps with diameters kess Lhan 200 pm There are many
pocertantlies 0 4l models doe w our mperfect
knowledge ol the source and of 1the diffusion param
elers and 10 the lack nl a vabdation expenment

It the dnft droplets pass through a portion of the
almuosphere that 15 unsaluraled, they evapordie either
tor an equilitbrsum drap salulbon oF Lo sall pariicle In
an unsalurgied environment 4 drop will lose mass al
the rate®

um -
o

2ndMin,
RT

pal} |, | 0276 (Re)™
[” {Mu}h] @)

whare = s, g
F=ume, sel
R = gasconstant, % 31 % 107 ergsf{molel K}
T = abzolute lemperature of drop, K
M = molecular weight o waler, 18 gfmole
& = diffuwon Loelfoeny of water vapar, ~Q 24
wm? fsed
po = vapor pressure ol drop surface, dynesfem?
gy = vapor pressure i ambnent air, dynesfom?
= deop diameler wm
¢ = ke matic viscosty of aur, ~0 18 am? faee
Re = DVpiv druplet Reynolds number

The vagor pressure of the drop surtace pg 15 relaied o
Ihe vapur pressure pp over 4 plane surface of waler by
1he iormuls

Py = Py lexp {4sM1 0y, DRT))

-1
——— L) — %
* 't ¥otiiiey s pen - m,].‘ 9
where s = surlaee tensann of g, ~ 70 dynesfom for
Waler 4t room Lemperatune
O = Water densiy, gfum’
Ky, = rrass of solule, g
My = mokecular weghn of solule
i = van’l Hofl factor (usually equal 1o about 2 0
s s2q salt) ?

The changes in si7e of the drop due 1o evaporation can
be calculated waing bgs B and 9 As the drop becomes
smaller, w5 fall speed decreases For drops less than
20004 i dlameler, the deposition WgHom? Wsed)| at
the suriace s given by 1he produl of the mass
soncentration x{gfom?y and the drop Lall speed Ve
neqr the wirtae

W= ey {10y
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The ahive menboned valcolations are samphfed in
pracine by the uvse ol graphial soluions or nomo-
grams Hosler &1al ° make efficient use ol nomograms
n therr gevelopment of metheds vo esumale the rare
of sall deposiion gue to the use of seawater in cooling
1owers They give nomograms for cases of (1) no
evaporalion ol drops, (2) evaporalon to saturaied
solution, 4nd (3) evaporacion to dry salt In each
nomegram the distance from the tower at which the
drop will sintke the ground 5 given as functions of the
droplet sive, salt Cconcenirations in the droplel, wind
spred, and maXimum beight reached by the drops, The
mdaXimurn belght reached by the drops i3 calculaled
from the equaton of motion of the drop, asseming 3
linzar waration wilh heghi of the vertical-speed dster-
bunon in the plume The droplets nse to a baight &,
and 1hen tall our of the plume Hosler #1al* Lould
have been more sccurale had Lthey used the aquation of
Braggs® ior the verlical speed wp, m the plume

g = 106 Fhy™ (11}
where Lthe symbolds are the same as1in Eqs 2 and 4

The distance f, that the drops must fall to reach
equilibrium sice 15 then cakulated by Hosler et al.?
employmg methods equivalent 1 the use of Table 2
and kgs #and ¢ They make the approxamation that of
the equhbrium distance Fg 15 less than the maxamum
droplet haight hy and the relative humidaty 15 less than
an arbitrary  number, which they select as 50%,
Evaporalim 15 complete

Onee the distance from the tower al which the
drop wall stnke the groend 15 known, for the drop mizes
thal brackel 4 size range within which the mass flux 13
known, then 1t can be assumed that the mass 15
deposited uniformly on the ground between thoze rwo
distances, ¥, and x; For constant wand dirsction, the
crosswind wariation of depostbion from the plume exis
cart be calculated by assunung that the crosswind
distnbution 15 Gausman and using values of gy(x)
suggesied, for exampke, by GuTord * For vanable wind
durection, usually reported at 16 paints around the
compass, U can be assumed that the depoution n any
sector 15 uniform 1n 1he area bounded by the 224°
wardl direcon secior and the distances x; and 14

Because of the posability of drop vaporaton, 1he
problern of celeulanng dall deposition 15 more dfficult
than thal of walcubating the deposition of men partickes
or derosnls As uwe drop evaporates 1ts fall speed
decreases, so that 1he useal ballistics equations do not
apply Conssquently the solution must be obtaned by
means of compuier models or detaled nomograms




Rexilman and Grimble! soived 1he formidable problem
wl ubtaiming an analyueal solution o the diffusion
equations loc doift drops They did net assume thal (he
plume had Gaussiwn form Bul astead relied on the
Mux-gradient hypothesis ot the diffusion zquanon.
They used an empin.d} lorm of Eq.8 for drop
evaporalion and obtained the dnft depasiion o 1erms
of Hermue polynomials. However, this mathematically
clegant solunon 15 dependent on the assumplions Lhal
the vertical and crosswind wrbulent Offusivines Xy
and K, are constants, Ky 15 known o be & hnedr
lupcuoa of height up 1o heghts of about 100 m Since
all droplets nwst pass through this layer on ther way
1o the ground, i 15 imporiant to delermine the érroms
miroduced by assurung constanl K;. Thewr method
permils the assessment of the relative importance, as a
funconon of draplet size and aimospheric stability, of
tuebulence and pravitational setthing on the deposiion
ratz For a Lypical large cooling tower and typical
dnidrapler mass.size disteibution, it was found thal
“under well mixed aimosphens condittons ihe diffu-
giort mechaniam 15 dominanl over gravity forces whe
undar slable strmospheric conditions the gravity forces
are dominant over 1he diffusion,” in terms of relative
importance in Lthe depossiion process.

Whenever any of these madels 15 used Lo calculate
salt deposition rates, o 15 usually found chat the
depossyon rate 15 a small fraction of the natural
deposition rate '™ Where ssawater 15 used lor cooling,
there 15 winally a high natwral salt deposition rate due
Lo advecnon from ibe nearby oosan or bay. However,
becawse of the Frequent occurrence of downwash from
mechanical-dratt coohing  lowers, the rtesuiting sall
deposdion rate from mechamcakdraft 1owers ¢an be
hugher than the nalueal rale n the area withun a few
hundred meters ol Thewe towers. We are nol yet sure
whether deposiiton of chromuum, ete., due 10 #ms
sions from mnland towers, has sgmficant envirenmental
elfects,

SUMMARY

It 12 recommended that the Gaussen piume model,
& diseussed by Gafford,® be used to calculare the
concenirauon and freguency of occurrence of ground-
level Fogs. Visibality can be esiimated from the bquid-
water content®! and aversge drop size of the fog usimg
Trabert's equation.*?

The calculation of dnfy depesition 15 comphoated
because the drops may pargzlly evaporaie and thus
change 1henr seithng speed as they fall through un.
tqluraled ar. Methods for calculzsbing the rate of
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evaporation of drops as a funcuon of ther size, the
amount of solute, and the ambient mixmg ratio have
been gven.* Drops with diameters less than 200 um
are assumed 10 be dispersed avcurding Lo 1he Gaunssian
plume model, whersas drops wilh diameters greater
than 200 um are assemed (o [zll through the Lurbu-
lence along a traeciory delermined by the ambieny
wind vecior and the drop fall speed,

Models of dnfl deposition®-'? which employ the
diffuston equauon and dsffusivines K, and K; may
ulimately provide the best esumates of deposition n
complex lerrain or when the wind vecior changes with
time, 1e. when the “straighl-line,” unmodified
Gausstan  plume model may not apply. However,
sciuttons have been obtained only for constant X, and
K a1 this ume.
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DIURNAL VARIATION OF VERTICAL THERMAL STRUCTURE IN A
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ABSTRACT

Hosker Jr., R, P., Nappo Jr., C. J. and Hanna, S. R., 1974, Diurnal variation of vertical
thermal structure in a pine plantation. Agric. Meteorol., 13: 259—265,

Initial observations of the diurnal variation of the vertical thermal structure of a
loblolly pine planation are presented. Resulls obtained in other forests are qualitatively
conflirmed, On a clear day a very unstable lemperature gradient oceours above Lhe (rees,
while a strong inversion {"“HmC] develops below the erowns, Al nighl the sub-crown region
becomes weakly unstable, but the atmospheric layer above the trees is then stable, On a
rainy day, the strength of the temperature inversion beneath the tree erowns is less than
1°C. The position of the daytime temperature maximum in the tree-tops responds to the
solar elevation, eventually descending about 2 m to the region of maximum foliage density
as the sun's rays penetrate deeper into the tree crowns,

INTRODUCTION

The Atmospheric Turbulence and Diffusion Laboratory (ATDL) in Oak
Ridge, Tennessee, is beginning an intensive investigation of diffusion, deposi-
tion and turbulence within and above a forest canopy. As a first step, an
examination of the thermal structure within and above a pine plantation has
begun. In this note the site and instrumentation are described and some initial
results are presented.

SITE AND INSTRUMENT DESCRIPTION

The ATDL field site (Fig.1) is on the Clinch River flood plain about 3.5 km
southwest of the Oak Ridge National Laboratory. The topography is typical
of the eastern Tennessee valley region, and consists of broad flat valleys
between parallel ridges which lie in a mostly southwest—northeast direction.
The forest under study is a plantation of loblolly pines. The stand is about
25 years old, with a mean tree height of about 17 m and a tree spacing of

ATDL Contribution File No. 95 .
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about 3 m. On the basis of wind profiles obtained from a 37 m tower in this
forest, the displacement height and roughness length were estimated to be
about 14 m and 1 m, respectively,

37 m TOWERZE

-
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Fig. 1. Aerial view, looking north-northesst, of pine plantation and surroundings; Instrumented
37 m forest tower isvisible to left of center. Strong winds ave most often from southwest,
Smoke is being emitted from both towers in this photo.

The tree density is on the order of 1600 trees/ha. The breast-height
diameter is about 16 ¢m, and is normally distributed with a standard deviation
of about 4.1 em. The leaf needle surface area index for the plantation, as
determined in late summer, is about 8; this value is in reasonable agreement
with data obtained in a loblolly pine plantation near Duke University, where
this index was found to vary between 5.2 and 9.7 over the 30 week growing
season (Knoerr, 1973). This forest 1s in need of thinning since the trees are
currently very densely packed. When the initial set of experiments is com-
pleted, therefore, the forest will be thinned; the experiments will then be
repeated to explicitly exhibit the effect of density on the results,

The planted area is fairly flat, and is bounded on the west by a ridge about
80 m above the forest floor, and to the east by lower hills about 50 m above
the forest floor. To the southeast is an extensive grass field with a sharp
houndary at the forest. Climatological wind data taken near this site show
that the flow is across the field and over the forest edge about 40% of the
time. It is observed that for strong winds, the flow is usually from the
southwest, suggesting channeling by the surrounding ridges.
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Fig.2, View of 37 m tower and instrument array, Notle proximily of irees; no clearing was
made for the tower,

Two towers are now on the site, a 16 m triangular tower in the field, and
a 37 m walk-up tower in the forest. The forest tower, pictured in Fig.2, was
erected with as little disturbance to the trees as possible, This tower is instru-
mented at ten levels (heights are given in Table 1) with shielded bead therm-

TABLEI

Heights of the instrurmenis

Height Thermistor Hvpgrograph Anemometer Vane

{m)
o
24.2
18.7
16.56
14.3
12,0

9.4
6.9
4.7
1

o o
oM oM W

MK E M MK K X XX

i
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istors*. The lowest level is just above the forest floor and the highest is at the
tower top. The upper three levels are above the canopy, with the fourth
roughly at tree top level; these four stations are also instrumented with low-
threshold cup anemometers*#*, Thermistor accuracy has been checked to
within £0.2°C, while the anemometers, with a threshold of about 0.3 m/sec,
are accurate to within £2%. Both the thermistors and the anemometers are
mounted on 3 m booms extending in a southwest direction from the face
of the tower.

The sensor outputs are translated in a near-by shelter and recorded on a
24-channel sequential sampling strip chart recorder. Each sensor is sampled
every 7o sec.

RESULTS AND DISCUSSION

Experimental runs are being made for periods of one to two days, in a variety
of weather conditions. Fifteen minute averages are determined from the
recorded data, and time-height cross-sections of the thermal structure (iso-
therms) are drawn by computer. One aim of this work is to eventually
produce a climatology of the diurnal thermal structure which will be of use
in diffusion and deposition estimates and in analysis of turbulent structure.

Clear weather case

For the case of clear skies and light winds, four periods appear within the
diurnal cycle, regardless of season. These periods are: morning heating, mid-
day slow warming, afternoon—evening cooling, and nocturnal steady cooling.
The periods may be described according to the events occurring above, within,
and below the crown. A number of cases have been analyzed, and the case of
October 3—4, 1972 has been chosen as a typical clear weather illustration
(Fig.3a). The observed structure is similar to the results reported by Geiger
(1965), and by Raynor (1971), among others.

Morning heating begins at sunrise with nearly isothermal conditions, and is
characterized by steady heating above and below the crown. A temperature
maximum, which first appears high in the crown, descends as the sun rises
in the sky. By late morning (10h30 in Fig.3a), the height of the temperature
maximum corresponds roughly to the height of maximum foliage density,
where it then remains. Below the crown the temperature gradients become
increasingly stable, while above the forest the atmosphere becomes unstable.

The mid-day period is distinguished by a fixed vertical position of the
temperature maximum, although slow heating of the entire crown region
may continue. Strong stable temperature gradients occur below this maximum,

* WeatherMeasure custom-built air temperature profile measuring system.
** WeatherMeasure model W1034, WeatherMeasure Corp., Sacramento, Calif. 95841,
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Fig.3. Diurnal temperature behavior in 4 dense loblolly pine plantation. Isotherm tempera-
ture in “C. Hatched areas denote cold spots; blackened areas denote warm spots. A scale
“typical tree” is shown for each case, a. Fair weather case. b, Mostly heavy overcast with

intermittent rain,
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reaching 8°C in this example, whilé unstable gradients (~ 2" C between tree-
tops and tower top) continue above. Cooler air can be found near the forest
floor all day. Bergen (1971), in his study of a lodgepole pine forest, did not
observe a period in which the temperature maximum remained at the same
height for such an extended interval. In his investigation, the temperature
maximum steadily penetrated the crown until it reached a minimum height,
and then almost immediately began to rise back toward tree top level. The
different behavior found in the present study can probably be attributed

to the very dense interlocking foliage of the loblolly pine plantation.

The afternoon—evening cooling begins here with a sudden decrease in crown
temperature and ends at sunsel when a weak temperature minimum begins to
appear in the crown with a temperature maximum below. As also reported
by Geiger (1965), this evening cooling is much more rapid than the morning
heating, although the rate diminishes near sunset.

Nocturnal steady cooling exists after sunset at all levels, with the crown
cooling at the greatest rate. The result is that the crown temperature minimum
continues to strengthen until shortly before sunrise, The cooler areas at the
forest floor (about 21h00 and 01h00, in Fig.3a) occurred during calm condi-
tions, and are believed to be due to cold air drainage from the nearby ridges.
During the night, a weakly unstable temperature gradient occurs beneath
the tree-tops, while a stable gradient appears above.

The observed clear-weather temperature structure is of some importance
with regard to diffusion in forested regions. During the day, when the above-
canopy flow is unstable, the air below the maximum temperature zone is quite
stable; the opposite is true at night. Consequently, the diffusion of material
from within the forest canopy to the free atmosphere above should be
strongly inhibited, except during the isothermal periods around sunrise and
sunset. This supposition is approximately verified by the behavior of sub-
canopy smoke releases, which have been observed to float about within the
forest as easily distinguishable, very slowly dispersing puffs for periods of up
to 20 min. Ocecasionally, however, a puff is ejected upward from the forest
at an apparently random location. Such behavior has also been observed by
Oliver (1973) in a pine forest in England. The mechanism for this “chimney
effect’ is presently unknown.

Overcast case

To contrast with the behavior just described as typical for clear skies and
light winds, a case is presented for which the weather conditions were primar-
ily overcast, with frequent periods of rain (Fig.3b). This example extends
from sunrise October 4 to sunrise October 5, 1972,

Here, light rain and heavy cloud cover create near-isothermal near-steady
conditions throughout the normal morning heating period. Observed breaks
in the overcast between 11h00 and 12h15 apparently account for the rapid
above-canopy and upper-crown heating. A temperature maximum is quickly
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established in the central portion of the crown, with strong stable gradients in
the lower ¢rown. The thermal structure at these levels is similar to that usuwally
cccurying during the mid-day period. The breaks in the overcast disappear, and
by 14h30 rain has hegun with near-isothermal cooling as a result, Moderate

€0 heavy rain between 15h00 and 22h00 results in a nearly isothermal temnp-
eralure profile except within the central crown, which persists as a warm spot
until the rain ends. The crown iz normally a cold spot at night. After the rain
ends, about 22h15, conditions become similar to the normal late nocturnal
state, with the canopy region becoming somewhat cooler than the air above.

FUTURE WORK

Runs such as those described here are continuing. Mean wind speed measure-
ments above and within the canopy and over the field are being made. Six
hygrographs in aspirated shelters have recently been placed on the forest
tower. Their heights are given in Table 1. Fast-response temperature difference
systems will soon be installed on the forest and field towers. On the foyvest
tower, temperature difference will be measured between 37.7 m and the zero
plane displacement of the forest canopy {about 14 m). On the field tower,
temperature difference will be measured between 16 m and the ground.
Correlations between temperature gradients on the forest and on the field
towers will be determined. Turbulence within and above the canopy will be
examined with a sonic anemometey, and pilot deposition studies will begin
within the next year,
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COniEPeNGE Summary

gooling tower anvironment—I1974

Steven R. Hanpa

Agmospheric Turbulence and Diffusion Laboratory
Natiznal Oceanic and Atmesgheric Administration
Oak Ridpe, Tennesses 178340

The symposium “Cooling Tower Environmenl—I974,"
sponsored by the U5, Atomic Loergy Commission and
the State of Maryland, was held 4=6 March 1974 at the
University of Maryland, The purpose #f the symposium
wag to bring together the persons curremdy doing re-
scarch on cooling tewers in order to establish the state
of the art of our knowledpe. The M) invited papers and
the accompanying discussion by the 150 alendees, at the
symposium will be published about November 1974 iy
the AEC Techaical Inlormation Center. The ttles and
author; of the papers are listed belowe:

Engineering and Technolagy Session

The vole of emvivanmenial, ceonomic, and social cons
siderelions in seleching ¢ coeling system for o sleam
eleciric generaling plent. A, Roffman (Westinghouse).
Optimuim design of drpawet combination cooling fowers
For power Planii. V. C. Fawel, T. E. Croley, 11, and M. 5,
Cheng (Universiy of Lowa).

Plyme ractreulotion end interference in mechanieal
draft cooling towers, J. F. Kennedy (University of lowa)
and H. Fordyce {The hMarley Campany}.

Brife management fn the Chalt Point cosling tower
] D. Halmbergy {The Marley Company}.

The Chalk Poinf copling tower praject. J. Pell (Statc of
Maryland}.

Plume Rise ession

Some obsevvations on cooling tower plume bekavior at
the Pmradise steam plane, P, K. 3lzwson (University of
Warerloo), . H. Coleman and J. W, Frey (Tennessee
Valley Awthoriy).

Plume rise from multiple sourcer, G. Briggs {Narional
COeeanic and Atmospheric Administratian].

A three dimeensionel steady-late simuletion of o modrt
Luoyanie plume. |. Taft (Systems, Science, and Soluware),
Hecent CEG.B. research on envivenmental cffeces of
wet coofing dmvers, I . Moore {(Central Edectricity Re-
search Laborawory, Leatherhsad).

Meteorslogical consequences of thermal dlicharges from
nuclear power plants—research needs. J. Carsan (Ar-
gonne Matienal Laboratories).

Yisible Flume ond Fog Frequency Sessicn

Meteorological influences of atmaspheric cooling sysiems
as projected in Switreviand. A, Junod (Swiss Meteorologi-
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cal Institute), K. J. Hophkirk (Electra-Warn), I Sehneiter
(Swiss Mereorological Institute), and D. Haschke {Swisc
Federal Institute (o Rewcior Research).

Experience with combined wind {unnel/plume prodel
onalysis of cooling (ower envivonmenial impact. P. Bogh
{Moror Columbus, Baden, Swizecland).

Metetvological effrcls of the mechanicel draft coofing
towsers of the Gak Ridge pascons diffusion plane. 5. R.
Hanna {Nalional Oceanic and Atmospltric Administra
ton, Ousk Ridge}.

Mechamieal drajt cooling jower wisidle plumes behovior:
Measurements, models, prediciions. | H. Meyer, T. W,
Eagles. L C. Kellensitin, |. A, Kapan, and W. D). Stan-
Lra (The Johns Hopking University).

Ecological Effects Session

Alrborne sen spit-technigues for experimentation and il
effeces on vegetation. B. Moser (Rutgers University).

Jodium and chlovide concentrations in native vegeiation
near Chalk Point, Maryland, C. R. Curtis, H. G. Gauch,
E. Sik (Universiiy of Maryland.

Effecis of saft sprays on the yield and nuiricnt balance
of corn {Zeg mays, L.} and Seybeans (Clycing max., L)
C. L. Mulchi and ]. A. Avmbrusier {University of Mary-
landj.

Soime tevresirial environmentol coppderaflons relafive 1o
cooling lower sysiems for lower generating facclivies. P,
Edmonds, B. Maxwell, and H. Roflman {Westinghouse).

Enviranmenial effects of chromium and zine in gooling
waier drifl, F. G. Taylor, Jr., L. XK. Mann, B, C. Dahl-
oz, aod F. L, Miller (Gak Ridge National Laboratory).

Threshelds for infury lo plaats from salt drift from coal
ing lowers, P Freudentdhal {Consolidated Edison).

Drift Deposition Sessinn

Measurement and inlerpretalion of deift periicle dats,
F. Shofner. T. Carlson, and R. Webh (Environmentzl
Systems Cof porziion],

Prediciion and meaurement of afrborne particulats con-
conirations from mah'ng device sourcer and i the
anthicnt aitmesphere. G, Schrecker, K. Wilber, F. Shef-
ner, and C. Thomas (Environmental Systems Corpora-
tic].
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An analylizal scarch for Lhe siochastic-dominating frocess
in Lhe drifi deposition problem. W. G. N, Slinn (Battelle

Pacific Northwest Laboratory),

A lest program on envivenment effects of sall water
mechanree! cooling devices. C. [ Headerson and 5. H.
Dowdell (Florida Power and Light Company).

The Forked River program—a case dudy in inlt water
cooling. ], Devine (General Public Urilines Secvice
Carp.)-

Megsuremenis of drifi from o mechanfeal drafd cooling
tower. A, Alkcowesny, D. Glaver, R, Lee, |, Sloot, and
M. Woll {Bauzlle Pacific Northwest Laboratsry).

Infiyense of the choice of the plums diffusion formula
ont the saly deposition vare oefrufation. [. A. Pera and
C. L. Hosler (Penusylvania Stare University).

Bvife depasition ratey from wel cooling syrlems. A, Roff-
man and R. E. Grimble {Westinghouse).

A mathematieal ransport model for salt disirilmlion
from a st water-nntural dvaft coolfng lowrer. 5. M.
Laskawski (Fickard, Lowe, and Associaes, Washinglan).

A drift deposition medel for tatural dafi copling towers,
G, W, Isae]l and T. 1. Overcomp {Universicy of #ary-
land}.

Same of the major peines bronght up in Whe papers
and the discussion are:

i} Cooling rower manufaciorers look lorward 1o
puarzutceing drift tares 23 low as 00014, {rado of fux
ol dreulating water splashed out af the wp of Lhe tower
o the wetal Aux of ciccwlarting water in the Lower)
{Holmberg, Sholver 2¢ al.).

) Drywel combination cooling wwers are hecoming
rechnically and economically [zasille {Parcl ¢t ol}.

9} Currcne procedures [or selecting cooling systems do
not adequately account for envieonmenial, meonomic,
and social considerations, A method dor gquantivatively
evaluaring all of (hese sifects in proposed by Hoffman,

4] Wind tunnel spudies suggest that recirculation raies
of up 1 5% occur with Iecky mechanicel draft wowers
bt ahat ihis rawe is eonsiderably redueed if the wind
direction is within 5% of the tower axis (Kennedy of al.).
At hiyperbolic 1owers, recirenlation is insignificant, hut
slight dowpwash occurs which should be tzken inte
accourt in plume Tise models (Brghs Junod & alh

5 TVA mcasurements of cooling tower plumes and
stack plumes are wied co develep moadels of visible plume
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length and plume rise from multiple sources {Slawson
el al.; Briggs).

6} In Swicerland, shadowing due ta the cooling tower
and itz plume may be of imporance (Junod & al.). The
analysis, however, shows an insignificant reduction in
sunshine.

71 A summary of Brilish cooling tower experience by
Moore points out thar fogging and drift deposition
due to cooling tower emissigns are not major problems
in that arca.

8) Largs experimsntal programs en coaling tower drifi
deposition are planned at Chalk Point, Md., and Turkey
Poine, Fla. {P4ll, Henderson, #f all.

9 Currenr drift deposition measurements are not
adegquate for validating models (Penz and Fosler, Car-
sau). Measurements at the Oak Ridge Gaseous Driffusion
Plant are uselul, but the mechanical dralt cooling towers
{Hanna, Alkezwesny, ¢t al} there are our of darz and
noe representative of the current technology.

L0y Drilt deposition models are accurare only widhin
an prider of magnirude (Pena and Hosler; Roffran ef al.;
Tsrael ¢t al). Major problems induwle derermining Lhe
point at which a drift droples breaks away [rom the
plume, and estimating the turbulent dispersion of a drop
setlling at a speed of about ¥ m/s (Slinn),

11y Several stndics of 1he effacts of natersl or labora-
wry saly spray on vepetalion zre uwiderway (Maser;
Curtis £t af.; Mulehi ef ai.; Edmonds et of.; Freudenthal),
Lot 5o far there have Been no such Geld studies at ohe site
of an operating salt waler cooling tower, Such data are
greatly needed (Carson). The study by Taylar 22 al. ol
the effects of chromium drilt on vegetation shows that
high chromium concentrations are evident in  plams
withio 560 ro of mechanical draft towers, but that levels
appreach background at greater distanges.

12} The general consensus of the peaple ar the sym-
posium was that models had been carrvied as far as pos
gible in the absence of detziled verification. What is
needed now is validation data.

Symepostem chairmen were 5. R, Haana of the Atmo-
spheric Turbulence and Diffusion Laberatwory, NOAA,
PO, Box E, Cak Ridge, Tenn, 37850, and [. Pell of he
Bureauw of Air Quality Control, 810 N, Howard Sirest,
Ealtimore, Md. 21201, Orders for coptes of the procsed-
ngs volume available as CONF 740302 (cost §13.60). 10
ke published late in 1974, should be sent oo the Madonal
Technical Informetion Service, U4 Depactment of
Commerce, Springheld, Va, 22151,
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DISCUSSIONS

SENSITIVITY OF THE GAUSSIAN PLUME MODEL*

[tz 1echrscal note, by Bohac, Dernck and Soschet, suggests several comments T the st place the wraon
afl the Gaussan phoie: model 2iven 19 thet equabon {1) wag nol proposed by Surton (1951) as these authora
atate, although tos b4 oonor quibble Sultan’s pluse squatit was of the Gaussiun 1ype, bul employed thearat-
cally fermualaced 5 [, as did Robercs’ sarler work and for thas macier diffasion sivdes danng back o Enuen,
il nai ko Fick The method of combining observational diffusion dala with a Gawgsian plume equation thal now
1518 such wrbespread use was developed by FPasquill (1561 Cramer (1957) had previously proposed the Giaussian
equalicn as a convenent interpolaiion formula for difusion data, which bie fitted 16 power lavs b deberitioe
sigmas As far 83 I know che (o9l person o mirodoce the mixmg depih mee & Qaussian diffuson formula was
Halland (1952)

I 15 perhaps more important 19 poim out thar the “seomtvly” of the Gausssn formulacon, that 15 the wide
congenlrabon vanalm that ooturs dépending on whethe: or not 4 plome is present over any parbcular grownd
pounl al any parbsular ime, 13 als0 commonly obstrved 10 nature Real plumes exhibal exacly s same varabi-
Ty, beepuse stmosphers tutbolence conirol (bt Bebavier Sensiivity i nol a mathemaneal property exclug-
vely of Gaussan roocdels enber A umformy, or “top-hat” plume model exhibils (s s2nsiEviky In 40 even more
exaggerated form Yet for sirongly bucyant plumes such a model 15 perhaps 3 more realighe approximancen 1a
aciudl phume dismmbuoons than the Caussan model, al keast as far a2 s=veral sack heghla downwind

The rapid varmuen of ground eontentration with distanee, and (he general ittty sftonsntrations 16 delane
froun Lhe plume’s axm and varauen m i assumed pacamelcrs of the Gaussiaon formula, Beis all more or less
will-known, easts 10 comé ab 20 uipliasdnt surpise 10 many pew usert of plume Bemalas On the contrary
these properiies shoukd be obwous both from the mathemanical [orm of the squatos and (rom casual abservatkan
of peal plumes Tin aghlighuing Uhess sensthivity pooperies to 2 vew and growing chentzle, the authors have per-
formed a useful service Fortunaikely (he nroat common applancn of plusw formulas 15 o deisrmine the maxi-
mum ground cancaniration valve, rrespective of 11 axact lacalon This apphcaton B oot parbeularly 3 saputre

onG

Funaily ot should be emphagized chat ihe great ment of tha Gausgun plume sppraach, 29 onginated by Pasquill
ard Cramer amd moddied for plume bueyaocy sfiects by Briges (1969} aod others, 15 thal o icorporaes the
avarlable sbeervancnal dain on plume behavior to the maxpmum possibie #a1ent Properly apphed, it will g
the: best avalable esumates of plume dizperaxa e can of course by misused, by bemg cxtrapelaied aut of the
rarge of The sxpermnenial conditions, or through wse of parameler vahes decived fiom mappropriate exper-
ivenis For inslance o-values derned fom noo-buoyanl, passive-tracer difusion experiments for wheh 1the
sources were near the graund have Fequenidy bean applied 10 sstimale plumee rom strongly Buoyan sources
locaved high above the ground This 18 not however a faull of the Gaussan equation, ro formula i loolproof

ERLINDAA, Oakrudge. Tennessee. U 5 A F A Gipronn
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Consequences of

Effluent Release
Edited by J. C. Hart

IAEA-WMO Symposium on the Physical Behavior
of Radioactive Contaminants in the Atmosphere

By A. P. Hosker, Jr.*

Abatreet Thiz arireld 13 4 revew of o symposiim on e
rhawor of ramoqcive almospiidne ogmigmnanrs, e fym-
rosium was held 1 Veenng Now J2-16 1875 Theoremwal
and puperimtenial 3RS AR facal, regpamal, and plabal daper.
mor of efffwentr gre disrumed, or gre the progduceon ond
enverenrnental pnpect of the offluenrs

The international Atermc Energy Agency (JAEA) and
the World Meteorglogical Orgamzation (WMO] jountly
coavened a sympozmum on the physcal behavior of
radioactive contzmuants in the aomosphere, 10 Vienna,
Austria, Mov, 1Z2=16, 1972, Thns was the latest 2
recenit senies of sympoaums dedicaled to the study of
the rebease of radicactive matendls i the atmosphere
and their subsequent behavioz n the environment.”™
The 109 scientists whe altended the sympouwm
represenied 23 countnes and & imiernationzl orgamza-
tions Thirty-Tive papers were presented dunng sight
techmical sessions, as hsted in Table 1 The mesting
concluded with a panel ducussion. Since the 1AEA will
soon pubiish the complete proceedings of tius sym-
posism {JAEA-SM-£81}, only 2 bnef descnption of the

*Rayiord B. Husker, Ir., v 3 phynical seentot with the Aar
Repources Atmosphens Turtulance and iffumon Laboratory
of the Natpomal Ocesnic and Atmosphene Admmistration
(NOAAY wn Oak Rudge, Teno. He seceped the BS degree from
Boston College, the M.E. degras from the Univecsov of
Minnssota, and the FhDr degree from Northwestern Unwver-
saty, Hefore joanng NOAA in 1971, he did postdoctoral wark
at the van Kamman Insutute for Fhosd Dynariect i Belgium.
Hie reszacch anceresis include diffoson modehng, farest metea-
wiogy, and gpimogphenc flow nzdy buddmgs and other ob-
gtacles.

WOCLEAR SAFETY, Vol 15 No 3 May-Junk 1574

varigus sessions and the topues covered will be at-
ternpred here,

The symposiem opened with rwo wvited papers.
Yopt of Germany reviewed bnefly the pradient and
statigtical methods of diffuson modeling, compared
the vanous systems of diffusion categorses and parame.-
ters, and dwcussed dose calculations, local and reponal
duspersion, computer models, and poputation expo-
cures, Reiter of Colorado State Untversity considersd
the scales of aimospheric motton, planefary-boundary-
layer flow problems, sources and sinks of effluents,
ghobal circulation patterns end resultant transport, and
the atmosphenc resmdence fimes of contaminants.

LOCAL BEHAVIOR OF EFFLUENTS

Sessions I snd [ were concerned with expen-
ments on local behavior of efffuents. Kompg et al.
compared the results of dufusion 1est: at Karluuhe
Nucltear Rescarch Center wath those computed from a
standard Gaussian plume modal. Micheel, Raynor, and
Brown reported expenments shownong that dispersion
ovar Wwater can be much less than that over land Laser
et al. cshmated that presani-day contamnment tech-
mques would lead to undemrably high concentration
valuss for certain effluente from large nuclear fusl-
reprocesang plants and discuszed new techmques to
reduce such emismons. Vohra reporled Lhat embryo
eondensation nucier result from very small amounts of
wnizing radiation when ceriain trace gases such as 80,
ars present In the atmosphers. He suggested that this
may be important in assesceng the chmatg mpact af
ruclear facilities located i industrialyzed aveas, Gyllan-
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Table 1 Agenda: IAEA-WMO Symposium on the Physical Behavior of
Radioactive Contaminants in the Atmosphere

Paper
Moo
{SM- 1511} Tl Author Counmy
Sepuion | Inbaduciory Papers
kL Dxpargicn of A wnoras Radaactly K. 1. Yot Grexmany
Released (rom Muclrar Insialiations and
Fopulabion Enposure n (he | ocal and
Regponal Emvwronment
a0 Disparsion of Radigacuiv Matenal on E. K. Reuter Liniag Sraces
Small, Meao., and Global Seales
Sepsion 11 Eocal Behavior. Experl menial
4 Expenimants Conductad af the Karksrohe L. A Kemg, Germany
Muclear Restarch Center To Denermine K. Master,
Chffusion 4n the Almosphers by Means ol H. Schuttalkopd, and
Yaroug Tracers M. Winter
H Aimosphenc Puffuxon from an Of-ahors P. Michasl, rided States
Gate G. 5, Ravaor, and
B M. Browm
3 Ermupsion of Radioadinve Acrosals from M. Laxer, Cermany
Reprocesang Flanty H. Baaupman, .
P. Filss,
E. Merz, and
H. Vyasn
I Podible Role of Radivactine Beleagas K. . Vahrs India
from Multipls MHuclear Facilitign i (e
Muclealon Processes n Ihe Atnrosphers
1 Concentralion Sialsics Based an Ex- Ch, Gylander and Sweden
petimenind Duin of Atmesphenc Dalffusion U, Widema
Session Il  Local Behavir, Experimeatad
11 Inflpence de I3 Durée d'E xpatrn gur F. M. Brun, Frange
I'Evsluntion des Coefficients de D Tuiion 1, Hupon, and
Atmosphdngue R G. Lt Quinm
iz Comparaizon par Une Méthode d¢ Tragage R. Rekiecks France
de la Buatribuion au 2ol des Asrasols
et dJea Gat deng le Vent des Tnstalls-
fons Polivanies
15 Yarabulily of the Washbgi Ratin (or Some M_ da Borlok and Tahy
Fallaut Radionuchdes P, eghone
14 Studies an the Improvement of B Composte H. Kamada, Japan
Dugt Sampler and 1t Fulizaton in Emanon: M. Yuksws, and
miental Ressarch M. Saika
T Effact of Metearciogmeal Yanabhy on A B, Canads
Atmodphens Suspended Particulates and 1. K. Bicherl, and
Azzotimied Malural Radon and Thoron A G Scorl
Daughters
Seation 1V Produsoon and Effects
9 Traum, Krypion, Indine, snd Xenan 1. A, Angelo, Ir,, United Saates
Produtnon i an Advanced Dresggn ®. G. Post, and
High-Temperaurs Gas-Cookd Rtng o F. E. Hastmn
11 Heheopter-Borns Meazurement of Rada- W. L. Brinzk, United Siaies
ion Exposure al 3 BWER Muckar Power W I Averedt,
Seat1om H. E. Kolde, and
. B. Kabn
15 I t ol Rétennon sur I'Herhe de I'lode K. Hesnemunn, Francs
Vmeniare ¢l ¢ lodurs de Méthyle K. 5. Vogt, and
E. Angelstt
kL) Produtbon de Gaz Einlons de Radioachatd H. Gosnvec France
Sesmor ¥ Lol Behavior, Teeoreocal and Modeling
7 Musurs #1 Estimetion des Dose 4 E. Nagsl S erland

Rayonnamani Camma Récuses & la Suits
de |"Emason d'Argen-41 dans I'Atmosphire
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Table 1 (Conrinued)

Fa
1L
EM-1811) Trle Awthor Country
Sessrrm Y (Comtmued)
18 Radmactrw Pallutands Raleasad im Accis 1. F. Hosemann, GaTTiany
dents of LWR Pawer Plante A Review wnd W._ Schakutska, and
At lempl at Cleasfueation H. Wid
19 Estimates of Dry Deposibion and Fume . F, Hosker, It Umited States
Deplelion Chvad Fatedtt aond Grasdand
a7 A NMumancal Model for the Study of ihe G, Tuccarg-Labeligris Italy
Crigpersion of Radioacuye Polluranis
Aar
32 Calvuiabions of Dose and Population Dos 1AL Martn, fro, and Lnited Skaten
n Ihe Geéneral Emarcament Cut 1o Beding C. B. Melsan
Water Huclear Fowar-Reaclor Radionuehda
Emazaons wi the U, 5 0 1971
a3 Recont Developmanis in the Fradictica H. F. MacDanald, Uniled Kangdom
ol the Environmental Consequences ol P ). Datkey, and
Radioactive Relesses From Muclear Power £.H Clarke
Reacions
Sesyuon Y1 Reponal and Gletal Behevwer, Exparimental
[ Parliculate amd Gaseons ALMOSDREIC F.F. Brauer, nited Stutes
ladine Concantralions H.G. Rk, Jr,, and
k. L. Hooper
13 Chemical Froperties of Folomiwme2100n 5 Abeand Japan
Ihe Atmazphers M. Abe
R ] Warld Dnatnibution of Environmenial W, R.Schell, Uniiad Siaias
Trtium . 5aumay,and
B. R. Peyne
38 Matural Kadium-224 and Thonum-224% in 0. L. V. Ekpecha, MHigeria
Thyronds of Catle (rom Magera, Wesl L. ¥an Middesworih, and
Alriea G. Cole
Ezomon VI Regioral and Globe| Behavior, Theorsticul and Modeling
7 Kegronal- and Global-fcabe Despersion of L. Machia, Unsted Siales
Krypton-A5 for Populalion-Dose Calculy- G. ). Farbar, and
tiong J L. Heflier
4 Recent Analyiical and Experimenial Effors I, ¥an dar Hoven, Urnited Slabes
on Singhe-349urce Effuenl Donperamn to C, K, Drckson,
Dugtances of LOA km G.E. Swarl, ang
L. L. Wendel
i Brincipey de Trattement Numinqu.e A Doury Frangw
Camplel 323 Transferts Physrques dane
1*Aimosphire 2 dans PHydroaphdie
24 Mound Letoralory Av-Surveillance System J L. Hebhb United Seates
1 Mound Latrordiory Envirenmental-Control 1. L. Hebhr United Statey
Frogram
Sasnon ¥IIl fAsponal aod Ghobal Behavior, Theorehical and Modebng
4 Artilica ] Radisactive Matenal at High K. Stewkrt United Kingdom
Adniudes m the Almosphers
1% Le Diffusion d'EfMuents Gateun Kadie- F. Cagnetts and Italy
senfy 4 Echelle Ragionals Evaluahion M. Pagliars
des B osques
31 Clasificdlion of Wealhar Accarding Le W. R. Helm and South Alnca
Lapse Rare B O Winkler
kS A Compulalion of Individuel and Popueldiion Ch. Grliander, Sweden
Dost wh an Urban Ares Under Accident U, Widemo, aind
« Condihons 5. O W. Berpuiram

Seamon [X  Panel Thacussion on Fhyacal Behavos of Radicactve Contaminants

w the Atmosphers and Consequent Envinonmental Dmpacts
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der and Widemo computed concentrations for vaciows
release times and source heights, using a Gaussian
model and locally megsurad dispersion cosfficienis.
They then compared the results with those obtained by
slandard U.K. Atomic Energy Avuthodity and U.5.
Atomic Enrergy Commission calculation methods,
Brun, Hugon, and Ee Quinio discussed the efiect of
exposure duration on measured concentraticny and
mggesled 2 powerlaw dependence. Rzekiecki found
that the behavior of an aerasol tracer agrees with that
of a gaseous trecer within a factor of 2. De Bortoli and
Gaglione presenizd monthly washout ratics for sevaral
radionuclides for periods up to ¢ years and discussed
their variation. Kamada, Yukawa, and Saikl deseribed a
new Dlter with 2 collection efficiency of 99% for
L3-pem particles. Finally, the study by Reimer et al of
suspended particulats conpcentrations and their celation
to meteorological conditions indicatss a ssasonal de-
pendence as well as a cyclical variation of about 4 days,
corresponding well 10 synoptic changes.

The production and possible effects of radicactive
effluents were considered in Session [V. Angelo, Post,
snd Haskin compared the calculared fission producis
from a high-temperature gascooded reacton (HTGR)
with those from a light-water reactor (LWR) and found
that the activities af certain species {e.g., **Kr) are
much greater for the HTGR. Brinck et al. reported on
helicopter-borne and ground-based measurements of
cadiation exposure due to an slevated release and
compared their results with caleulated valiees. Heine-
macy, Vogt, and Angeletti discussed the deposition
and retention of iodine and methyl iodide on vepety-
tion, taking into account both the meteorological
conditions and the wegetative characteristics. Goenvec
described the production of rzdicactive-gas standards
ruilable for calibrarion use,

Thearetical studies of the lozal behavior of efflu-
ents wers présented in Secsion V. Nagel calzulated the
gamima dose from relsase of “Ar and compared it with
measuraments obtzined with pressurized ionization
chamibers and various thermoluminssesnt detectors.
Hosemann, Schikarski, and Wild elassified the isotopes
present moan LWR according to radiatoxicity by
calculating the aclivity inventory of the reactor,
estimaling the accidental release fractions, and com-
puting the resulting external dose. Hosker estirnated,
by mezns of 2 modified Gaussian model, the ranges of
effactivensss of a forest and of a prassy area 8
collectors of dry deposition, Zuecaro-Labellarle used 3
plume model, allowing deposition and nonideal
groond-plane reflection, (o compuie normalized con-
centrations and, from those, the maximum permissible
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release rates of certain radionoclides. Martin and
Melsen calcolated doses dus to teaciors operating in
the United Sraves in 1971 out as far as 30 km, taking
imo account plume rise, time of trave! and conssquent
decay, and deposition with its attendant cloud deple-
ticn. MacDopald, Dacley, and Clarke estimated doses
from a possibde reactor accident, using a computer
code that calewlates fission-product invemtories and
describes their behavigr within the reactor and cutside
in the atmosphere.

BEHAVIOR OF EMISSIONS ON REGIDNAL
AND GLOBAL SCALES

The experimental behavior of emissions an regional
and global scales was considered in Session V1. Brauer,
Rieck, and Hooper presented dain on the seazonal
behavicor patterns of particulate and gasecus radio-
indine concentrations collected from adl parts of the
plobe over a perind of teveral years. 5 Abe and
M. Abe's study of the volatility and solubality of the
Py compounds in atmospheric dugt indicates the
presenee of at least two polonium compounds. Schell,
Sauzay, and Payne discussed their measurements of the
global distribution of tritiwm and their sstimates of its
atmospheric residence time and transt time batwasn
plobal hemispherss * Ekpachi, Van Middlesworth, and
Cole reported in thair paper that ®°Ra and ***Th are
appacently concentrated by the thyroids of certain
cattle. These cattle originate in a portion of Migeria
that i known for both its high natural-backgroondg
radicactivity and ity high rate of human gaiter; the
anthors supgested that theze phepomena may be
related.

Theoretical studies of regional and global effluent
behavior made up the last two technical sessions.
Machta, Ferber, and Heffter used a medel for regional-
and globalscale dispersion to compute populaiion
doses due to emissions from two bypothetical locations
in the United Stares. They found that early plume
behavior is significent only for the lecal and regional
exposures. Van der Hoven et al. utilized pufts diffusing
along air trajectories calowlated from a lamge network of
metsorological staliens 1o predict concentration iso-
peths over a 90 by 140-km grid and compared the re-
sults with those obtained using only the wind data at the
site of the emissions. Within abouwt 30 km of the

*At the beginning of Sesgion VI, 5. G Malakhov of Russia
reported omlly o measurements of various tadionuclides
Cincheding tritivm} in the USSE; be nottd that both seasonal
and regional (.., coastal ¥= midcontimental) differences are
Obsepvad,




source, they found good agreement over a !-year
period, but substantisl disagreement for shortee inter-
vals. Doury reviewed the processes significant Tor
long-sange transport and applied the appropriate diffu-
sion equation to puffs traveling along 2iz trajectories {o
campute concentration isopleths for  timewvarying
meteorological conditions, Hebb deseribed an air-
gurvaillance system, various snvironmental-protection
measurss, and a public-information dissemination pro-
gram bsing uged at a large nuclear research facllity.
Stewart estimated that auclear (est debris is potentially
hazardous to occupants (and possibly mainténance
personnel} of highflying aitcraft for up to a few days
after formation of the debris eloud, Caghetii and
Pagliari compared the results of an inversion-capped
rzdialty spreading diffusion model under both neutral
and siable conditions with those of a Gausyisn model
under highly stable conditions. They also discussed
typical European air-mags trajeciories governing trans-
port and the synoptic conditions associated with them.
Helm and Winkler made diffugion calcwations using
eoelficients chosen accerding to the measured atmo-
spheric iapae rate. Finally, Gyllander, Widemo, and
Beazpitrian pretented individual and population dozes
caleulated for a hypothetical reactor accident within an
urban area.

DISCUSSION

A panel digcustion on the probable behavior and
environmental effects of radioactive contaminants in
the atmosphere concleded the agenda. Reiter opened
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the discussion by urging more detailled experimental
studies of plume behavior, a program to establish
background radiopuclide lawvels before additional efflu.
ents are added, mors work on gas and aerasol
interaction and removal processes, additional study of
whether present dese standaeds are 100 strict or ot
strict enowgh, and research on efficient energy trans
mistion and gaseous-effluent containment techriques
to facilitete the constrection of nuclear power plants in
locationt far from such valuable propery as farmland
and citiss. The panel concluded by conpsidering ques-
tions submitted by the audience on a variety of topies,
including practical classifications of atmospherie stabil-
ity, model recommendations, wet- and deysMluent
removal processes, and long.-range transport of con-
taminants.
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A TDOMPARISON OF ESTIMATION FROCEDURES FOR
OVER~MATEER PLUHE DLSPERSION
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Aiy Relcorses
Atmospharic Turbulance end Offfusicn labordtory
Mationdl Oceanle and Atmospheric Adeinistracion
Ouk Ridge, Tennepses

L. INTRODMUCTIONR

YFFluent transport and difFusion over water 1@
recelving lecreased study, largely beceose of the
rurrent incacest in off-shore nuclsar powet plants.
Pispecsion saticatrions identdcsl to those waed over
lacd are open to quéstion because, for given weath-
ar copditions {e.g., slear skies, wodsécate wnd),
the over-water turbulence will differ greatly frem
that ovar land. This papet Attempta to asoesy tha
pradiccive capability of technigers similer to
thoze in gpeneral uss, bBur whieh wtilize deacrip-
tione of turbulence perhapa more appropolate ba
over=water [lows.

2,  THEORETICAL DEVELOFHENT
2.1 CGaussian Plyme Pormulation

The normal or Geussian distribubion funcedon
is a fundamsntzl eolucicn of the Fickian difiuslon
fRutton (19533]. As much, 1F ta atricetly applicable
¢nly for lerge diffuaicn tice apd hemogensoun,
stationary conditlons, However, many studies have
verlfied its practical qriliey over land [Gifford
{198)]. Inm view of che horizontally oeacly homo-
genzous and wore or less starlomary conditions rhat
may be expected over the ocean, the foroulatiom
gacme ko be » cveasonable cheodca Eor ovei-water flow
as wall. The concentration W dud €0 & continuous
nourca of skrangth Locatsd at Ehe x-y origin at
alevation h L5 [Giffard (12%8)]:
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Far practical applicaticos, & mmber of suthore
fe.g.. Gifford (L96l}, the ASME (1568, 1573). Brizga
{1573)] hove prasented tha dispersion cosfflciante
g, and o, elcher graphically, or ag analytic fumc-
tiona cffdistance x, for a varlaty of seabiliry
cotditlong. Thm cholce ¢f scabllity catsgocy 1w
typlcally made using sdsily sheerved varfables
such as "eurface” wind spesd, {reclatlon, tempare-
rure gradient, andfor fluctyarions inm wind spesd
and direction. Hdearly all such dispecaion coeffi-
clenta are bBaged on dAta gathered over opet land
of modest roughoess and, strictly speaklng, ahould
ba used only feor calcularions over siwilar tarrela.
Within this cascrictien, the Elod-aveiaged

conceankration #atimaces made vkl chis Eechnlque
can be expected te be accurabs withdo 4 Fictor of 2
(Cslitzer and Slade {19%6B1] ot 3 [Turmer {196%)].

A similar merhodology for over-wacer uss is
desirable. Howavar, the digpersion parameters ob-
tained ovar lacd smd clessified secording to owver-
land stabllicies cannst be txpected to be diceccly
applicable over the xea. Am Van der Heven (19670
has polptad cut, the smooth water eurFece rasulta
in substantially lems mechanicilly generated turbu=
lence than over land, vhila the sic—water tampera-
turs difference will sitisr enhance or hinder con=
vection. Evaporaticoa may also sdgeificancly affect
atmospherdc acabilicy [Lumluy and Panpfgky [1964)]
arnd the rasuitant A1FFusdan,

An extennive setb oF over-weber diffusion ex—
pecioents from which chavaceerisric digperelon co-
sfficionta might Li deduced iz not yeb availabla.
Te work being done at Brookhaven ¥atiomal Laboratary
[Michael, a4z al. (19732 . b)) sheuld halp to remedy
this situation. 13 clet oeantioe, Jiffusicn eaci-
mates can only be made by teans of expressicns,
aften empirvical, for o, and o, which utilize some
It of abascved mr-z‘ltu wind data that can
serve {0 checactaeriza the turbulence. Thia approach
haa been adopted here. 105 sd#quacy can be judged
by comparing ita predictions to the relacivaly Few
chearvatfons reportwd ihue Ear dn The licerscure.

2.2 Chacacterization of Over-water Srabilicy and
Roughnegg Bffucts.

Cetailed wisultansour observations of wind,
comperature, and hwaidley profilea and af gea sur-
facs eomditions are unlikely o be availeble st
ocaan aites for which Jiffualon estimages st need-
ed. PFor thia stuwdy, cschniquez were therefarse
chosen which require only data obtainsble from
quite siepld lostrumentatlon.

Tha standard deviacioo of the horizoncal wipd
engle. o4, d¢ known ko ba acrongly celated to
[Van der HWoven {1967), Ialitrer and Slade (L35E}].
In fect, foxr over-land use, Slode (L986) has asaa-
ciated & particular gy value wich aach Pasqulll
atability class to provida = quantitative wmeans of
choowlg the appropriate category. Howwrer, Og
containe an ioplicit description of the site rough-
nzss Be well as the convectivs acclvicy [Cramer,
ac al, (1958), Gifford (1922)). Here, og L¢ sssumed
te pravida an pdequate descyipticn of the local
tutbolenca: the problem 1z ehen to Fipd ourves
based an oy which correcely pradict the lacecal
diffusion. SIadm (13617 apd Van der Howen (19673
have ueed 9 In 2 somawhat aimilar fushion Eo aatd-
waLE :anui raglon diffuzion. They did oot attempt
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te compare their resuwlis o obeacvations, probably
becavae of lach of data.

The conntction between oy and the vercieal
diffusi¢n pidrametar oy 15 not o Wwell defitvd.
Cramar, gt al. (1964} hava suggedted thir o;, like
dy, Can e quantitatively related to og, and the
A Cuodde {1568, 1973} aleo supplins 4o sxplicit
scheme £or this. O[nk obher techhlgque E¢cme pon-
sible; ir ie bazed on A& formulation for o, in
which ¢h2 fougbneas and #$tabiliiy £Efeccs ars cono-

sidersd separately [Smich (1972)].

2.0 Bcrpwessdons for dy and g,

Gbvloug Eirst choi:es ate tht FPasquill-Gifford
{F.-G.} eurves for o an functions of x.
Thege ara gilwven in F{gu.tes t and 2, whare the
value of o4 sppropriate to each curve {Slade {1966} ]
has been imlicated. Tha wsusl lettar-stabilicy
clasatfication {#.3., "0" = tucral) has bkan
dropped, Elnce ir 18 incereect over waker. Figurea
1 and 2 alse show che dispucelon pAYAECETS Sug-
goaced by Bripge {(1373}; these curves weare daducaed
in part Erom long-range experiventd, and 90 oay b
seniewhat more peliable thas thelr F.-G. cosmrer-
PELE A0 Latps distancas.

'y

w*
M A
Figurse 1. Pamquill-Gifferd (braken) and Brigge
(anldd) curvgs For lateral disparsion
cofficient.

Some exprassionn for oy nake txpliclet ves of
the Iocal value of oy, For exaopie Cramer, =L al.
(1964} wik 4 powkr-law in xt
{2}

F

where ¢ depends on grabllity and % i a referance
lengeh. Foz over-land uee, Cramer, € al. {18643
Mupply the exponents lisced in Table I, <lewelfled
by dg. Siadlar relations are suggested in the
ASHE Guide (1768, 1971).

d!,r =0T, (I.h:tlp

ot [l i HF
Lt
Flgure 2. Peoquill-Cifford {hroken} and
Briggs (molid)curves [or vartical
dispersion cosffilcient.
Table 1
Py evpwvenis bar oy * opxduing ¥,
2 " 3y Al T B Db,
(19243, dor v o el
St o " y
¥ LT WOk G#0m 50 k0 e0m
1 A5 L1117
4+ LLF13 .5
£ .54 L1
B 0.7l L12]]
7 0.8 O
Einire | LIYH 113
Mewind 1] ol L
Lirra tudele 1r LY H 1,55
1 » 0.5 14
M L1 1.8

10" under nwutrsl comdicioos;

in over-wacer flewe, cbaerved values of 0y are Lyp-
ically lese than 4" or 5° [Cromer, at al.({1965),
Smith and Beoguer (1967), Michesl, =t 81.(1973a.b3].
Such valuas over land would inmdicars rather etable
condicicons but this Le not tiuse over weter. To see
chis, one can estimete o5 for osutral condiclons
avar tha aea from

Ouar land, g =

o

)
- ——

L1

k

——

P §
K

L (1)
negtral ]

For moderate vinds z; 1 on the order of a fav ten=
tha of a mm. Uith z = 10m, the log-law is thea
rather Insengicive to displacesent badght 4, which
can be satimated a8 a4 met#r or 8o (wave height).
Lumley and Fanpfsky (1964) cita neutral stabilicy
wnluen over land of o fuf varyiog beovaén 1.3 aed
.6, with larger vnlma originating at roughar sites;
Frenzen sod Hare (1971) find uufu* 1.7 Eor twutral
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conditlond ovet Lake Hichigan. For winds of ahout
lim/aac, Ehena G, s BAF bt #xpucted to b be-
tween 3 and 3 over the ocean. Evideotly Czamer,
2c al.'s (1964} axponents aa functiena of op Fanmot
ba expected to directly appiy over the sasn, mince
og will be 20 wuch omallar thexse.

In sn attempt to sida-Step Chis probles, the
pr}mtul. P wvazx Eakety foow Tebls } & & funetiom of
Bai e {Figure 3}; bace 9p/9 HRTV A
ag aﬁ“ﬂ&ﬂ%mr EJ! HllEi‘ue ntagilﬁ;?ttﬂultinna
{2} amd (10} weara vcmed to computs o L TveT the
sea 55 4 Function of wicd epeed &E gﬁmfﬂgurz 4},
ascuming opfut o oo o0 = 1.4, By uaing obaerved
vind apetd, oot Ca0 escinmats fappyeral: Lhin, com-
binkd with obsearved g, allowa formation of Ehe
Telaclve stabllity Indicaior 09/ Vgpamepal- The
exponent p ix thea chesan from Flgurs 3 for uke in
tquation {I}. It wight bo ooted that Cremer, £t
al. {i1%65) and Smith and Hiemsno {I99) chocsm p =
0.8 din their discussions of sver-water diffuslon.

|
i)
P 1

143
¥
&
¥
&
is

i
3
E |3 F!
FE
N
& La FE
Fra

Figure 3. Cramex, <t al.'s (1964) sxponancs
2% functions of ua!cgm“ﬂ.

G e

«

5 9 \5
a, (m/we)

Fignre 4. Batfsare of o va, wiod
spand over thm]:"l

ITalitzer (1961} gives tha relation

L+

1)
o e * o 3

This aquation wre deducwd ftom wapsrioents conduct-
ed over flat desert perralr in wngtable condivions.
but has been used by Frenzen and Harc {1973} to
estimate g, valwes ¢ver Lake Michigan.

Taylor (1911} demematrated that, for homoge-
sacus laotrepic turbplence, as expontncial focw of
tha Lepranglan correlation cocfficimnt leads o

4

2 Z{a,u)
A g
5 = AL = —_— 1 - &Rp| - ————

] * ow

vhers £ la travel time, The legicioucy of applylng
this wxprasslon Co thw Atwospiwiyic houndary layer
is cpen bt some guestion [#ee tha discussioa fol-
lowing Vaughan {1964)], but, as & prectical matter,
oay be permicaible for o, which s dese affeccnd
by inkowogenaities. Foquay, Eﬂ.{.‘l?ﬁﬂ} auggeat
thie wmpivical [aem

A w13 + 232 uEE .
Eqyuations {5} bave bzen applied to over-water dif=-
fuplon by Swith and Beesmar (1967).

When dats ¢n fhe standszrd deviation of angle
of elevation, v* are avallable, IsIitzar {1961}
recommends 9g = {5, fL.23)x. Typlcally, =, 05
rargus betwesp 0,27 (stable conditiona) 0.7

{unotable) [ARME Guide (1963, 19713], end so
[r]

5, "5 %, 6

whate B 18 a ¢onatsnt of order 5 or as.

{5k}

Cramer, &t al. {196&) ouggexc

=)

g v —i . xix 3. el

Their exponent q iz Listed for land use In Table 1,
and Bus betu plovted ae a funetion of S/ Tap g rral
in Figure 3. Crapar, st al. {1965) indicace Chat
q = 0.35% fer over-wvaeer travel at San Hicholas
Island, California, Smich snd Fisosann {3969} found
q = 0,45 for over-watar cveleades at Oceangide,
California.

A fairly slaborace aschema fo7 cosputing T, oa
the baaiz of Local acabilicy aod roughodss has
baan get forth by F. B. Smicth {19?2}. Emith gives
4 “bipelins® curve corresponding to neukral, sver=
land scability and roughness length =, = I cm,
A X= depinsddnt scabllity corpaction fackoY is
then salecied sccording to local conditlons. Adjust-
nent for local roughmeas 1e provided by means of

soathir x- dapebdent coyeectlon factor. The tech-
riqoe 1s sxcended lwre to very small 3,. The verci-
tnl disparsion coafficieme 18 given by

a_= F (zo:x'_l . {:(ua;x]. {8}

The dimeneicnlese roughness correction factor F
(Pigure 5} 1 obteined by axtrapolation Erom Smilth's
(1972) work. The get of "heaeline” curves Gogix)
cortaspond £0 o ¥ 10 cm, and ate labelad iu Figuis
6 accocdlog o Slade's (1%#66) acheme for Fyn
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Flgure 5. Dimsngionless roiphness corractiom
factor ”z'o;“:' for stall values

-8

O hr nrigre Om)
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z

10! 0t P io¥
wim}

Figurs 6. F. B. Smith's (1972} vertical dis=

pereion coafficlantas Foyr :.n « 10 ¢m,

To use Seith's methed, 2 over the ocean ouar
be eatimared. Kitaigorodsklii™ (1973) hes hypothe=
sized that =, depends on the siage of developeent
of Che wind=—dTiven waves, a5 wtll as on wind speed,
Garratt'z ({1973} work supportd this ides. Hence
zy will vacy with focch, wars heighr and phage
velocity, and wind speed and duzatien. & plot of
obsarvaticns of £5 vs. {vdcclon weloclty u* alcme
will thersfore show rasgrndous acarter. A scardgcie
cal apalysis of such & piot by Kitadgorodakil {1973)
indicates, however, that I, (in cw) is described,
to at leasc order of wagnitede dceuracy, by

z, = 0.035 usi/g. {9

The overbazr indicetee a mean vilue Por the enseatble
of all scaces of wave develupment pogssible for 4
given ud, Equarian (2 fz within a faccor of 3 of
that suggestad by Charneck (1935). Eqoacica ()
T4y be combined wich the logarithmic veloctty pro—
file to obtaln x5 49 a function of uyg, the weao
wind at L0 m (Figure 7). in excellent approXimiticn
to thic curve ia the zimple expressieon

&

~4 - 1.5
:Q"Exlﬂ ue .

with z, in om and ulp in m/oec. Equarfon (10} 1w
alws indicated in Figuee 7; Lt, rogether waith Fig-
uree 5 and &, providee & simple méans of estimat-
ing 0 (%) chrough equatjon (8).

ik 2 !qr.pd ghid g {1\1* -

el 4 oy -,
-“} 1'1-1:!5‘ ﬁ:‘

Charnack '= (MLEY
it bon 4 e

ol
0 .
[ b D &0
[LIN (MI'MJ:.}
Figuts 7. Ovar-scssn tooghedss langhkh wa.

wicd speed by severs]l techniquee.

3. COMPARTZON WITH DATA

Data from recént over-wacer oll ssoke ex-
peTimencs conducted off Long Ieland ard givem 1n
Table 2 [Wichael, et al. (1973k), N. M. Browvn and
5. SerhuRkaman {privits cowcuniceciomad]. Table 3
lizen Jaba accumpleted from flucrescent pavelcls
(FF) relesses at Bolea Island, off California
[Swich and Bedsmer (1967)).

Table 2
L — { el -l w1,
s {1 St { ]|
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In Table I, sioce it Ls wws nct alwwys pog-
kiblé té obtaln oy measuremente E’DI thé Bl time
and duracion as those of o, and ypp/On, the values
were pdjusked 3 a compan Iﬂeraglu.g eime of 20
wipgted via che empirical lew [Cramer, et al.
(19643 ]

a(t,) = ateg) . (e e,

(11
All calculacions are sade oslng thess adjested
values except for the computation of &5, vhich ia
evalyated directly from the obgerved data. HelChey
daca #et has baem corzected Lot depletion dus to
depoaiticon; thiz may be particularly imporiant for
the FP date in Takle 3 [Cramer, et al. (1%65)], as
ddecusged below,

3.1 Hodels of =

—_—T

Thes parsketer o_ wes witinaced for che ceasuzed
values af Ty £, Bod'T correaponding ¢ &ach fleld
trinl. <Cereful dnterpelation weo used with the
P.~G. apd Briggs curvas. Tha Cramir {oxuulacilon,
jubtica (2), waz applisd wicth several diffsvent
valuas for apd p. From chesw satimates, Che
ratis of pradizted to ochearved van Eoromd for
tach trisl, aod che orerall mean and atandard
deviagtion of this racio sma computsd for esch model.
The correlation of the lodividually predicted wal-
usn of o, amd the ohaecved 's wap alme caleu-
leced bof each modal. Examinstion of pralininacy
regules Lodicated chat the predictabllicy of Tun
3.2 of Table I wug very poor. & atudy of the Xough
data [E. M. hrown and &. Sethulaman (private com-
munlcations)] revealed thak the wind mesgurasantcs
fer thac pwn had bewn made & fow beurs before the
moks releapes were begun. It seaned guite poa-
Aibkla that the charactar of che wind [luctustlons
might have chenged during that intecval, and ac
run 3.2 wae aliminated. Tha computsticoo wars
dgaan perforted; the results ark shown in Table &.

Th Briggs gy Curvas glva thie busc tean valus,
bur alse the highcsr standard deviacien {5.0.} and
chi lowast cotrelariem cosfficient.® Tha Teylors
Foquay model, on che other hend, ie alocst an
#ecuTabe 63 the BErigga model in pradiccing the

MSince the data sat Ix asall, =ophasis ahould Doc
ba placed on the sxact value of the correlatiom
coafficient t. Coofldence limics {(Io) om 1 are
indicated in Tables 4. &, and 7 these TANgEs
ovarlap for oany scdéle.
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wesn, and hag the advantags of smaller 5. D. and
4 mych better corralacion cotfflicienc. oOf tha
i wodels consildered, five (Rrigge, Tayleor —Fuquay,
Fo=li.y Islitzar, and Cramer "0™} poedict ths sean
within $X. OFf these Five, che Cramer 0" oodel
gives by [ar tha smallest 5.0, and che highest
correldtlon cogfficlent. IE 16 also very sagy [o
usg. It is interasting that its expement, [,
corresponda to peart-nevtral cendiclons over lamd.
Tha sttempie to use atablliry-sdjustad exponents
lad to high correlatbiom coefficiencs but consider-
able orderprediceion of the mean. Hotdee that
while the Briggse and P.-. models sre both goite
gétutate in tha mean, they both show lavgs 5.0, 74
(and hance large prohable erreral omd poGT COTCRE-
laciem cosfficiente. Therefore the other models
which depend more sxplicitly oo metestologicsl
Infortatlon are probably preferabla.
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1.2 Wodels of vy

Simllar computatisns Por oy wers carried <ut
for eech fleld tcisl except 2.2 of Tabhle 7. IDtez-
polation was uaed €0 reed o Erom the F.-G. and
Ariggs cuvrves. In the Swich technique, zZ, waa
egkimared Fyom eguakion (10}, and waed to inter=
polate & roughosaw correction facter frvom Figure
3;{ chis factor vas then applied to the Interpolated
"bapaline” velua from Plgure & to yiald & roughoess-
conpanaated o,. Eavaral variations of the Cramer
nodel, equakion (&), were alas coneldared. The
axperimental daca from Tables 2 aod 3 were woed co
computs values of o from equatian (1), asmming
a asa-lével source and taklvg ¥ = 3 = 0,

From tlmae pumbera, ratloa of poediccsd o
Pobiitved"™ 0g's ware foTued for each fiald ceme,
and the mean values and 5.0 ware cowputed for
sach model, as were the correlatioms batkadn

*Tha quctation marks are usad becauss g 1o oot
really observed: it ie csaloulated eiter & oumbar
of assusptiona from cherarved tazulte. Ica
accuracy Is 45 good a8 Che AEmoRptions.




andividual 0 pradictions and "abaarvations”.
Exzpination of prelimivary results wdicaked that
all the Balsa Ialand dapa werw underpredicted,
typleally by a Facgor of 2 B9 &, evam when che
pradictions of the Brookhaven fesulrs WeTE Yeason-
ably gowd. This was pscticularly true of cvial 1
{Takle 1) at Bolszs Islatd, for which g, was about
5 times Jarger than all the orhar Boled liland
vagulee, and hence 2 Emctoxr of 10 or mete larger
than predrcced.  Soith and Bosxmer (1967) alsa
noked thia diFficulty with trial 1, aod ddzcended
it as a "™hzd" pednt, though the data they present
provide no clear imdagagion &3 06 why thia should
be -

Kow, as weantioned above, Crameyr er al. (1965}
suggested che possible iwporeacce of depesition
vith regard ta the diffusion of FP above Ehe nag.
One can estimate the importance of this pleoomansm
by incorperating Chamberlain's (1953} definition
of depesltfion valocity vy imco che Guuaalan pluma
[a.g., Van dec Hoven {1923]]. Tha net effect 17
to replace $, in equatise (1) by am "effective,"
aouree strength Q{x). For a ground-level acutce,
a pluma centexling vecepboy aags tha normalizsd
concantration doa o the deplecing plume as

Y o QOONQs (1Za)
me a @ *
- ¥y £Z
where
v x
dx
Q{ﬂfqa'élfr EE ﬁ—d ‘ o | {12b}
L o =
Henee
{x}/Q
az.q i: < 116 . €13}
- -_-k o *on
Wﬂy qu o ,qu

The right #ide of thiz inagquality in bl value
calculaced [rom obstived dacs when deposiklon

it fgnered; 1.e., negleccing aeposition leads Lo
aver-asiination of axparimentsl oz's. To eval-
uate che degres pf over-estimaclon which may b
imvelved in the Bolasa Ialand data, the procedute
and curves published by ¥an der Hoven (1968)
were ussd. Lf a depesibion valosity of @

cof ¢ 1s apaumed for FF over water, amd che
naac—nanteal ("D cacve of Van der Hoven (1968)
is adopted as a condervetive spproxisation for

& eea—leval scurss, chen tha depogition=-corrected
values of oy listed ic Tabla 5 are found. Hote
bhat ehe low wind speed during trial 1 leads to
grrong plume depletion, thus reducing df far
erial 1 toa valge quite similear to thoss obialn-
el for tha other Bolaa Islend Erisla. Thess
wvolues are 4lso much more in line with the
Brockhaven reaulte, and with che predicciome of
the varicus o, modela, A& depesicion welecliy

of & emfeee Eor PP 1s laige, but not enkiraly
unreasonakle; Islitzer and Dumbiuld (1961} have
ciked valuas eanging hetween 0.2 cofoec aod

9.2 cofeec fox PP over dessexi terrain. Furtbee-
pore, althoughk dacs for PP over vater could oot
be found, twurs s some Indfcecion [e.g.. wee
dats cevisusd by Gitford and Pack (L$62)) vy
ovar water mey be lapger [perhaps a facter of

? or 8o} than over dry surfaces such as sand.
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Fince paliaple sotinarea of vy for FP ovet
the swa could not be found Co permit adjustment
of the Bolas Tsland results, 1i wvee dacided ta
drop that data from further consldecation. The
dapoaition veleeiey of oil amoke oo vaber ia un-
known, ard ¢ oo corrsction eould be applied co
the Brookhaven duca. This efisct abould prob=
sbly ke investigaced in future snalysss of thess
dati.

The computationa of tha ratics of predicted
to obhaervid and of che correlation between pra-
dictad and shaerved velues were rapantad Fotr tha
Brockhwven data azlooe; Ché cesults sve indicated
iy Tabls B
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Thw Cramer “G" and Ialitrer “"B" models pro-
wide the beat mean values, buc che Cruomer "G"
modal gives a lower 3.0, and scmewhat highsr
corcelacion coafficient. Tha expowent of this
aodel iv that appropriste Eor naar=otutrcal con-
diciome over land. The beat correlatlon cosEfi-
clent iv exblhited by the Swich formulacion; chie
aodel alwo haa & low 5.0., and prwdicis, in che
mean, to within atouc 11%. The P.-G. and Brigga
cuFves seTiously overpradict o,. bave large 5.0.'s,
and poor correlacion with the wxperimentally de-
riwed values. In gemaral, the scanderd devistcions
are larger and the corvelsciom coedficientn are
smpller than for the o, models in Takls &, l.e., Oy
permy less pradiceabla’ than oy,




3.1 Hodels of ’-‘CLmn

Poux o, models (P.=C., Briggs, Cramer "D,
lelur-l‘uqnly} wate selected from Teble &, and
wied with four 7, foreulations (F.-f., Smith,
Cramer "G", Islitzer “B") [rom Table 6 1o the
sea-level, center-line veraion of equaeizn (1)
to predict i /- Cheerved windz From the
Brookbaven EXPpETLEGNCE wer+s oaed. Agadin the
weane aod steodaxd deviaciong of ratiow of pre-
dirted to cbaerved, and thw correlestion of in=-
dividual paiva were examined; cthe results appear
in Table 7.

Table F
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Th combinacicon of the Taylor-Foqody SXpres-
#lon Eor oy [equations {5)], and v, ad vend From
the P.-G curves [Slade (1366}) gives the bust
mean valye, loweet standard daviation, and highasr
correlatlon coefilclent of all the combinatiome
teated. All the modela owatpradict ia che maan,
scae by a factor of 2 or wore, and all exbibit
quite large 5.D.'w; toughly speaking, the scand=-
ard daeviation incressaa wich the degree of mean
overpradiction,

4.  SUMMARY AND COMCLUSIONS

It heg been Ecund that Flve modale can pre-
dict Syr in the cean, te within sbout &%, amd
with reasonable sccuracy f(faector of 2 or beccer,
gererally) for individual poiots. The beat of
Chine wodels 13 that guggeated by Taylor (1521}
and Puquay. gt al. (19564}, and expressed im equ-
tiona (3). Tha Pasquill-Giffovd cubves provide
good accyracy in the mean, but the conifdence
limite of theic predictions are momewhat learger.

Only three oodela cen prwdist 95, in the
pogn, wichia 11%, snd the accursey for fndividual
predictions ie rather poor (factor of ) or worse),
Part of the difficulty way be Telated to the
problem of accurately detarmiclog experinenks]
valued of oy. Indirect eviluabions, such as per-
Eormed abave, are subject to substantial #¥Tors
incroduced by deposition. 1& would be woat help-
ful to have dirvect meusurekents of g, In fubure
expiriments. Usposicion setimates should slee be
vrporied whenevar poasible,

The combination of the Taylor-Fuquay expres—
#lon 20T g and che Pasquill-Gifford eurves Eor
fy provides estimates of xprfQn, 1o the mean, to
about 153, buk the confldence limity an Individual
prwdictione ara rather larger {factoxy of 4 or ea}.
Orher model combinations provids worse predjction
1o the mesn, coopled with larger probabla ercore.

0 the whole, the wee of observad u and oy
gaer to provide saufficient information for pd-
aquacy aetimates of leceral diffueion. Pradiccion
of the vercical diffuelon and of clw centerline
concentration ic not as satisfactory. but may be
accuptabla. It should be remarked thar chese
regulie sre largsly bazed an anslyils of 5 rather
soaill data set from s esingle ocean slbd, kod are
subjact to revision as move daca becomma svaillable.
Id the maesntine, eatimation of over—water JiEfumlen
sheald continue to be approached with caotion,
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1. INTRODUCTICN

Tha atcuracy of an air pollucion pradicefsn
modsl can be svaluated ooly by seawutring Lte
ahiliry +o reproduce an air pollution epincds.
Tois abilicy is often seswured by comparing the
tins changes of che predicesd with the obeerved
air pollutioo conceotrations ac wevezal wonitor-
ing scations within the predicrion ares. Cfcem,
che predittsd and chesrved clmg-sversge concen—
trations e cooparsd acdfor the (smporal cor=
teliclion eosffleisnrs are formed bitwieh thess
quantities ac esch gtacion. This rether ona-
dicensiomal vies hae resulted in 4 COLETOVETEY
over which of the <urcent wrban 4ir polluticn
predictian wodein ia bast. Tabkle 1 ahoos 4
typical resule of such an ewaluation. The
column lebeled “odel" liate the references an
wall as the yueerical technique uasd, L.s.
trajectory, parricle-im—cell, etc. ALl of
thense modale predict cirbim monoxfde, 00, cob—
centzaclcn frob sxtendsd sres soctces atd all
but Ebe model by WacOracken, st al. {1971) are
applisd to cthe Los Aogeles basin. The wsodel by
Maciracken. af al. 1v applisd to the Sum
Francimcc Bay arks. In the column labelaed
"Avarags Temporal Corrslation,™ the stacion
average of the teoporal coviwlation coafflcisat
forusd for eech zodel is listed. In caizes
whikkw divarsl pradictions wvers performad, tha
ovarege of the corralationd from wll pradicrichs
15 uskd. The columa lebelsd "Conputation Time, "
ssticaces the computer cime, 1o adoutes, re-
quired by aech oodel for 4 Z4-hour Eoracast
wslog #n IM M0/65 mechine, Fioslly upder
“Compurer Cost,” the apprealagte comt for chis
Zé~hour pradiction, in dollars, is presented.

Boe obviows result of such an evaluatiom
ie that slthouph many of che models ars Toughly
of sgual accyracy, thavs 1d & grest diapardcy
ia cheir cooplexicy and pperating coet. Thim
ie the hasla For the above mantdoned
controvecay. Io this discussiom, & RI& <OB—
prebonaive cerbod 9f svalaation 1s propossd and
applied to tha €3 aic pollution wodels lisced
in Table 1. The mechod in assencs takes Iinto
esccount the spacial varlsbilicy as well e tha

carpotal varlabilicy of the predicefion. The
following ors & Eovw of the cesults obsxcvad:

1) modela vhich were previously Tegarded sccuracs
oo the basls of thedr time correletlons, BTe noC
B0 securate khen che comprabeosive svaluation

le usad; 1} the detadled modaling of verticsl
diffueion 1m of lictla aigoificeore in dater-
mining ground concentreclons of ©0; amd 1) modal
prediceions are sanalitive #ostly to (e sourcd
mmizal ony.
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1. THE HETHOD

If a prediction model ia ko ageurakely
teproduct an alr polluticon spleods, It oust
raproduce At #ath tonitoring scation tha obh-
served tima-varylog pollurion comcentracion,
and reproduce At eich monitoring Cime Che
obaerved apace-varying pollution patterm. The
degree Wwiklh which Che ohserved cCloa=-varying con-
tentrarion is reproduced is measured 1o part by
the scaclon (gpatial) avecage of cthe temporal
covrelavion coefflciont formed 4t wich steelon,
EYET*. This cerm can be regavded ag che méasure
of the model’'s zbiliry ko reproduce the obseived
tamporal trandes of alp pollution cver Che wholm
oetwork of menitoriog stations. In the seme
wanter, the degres wich which the obmarved
dpatial! creeods of ale pellution are reproducsd
owar The encire prediction pecicd L measured
by tha tima average of the correlatlom coefficlent
formed between the predicted sud ohawived pag-
terns of rhe comcentractiem lesoplechs ac amch
wonitoring ftima, F{FI*. The temporal and
spatial coryelacion coefflcients ave discussed
io the sppepdix. Ideally, WTEI® and KIE)"
would equal unity. ©Often, howevar, thara is
inaufficient spatial resalutlom of the dats
to form the isoplethe nesded o determine ElajE.
logtead, ar each obiervacicn: Cime, & ¢orralacion
copfilciant 1a formed ueing the pradicted and
obsetvad pollution conceatratioms at &1l monicor=
ing statione. 1t ig expeccad that this céem in
quality, at lea»c, reflecta the correlation of
the obierved and predicced CONCENETAE 10D patEaThE.

AS Indicated zhove, WTEJ  and WTET" do et
comapletely nessurce a wodel's sccuracy. The
ability Of a modsl to Teproduce the cime apd
wpiata vearyiog amounts of alr pollution muat
dalso ke measured. This can be done in che
follodting wéy. At esch monlbeoring stakbicn,
the cioe average of che ratio of predicted Lo
observed concantration iz Formed; thepe tims-
avepaged paties are chen averaged over all
acations and c3llad TTEIE. NHext, ac sach
wonitoring time, the space average of Lhe
cabin of predicted co observed concencration
is formed; thaas are averaged owvar all wonfrox-
ing vimea ang called TTE)IE. The Formacion of
these avaraged ratles i explained in the
Appandix. Bacauma of the way Chese averapes
are Formed, TIE)% aquels T(a)0 (een Appendiz),
aod thiz oumbar rapresents The totally averaged
ratio of the pradicted o ochaerved alr poallytion
concantration. Tf ¢ pedel yeproduses exacily
the air polluticon averaged cver gpace and time
{e.g+ the Z4—hour svereged air pollutfon in
the los Angelsas basin), them for the el
T = ﬂ%ﬂ' = 1. Hnmver, while thase aver-
aged raticd sre equal, chalr standard deviaciotu
aré oot, and thess devistions rapresent the
srior or varlauce conteined in the moduls
prediztion of the tike-sted dpisd-Mitaged apounto
of the air pollution. Lei the space averaga
of the variancs in tha Cloa-avaragsd prediction
te designaged by ITEF?, and che cime average of
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the variance in che |E|¢¢—w¢ms-d prediction
be deaignated by B{8]-.

Tha evilusticn of the accuracy of an gir
pellatien pradicetion modael teguires the Eorma-
tlon of the Following quancicics:

R(orT, B(a1%, elo)® + olel", and T{e)® 4 2{8) ",

Tha ideal modal would haive

B} (e «1

3 TLIVSTBATION OF THE HETHOD

Ad an dlluscretlon of this evalustion
method, the above quancltiss sre foromd for
sach of cha C{ prediction modala lisked in
Table 1. Tha plot of the spock average of the
vaxporal correlacion cosfficiant, B, versus
the time saveYiges of the apacial correlatiom
coefBlcient, WlaTh, Lo shown in Pdgura 1 For
sach odel., It ia seaen that thwe models repro—
dJuee Ehe témpoidl Erendd batier than the spuclal

* A0TH #r e (1B
4 MEYNOLDE #r o, HOTEL
" HANNA (13T
* PANDOLED AMO JArOBE {HETH)
& EMLAREW & = {19721
& LAMB AND MEIBURNGER (197v)
* MorCRRCHEN #f & (19T
© ESCHENRDEDER of o {18721
o 2% hr PERSISTENCE

i

[
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Figure 1. A(r)" verms &(s)"
Avirage Tesult for sach
model tewted.




trenda, with che exceptiom of the San Francisce In Figura {3}, TR plotted agailnst

Bay araa model (HacCracken, at al.). The dif- alait  Aghin we xee chab while Hanng {1973)
ferencas in the abilicy of che modals CO XapTo— and Sklarev, ef al. (1572) reproduce the trends
duce tha spakizl trends Lz alao quite chvious. equally as yell, there 13 & greac difference In
In Figurs Z, Che space aversge af the time- the vazriances of the pedicied smpunts of alr
averaged ratloz of the predicied ro chservad pallution. We alao #ee that the primitiva

0 comtentraCion, TITF?, L1s plotcad agalnsc equation wodels have greater error (variance) ie
the time average of rhe space-averagad catios thuit spzeial pradictions than in thair tewporal
of tha pradicted to obeerved copcencraciona, predicrions, i.e. T0E}T > TiT)Y, while the ce-
TTE L with accompanying error bars Taprerenting vars+ 18 toue for the trajectory, particle-in-
the standayd deviacicna TLEL}? and Tt com- call, and box modala.

oating Figures {1} and (2), ssverzl gignificanot
featogms are obearved. FPlrst of all, while

Henna*a applicacion of Che ATDL albple it pol- &. RESLIS OF THE EVALUATION

lucion medel eeproduces the cboerved Erende of

poliocion as well ag the complicated pariicle- from the above fllustratien &f the evalya-
in=cell podal {(Sklirew, at al.}, thers i3 a tian of the evaluation sethod, two Terules fol-
gTeat difference In thair abllicy te pisdict ilow. Firac of all, ic semms clecar that the

the smownts of alr polluzion, wicth che ATDL decall of ctha vertical diffvaion calculatioms
simple weodel sevlously over—sarimating the ia ost very sigoificant in derermining & model’s
choerved conceotzatieme. Secondly, the cra= accurgey. Hore that Laob and ¥eibucger's model
jectory model of Lanb and Medbuvgey which from haw wo vercical decail in the diatribution of
Table 1 and Figure (1) mdght ba judged tha eat pollucion concentration. The Systems Applicacion
of the models, striouxly onderpredicte the 1971 model had ten levelz in the vertical wvhile
phsarved CO concentyatlon. Fipakly, wvhile the the 1973 veralon hae coly five., The medel of
accuracy of the temporal and spatisl Ciwedd Ewchenrseder, at al. (1371} alss has [lve levals,
pradiction of the Systens applicaiion 1973} whila the ATPL simple model assumes a goussian
wodal {Reynolds, &t 41.) 18 greatly incraased diseribucion of pollutante 1o the vertical.

over ics ariginal 197L Eorm (Roch, ec si. This checrvatizn is further confirmsd by Raymolds,
{1971)), thace is wo corcespomdingly large gt al, {1973) who comparsd a Tvu-disenslional
changs in ability to predict the imounc of GO, Ton vertical diffuslon) wodel with theie Eive-

Livar wodel, and found ther "differsmces 1o pre-
diction wera genexally [theogh zob always)

* ROTH & & (AT
& AEWHOLDS £ & (1970
= WAHME {1973} % ROTH &/ &/ (%MD
* BANOOLID AND AR5 [T A RETHNOLDS ¢/ of (97X
+ SELRREW 20 ar ({$TEL = HANKA (T3
& eaMB AND EFBPRIER [197+F . PARDOLFO ANG JACOBS {4873}
#* MocCRBCKEN o af LIAM)
& ESCHENGOEDER # = (HWPE) *  SKLZREW or o U1B72)
& 24 PERSISTERCE 4 Lamb AkD NEIBURGER O971)
. _ o ¥ MotCRACKEN #F of [0S0
° | ! o ESCHENRODEDER = of (9T2)
I o 29 b PERSISTENCE
15k — ! | L 2.0
A0 —- i— — - ---
1.9
l.E”'_____ F - - "E?"
4
[}
ooy _-._J---. . ke - 1] 43‘ | ]
- - 40 v
3 g “
14 e b e 3
2
] . a.6 - "
i ] f
o8-~ F—-
o l o
g Q4@ ¥% 3o EB 3G 93 o 0.2 "p, 15 o
or i ey 15
Figure 2. rit)" % e wersus t‘h]t * d{l]: Flgure 3. ik * varmue ﬂilst
Average cedult £Or sach wodel tebbtad. Avarage result for each madal
reekad.
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ratber small.™ They go on Eo racommsnd thag
“the queation of dimemeionalicy be Furthec
explored in Fucure studies of medel sansitivicy.”

The s#cond casult Is chat oodel sensicivicy
and Accuracy ark dapandent moscly on che deagres
of detall of the zourcs wmissliond Lloventoery.
This is quite evidenc in compariog che Systams
Application 1971 and 1%11 modals azd theiy
ze¥pictive revulcs. The 1573 mareorological
model hag been gimplifisd (Mdekuned"™) with
reapect to lrp 1971 form. For cxampla, the
ociginal verrical regolution 15 belved, and
e leam accurate flnita dlifaerencing achane fg
usid for che horizontal advection togecher wich
a leas detailed wind Field. Mewewver, in the
1973 moviel @ much mera datalled- source ssigsions
Trwentory Lo ptilized. Thix appezre to hava
mora than coopensatad for the “detuning” of the
earlier matéorological medal becéuss tha reaulk-
ing ocveyall aceuracy has bean Anproved,

5. CONCLATSION

A aethed for evaluating the sesuracy of ale
pollucion wedale hae been propoasd. The metbod
sATUCE: & ©odel’s abilicy o raprToduce the
observed spatinl and regporsl rremds of air pol-
locion, as will & Ch obsarved spatial and
temporal ameunts of aiy pollutden and their
Teapective errors. Thig method wes 1lloslrated
by evaluacing several wodels ofF CO aly pollutisn.
Initinl pasulcs ¢f thig aveluwstion are thak:

1} modals previcusly regarded as quite accuracs
ars infgcr, lese accupace when comprehepsively
evaluatad; 2) the Lom Angalas Basin modals ra-
produce the obsarved Lewporazl trends of wir
pzllution becter Chan pbgerved gpaclal tremds,
while the revarss i czue for a San Fresclsco
Bay area mmial; 3) primitive equatiomn modeln
have Freatsr vatviaoce in thele spatlal pre—
dicclond of air pallution conceatracicms thao

in their remparal predicilons, while che reverse
i=s rzus for crajeitory, particle-in-call amd box
wodels; &) tha darzilad caleolacion of vercical
diffualon does not appear aignificant in Ehe

pradiction of air pellution ground concentracions:

and 53 a4 wodel's accuracy is sensitive ooetly to
tha dagrea of detall of the apires smdaaiom
laventory.

AFTERDIX: FORMATION OF THE STATISTICS

Let the pmdi.l:tad and obaerved concentra=
cioas af cthe t'th monltoring time and the 2'th
wonlcering acation be givan by F, . &nd D
ragpectivaly. Tha taeoparal nm:tclatinu
cosfficient 1a forwmed at eech mopltoring staclon
by

wheta T La the oumber of monftoring times and
P ru )
o ™ fir = J:r

—
Cor= Qg - Qs %

The overbat desocas a clos avecage. The spatial
avsTage of the cemporal correlarieon coefficiant,

RITTE, im piven by

Ra) = -"-Z A, () ©

where N 1a the mwber of ponltoriog édtations.

. Ibe wpatilal correlacion coefficlient dg formed
at sdch monicoring tioe by

‘, rJ ra
o= L L
Vit Vi@

{5}

Whart .
—

lﬁr = e {6)

. . {7
Q‘Jr - QJ,I_ a‘,l"

The overbar depobas A apace or BtEtion aversge.

Tive campokal average of che epacicl correlaticn
coafficient ia given by

—_—T r
R =+ 2R ®)

Thi Cime svacige and tha space sverags of the
ratic of che pradicted to obaarved concectiratlcos
im given respectively by

7
B =FL (Be/Ouz) @

l‘.’-ﬁ) = ff ( r/ Clux ) (10)

At
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The spaca dverige of the cime-averaged
ratios is

. &
P = ,,,‘; f(c)

{113
The time average of the gpace-averaged
sarlos is glvan by
—_7 T
F@ =FL Ry o
!

Wo can «asily show chat ClE)®T = r(:]t by
uaing (9} ro {12] as fallows.
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Resesrch Needs Related to Hydrometeorologic hAspects
of Future Energy Production®

Ty Steven B. Hanna
Alr Resources
Atmospheric Turbulence and Diffusian Laboratory
National Cceanic and Atmospheric Administration
Oak Ridge, Tennssses

Abstract

Flans are being made to develop large power parks and energy centers
which will diasipate aeveral thousand megawatts of waszte heat to the atmeos-
phere. Characteristics of these energy centers are discussed and eatimetes
of environmentml impact are made. HResearch needs are outlined,

1. Introduction

Waste heat iz being dispipated to Lhe stmosphere from intenae ensrgy
centers at a maximom rate of about 3000 MW at e faw locatione in the United
States. In scme cases, dirsct river, lake, or ocean cocling is used, -ud
the woste hent iz gradually emittad to the atmosphere in the form of
10 mE}.

zensible, latent, and radiative heat over a broad area (7 10 Con—

sequently the waste heat cen affeet the atmosphers by forming 1ight fog or
by inereasing temparaturss and convection very slightly owver thia broad
are#a. In other casss, cooling ponds are used to dissipate the weste heat.
Since about two acres of water purface is required to diszeipate 1 MW of
waste heat, the ecooling pond arsa neceszary to dissipate 3000 MW is about
I x 1:]T mg. Conling ponds are obzserved to cause local fogging and icing,

and slight temperature incresses in the vicinity of the ponds. The recent

trend is towards evaporative cooling towers, which dissipate the waste

Presanted at the Workahop o "Research Neads Related to Water for Energy,"
Indianapolis, Indiana, October 20-22, 1974, aponsored by the Water Resources
Center, Unfversity of Illineis at Urbana-Champaign,
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heat from an area of ebout lﬂh mE. Cooling towers are kEnowrn to csuse

the development of emell cumuilus clouds and can contribute to local
intense fog. On the whole, however, we can state thet sthmoapheric
effects of waste hest dissipetion are currently cbserved to be of only
slight significence.

But it ig necessary now to take a2 new loock at environmental
modifieation by cooling towers snd ponds, because of the plans of this
country to develop large energy cenders. 0Qpders of wegnitude= incresses
in hest reJection Trom given areas cap be axpected. Unfortunately we
do not have the research background to properly eveluate these environ-

mental effects.

2. Waste Heat from Coal Gasification

While there are not currently eny large cosl gasification plants
grerating in this country, the fuel shortage has inspired mepy uwtilities
and <il compenies to make plans to bulld msny of these plants. Briefly,
in £ coal gosificetion plapt coal iz burpned o form & gas, whicsh is

1 The

nsually a combination of methane, hydrogen, and carbon moncxide.
resulting gas is supposedly "cleansx" than the coal. Because this
gasification process is only about S0% efficient, there are large
guantities of waste hesat which must be dissipated.

The Purnham I Coal GCagification Complex of the E1 Pasc Nstional Gas
Compeny is to be conetructed near Farmington, Hew Mexicm.g In corder to

produce .15 x 106 maf&ay of gas, at an snergy rating of 9.87 kw hr.fm3,
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it will be necessary to use sbout .S m3f$ec of watay. The total power
capability of the gas production will be sbout 3000 MW, or about three
times the capability of the largest currently operating units of foseil
or nuclesr power plants.

Evaporative cocling tovers will consume .2 mEKsec of water
{equivalent te LOO MW). Becsuse of the shovtege of water in New Mexico,
only 15% of the waste heat is to be dissipated by cocling towsrs. In
the eastern or midwestern United States, s grester parcentege of the
vaste heat would be disgipated by cocoling towsrg and water consumption
wvould be graater,

The Institute for Energy Analysis in Osk Ridege fﬁ. Rotty, private
communication) estimates that in 1984 about 10El tons per year of coml
will be consumed in coal gasification. This figure iz obtained on the
bacis of construction plans Turnished Ly various utilities. Assuming
that one ton per yeur of coal produces .03 megawatis of power, and
that the process has a thermal efficisncy of 508, then svaporative eaolipg
myst dissipate 3 x lﬂ5 MY of waste heat. This smounts to & watar con-

sumption of 300 mjfsec in 1984 for the cooling of the cozl gesification

Process.

3. Weste Heat from Power Parka
The Atopic Energy Commission {3 cwrrently evaluating about a
dozen eites for power parks, where 20 to 50 thousand MWe of power will

be genersted on sites with areas of sbout 10 {o 100 kmE. The advantages
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of powver parks are their esse of maintenance, the concentration of
nuclear fuel cycle faeilities, end safety. The heat diepeaal problem
may be the most important argument against power parks. Since nuslear
pover plints are enly sbout 33% effieient, it is possible thaet 100,000 MW
of warte heat may be dissipated by cooling towers over a 10 to 100 kmg
area., 'This heat Tlux, 1000 fo 10,000 wme, ig many times grester than
the golar energy fIux {330 wfmzl and ie spread over ap nrga the size of &
emall city. Locel climate modification has been well documented over
small cities, whare the man-made energy flux is tynicelly about 100 wfm?.

Preliminsry evelustions of plenned power parke at Hanford, Washington
gnd Riverbend, Louisisna are being made by Battelle Pacific Northwest
Leboratory and Osk Bidze Nationsl Laboratory, respectively. The Atmosphelric
Turtulence and Diffuslcon Laboratory is ipvolved in estimabing the metegro-
logical effects of the Riverbend power park, vwhich is planned to dissipate
about 72,000 MW of waste heat to the atmosphere from several dozen natursl
draft ccoling towers over an area of 6.3 km?. About 40 m3fsec of water,
drawn from the Mississippl Rlver, will be evaporsted from the cooling
towers. This water flux is equivalent to )12 anfyr. of rain over an aree
of lﬂh kmg.

Since there are no currently cperating power parks which approach
thiz heat cutput by even an order of magnitude, there are no datae available

on the environmental affects of the heat and moisture cutput. The impact

mist ke estimated using geophysical snslogues or compubter modsels.
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The only comparable stationsary hest sources of this magnitude
are large fires and voleanoes. 3343'-.ur~me-.ll describes metearaloglieal phenom-
ens that accompanied the Burteay volcano, which releazed an estimated
100,000 MY of heat coptinuously to the atmoophere from an ares lass
than 1 kme. This ensargy wes released in the form of sengible {convective)
heat. A permenent clond extending to heights of 5 to 9 km formed ovar
the voleend., Waterspouts 2lsco formed below the bent-cvar plume from
this volceno, indiceting that the buoyant motions acted to concentrate
logal atmespheric vortiedty. As enother example of the metecrological

5

efferts of large snergy releases, Teylor et gl.” describe their ohservations
of & large, controlled bushiire on an area of 50 kmz in Australia. The=
average heat output over m 5ix hour pericd was 100,000 MW, causing a
cumulus cloud to form which reached to & height of 6 km.

In both the vclcano and bushfire, the heat output took the form
of sensible {convective} hest and carried many ash perticles. The hest
output from eoollng towers or ponds is mostly in the form of latent heat
{water vapor). While these gophysical phencmena snd the covling devices
are not stirictly anslegous, it is still interesting to compare the effects
of their heat releases.

Urban hent Iialapds are observed to form over most cities. Bubt the
heat flux per unit area (100 wfmz} is les= than that from the proposed
power parks., Purthermore, the hest isg injected much higher intc the
atmosphere when cooling towers are used., Congsegquently it is felt that

bushfires are more c¢losely related to energy releases from cooling towers

than are urbkan heat islands.
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L, Calculetions of Atmospheric EBffects lue to Heat Releases from
Large Energy Centers.

Water vepor, heab, and drift droplets are emitted by cooling towers.
Drift drops ere drops of circulating water which by accident have been
cerried away by the air stream. If the circulating water contains salt,
the drift 1=z potentially harmful to vegetation surrounding the towers,
The following apecific calculations are used to determine the environ-
meptal impact of these smisalong:

a. Plume rize and cloud formation due to a single cooling towver is

T

treated uaing Briggs‘E plume rize theory sz modified by Hanna' for
cooling tower plumez, and a gimple one-dimansional &loud growth medal
such as that developed by Heinstein.a

k. Cround level fog formation is calculated by apsuming that the
vater vapor diffuses in & paspive manner. A Gaussian plume mﬂdelg or
the Jdiffusicon equatiunlu can be used,

¢, Drift depeosition 1z ealeulated for drops with radii graater than
100 um by aspuming that they follow a ballistie tralectory, with their
sattline spesd changing as the drop evapcrates.ll Drops with radii
less than 100 um will diffuse az they settle and their deposition is
calculated uvsing Chamberlain's theorr.lE

The ahove caleuletions are usually all that are congidered in
enviromnmental impact statements. The AEC sponscred a symposium "Coocling
Tower Environment = 19T4" in March of this yemr, in order to discuss
theas various calculstion techniquea.l3 Also, somea meathods of determining

ecological affects of cooling tower Arift were presented. It was clear
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that there are many models of plume rise, fogging, and drift deposition,
but very few observations. A major measurement program 8t the Chalk
Poipt, Maryland, ecoling tower will begin this yearlh and hopefully will
provide sufficient date to begin refining models. BMuch more data is
nesded, however.

There ars many other potential envirommental impects of cooling
towers which ahnu%d be consigered but are receiving very little attention:

e, Thunderstorms may be triggered by the cocling tower.

f. During overcast, rainy deys, the cooling tower msy sugment
rain for several tens of km dowpwind of the tower.

g:. Vaper and 50, plumes may merge to form aecid plumes.

2
E. Climate mey be modified on o ragicnsl scale,
Although nome of these impacts has been measured sufficiently,
casual chservations suggect that current cooling towers [about 1000 MW}
are not gipnificantly impacting the atmosphera in thesze wsys. But the
prospect of power parks and epergy centers should changs our perspectives,
for the total heat output iz expected to grow by two ordersz of magnitude
to pearly 100,000 MW. This is approximstely the rate of energy produetion

15

in & severe storm cor a Great Lakes spow squall. For example, it was
caleulated that the cloud from the Riverbend power park would sxtend
4O km from the park about 50% of the time.

1f the hest were released from cooling ponds rather than cooling

tovers, then osur caleculations of atmospheric effects are even lesgs
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certain. Models of heat eachanges at water surfeoces are based on old
peasurements at lakes and reservoirs. Hyanls has recently attempted

to model cooling ponds in the laboratory and has guggested improved
formulas for heat tramsfer. These formulas must be tested at copersting
cooling ponds, where tempesratures can be as much as 40°C above the

temperatures of natural ponds in the vicinity.

5. ERecommended Research

The following items of research are listed in their order of
priopity:

a. The formaticn of clouds by muitiple coocling tower plumes apd
their feedback on the etmocpheric environment should be studied. One
dimengionsl cloud mﬂdalsa are not adequate. Some wark is underuay

17 Briggs‘la hes

ol multiple ¢loud fields with feedback included.
begun B study of muitipie plume merging. This resssrch area would
require severgl man year: to complete.

. A clowd grovth moadel ghoyld be tested usging an operating natural
draft cooling tower. Cross-sectional and vertical distributions of
ligquid and gessaous weter, temperature, and sir velocity should be made
in the plume snd its environment. Since the Inoput pareneters of a
couling tower are known, the model cat bhe accurately tested. Doth wet

and 4dry towers can cause clouds to form. The dry tower plume eptrains

moist environmental eir, which mey ccondense as it is 1ifted and cooled.
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¢. In order to calculate the ipecresses in fog dus to waste hest
rejection, a dispersion theory should be developed which accounts for
the effects of latent heat releass, The thermodynamic squaticns should
be coupled with the mguetions of motion and continuity of water.
Current models predict fog to occur at the ground when in reality the
condensed water forms & stratus deck szome distzpce above the ground.

d. Measurementa of drift deposition at a variety of towers should
te obtained and used to check the many existing mﬂdels.13

¢. Physical modeling of the "Lift off" of downwashed buoyant
plumes and the effects of cooling tower geometry on the plume trajectory
should be undertaken.

f. Obzervations of heat budget terms at operating ecooling ponda

should be used to develop models of heat rejestion from thesze ponds.

Acknowledgaments: This research was parformed under sn agreement between
the Watlional Qesanic and Atmospheriz Adminletration end the Atomic Energy
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DISCUSSIONS

A COMPARISON OF THE TRAJECTORIES OF RISING BUOYANT
PLUMES WITH THEORETICAL EMPIRICAL MODELS*

In s papetr on buoyan plume trajecioneds, Dr Moore argues fof & lumpy plume imswead of a conbnus plome
model [or plugie vize and (res: @ show thal e Rormner 15 in closer agresmenl wilh obsrvalione (Moare, 1974)

He clauns that the essential difference between Lhe two-and three-dmensianal model 1 difering exponsnts
For the pawsy law dependence of plume vise an the hear emisgion Thie o ol Lee, baeauge the resull ¢ o 0%
does nal cone alouwl throogh the assumpiion of threg-dimensionality, bt through the pankular assempion
made abait the rate al which the “pufs™ or “lumps™ merge and eeombine Moore [1'966) 2550 med thal the heal
content of & lump mcreases himearty with durasce, bul noe sappon [or the assumpton s green [ would scem
o me more reagenable Lo agume that the heat content of & Tump increases lingarly with rise, ve vl the radun
The ratio of average specing beoween (umps 19 sverage lamp radivs would then be constant, whils 5t gels increas-
ingly larger in Moore's model (one wonders how such lumps could contmue o “find™ each ather and mergs)
The reswt af this new recombimng assumptson s thet a4 large dislances i neutral srauficatien

o Q”! x!_l!llru1

the sarme x5 aw predicted by whe wwo-dimenswienal model

In my opmion, The essential diference between these models 15 that the thrze-dimensional model requires an
additmt sssumpion, 12 the recombming sxumplon, wo predct plume 1 The exling predeton vanes
aecordm 10 whal astumptian & roade

by own preference for the wa-dimensional mods! i based oo simplicny and commen observatipn in coning
and i stable comditons, plumes [Fom Sontmlons sources wiually appdor 1o be essentally connnuows A though
a sampling of cross-3scions by hdar will show (han plusme conceniraten does nod degreass monsieqcelly with
distance fromn the source, [ beleve that the “nane” picrore gven by the human eye iz essentully correct In either
theory, the plume malonn 13 asrumed to be tarbukent Sines twrbulencs @ iherently three-dimensignal, the plume
entrams “wisps” of putade air into wsd{ causing the concentration o Aucivate i all chree dimensions These
"“w|3ps" are of & scale comparable to the plume radis The two—hmensipnal theory agsumes that they are part
of the plume’s “sflecine mass™ and are ool pockets of “free ar™ available for the plume 10 #xpand mbe In the
few phoiggraphs that Ehave seen of “lumpy” plumes, Lhe glgar spaces beiwren the lJumps ware somewhal smallar
than the plume radius, consytent with this pomt of wew

The two-dimensional theory definiizly does ot requoe & oonelome deonase In nstdo eus concd Hiral o,
as Moore traphes indeed, 1his 15 contrary o expectalions The theory oaly assumes that 1he mear mohon of
a plume 13 quas- iwo-dimerrsienal Since the Lhree-dimensrroal model gives the same asymptolic plume nse pre-
dictwons as the two-dimenstonal, ol the rauo of pofl rads (o pufl spacing 15 assuomed eonstani, (he difference
between these twa concepls 15 more plulosophical than praciical

The recombunation 2ssumpiod made by Dr Moone leads 60 3 shghdy different predsction o the nsimg stage.
namely 2 cc OV 3TN Fowever, 2 oo 7V fitg most datz botter than 2 o O™ 5 [Briges, 194} Thie conld
be interpreted as support For plume ree models which predet 2 ce U777 direetly, such as the “x™? Jaw * Moore
makea hug pulff model predict 7 22 U1 by assurming 8 varabke cntramment parameter depeading oo wind spesd,
argumg that W shear of amient wind wlocity with beght contnbeles 19 the entrmmment mdoced by relatve
velporty berween the plume and 1ts serroundings

1 would hke w demonisivate, o a rough way, that this component of relabive veloeaty has neghpble efflect To
do this, oeglecl wind dircebon shear and assume o nearly constant wind speed sheac U773z theaugh the layer
of plume st With congervahian of bonzonla] mementum and Fot 2% or Feo 2 (for twoe of three-dimensional
mendels, respeclivel ¥l we And 4 mean plume horizoalal speed equal to the ambrent wind speed at {23z or (3d)e,
respectively Since (he vertial relauye velooiy 15 just dzfdl e ravo of dow nwind @ verical relauyve veciies

1z samply
. (lml) . au i
37 4f 7 dedr

From the “2/3" ar "3f4™ power laws of rise wiuh » (assuming © = U ofde/di) » 302 or 473 nmez x50

I 1Y « 207
R (z o 3) s
Thus, £ does not depeod on the magmiode of U an all, bul only on the varation of kg U with height Alse,
R oo x50 the dowtiwvnd componant o bound 60 Tave tegligiHe efectal small x
Ths taiut cun be easly evalosted or the neutral suelace layer, where 10 & well estabhished that 80 /8 = w* AN
(5* 13 the [rebon velocaly, ind & = 035 (Busonger o al, 1971) This grees B = xAH Ufe*) 1 qusr 50 happens
that the distance of The maxamom ground consentratkan 1; alse approxinetsly cqual w K Uju* of one assumes
a mean dowaward propagateen speed of the plume of ke order of 4® Then, ar the disfance of marmun ground
concerdraien, B o= 1| However, most plome nse theonisis have consiered that the siage of mise 1 whch relatwe
velodity dofuinales entraibinenl 2 nds a1 2 frachon of this disrance, 50 K s swll in thes siage ol risz Funbermaore,
conzidening the expenimentil conclusion Ihat (the “sniramment constany” 15 atrout |f3 a9 large for velogily shear
parallal ro the plume ax1s az far crovs-axial shear (Briggs, 1969, 1t would ssem very unhkely that the shesr of
ambent wind wilh height could significantly afiect the raie of entramment of 2 bent-gver plums
The prediction of Moore's model that z o §'™* ¥4 15 50 seenular 1o the %2 law thal 1t 1 nol possible ko
concluaively prove sither Formala supenier on the bass of de from real spurces The scatter of the data 15 very

* Moore D T {1974) Atmosphore Encronmentr 8, 131-147
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Large, for reasona that ace well iliuminzied by Dy Moore's discusaion Congequently, ¢ and & nezd to range over
many arders ol magniude to clearly demanstrate a best fit to formulas differmg by a factar of anly 2% or
a7 Algo, meompanng pradicions with abservatons of diverse duration, sampies per period, type of plume
detection, and extranesns local dfeclx il 15 mpozuble to 2void some arbirary decisions about how (o waight
the data of “correc” the data (Moore was forced 10 do tus wah the Northflest observacens) These decisions
s affect the rasults, as T have shown in a recenld paper thal compares several different methods of nveighting the
same Tlume £ abscr valions (Bnggs 1974

In tus discusgion of Table 1, Moors emphanzes the comparative nember of afisctiet hours of observauen
For which ¢ o0 @™ o0 1 o0 @'Y gives the botter it However, i the great mayoraty of cases the aciual differcnee
i the residual scatiers about Iheg twe equationg s very smiall The average résidual sculters, waghted by the
effecive hours of olbservation, are 115 and 120 per ceny, respectvely A 02 per conl differencs 1o scaler has
no pracuical sgnificance, and probably has no statancal ggnificance edher

If x; 15 a funcnon of Q as suggested by Briggs (1969), this efect should noc mecessanly be seon mn Tabks 1,
snce x somewhat exceads the praducted values of xy { 8 conservative predsction) aoly at Morthfleel Thos station
i dehmitchy subpect W a i offect Thus effect 13 bound o vary with the mital haght of the plume, whech
will alter the apparent value of sy expanent m 2 power At 10 plime rise

The values of Ag, A, 40, and H, grven in Mooee's Secoon 4 3 are puzzling, for how could any ral “optimiz-
o™ of Ihe four parametsrs describong (he neulral compobent of s be achieved when the aclual distances of
plume Tt observation fall conssderably showt of this distance™ Considering the scatisr i the pluroe rise dale
and considering that the calculaied dewvianon from the simple 2 oo x** relstionghip 15 1o mote (than 19 or 13
per cenl al ihe very grealest observalion distapcss for the newtral catcgory, opumization of Ag and A, to 3 mgodfi-
cant digics hardiy seemz possiBle Dhe 303 womder what specific rechmgre wasmseddo-choose.them parameiers,
sucely this desplay of acruracy 13 mislcadiop,

The values of 2{Z, given m Table I show na obwvious trend wilh distance, a5 kong 25 the firsl distance calegory
o 1grered I it s not, o smaller sxponren) than 34 would grve m betigr Bt g 7 o of The suthor clasms that the
high average valoes of Z/Z, for x < 400 m "= almoss corrzmdy due 1o Lhe efect of eflux velpey,” bor ths s
ol 2n adequate cxplanabion Refernng o the author's own theoreical development we can intdgrate squatlwn
{4y of Moore's 1964 paper uung oither Fee 27 ar Voo 27 flor twos or theee-dimensional plumee growth, respects-
vely) We then find the buoyant plume nise augmented by a momentu m enhanceoent facior

F U
I+ 28—
e

where F_ 15 the iminal meormenium fAux, F 1a the buoysncy Aux {for most sources, Foo @ and o = 13 or LS4,
depending on the type of growth assumed The quannty FF & eqoal to she =2fux vwelocily divided by graviry
and the relanve denay difference borween the effluent and the ambrent It 1 relavvely mdependent of plant sze,
ard averageslessthands Usng Fo/F = 450w IJ3 U = 7= and x = ., we conclude that gr mose the nereas:
in rise due bo efflux velocoity 16 5 1 per cent i the x = # m category and |4 per eent m the x> 2000 mocategory
Thus, Lhis explanation cn actount far mo nmore than 4 éxrr cem of the terease in 22, obszrved lor x < 400 m

A more hkely explanation for such rregularmize o 15 the shafl i sowrce werghting with diFerent rangey
of stabilny and distance Table 4 shows that values of 27 {mth fxed 4)can range over a coor of 3 for diferent
dala sovrces and siability <lasszs, and alzo thal the affective nurmber of observations o some siabilny claysmg
come moaty from Just one oF two sources Although 1t 13 not shown, a similar siuanon probably exises far e
diffarent dlance calegories, pariicularly smoe oear-in plume nses ware not measursd in some expenments and
some capsnments did not go a3 (ar downwnd 26 athers For ansance, the x = 2000 m category 13 hksly
dommated by Morthilsel data Thes makes st very difficult 1o speedy Lhe best it exponenl b p oo 2°

The basic shericoming of 1he approach muggested by Or Moore 15 that il 15 unmésessanly compluzied Whilke
ol i partly bazed ot souod physssal ideas, several emprscasos have bt introduced wboul adegquate thearstxal
suppod | (For instance, an enuranmenl fardmeter 1hat 15 propornonal b a power of the wind spesd, and a plume
vise corraciion acror based only an the sobrce heightl Thess kind of empiracal assumptons oy be expedient,
but they make cxrrapalauon of the results dess certam Whils 1 agree thal refinemert of sumple plume rise predee-
tion 2quatieny will not improve the fie with real data, 1 do ot agree that the suggesi=d equanons are the mest
peasimEhe or (sgpenizlly &1 the same ame) the most realiste, pacicalarly wn the case of exirapolaten e amealk
LAUrces

In my opmmran the 222 law™ has been proven célable gver a much greaker rangs of source gzes {Briges, 1972)

A m | BFYS g1 g2
=13043 -1 438

{For sources where mean raokeoulat weighl oF latenl hezl do nol contribate significantly to the buoyancy (mosl
hat sources}, the buoyancy paremeter F = 8900 m mika wnips, of @ 5 MW A pood estimaiz of final v can
be obtansd simpdy by IErminsting tis rse sl

xm xp m Momum {4, C7A8'2 20 H log, o (16 hize)!

The notattot 16 the sarme as Moore's excapl (hat 2, 5 a0 average roughness lengih for e surrounding terram
{about | m oo citeex and fresis, O3 moo truked open and covered terran, O 1 moin open, tall grazsland, and
G0 1o or less oo fal atsd lind nearty devorl of vegetaion} I have suggested 4y = |20 as optimum (Enggs,
1968, which i3 very close (o Moord's opticmized valus for the <M retanonship Briges {1977) cites 3 number of
recanl experiments which support this brmulatien for final 1z 0 stable condibons Some of these mgges
smaller walues of Ay, a farly conssrvative valuc s 4, = 100

In newmraE condihions, i 13 sill quite difficalt oo say amhing conclusve aboul xy This w due vy e lack of
cbservaligng at dislances cloarly greater than xp, a6 ¢lope socrutiny of the daka will show The abave suggesing
for xy 15 betsed on o Fachon of Ie cslymaked destancs of matou i proutd concanttaton, namely, xy = 03 LY
¥} This 15 mwuvely sansfactory and gpves the same preducten for the maximum ground concentralion at the
“trriacal wind spesd” ap several other approaches (Briges, 1968) These prediciions arc consistent with observed
maxirnum concenteanons (Briges, 1965} and suggest requared stack heights propartional to 0" * which w5 quits
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consistent with pasi eaperence (Brnpggs, 1968, Moors, [963) The extimate of 050?15 based on the logarthmc
varezion of L with height i neuezl condibons apphed at the plume height ai eritical wind speed (= | £ 4]
An alternalmve formulatren for nevist conditeens thin s simpler (o compute 15 xr = 05 A{UU*) = 35 hlog,
{2 Af2o) Thee grves the same prediclon for mak muam ground coneemirabon 2t the cntsal wind speed (31 whieh
H = Zhin this casch but probably grves oo low a rise at lower wind specds However, 1tas more gererally apphe-
able than my earier suggesnon thal v; = 10 & (Brgge, 1963) which did not ascount for the e of grocnd
roughness on ambient terbolence intensny ai plume heght

Atrapgphecy: Turbulence gmd 4G A Bercs
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N AA, Ok Radge, Tonmetsee 37830 U S A
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Degeription of the Eascern Tennessee Trajectory
Experiment {ETTEX)

5. F. Hanpna, ©. J. Happo, R, P. Hosker, and 6. A. Briggs
ARATDL, HOAA, Qak Ridge, Tennessee

Abatract

The eastern Tennessee trajectery experiment was copducted during
July and August, 19T4. Tts primary purpose was to measure certain
aspects of mesocscale transport and diffusion over rather complex terrain.
The trajectories of radar-tracked tetroons were determined for several
differsnt launch times under a varilety of weather condltions. These
results are to be compared with trajectories computed using vertical
wind profiles and surface measurements obtalned concurrently over a
grid of five single-theodolite pibal statiens. Observed relative
diffusitn of tetrocon pairs will be used in refining prediction techniques
based on diffuaicn theory.

In addition, ‘the aerisal and giound level S0o concentrations due
to convective afterncon conditiens were atudied. Helicopber traverses
of the plume from a tall stack were used to determine 50 distribution
within the plume. Conewrrent vertieal profiles of eddy dissipation
rate and temperature and vertieal wveloeities induced by convection in
the mixing layer were cbtained with an instrumented airplane. Freguent
double-theosdelite pibal ascents provided vertical wind profiles, These
regults will be uzed in an affort to prediet ground-level affluent con-
centrations in convective conditions.

Thia report describes the overall design of the experdment and

the schedule of its execution. More somplete analyses will appear in
subzequent reports.
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Introduction

Enowledge of atmospheric transport and diffusion over distances
of 10 to 100 km {the so-called "mescscale") is quite deficient, par-
ticularly with regard to cbaservational data. Yet such information is
egzantial for relisble estimetion of air percel trajectories and air
pollutent concentretions over mesoscale distances. (ur Atmospheric
Turbulence and Diffusion Laboratory (ATDL) , for example, is curreantly
sttempting to estimste reglonal transport and diffusion from nuelear
regctors and fossil fuel power planta located along the Tennessee
River valley, from lesd smelters ino Missouri, snd from a proposed
power perk 1o Louisisns. A+ present, only rather crude guesses can
e made about the probable asir molions and diffusion coefficlents over
these regions.

Most previons workers have not sttempted o cbserve simulbaneously
a three-~dimensiongl mesoscale wind fi=ld and its resultant sir parcel
trejectories snd relative diffusion. For exemple, wind cbservationa
have been made by Bornstein (1968) and by Ackermsn {1973, 197hk) near
urban areas, by Wendell {1970, 1972) over open country, and by Egami,
et al. {197h} and and Kao, et al.{19T4} over fairly rough terrain. These
experiments obtained the wind field either from surface stations or
from pilot balloon {"pibal") ascenta; air parcel trajectories were not
expliéitly nmeasured. Over flat terrain it may be possible to construct
fairly realistic trajectories from limited measurements of the reglonal
wind field {e.g., Wendell, 1970, 1972), but it has not yet been d=-
monstrated that such a technigue iz feaaible over rough terrain.
Similsrly, observations of the tralectories of "tagged' air percels have
been reported by numercus authors including Angell, et al. (1971,1973),
Hall, et al. (1973),Leahey and Hicklin (1573), and Leahey and Rowe
{1974%). In almost all cases the three-dimensional wind field wvas

not determined; hence models cannot be constructed t¢ relliably predict

these trajectories.
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The Eastern Tennesses Trajectory Experiment (ETTEX) deseribed
below repressnts an attempt to simultaneou=ly obtain all of the met-
eorological parameters required to develop techniques for pradictiom
of atmospheric transport and diffusion over the fairly rugged terrain
of the eastern Tennezsee River valley. A separate experiment to in-
vesiigate convective fumigartiom from tall stacks was carried cut com-
currently; this effort was conducted near the Tennessee Valley ﬂdthurity

(T¥a)'s Bull Run steam plant, near Oak Ridge, The data from these studies

gre intended to be complemencary.

Experimencal Design and Frocedure.

Our experiments were centered sbout Oak Ridge, Tennessee, located
some 30 km west of Kpoxville, wichin the great valley which separtates
the Cumberland mountain® and plateau on the neorchwest and west and the
Great Smoky mountzins on the southeagt {Figure 1}. This valley is5 about
100 km wide in our area. Elevatlons above the valley floor are up te
850 w within the Cumberland chain, and as ouch as 1800 m within the
Great Smokies. Both mountain ranges run roughly southwest toe northeasc,
The valley between them ia corrugated Ly broken ridges rising V5 o to
100 m above the floor; these ridges are oriented parallel te each other
snd to the mountains. The ridge spacing is typically 2 or 3 km., This
tepography has been found (U.5. Weatber Bureau, 1953) to influence our
local elimate); in partdicular, the surface wiuds are often parallel te the
ridge-valley struckture, sugpesting 2 strong chamneling effect.

During the pericod of July 15-August B, 1974, three more or l2gs ipn-

dependent mesoscals experiments were conducted sver this region.
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2.1 Trajectory experiment.

The uwltimate ohlective of our interest in mesoscale tralectories

ig the development of & reaiistic predictive tra)ectory model to be
uaed for estimetes of transport and diffusion over large distances
and over nop=ideal terrain. The technigue presently contemplated iz
similar to that discussed by Heffter [(1973), using vertically averaged
winds within a layer, weighted according to distance from the air
parcel of interest, to predict the path of that air parcel within that
layer of the atmosphere. Wertical wind profiles, to be used as input
data, must therefore be obtained from several stations scattered
over the locale of interest. Valldation of the model developad using
this information requires A comparison of the predicted air percel
trajectories to those cbserved by following a "tagged" parcel-- e.g., &
radar~tracked constant-level tetrahedral balloon ["tetroon'),

To provide such data, a network of pitel stebions vas set up,
{Figure 2}, roughly centered about a radar unit lcaned by NOAA's ARL
Field Laboratory of Idaho Falls. Each stetion's wind profile was

envisioned as being, Tor computationsl purposes, more or lesa rep—

resentative of Lthe winds within & 50 lom radius of that station. The
station locationz were chogen to provide a degree of overlap of these
repregentative regions, while covering fairly completely the area en-

gompasaed by the maximim renge of the radar {(about 100 km). Interpolation

to any point within the rader rapge should thus be feasible.
The central pibal station was located in an open field to the

southwest of Cak Ridge, about 3.% km from Osk Ridge Nationel Laboratory
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-{DRHL}. The other pibal stations wers locaced at airports to insure
relatively open Fatches and ease of esccesa. Each station was equipped
with & siagle optical theodolite, a Thornthwaiter low=-threzhold ansemometer
for "surface” {i.e. 2 m ) wind speed, and 2 standard shelter for tem~
perature and humidity iastrumentation {Figure 3). S8urface wind
direction was cbtained from Thornthwaite low-thresheld vanes at all
stations but Crossville, where the FAA Flight Service O0ffice records
surface winds. Observations of the ascent of 30 gn pibals were made
ath 30 second intervals artter lamuncsh for a periced of 10 minutes. Hzli-
hourly launches were made at eszch site during the "transition” pericds
of the dzy {i.=., sunrise, sunset), with hourly lsunches at other times,

The =33 nrecision tracking radar (Figure %) was placed near the
suwnmit (1030 m, MSL: sbout 750 m above the valley flacr] of Buffsle Mount=in,
a peek in the Cumberland range about 15 km northwest of Qak Ridge. A
Yoad maintained by the Oliver Springs Mining Company lesda 4o the mountain
top. Commercial power (LhOv,, 3§ } was installed at the redar site
30 that generators were not required,

The tetroons and tracking technique used are similer to those

deacribed by Moses, et al, (1968), The balloon is a tetrahedron of

3 volume, constructed of DuPont Mylar {Figure 5). 'The phyasical

about 1 m
characteristics of this envelcpe are such that the tetroon wolume ig
virtually constant for supsrpressurization of lesg than TO mb or so.
This tyve of balloon thus floats, in the absence of vertical zlr motiona,

along isopynic surfeees, The inflatiom and launeh procedures raguired to

attain a particnlar flight sltitude have bean recently summarizead hy
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Hoecker {197h). A tetroon is tracked by means of & radar-triggered trans-
ponder carried benesth the ballcon {(Figure 5), The radar signal sctuates
this transponder, which then emitz s =lightly tuneable 203 MHz signal,
indicating that the radar unit'a tranemitting =ntenna is pofntad mors

or lags teward the transponder. A= the bromndoast power [and hence

the radar beam width) is slewly reduced, the transmitting antsnna must
be pointed more mnd more amccurately toward the transponder in order to
trigger 1t. Tt 1a by this method that the transponder Location mey be
ultimately determined t¢ wilthin sbout 20 m, A number of other experimenters
have developed and used this same radar~tetrom-transponder aystem [eg.,
Pack, 19623 Angell st =l., 1968},

During our experimenta, tetroons were leunched from tie ATDL offices,
from our central pibal aite near ORNL, from the Bull Run $te=am plant, or
from the Oak Ridge municipal water traatment plant (on a ridge just above
ATDL}, depending on the prevailing wind dlrection and the spebific pur-
pose of the indivicusl experiment. Most of theae launches were made by W, H.
Hoecker of ARL, Silver Spring, Md. BRadlcsondes Lo provide the veriical
temperature profile required for tetroon Inflation-and for subsegquent met-
eorological information were launched from the first three of these zites,
Because local topography fregquently obscured the transpondera from the
radar pignal before launch, it was found sdvisable to firat earry each
transponder aloft with a tethersad 100 go pibal, so that transponder op-
eratlon could be cheerﬂ Just before launching the tetroons. This rlszo
permitied adjustment of the transponders to be used in any given ex-

perimefit to alightly different frequencies, thus allowing the radar to
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2.2

eazily dlsti.puish among the bealloons.

In our trajectory experiments, three= tetrocna were released sequentially
at 15 ainute intervals. TFllight altitudes wers found to rapge betwaen 300 m
apd 1007 m sbove the ground._ At the redar, the receiver wes tuned to the
frequency of one of the transponders, and the range, elevation sngle, and
azimuth engle of that transponder were resd and manually recorded. The
receivar was then tuned fo another frequency, and the process repeated. FReadw-
ings were teakan once each minute, me that the Ilnterval between auccesajve
chservations of any zlven tetroon was typically three minmtes. An suto-
matie plotboard provided a wisual indication of the locaticon of the
balloons.

We head originally planned to follow the tetroons for 12 houwr pericds
covering both night and day., Lack of peraonnel forced us to out the ex-
periments to 6 houre in duratien, but we were nevertheless able to obtain
megasurements during most times of the day (punrise, mid-day, sunset, and
mid=night). Most of the tatroons never wandsred very far from the center
of our obsarvetional grid; tha lipht winds experisnced during most of
these mxperiments are quite cheracteristic of eastern Tennessse in sum-
mertime {U. S. Weather Bureau, 1953), As expected, most of the tetroons
travelled alopp a SWHAE axis, roughly parallal) to the local ridge-valley
structure described ahove, A few tetroons were prematurely lost because
of trensponder malfunctions, topopraphic interference, and raln. A total of

seven trajectory experiments was completed.

convective Diffusion Experiment.

It i3 balleved that, on convective summer afterncons, downdrafts

m&y bring the affluent from most steck=s ooickly to the ground, with
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relotively high surface concentrations of efflvent resulting. To study
this phenomenon, concentrationa of Sﬂe in the plume and at the grouad
were determined together with the mssocimted meteorological conditions
near the TVA's Bull Run stzpm plent {2kk m stack),

Crocg-sectione of the alevated plume were obtalned during helicopter
traversag uaing a specinlly-dealpgned sné genaor lomaned and operated by the
Kennecott Copper Corporetion {Figure ). Surface SO, messurements were

2
made by the West=(Gaeke method at four roving stations at-distances cut
to 4 xm from the stack, Vertical tempersture gradienta and eddy disaipation
Tates were measured nest the plume from an sirplane eguipped with an
aspirated thermistor and an MEI Universs) Indicated Turbulence Meter
borrowed from the TVA (Figure 7). The airplane, a Cesana 172, alsc carried
g vertical accelerometer for a crude messure of convective scale vertical
wlocitiea In the mixing layer., 2ince indigated air speed was alsc recorded,
the vertical acceleration cap be eorrected for the plane's response to
horizontsl gusta, Data were recorded cm & Teac BE=T0 b channsl cagsette

tape recorder, Vertical tempsrature end humidity profliles wers alec de-

termined by radicsondes. Mixing helghts were detected by the ATDL lldar

and by neeustic sounders lecated at Kincatom [unit losned by the TVA} and
at our pibal station southwest of ORNE (unit loaned bv the Tavannsh River
Leboretory). Tetroons paira were similtanecusiy released near the steam
plent {Figure 8); redar tracking providad tnformation on the wind valosity
and wvertical velocities in the mixing loyer, Vertical wind nrofiles were
obtained from double-thasodolite pibal ngcents near the Pull Fun sita,

A total of five axpariments. sach loastine "rom rourhly 1 pom, ta b

or 5 p. m. (EDT), wan completed. It was found that the wolnt of initi=l
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rlune contect with the ground frequently missed the network of roving surface

Sﬂg stations; this was primarily due to the large, erratic fluctustions in

wind direction (mnd hence pluwe path) experienced during these afternoon runs

with low wind speed. Most other aspects of this experiment wers gatisfactory,

however,

2.3. Relative Diffusion Experiment.

Or each of the dayas that & smoke plume experiment was carried
out, and on several other daysz, tetroon pairs were relesased simaltanesously
and tracked by the radur for timea up to two houra, and distances up
to 40 ¥m from the launch site. It is planned to relate the measured
realative displacement of each tetroon pair to theoretical diffuzion
taleulations baszed on the observed wind and temperature gradients and
turbulencs ln the atmospheriec houhdary layer. Thess tetroon lamnches
ware made from either the ATDL offices or from the Bull Bun site. Vertical
wind profiles were obtained from elther halfshourly double theodolite
or rapid sequence (lsunches avery 195 minutes; resdings every 30 seconds
for 10 minutes) single theodolite pibal cbhsarvations, Radiosonde ascents
were completed during all mt one of thesa axperiments. In many cases,
date such as eddy dissipation rate and vertical temperature profile Were
also available from the alrplsne pessurenments sasocizted with the smoke
plume study. A totel of nine relative diffusion experinents was completed,

most of these between noonm and 4 p.m. (EDT].

Schedule of Experiments,

As indicated above, seven trajectory experiments, five convective

diffusion experiments, and nine relative diffusion experimente were
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completed., Table 1 summarizes the dates and times, axperiment types,

and meteorological information available for sech run,

4, Sechedele of Analysis

Many of the data are still in raw form. Computer programs to
anatyze the pibal, radiosonde, and tetroon data were obtained from ARL's
Fisld Laboratory in Idaho Falls, and are belng modified o sult our
needs, The chemical enalysls required for the surface Eﬂ? meRqure
ments was performed by the Analytical Chemiatry Division of ORRL., The
=, alirborne messurements of Bﬂ? concentrations, eddy dissipation rates,
vertical accelerations, and vertical tempersture profileg &re being
reduced by hand apd by analogue computer, A tentatlve schedule
for the various stages of the analyses Is given in Teble Z,

Additionnl meteorologlical data for the experimentsl period have been
obtained from the TVA and the National Weather Service {NWS).
These include "surface" wind, temperature, and humidity information fram
TVA sitee at the Bull Fun, Kingsten, Watts Bar, snd John Seviar steam
planta, and from the Clinch River Breeder Reactor {IMFER) gite nesar
Oak Hidpge, Hourly Sﬂg concentrationa from TYA monitors near these plante
were alse  provided, together with date ¢t cosl quantity and sulfur
content to permit source sirength assessment., HNWE data on winds and
temparatupe aloft at all reporting stations sur-rnunﬂing anstarn
Tannesses ware  procured fros the National Climetie Center In

Asheville, ¥, €, . Synoptie maps wWere also obtained.
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TAELE1.

SUMMARY OF ETTEX EXPERIMENTS, JULY - AUGUST, 1974.

Dale hml' Exprriments Teiroons; Pital Obs **,; Radinsondes; Atrcealn Groutwl ;oozﬁ:
{1974} Conducted® Lauzch Site Launch Sites Lattnch Site  Measuremeris*** 50, .
(EDT) Site
13 1M0—-1600  “TRI™ - = 8T; All Sites - = - - - = a0
716 1000=1400 TE] 17 0800 5T: Al Sites - - - 0800
717 10DD—1600 TR] 3; ATDL ST: All Sites -- T.E -- D800
Mg 1e0d-3100 TRI:GS 3 ATDL 8T; All Siteg - - - = 2 Samplers  0OB00;
Kingitor
TH%  L6DD-2130 TR) 3; 0R00 5T; All Sites —— - — —_ 0800,
Kingstor
;ATDL ) 0800;
1T 11510 RD 5% ATDL DT; 0800 -- -— -- Kingtton
15 1200-1700 RD;CD:GS 2o Run DT: Bull Run 5: Bull Rum T.E SO;  5Samplers 0800
76 1500-1640 RD 2; ATDL ST; ATDL (rapid} 1;ATDL -— -- DE0D
2; Bull Run | . _
7427 1200-1600 RD 2, Bull Rah DT; Bull Run 4:Bull Rum T.E DEGD
19 1200-1540 RD;GCS e ST:ATDL (rapid}  2; ATDL - 2 Samplees 0800
2 ATDL . . ]
T30 1L 1430 ED.GS 2 ATDL ET; ATDL (repid} 1;:ATDL - - ¥ Sarnplers  OBOOD
431 1300-1700 RD:CD:GS i ﬂg{’ DT; Bull Run 4; ATDL T, E, 50, 5 Samplers 0800
81  1300-1620 RD;CD:GS ooanol DT; Bull Run 5; ATDL T.E.50: 5 Samplors 0800
87 1300-1630 RD:CD;GS o:pul Bf DT’ Bull Run 2, ATDL T,E.S0; 4 Samplrs 0800
ars 13-1600 CDiGS -- DT, Bull Run 4, 0800 T.E, 30y 1 Samplers 0804
86 400~ 1000 TR, G5 3; 0800 5T; All Sites &, 080 -- 13ampler D&M
but Crossville
a1 0400 -1000 TRI 3:;0. R, Water Works ST AL Site: 70800 -— - - 080N
04000230 ) 3; Water Works ] ’ . -—
1] i TR); G5 3 ATDL £T; ANl Sires 5; DBOG 1 Sampler  ORON

*TRJ = Trajectory, CPB = Convective Diffusion, RD = Relative Dilfusion, G5 = Ground 50,

**5T ar DT = Single or Dovple T heeodoljee
#3+T = Femaperature Profile, E = Eddy Dissipation Rate, §0; » Plume 503 Concenirstion




TABLE 2

Analysis schedule for ETTEX and telated data.

Experiments ATDL Personmel Tentative Reporting Date

Wind field Happo, Polleck May 1973

Trajectories Hanra, Happe, Hosker, December 1975
Pollock

Relative diffusion Hanna, Pellock Hay 1975

Convective diffusion Brigge, Pellock Juee 1975
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8, Taylor of Eepneeoti Copper Corporaticn of Utah traveled Rere

to operate his sepsitive 502 sampler during the conveotive diffusioen
axperiments. W. H. Hoscker of ARL's Silver Spring, M3, office sup—
erviged the inflation and leuvnching of our tetroons, I, R, Matt of
ATDL and A, W, fndren and his assocjates of QRRL's Environtentb:l
Sciences Division carried cut the degign end operation of the purface
Eﬂz monitors. J. Behubert of the Savannah River Laboratory (SREL}

lcaned and set up an  acoustic soundar; M. Pendergast of tha same
leboratory provided deta colleeted from SRL's instrumentsd TV

tower during a "fly-by" of our sirplane in order to calibrate the
indiceted turbulence meter,

Finally, thanks sre certainly du= to our regular staff, to our
aumer regsasrch asaistants From Ook Ridge Aasceisted Univereitiesz and
to our part-time student employees for thelr good-natured acceptance
of long working hours =t unuaual times of the day and night. Witheut
thair efforts, these experiments could never have been carried cut.

This research was parformed under an sgreement betwean the National

Oceanic and Atmoapheric Administration and the U, S, Atcmic Epergy

Comrisxion.
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Arpendix

One piece of equipment used during ETTEX iz unigue enough, we
believe, to merit & separate description. This item is a battery-
posrered, varisble time interval pibal observation timer designed by
D. H. Turner of ATOL for use at remote field sites. It is upusual
in its use of & regulated power supply and an integrated circuit
timer to provide a combipation of good accuracy and low battery drain.

The circuit is shown in Figure g9e,  Power is supplied by 5 "D
cell betteries. The supply voltape iz mainteined at 5.10 volts by
IC=1,; g pATP4C precision voltege regulator., This stebilized power ia
then sumplisd to the heart of the system, IC=2, e Signetics 555 timer
and itz associated BC network. At the end of the switcheselected
{=nd adjustahle] time interval of 30 or 60 seconds, the timer switches
or transistor Gl to sctivate a Mallory "Sonslert.” which emits &
continuous tone Yor five seconds. The pilced Balloon obhservation is
made when the Scnalert shuts off. A battery check is provided by s
pushbutton which applies full battery wvoltage to a 110f] loed resistor
and to the Sonelert through £1; zener 21 provides a lower threshold
{battery voliage = 7.0 wolts) below which the Sonalert is not energized.
The gbsence of the tone thus desnctes the need for a battery change.
This threshold voltage is sti11 ip excess of the minimm reguirements
of IC1 apnd IC2, so that accurate operation of the device is insured st
leest until a battery change is ipdicated. Diode D1 serves to block
current from the load resistor during normal, timer-triggered cperation
of the Sonalert, thus minimizing battery drain. The opersting circuit

reguires only about b me wuntil the Sonalert is activated, when the
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current Jumps to about 8 ma. This drain is small enough that several

work-weeks of operation are obtained from a single set of batteries.
All resistors are 1% wire-wound or metal film high-stability
types (unless otherwise indicated). The solid-state components are
all mounted in sockets to facilitate servicing. The circuit and
batteries are housed in a metal box 23em L x 13ecm D x 15em EH for protection
(Figure 9b), The power switch, time-interval selector, and battery
check button are front-panel mounted, as are the Bonalert and its
volume control. Five such units were used extensively in the field
during July-August, 1974, and were found to be quite rugged and

reliable.
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FIGURE 3

Typical Pilot Balloon Site, with Low-Threshold Anemometer and
Vane, Single Optical Theodolite, and Standard Shelter for Tem-
perature and Humidity Instruments,




M-33 Precision Tracking Radar, Installed on Summit
)f Buffalo Mt. (750m Above Oak Ridge ).
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ricore 5 |etroon and 403 MHz Transponder.
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FIGURE 7
Airplane-Borne Instrumentation for Temperature, Airspeed,

Eddy Diffusivity (€), and Altitude (Recorder’s Event Marker
is Triggered for Each 200 feet of Altitude Change Indicated
by Airplane’s Altimeter). Vertical Accelerometer and
4-Channel Tape Recorder are Not Shown.
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FIGURE 8
Launch of Tetroon Pair Near Steam Plant for Com-

bined Convective-Diffusion and Relative-Diffusion
Experiments.
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Walter M. Culkowski and Searle D, Swisher
Air Resources
Atmospheric Turbulence and Diffuxion lLahoratory
Wational Gceanic ang Atmospheric Administration
Cak Ridge, Tenne=ssge, 1U.5.A.
BEaptember 1974

Paper presented at the 1974 Interpaticnal Laser Radar Conference,
f&?ﬁCunference cn Laser Atmospheric Studies, Sendai, Japan, Sept.,

213 ATDL Contribution File Wo, 104 .




AVERAGE AERODSDL SCALE HEIGHTE (WER UAK RIDGE, TEHHESEEE

Walter M, Culkowski and Searle D, Swisher,
Armospharic Turbulence apnd Diffugion Laborstory, NOARR
Gak Ridge, Tennesses, 0.5.4,

ABSTRACT

The results of 19 months of routine lidar shots are presented.
The asrosol scale height is a function of both time of day and month
of the year. Average sc¢ale heights correlate well (pr = Q.87) with

average dalily solar radiation.

Location and Equipment

our equipment has been descrikbed at these conferences previously
{ 1}, { 2}, sc there is no need to dwell on details. Briefly we
fire a Holobeam necdymivn—type lidar at approximately opne 1o one
and cone-half joules. The beam is deflected from the horizontal e
a vertical mode by a prism,and the return =signal is reflected by a

conventional plate glass mirror inte the usual collector =system,

We feel the bulk of the asroso]l material we see 15 of natuoral,
and therefore surface otigin. Although the region around Cak Ridge i1s
not exactly rural, with Tennasses Vallay Authority steam plants

12 kim to the east and 22 Km to the southwest, the lidar

shews that only occaslonally does the plume from one of these plants
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make & noticeable trace helow the 800 meter level. The city of Oak
Ridge heats with electricity or natural gas. As Table I shows, the
atmospheric turkidity levels are definitely seasonal and follow the

vegetative growth cycle. Turkidity was measurad with a sun photometer

provided by the Envircoomental Protection Agency.

TABLE I

Bverage Turbidity by Monthsin the QOak Ridge Area. & = 500 nm

Mantth Jan Febh Mar Apr May June July Aug Sept Gct Hov  Dec

Initial 059 (071 (092 .130 .144 .183 .21 .412 279 .203 069 .04%

Final .054 .070 094 129 182 .202 (305 .3%2 .280 .174 .07%% .04¢

Takle I shows average turbidities, by months, for days when

two or more readings were possible. It is evident that the integrated
aaroscl content, as measured by optical methdds, remains constant

throughout the day.

Computations

As Table 1Iimplies, lidar probes were taken at regular intervals
throughout the day, excluding hours with rainfall, low clouds, or

anomoulous intrusive elements such as a plume from a power plant.

The height interval measured at the laser Powers we used

was from S0 meters to 200 meters, the lower part of the Ekman

layer. Probing only the lowexr part of the troposphere asaured
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leng life to the laser components as a result of operating at only 1/3
of their capability, and avoided the ancmalies of cumulus behavior
near the lifting condensation lewvel. The lidar return, corrected

for absorption, was fltted to the well known exponential distribution.

"

Nay e &/H
o

where BN = pumber density of aesrcsols at height z; B = pumber of
o

asrosols at the surface, H = scale height.

The correlationsa of experimental to fitted curvesran generally from
above r = 0.95 for the merning hours to about r = 0,80 for the =aftarnoon
hours. Some of the degradation of correlation was undoubtedly due to

increased 1ight from the sky inducing noise in the photomnltiplier tuba.
Repults

Average asrosol gcale heights for the Oak Ridge, Tennessee, area
are listed in Takle 1I. There are several methods of averaging, but
we chosze the simplest, merely summing the hourly scsle heights and
dividing by the appropriate number. For those hours in the afterncon
where the scale height approached infinity, the averags of the finite
acale heights was multiplisd by the total number of cbservations and
divided by the numbar of finite ohservations. This permitted the
averagas to be affected Ly the extreme values but more Strongly

weighted by the finite wvalues.
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TARLE II

Avarage Aerosol Scale Heights in Meters for Osk Ridge, Tennessee.,
[Hovember 1973-May 1974)

Month/hr 0730 Qo000 1030 1200 1330 1500 100 Hotes
Bov 12 514 550 Se0 7O &70 920 1
Deg 72 279 290 410 425 4560 L7g

Jan 73 320 114 500 20 765 655

Feb 73 70 1320 915 1550 1810 1245 2
Maxr 73 475 540 665 1645 1405 1340

Apr 71 705 #2715 1210 1310 178% 1625

May 72 575 605 1290 2125 1415 2025

June 73 485 G20 675 1255 1950 910 895

July 73 5130 £90 1130 1530 1930 1885 1920

Aug 72 480 620 1130 1435 1785 2120 2135 3
Bept 73 170 440 625 1020 1360 1165 8BS

Ot 73 410 595 RIS 850 1424 157958 1260

Now 73 150 £05 570 375 11&5 1120 a10

Dec 712 575 50 400 525 7235 1128 o970

Jan 74 4495 480 TES 415 990 1540 1475 4
Felh 74 52k 440 370 500 1105 1285 1425

Mar 74 120 555 B30 965 1635 1835

Apr 74 380 430 575 1040 1410 115& 1055

May 74 715 844 1230 129% 1015 1570 930

Wote 1. Standard time Novembar 72-april 12, Hovember 1973..

&11 other times daylight =awving.

Hote . February data rejected due to warped mirror.

Wote 3. 1600 hours of August considered non-representative with
only 6 observationz= compared to 1B observations at 1500.

Hote 4. Japuary 1974 data rejected, afternoon data appears anomolous.
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Dependence of Scale Height on Sclar Radiation,
After averaging the highest and lowest heights for each month
listed in Table IT, and excluding observations mentioned in the notes, the

vorrelation betwean aversge scale heights and solaer radiation for the 17 ramaining

monthes was found to he T = 4+ 0.B7.

Comparison with other Studies

Those of you familiar with the mixing depth approach te alr poallution
problens may have noticed a similarity between the maximum and minimum scale
helghts and the corresponding average mixing depths as computed by

Bolzworth { 31.

Takle I1I shows the zimdllarities in detail.

TABLE III

Hean Morning and Afternnon Mixing Depths Compared with Asrosel
Scale Heights {Meters)

— Winter SEi.E Sanmer Fall
Morning m.d S00 550 430 50
Morning &.h. 345 595 530 410
Afternooh w.d. 1104 1500 18G4 1500
Afternocn 5.h. 1060 1700 2000 1255

The average seasonal scale heights are generally within 10% of the
expected mixing depths.

Many such relationships can be expected of course, since the
vertical diffusivity, Kz, which is largely a function of solar radiation,centrols

all vertical distributions in the mixing layer. An excellent illustraticn of this
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is seen 1n Table IV, a comparizen of the average monthly vertical
diffusivity above Oak Ridge with the average diffusivity over Paris

from the pericd 1B30-1834, derived by G. I, Taylor(d4d} from temperature
measurements by M. Angot at various levels of the Eiffel Tower. Also
included in Table Iy are the averaga daily solar radiatien values for
Qak Ridge. The value of Kz for 0ak Ridge was obtained from the steady

state equation

M= (k1)L

where T = "residence time" of an aerscol. In this case T was taken as
24 hours.

Solar radiation is given in Langleys per day.

TABLE IV

Comparizen of Rverage Monthly Vertical Diffusivities over Oak Ridgs,
Tennesses (Wovember 1972=May 1974) with Those over Paris, France {1590=1894)

O.R, a.R O.R. Faris
Month H S-R. K e
Jan 544 201 3.4 4.3
Falb Ge0 264 5.0 6.4
Har 1060 311 lz2.3 1.5
Apr 1040 425 12.5 10,2
May 1220 J65 17.3 12.9 |
June 1215 515 | 17.1 18,3
July 1280 462 19.0 16.7
Aug ' 1300 458 19.6 14.6
Sept BE&S 371 8.7 8.0
oot 990 378 11.3 5.9
Nov 135 217 6.3 5.4
Dec 5490 137 4.0 6.5
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Of course, ohe nead not accept an aerosol residence time of 24 hours:a sharter

residence time may be more realistie. But from Table IV one may argue
that some constant residence time may be acceptable throughout the year.
Since the residence time is not related to turbidity, i.a. particle
number density, the role of coaguation, which depends on ME, in particle

removal cannot e con2idered a dominant mechanism.
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Abstract

Solar vadiation has been measured in a Liriodendron tulipifera

forest far the past year as part of the US-IBP Eastern Deciducus
Forest Biome effort at Oak Ridge, Tennessee. During our ¢ollection
and anaiysis of these data, the calibration coefficients of Lintronic
Dome Sclarimeters were compared to a shelf standard Eppley precision
pyranoneter. Large variation from manufacturer's supplied calibration
coefficients was noted at low-intensity radiation levels resulting

in non-linear vesponse. This variation is of significance since it

is largest precisely in the flux density regime present within fully
leafed, mature forests., An empirical relationship for each Lintronic
Dome solarimeter was determined to better approaximate the calibration

coefficients for low-flux density levels.

Intreduction

In experimental micrometeorology it is often necessary to measure
a variable in several locations at the same time. Resesarch prgjects are
Timited in funds so it is often necessary to Timit either guantity or
quality of eguipment. Thus it is of importance that the investigator be
aware of instrument limitations when using them in experiments.

Lintronic Dome Solarimeters exhibit non-linearity of response at
low-level incident radiant flux density. This non-lipeariiy can be quite
consequential in fully leafed, mature forests. In this paper an empirical
relationship will be presented that changes the splarimeter's calibration
coefficient so that the reduced flux densities more closely approximate

values one would obtain from a precision Eppley pyranometer.
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Solar radiation has been measured in a Liriedendran tulipifera

forest for the last several years as part of the US-IBP Eastern
Deciduous Forest Biome effort at Oak Ridge, Tennessee (Futchison, 1972).
The research project consisted in part of measuring the incoming solar
short-wave radiation {.3 s » < 3u) above, in, and below the forest
canapy. The solar radiation flux density was measured using thermopile
solarimeters of the type first developed by Monteith (1359) and manu-
factured by Lintronic Agromet Data System.

According to the manufacturer's specifications, the Lintronic
Dome Solarimeter is a multi-junction thermopile bonded to a thin fiber-
glass substrate mounted on a circular molded pedestal. The solarimeter
measures the incident short-wave solar radiation by producing an emf
propartional to the temperature difference between a central black
spot and a surrounding white annulus. The thermopile element is pro-
tected from the environment by a thin-walled frosted glass dome which
also diffuses the incoming radifation.

Monteith-type solarimeters were studied extensively by severdl
investigators including Monteith (1952}, Anderson (1967), and Bringmzn
{1962}. Anderson and Bringman built their own version of the Monteith
solarimeter and, additionally, Anderson compared her versions with the
commercially availabla model built by Lintronic.

Monteith theoretically predicted a temperature coefficient of
-0.12% L“C)“ and a non-linearity of -0.8% ly/min. In her study of
the commercial model, Andergon measured a temperature coefficient of
-0.21% [“C}'] and observed a non-linearity of -35% for incident in-

tensity ranges Al = 0.1 - 0.2 Ty/min. For higher levels of radiation
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{i.e., A1 = 0.5 - 0.6 ly/min) the non-Tinearity was -3%. At low solar
angles the Monteith solarimeter output was lower relative to a Moll-
Gorezynski solarimeter than when compared to the same instrument at
higher solar angles. Anderson also noted variation in response due to
azimuthal rotation of the sensor. Investigators using Monteith- fype
solarimeters should be aware of deviations from normal cotsine response
as well as differences in linearity of response at low incident flux
density levels when using the sensors in the field.

By comparing the output from Lintvonic Dome Solarimeters to an
Eppley precision pyranometer, we derived curvilinear calibration functions
for each of the Lintronic Dome Solarimeters used in our study which serve

to minimize the effects of these deviations.
Mathods

During the data collection phase of our research program, forty-
two Lintronic Dome Solarimeters were used to measure incident radiant

flux densities in a tulip poplar{Liricdendron tulipifera) forest having

a secondary canopy of ved bud (Cevcis canadensis) and flowering dogwood

(Cornus florida). The sensors were randomly located in horizontal space

at three levels within the forest, twelve at the base of the overstory
canopy (at about 16 m}, fourteen at the base of the secondary canopy
(at about 3 m], and fourteen on the forest floor, The flux density of
so0lar radiation inci{dent upen the top of the forest was measured with
two solarimeters situated on the tep of a walkup tower {33 m}. Output
3ignals from 211 sensors were converted to digital form and recorded on
punch paper tape by a Novatronics Model SP 1000 data logging system.

A1l sensors were ysually scanned once every ten minutes,
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Buring the calibration phase of our program, the output signals
fram all the solarimeters were compared to an Eppley precision pyra-
nometer used as a shelf standard. Sensors were mounted on a 1 mx 3 m
platform on top of the 33 m watkup towers and the output of each sensor
was scanned sequentially by the data logger. This procedure was con-
tinued for several days. cbtaining comparisions for various sky cover

conditions.
Results

Figure 1 shows the calibration coefficient of one dome solarimeter
(sensor M-319) plotted as a function of incident radiant flux density
for September 29, 1972, The incident ;adiant flux density was determined
by the shetf standard Eppley precision pyranometer; and the calibration
coefficient was determined by assuming that the output of the sensor

should indicate the same radiant flux density as the Eppley, that is,

E5 = vsfﬁs . (1}
where
E5 = flux density measured by sensor,
vs = output voltage by sensor, and
E5 = calibration coef. of sensor;
and similarly
EE = ?EHEE ? . (2)
where
Eg = flux density measured by Eppley,
”E = gutput voltage by Eppley, and

ﬁE = ¢alibration coef. of Eoplay,
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Solving for C, yields
C, = V/Ep (3)

From Fig. 1 it can be seen that HS varies linearly with EE at the

higher flux density values but at lower values this velationship is
ne longer valid, and as EE + {1, since vs > 0, EE + «, In order to
correct for this effect, L, was plotted as a function of Ve of the
solarimeter {Fig. 2). It was then assumed that €5 could be repre-

sented in the form
Co=AV +BH+C -V, {4}

where A, B, and C are constants., The A parameter determines the
location of the upward bending of the curve, B determines the vertical
displacement from zerc, and C yields the slope of the asymptote, A
least-squares routine was used to fit the parameters to the curve; the
s0lid line represents the best fit for sensar number M-319,

Figure 3 shows the incident radiant flux density as measured by
the Eppley as a function of time on September 29, 1972, As can be seen
from Fig. 3, the day was partly cloudy with some fog early in the day.
Figure 4 again shows the Eppley measurements as well as the flux density
determined by M-319 using the factory calibration coefficient,

Substituting Eg. (4) into £g9. (1) and recalculating incident radiant
flux density, one obtains the values shown in Fig. 5. The incident
radiant flux density determined from the output signai from M-319 now
mora closely approximates that measured by the precision Eppley. The
values very closely approximate one another at the lower flux density

values where previously they aften differed by as much as 50%. There
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is still some difference in readings at noon due to the differences in
response time of the instruments. The most significant differences

occurred during times of highiy flucteating incident flux demsities.
Conclusion

The output from a Lintronic Dome Solarimeter can be corrected to
the extant that it approximates the readings from an Eppley pyranometer
by assuming the calibration coefficient of the instrument is a function
of the flux density. The error introduced by azimuthal asymmetry can be
corrected for by this techmigue by using care in sensor crientation during
calibration as well as during data acquisition. The errar due to improper
cnsine response 1s decreased somewhat, but as yet we are not ready to
quantify the amount.

A1) in all, the small size, weight, and relatively low cost make
the Monteith-type sﬁ1ar1meter desirable for use in experimental micro-
meteorolagy. The apparent disadvantages of hardware design can be over-
come to some extent by software utilization and this appears to be a
necessity at the low flux density values observed in fully leafed mature

forests.
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Figure 4,

Figure 5.

List of Figures

M-319 Calibration Coefficient. The calibration coeffi-
cient for semsor M-319 is shown as a Function of incident
radiant flux density measured by an Eppley precision pyran-
ometer on September 29, 1972,

Sensor Calibration Coefficient. The calibration coefficient
for sensar M-319 is shown as & function of output voltage
from M-319, The s0lid Tine represents the least squares

fit to the data for the eqguation

C o= AV +B+C .Y

Incident Flux Density F* (time). The incident radiant
flux density measured by the Eppley pyranometer is shown
as a function of time {EST) on September 29, 19872,

Flux Density Before Correction. The incident radiant
flux density measured by H-319 before correction is shown
plotted with the value measured by the pyrancmeter as a
function of time for September 29, 1972,

Flux Density After Correction. The incident radiant flux
density as measured by M-319 after correction of calibration
coefficient is plotted together with the Epply pyranometer
measurements as of function of time on September 29, 1972,
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